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Engineered liposomes composed of the naturally occurring lipids sphingomyelin (Sm) and
cholesterol (Ch) have been demonstrated to efficiently neutralize toxins secreted by Gram-
positive bacteria such as Streptococcus pneumoniae and Staphylococcus aureus. Here,
we hypothesized that liposomes are capable of neutralizing cytolytic virulence factors
secreted by the Gram-negative pathogen Pseudomonas aeruginosa. We used the highly
virulent cystic fibrosis P, aeruginosa Liverpool Epidemic Strain LESB58 and showed that
sphingomyelin (Sm) and a combination of sphingomyelin with cholesterol (Ch:Sm; 66 mol/%
Ch and 34 mol/% Sm) liposomes reduced lysis of human bronchial and red blood cells
upon challenge with the Pseudomonas secretome. Mass spectrometry of liposome-
sequestered Pseudomonas proteins identified the virulence-promoting hemolytic
phospholipase C (PlcH) as having been neutralized. Pseudomonas aeruginosa supernatants
incubated with liposomes demonstrated reduced PIcH activity as assessed by the
p-nitrophenylphosphorylcholine (NPPC) assay. Testing the in vivo efficacy of the liposomes
in a murine cutaneous abscess model revealed that Sm and Ch:Sm, as single dose
treatments, attenuated abscesses by >30%, demonstrating a similar effect to that of a
mutant lacking plcH in this infection model. Thus, sphingomyelin-containing liposome
therapy offers an interesting approach to treat and reduce virulence of complex infections
caused by P, aeruginosa and potentially other Gram-negative pathogens expressing PIcH.

Keywords: cholesterol, sphingomyelin, picH, abscess, dermonecrosis, anti-virulence

INTRODUCTION

The Gram-negative bacterium Pseudomonas aeruginosa is one of the most persistent nosocomial
pathogens and frequently causes substantial morbidity and mortality, especially in
immunocompromised patients (Strateva and Yordanov, 2009; Nguyen et al, 2018). It is
associated with acute and chronic lung infections, colonization of burns, wounds, and medical
devices, blood borne infections, the formation of abscesses, and many other medical problems
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(Lister et al., 2009; Gellatly and Hancock, 2013). Its recalcitrant
behavior and multidrug resistance are attributed to intrinsic
as well as adaptive and acquired mechanisms (Lister et al.,
2009; Moradali et al., 2017). The extensive and sometimes
inappropriate use of antibiotics has supported the increase of
multidrug resistance and therapeutic options against the already
difficult-to-treat pathogen are becoming limited (Ventola, 2015).
Therefore, alternative strategies to improve treatment are
urgently needed.

Pseudomonas aeruginosa is a survival specialist since it adapts
rapidly to challenging conditions such as iron depletion,
phosphate starvation, heat, oxidative stress, competition from
other microbiota, and host immune defenses (Hector et al,
2014; Winstanley et al., 2016). The expression of toxins enables
P aeruginosa to weaken the immune system, to harm host
cells, and to cause substantial damage to tissue, thereby promoting
dissemination. Toxins generate reactive oxygen species, degrade
host proteins, hydrolyse lipids, and manipulate or block vital
intracellular processes (Hauser, 2011; Gellatly and Hancock,
2013; Moradali et al, 2017). Extracellular toxins such as
pyocyanin, alkaline proteases A, elastases LasA and LasB, and
phospholipases C are largely released through type I or type
IT secretion systems, while other potent toxins such as ExoS,
ExoT, ExoU, and ExoY are directly injected into the host cells
through the type III secretion injectisome (Moradali et al,
2017). Additionally, P aeruginosa expresses multiple other
virulence determinants including surface-associated factors like
flagella, type IV pili, alginate, or lipopolysaccharide. The plenitude
and versatility of P aeruginosa virulence determinants and
variation in specificity across strains make it difficult to develop
effective strategies to block or attenuate their detrimental effect.
Possible strategies to combat the virulence of P aeruginosa
involve the manipulation of conserved regulatory networks
connected to, e.g., quorum sensing (Smith and Iglewski, 2003;
Jakobsen et al., 2013) or the stringent stress response (Mansour
et al., 2016; Pletzer et al., 2017, 2018) to inhibit the expression
of virulence factors.

In the study reported here, we used a different approach
and aimed to sequester secreted toxins, thus, protecting host
cells and tissues from damage. Recently, we demonstrated that
non-toxic and non-immunogenic liposomes composed of
sphingomyelin (Sm) and a high content of cholesterol (Ch:Sm;
66mol/% Ch and 34mol/% Sm) neutralized multiple toxins
secreted by the Gram-positive bacteria Streptococcus pneumoniae
and Staphylococcus aureus, thereby protecting host cells from
deleterious plasma membrane damage (Henry et al, 2015;
Wolfmeier et al, 2018). The liposomes were engineered to
mimic lipid rafts, which are small (40nm) microdomains in
the plasma membrane of host cells enriched in sphingomyelin
and cholesterol, thus representing preferred toxin target sites
(Rosenberger et al,, 2000). Since the liposomes sequestered
structurally and functionally distinct bacterial toxins in Gram-
positive bacteria, we hypothesized that they could exhibit
broad-spectrum toxin binding capability. Therefore, we further
investigated the potential of liposomes to sequester cytotoxins
produced by the Gram-negative pathogen P aeruginosa, to
further attenuate its virulence.

We demonstrate here that the hypervirulent cystic fibrosis
isolate LESB58 (Liverpool Epidemic Strain) secreted cytolytic
factors under starvation conditions. Liposomal therapy attenuated
the cytolytic activity of these secretomes toward human
erythrocytes and the human bronchial epithelial cell line
16HBE140-. Analyzing the cargo of liposomes incubated with
the secretome, identified the hemolytic phospholipase C enzyme.
Liposome-treated host cells and cutaneous abscesses showed
decreased hemolytic activity and murine skin lesions, similar
to an LESB58 plcH knockout mutant, indicating that PlcH
can be targeted by engineered liposomes to reduce virulence
of P. aeruginosa.

MATERIALS AND METHODS

Liposomes

Unilamellar liposomes containing cholesterol:sphingomyelin
(Ch:Sm, with 66 mol/% cholesterol, 40 mg/ml, diameter 130 nm)
and sphingomyelin (Sm, 40 mg/ml, diameter 60nm), both in
sodium Tyrode’s buffer (140 mM NaCl, 5mM KCI, 1 mM MgClL,
2.5mM CaCl,, 10mM glucose, and 10mM HEPES, pH=7.4)
were provided by Combioxin SA (Epalinges, Switzerland, product
name CALO2).

Bacterial Strains, Growth Conditions, and
Supernatants

Pseudomonas aeruginosa LESB58 (Cheng et al., 1996), PAOI
(Stover et al., 2000), and PA14 (He et al, 2004) were used
in this study. Bacteria were cultured in double yeast tryptone
(dYT), Tryptic Soy Broth (TSB, Becton Dickinson), or modified
synthetic cystic fibrosis medium (MSCEM, acid washed glassware;
Palmer et al., 2007; Yeung et al., 2012) at 37°C under shaking
conditions (250 rpm). To enhance the expression of P. aeruginosa
virulence factors, iron and phosphate were reduced in MSCFM
to 0.9pM and 1mM, respectively (Bains et al., 2012; Gellatly
and Hancock, 2013). Cultures harboring individual vectors were
supplemented with 15pg/ml gentamicin (Gm) for Escherichia
coli or 500 pg/ml Gm for LESB58. Bacterial growth was monitored
using a spectrophotometer at an optical density of 600nm
(ODggo).-

To obtain bacterial supernatants, bacterial overnight cultures
grown in MSCFM or dYT were washed once to remove iron
or phosphate residuals and then inoculated at an ODgy of
0.1 in MSCFM or MEM tissue culture medium supplemented
with 1% FBS and grown for 22-24h at 37°C. Subsequently,
bacteria were pelleted (5,000xg, 10min) and the resulting
supernatants were filter sterilized (pore size 0.2 pm, Nalgene).
When indicated, bacterial supernatants were centrifuged at high
speed (100,000xg) at 4°C for 1h. The resulting supernatants
were incubated with liposomes or sodium Tyrode’s buffer
(vehicle) for 5min with subsequent pelleting of the liposomes
(100,000xg) at 4°C for 1h. The resulting liposome-free
supernatants were used for the cytotoxicity assay, whereas the
liposome/protein or vehicle/protein pellets were further analyzed
via SDS-PAGE or mass spectrometry.
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PCR Amplifications and DNA
Modifications

PCR primers are listed in Supplementary Table S1 PCR was
carried out using the Phusion DNA polymerase (Thermo Scientific)
in accordance with the manufacturer’s instructions and optimized
annealing temperatures for each primer set. For PCR reactions
performed with LESB58, bacterial cells were boiled at 98°C
and subsequently pelleted at 13,000 rpm for 2min. PCR reactions
were supplemented with 5% dimethyl sulfoxide.

Restriction digestions were performed using Thermo Scientific
FastDigest restriction enzymes according to the manufacturer’s
instructions. All ligation reactions were carried out at room
temperature using Thermo Scientific T4 DNA ligase. DNA
purifications were either performed using the GeneJET PCR
purification kit (Thermo Scientific) or the GeneJET Gel extraction
kit (Thermo Scientific) following the manufacturer’s instructions.

Construction of an Unmarked
Phospholipase C Deletion Mutants in
LESB58 and PAO1

The construction of the knockout vectors was carried out as
previously described (Pletzer et al., 2014). Briefly, primers flanking
the plcH gene with homologous overhang sequences were used
to amplify the knockout alleles (approximately 500bp). The
obtained flanking fragments were used in an overlapping PCR
reaction, the fusion fragment sub-cloned using the Zero Blunt
TOPO kit (Invitrogen Life Technologies) and verified by sequencing
before further transfer into the suicide vector pEX18Gm (Hoang
et al., 1998) via BamHI/HindIIl. The deletion method was based
on the site-specific insertional mutagenesis strategy of Schweizer
and Hoang (1995) and carried out as described previously (Pletzer
et al, 2014). Briefly, the suicide vector was transferred into
E. coli ST18 and subsequently conjugated into LESB58 or PAOL.
Single crossover mutants were selected on dYT agar plates
containing 500 pg Gm (LESB58) or 50 pg Gm (PAO1) and resolved
into unmarked deletions with 10% sucrose. Gene deletion was
confirmed by locus-specific primers that bind outside the knockout
alleles and sequencing of the obtained knockout fragment. The
sequences between LESB58 and PAO1 showed 100% overlap.
Strains used in this study are outlined in Supplementary Table S2.

Complementation of the LESB58 p/IcH
Mutant

The plcH gene including its upstream promoter region was
PCR amplified from P. aeruginosa LESB58 genomic DNA. The
PCR fragment was gel purified and cloned into HindIII/BamHI
restriction sites of plasmid pBBRIMCS-5 (Kovach et al., 1995),
yielding pBBR5.plcH with additional ability to be expressed
from the lac promoter. All constructs were sequenced before
transformation into P. aeruginosa LESB58 wild type or AplcH
as described previously (Pletzer et al., 2016).

Human Cells

Blood from consenting healthy human volunteers was collected
in sodium heparin anticoagulant collection tubes (BD Biosciences;
following the University of British Columbia and University

of Otago Human Ethics guidelines). Red blood cells (RBCs)
were isolated as described previously (Wolfmeier et al., 2018).
In brief, phosphate buffered saline (PBS, Thermo Fisher/Gibco)
diluted blood was layered into Lymphoprep density gradient
medium (STEMCELL Technologies), centrifuged (500xg for
20min), and the RBCs present in the bottom layer of the
density gradient were washed three times with PBS and finally
resuspended in Alsever’s solution (Sigma-Aldrich) for storage
at 4°C (maximum 4 weeks).

The human bronchial epithelial cell line 16HBE140- (HBE,
RRID:CVCL_0112) was kindly provided by Dr. D. Gruenert
(University of California San Francisco). HBE cells were maintained
in MEM medium (Thermo Fisher/Gibco) supplemented with
10% FBS, 2mML-glutamine (Thermo Fisher/Gibco), and 1%
penicillin/streptomycin (Thermo Fisher/Gibco) at 37°C in 5%
CO, as described previously (Wolfmeier et al., 2018).

Hemolysis Experiments

Liposome Hemolysis Assays

Red blood cells were washed three times with MSCFM (1,000 x g,
10 min). Liposomes were combined with bacterial supernatants
(75-200 pl, as indicated) or MSCFM (vehicle, negative control)
and 1% RBCs (total volume: 200pl). RBCs were lysed with
Triton X-100 (2% v/v, Sigma-Aldrich) serving as the positive
control. After 1h at 37°C, RBCs were centrifuged (1,000xg,
10min) and the hemoglobin content in the supernatant was
assessed at  ODgs.  Relative  hemolysis (%)  was

calculated by AOD sample — AOD negative control L00°
X

AOD positive control — AOD negative control

Phospholipase Hemolysis Assays
Red blood cells were treated with 100pl of filter-sterilized
supernatant from 24-h cultures of bacterial strains (wild type,
phospholipase mutant, and complementation) grown in MEM
tissue culture medium supplemented with 1% FBS at
37°C. Hemoglobin released from lysed erythrocytes was measured
after pelleting intact cells and debris after 1h incubation at
37°C via centrifugation (1,000xg, 10min). The supernatant
was assessed at OD,s, for each strain and normalized to control
untreated RBCs and fully lysed RBCs (treated with 2% v/v
Triton X-100).

For both experiments, a reference wavelength of 630nm
was used to eliminate non-specific absorbance (e.g., caused
by the material).

Cytotoxicity Assays

Cytotoxicity assays with HBE were performed as described
previously (Wolfmeier et al., 2018). HBE cells (40,000) were
seeded in MEM + 10% FBS 2 days before the assay (90% confluency
at the day of the experiment). Just before treatment, the medium
was replaced with MEM + 1% FBS (100 pl). Bacterial supernatants
and liposomes or sodium Tyrode’s buffer (vehicle) were added
as indicated (total reaction volume: 200pl HBE cells) for 1h
at 37°C. The following controls applied as: Triton X-100 (2%
v/v, Sigma-Aldrich) as the positive control, MSCF as the vehicle
(negative control). After incubation, cells were centrifuged (500 g,
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5min) and the lactate dehydrogenase (LDH) release was assessed
with the Cytotoxicity Detection Kit™ (Roche) according to the
manufacturer’s instructions. Relative LDH release (%) was

calculated by AOD sample — AOD negative control

%100

AOD positive control — AOD negative control

Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE) and Silver
Staining

SDS-PAGE and silver staining were performed as described
previously (Wolfmeier et al., 2018). For SDS-PAGE, samples
were resuspended in 2 x SDS-loading buffer [65.8 mM Tris-HCl
pH=6.8, 26.3% (w/v) glycerol, 2.1% SDS, 0.01% bromophenol
blue, and 355mM 2-mercaptoethanol]. After heating the
samples to 95°C (5min), specimens were added to
SDS-polyacrylamide gels (12% Mini-PROTEAN TGX stain-
free precast gels, Bio-Rad; SDS-running buffer: 25mM Tris,
192mM glycine, and 0.1% SDS). SDS-PAGE was performed
at 150V for ~30min. A protein standard (Precision Plus
Protein Dual Color Standard, Bio-Rad) was included. For
silver staining, the gel was incubated in 50% methanol until
the next day. After a washing step (deionized water) and
agitation in staining reagent (1.4ml ammonium hydroxide,
21.0ml of 0.36% NaOH, and 4.0ml of 20% w/v AgNO;,
topped up to 100ml with deionized water) for 10min, the
gel was again washed and incubated in developer solution
(2.5ml citric acid (1% w/v), 0.25ml formaldehyde (38% v/v),
topped up to 250ml with deionized water). After reaching
a good staining intensity, the gel was incubated with 50%
methanol/10% acetic acid and subsequently imaged (ChemiDoc
Touch Imaging System, Bio-Rad).

Mass Spectrometry

Mass spectrometric analysis of liposome/toxin pellets was
performed as described previously (Wolfmeier et al,, 2018).
Gel lanes (35pl/sample) were excised and cut into small
fragments. In gel, digestion was performed as previously described
(Shevchenko et al., 1996) and was performed by the Proteomics
Core Facility of the University of British Columbia (Vancouver,
BC, Canada). In brief, the gel pieces were washed with 50%
digestion buffer (50 mM NH,HCO;) and 50% EtOH dehydrated
with absolute EtOH. After the incubation with dithiothreitol
(10mM) at 56°C for 45min and with iodoacetamide (55 mM)
for 30min at room temperature, the samples were washed
with digestion buffer. Samples were dehydrated and vacuum
centrifugation was applied to remove the remaining EtOH. After
incubating the specimens in trypsin solution (12.5ng/pl) at
37°C overnight, acetic acid (neat) was added, samples were
rigorously mixed. Gel extraction was repeated three times with
0.5% AcOH, 30% MeCN, 0.5% AcOH, and 100% MeCN. Vacuum
centrifugation was applied to remove organic constituents.
Desalting was performed on C18 STAGE tips (Rappsilber et al.,
2007) eluted with 80% acetonitrile, dried and suspended in
3% acetonitrile +0.1% formic acid. An Agilent 6550 QToF
mass spectrometer equipped with an Agilent 1200 capillary
HPLC, connected by a 2.1 mm x 250 mm POROShell C18 column,

was loaded with up to 5pg of protein. QToF was set to AutoMS/
MS mode, at 2 spectra/s for MS, and 3 spectra/s for MS/MS
scans. MaxQuant 1.5.3.30 was used to analyze the LC-MS/
MS data (default values for Agilent QToF data including 1%
FDR) against the Uniprot P. aeruginosa LESB58 (UP000001527)
database.

Phospholipase C Enzymatic Assay

To perform the phospholipase C activity assay in a 96-well
plate, based on Luberto et al. (2003), we added 40pl of
p-nitrophenylphosphorylcholine (p-NPPC, 37.5mM, in 100 mM
Tris—HCl at pH 7.4, 25% glycerol) to 60 pl of bacterial supernatant
samples pre-incubated without or with liposomes (after removal
of liposomes via centrifugation at 45,000 xg for 10min prior
to the assay). The absorbance of the chromogenic product
p-nitrophenyl at 405nm (Stonehouse et al., 2002; 60s interval,
37°C) was measured progressively starting immediately after
adding p-NPPC.

Murine Cutaneous Infection Model

All mice used in this study were female outbred CD-1, 7 weeks
of age and weighed ~25+3g at the time of the experiment.
Animals were purchased from Charles River Laboratories
(Wilmington, MA). We used up to 3% isoflurane to anesthetize
the mice and euthanized them with carbon dioxide. The full
characterization of this murine model has been previously
described (Pletzer et al., 2017).

Briefly, P. aeruginosa LESB58 strains were grown to an
ODgy of 1.0 in dYT broth, cells washed and adjusted to an
ODgyp of 1.0 again in sterile PBS. The injection volume was
50 ul, which was ~1-5x10” CFU. The bacterial suspension
was injected into the right side of the dorsum. All utilized
liposomes were tested for skin toxicity prior to efficacy testing.
Treatment was applied directly into the subcutaneous space
into the infected area (100pl) at 1h post-infection. The
progression of the disease/infection was monitored daily, and
abscesses (visible swollen and inflamed lumps) were measured
on day three using a caliper. Skin abscesses were excised
(including all accumulated pus), homogenized in sterile PBS
using a Mini-Beadbeater-96 (Biospec products) for 5min and
bacterial counts determined by serial dilution. Experiments
were performed at least three times independently with two
to four animals per group.

Ethics Statement

Animal experiments were performed in accordance with the
Canadian Council on Animal Care (CCAC) guidelines and
were approved by the University of British Columbia Animal
Care Committee (protocol A14-0363). The number of mice
was based on power calculations and our previous experience
using this animal model.

Quantification and Statistical Analysis

Plots were generated and statistical significance analyzed using
Graph Pad Prism v9.00. All details (statistical test, number of
experiments, and definition of significance) are provided in
the corresponding figure legends.
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RESULTS

Liposomes Diminished the Cytolytic
Activity of Pseudomonas aeruginosa
Supernatants

To investigate whether engineered liposomes exhibited
protective effects against secreted P. aeruginosa virulence
factors, LESB58 was cultured in modified synthetic cystic
fibrosis medium until late stationary phase. Incubation of
filter-sterilized supernatants (100 and 150 pl) with 1% RBCs
indicated that treatment with Sm liposomes reduced hemolysis
in a concentration-dependent manner, by up to 27% at the
highest concentration tested (600pg; Figure 1A). While a
similar trend was observed for Ch:Sm liposomes when 100 pl
of supernatants was used, reaching 6% at the highest
concentration (600pug; Figure 1A), the protection was
diminished when LESB58 supernatants were increased to
150 ul (Supplementary Figure S1). Each liposome type was
further used to investigate cell protection by assessing release
of lactate dehydrogenase from bacterial supernatant challenged
HBE cells (100 pl). Both Ch:Sm and Sm liposomes (300 pg)
significantly reduced LDH release by 44 and 56%, respectively
(Figure 1B). When supernatants from the traditional laboratory
P. aeruginosa PAO1 and PA14 strains were used, a comparable,
but variable concentration-dependent reduction in hemolysis
and significant reduction in LDH release from HBE cells

The Pseudomonas aeruginosa Virulence
Factor Phospholipase C Was Bound by
Liposomes

To further identify which proteins/toxins are potentially sequestered
by the liposomes, we investigated whether cytolysins, which are
responsible for cellular damage, were bound to the liposomes.
Therefore, bacterial supernatants were pre-incubated with 600 ug
Ch:Sm or Sm liposomes and ultra-centrifuged to pellet the
liposomes to analyze their cargo. The liposome/protein or
liposomes/vehicle control pellets were applied to SDS gel
electrophoresis, which revealed several liposome-bound proteins
(Supplementary Figure S3). To further identify the liposome-
bound bacterial proteins, we applied mass spectrometry to
liposome pellets. Since Sm liposomes showed more consistent
hemolytic protection, we only focused on this liposome type
here. Mass spectrometry revealed 12 P aeruginosa proteins
including a chaperonin (GroEL), phosphodiesterase (GlpQ),
Phospholipase C (PIcH), reductoisomerase (IlvC), outer membrane
proteins (OprM and OprO), carbamoyltransferase (ArcB),
lipoprotein  (Oprl), aminopeptidase, phosphatase, and two
hypothetical proteins (Table 1). Of these proteins, phospholipase
C (PIcH) was identified as the only characterized virulence factor
bound to the liposomes and was thus selected for further
investigation. To identify if this was an appropriate target, we first
created a clean deletion mutant in plcH (PALES_44741; LESB58.
AplcH) and then performed hemolysis experiments. The mutant

was also observed with Ch:Sm and Sm liposomes showed significantly reduced hemolytic activity (23.9% total
(Supplementary Figure S2). reduction) against RBCs compared to the wild type and
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FIGURE 1 | Engineered liposomes reduced the lysis of human cells induced by Pseudomonas aeruginosa bacterial supernatant grown in modified cystic fibrosis
medium. (A) Human red blood cells were incubated with LESB58 (100 pl) bacterial supernatant and cholesterol-containing (Ch:Sm) or sphingomyelin only (Sm)
liposomes for 1h (n=11, each treatment). (B) 16HBE140- cells after challenge with Pseudomonas aeruginosa LESB58 stationary-grown supernatants (100 pl),
normalized to Triton X-100. Both types of liposomes (300 pg/ml) decreased the release of lactate dehydrogenase (n=17). Error bars, mean + standard error. A one-
way ANOVA with post-hoc Dunn’s multiple comparison test was performed between treated and non-treated exposure, value of p (***<0.001) adjusted for multiple
comparisons.
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TABLE 1 | Complete list of Pseudomonas aeruginosa proteins found in the
bacterial supernatant/liposome pellet.

Protein Gene Locus Tag Size (kDa) Locus Tag

Name (PAO1
ortholog)

Chaperonin GroEL groEL PALES_47641 57 PA4385

Glycerophosphoryl 9iPQ PALES_03441 42 PAO347

diester

phosphodiesterase

Hemolytic plcH PALES_44741 83 PAO844

phospholipase C

Hypothetical protein n.a. PALES_48751 25 PA4495

Hypothetical protein n.a. PALES_12461 42 PA3734

Ketol-acid ivC PALES_50791 36 PA4694

reductoisomerase

Major intrinsic oprM PALES_04251 53 PAO427

multiple antibiotic

resistance efflux outer

membrane protein

OprM

Ornithine arcB PALES_55641 38 PA5172

carbamoyltransferase

Outer membrane oprl PALES_22111 9 PA2853

lipoprotein Oprl

Putative n.a. PALES_21241 58 PA2939

aminopeptidase

Putative phosphatase n.a. PALES_24701 74 PA2635

Pyrophosphate- oprO PALES_17861 48 PA3290

specific outer
membrane porin
OprO

n.a., not available.

complementation (Figure 2A). Reduced hemolysis was also
confirmed in a plcH clean deletion mutant in PAO1 (PA0844;
39.2% reduction) and in a transposon mutant of PAIl4,
plcH:MAR2xT7 (29% reduction; Supplementary Figure S4).

A p-nitrophenylphosphorylcholine (NPPC) assay was performed
to confirm that liposomes could bind and potentially neutralize
PIcH secreted by P. aeruginosa. Bacterial supernatants of LESB58
and the corresponding phospholipase C mutant (AplcH) were
incubated with the liposomes Ch:Sm or Sm or vehicle control.
Liposomes were subsequently removed by centrifugation.
Liposomal pre-treatment led to a significant reduction of PlcH
activity in the supernatants indicating that PlcH had been bound
by both types of liposomes (Figure 2B). PIcH in P aeruginosa
PAO1 and PA14 supernatants was also bound and neutralized
by both types of liposomes (Supplementary Figure S5).

Liposomes Attenuated Pseudomonas
aeruginosa Virulence in a Murine
Subcutaneous Abscess Model

Phospholipases have been implicated in tissue damage (Fiester
et al, 2016) and their inhibition has been suggested to impair
virulence (Flores-Diaz et al., 2016). Since liposomes may bind
and neutralize the virulence factor PlcH, we further tested
their potential in vivo. We have previously shown that liposomes
can be safely delivered subcutaneously (Wolfmeier et al., 2018).
Using a murine cutaneous high-density (>10” CFU) P. aeruginosa

abscess model, we show that both Sm and Ch:Sm liposomes
decreased abscess size by 17 and 32%, respectively. The effect
of Ch:Sm liposomes was statistically significant, and while the
result with Sm liposomes was not significant, a clear trend to
smaller abscesses was observed (Figure 3A). As anticipated,
neither of the liposomes reduced the bacterial burden
(Figure 3B), similar to the result previously observed for
S. aureus (Wolfmeier et al., 2018).

We further investigated the importance of P. aeruginosa
phospholipase C in the abscess model and found that the
plcH mutant demonstrated significantly reduced abscess size
(37%), while maintaining similar bacterial loads at the infection
site (Figures 3C,D), equivalent to the impact of Ch:Sm liposomes.
Complementation of the mutant restored abscess size to wild-
type levels, while overexpression had no significant impact on
disease development. This indicates that PIcH may be targeted
by liposomes to reduce virulence of P aeruginosa in a
mouse model.

DISCUSSION

The production of extracellular virulence factors from bacteria
is critical in establishing and promoting dangerous infections.
Virulence factors act as bacterial attack weapons and help to
overcome innate and adaptive host immune responses. The
release of these important components can not only induce
tissue damage but also trigger a life-threatening cytokine storm
(Le Berre et al,, 2011; Strateva and Mitov, 2011; D’Elia et al.,
2013; Newman et al., 2017; Azam and Khan, 2019). Blocking
or attenuating virulence factors in bacterial infections shows
promise as a combination treatment with traditional antibiotics
(Fleitas Martinez et al., 2019; Buroni and Chiarelli, 2020;
Vlaeminck et al, 2020; Wang et al., 2020; Ogawara, 2021)
and may also increase the hosts immune systems ability to
clear the infection (Cegelski et al., 2008; Rasko and Sperandio,
2010). Here, we demonstrated that liposomes neutralized the
cytolytic virulence factor PIcH secreted by the multidrug-resistant
pathogen P. aeruginosa LESB58. Liposomal treatment significantly
reduced red blood cell lysis, epithelial cell damage, and skin
tissue abscesses, which together suggests that liposome treatment
can be used to tackle Gram-negative P. aeruginosa infections.

Treatment with liposomes led to attenuation of cytotoxicity
against human bronchial epithelial cells and reduced hemolysis
against human red blood cells. Supernatants from P. aeruginosa
were less effective at causing cell lysis in the presence of
liposomes in a dose-dependent manner (Figure 1;
Supplementary Figures S1, S2). It is well established that
liposome treatment can reduce cytotoxicity and hemolysis through
sequestering exotoxins produced by many Gram-positive bacteria
(Henry et al., 2015; Wolfmeier et al., 2018; Wang et al., 2019;
Ayllon et al., 2021), including S. aureus, Streptococcus pyogenes,
S. pneumoniae, and Clostridium perfringens (Henry et al., 2015).
We have previously shown that sphingomyelin (Sm) and the
combination of sphingomyelin (Sm) and 66mol/% cholesterol
(Ch:Sm) effectively sequestered cholesterol-dependent cytolysins,
phenol-soluble modulins (PSM-a3), a-hemolysin (Wolfmeier
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FIGURE 2 | Pseudomonas aeruginosa supernatant-induced hemolysis is attenuated by the removal of phospholipase C and supernatants pre-incubated with
liposomes have reduced hemolytic phospholipase C activity. (A) RBCs were treated with 100 pl of filter-sterilized supernatant from 24-h cultures of bacterial strains
grown in MEM +1% FBS incubated at 37°C. OD,s, was measured for each strain and normalized to control untreated RBCs and fully lysed RBCs (treated with 2%
v/v Triton X-100). One-way ANOVA with post-hoc Dunnett test, **Bonferroni correct value of p <0.01, and ***Bonferroni corrected value of p <0.001, n=5, error
bars represent +SE. (B) The hemolytic phospholipase C driven hydrolysis of colorless p-nitrophenylphosphorylcholine to yellow p-nitrophenol was assessed for
supernatants pre-treated with 300 pg/ml cholesterol-containing (Ch:Sm) and sphingomyelin only (Sm) liposomes or vehicle control (LESB58 wild type, LESB58.
AplcH; six independently prepared wild-type supernatants for LESB58, Sm, Ch:Sm; three independently prepared LESB58.AplcH bacterial supernatants). Error
bars are mean+ SE; SE not shown for mutant and media control due to very small variation. A two-way ANCOVA with post-hoc Bonferroni value of p adjustment
was carried out using the wild-type (LESB58) phospholipase C activity as a control. All conditions were significantly different, adjusted value of p of 0.031 for Ch:Sm,

etal., 2018), and phospholipase C (Henry et al., 2015). We further
hypothesized that virulence factors (toxins) produced by Gram-
negative bacteria could also be targeted via sphingomyelin-
containing liposomes. Indeed, we found a significant reduction
of P aeruginosa-induced cell damage when treated with either
Ch:Sm and Sm liposomes, although the latter showed a larger
effect (Figure 2B; Supplementary Figures S1, S2). Additionally,
P aeruginosa supernatants were less hemolytic when treated
with liposomes (Figure 1; Supplementary Figure S2). To identify
whether certain cytolysins were sequestered by (bound to)
liposomes leading to reduced hemolysis, mass spectrometry of
P aeruginosa supernatants incubated with liposomes was
performed. This approach revealed that the exotoxin hemolytic
phospholipase C (encoded by the plcH gene) was a cytolysin
bound by Sm liposomes (Table 1). The release of phospholipases
during infection contributes to the degradation of phospholipid-
rich mucus layers, cleavage of phospholipids from pulmonary
surfactants, and host cell membrane damage (Schmiel and Miller,
1999; Ochsner et al,, 2002; Barker et al., 2004; Flores-Diaz
et al, 2016). Administration of hemolytic phospholipase C in
mice has been shown to cause extensive and significant cell
damage (Meyers et al, 1992). Treatment of human cells in
culture has shown rapid cytolytic activity when given PlcH
and reduced PIcH production leads to impaired virulence of
P, aeruginosa and reduced ability to maintain infections (Ostroff
et al., 1989; Meyers et al., 1992; Wargo et al., 2011). This
strongly suggests that the removal or sequestration of PlcH
during infection might have beneficial effects for patients.
It is well established that PlcH is important in maintaining

virulence during chronic P. aeruginosa infections, and production
of antibodies against PIcH are commonly identified in persons
with cystic fibrosis (Granstrom et al., 1984; Hollsing et al., 1987).

To further investigate whether we could target this important
virulence factor released from a Gram-negative pathogen,
we incubated P aeruginosa cell supernatants with Sm and Ch:Sm
liposomes; both significantly reduced hemolytic phospholipase C
activity in a quantitative assay (Figure 2; Supplementary Figure S4).
This strongly supports our hypothesis that toxins (in this case
PIcH from P, aeruginosa) may be targeted with engineered liposomes.
There have been extensive studies into the use of liposomes as
conjugates for antibiotic delivery to reduce toxicity, increase tissue
and biofilm penetration, and to reduce antibiotic resistance
development (Haworth et al., 2019; Wang et al., 2019; Bassetti
et al.,, 2020; Bilton et al., 2020; Ibaraki et al., 2020). This research
suggests that liposome itself can enhance the effect of treatment
of P aeruginosa infections, attenuating the virulence factor PlcH.

Our results obtained with PIcH from P. aeruginosa LESB58
was also observed for strains PAO1 and PA14 but showed strain-
dependent variability in effects of total hemolysis when comparing
wild type and mutant (Figure 2A; Supplementary Figure $4).
We assume this relates, at least partially, to the different supernatant
compositions of these strains. Consistent with this, the LESB58
supernatant was much better neutralized at lower liposome
concentrations than was the PAO1 or PAl4 supernatants.
The different compositions and efficiencies of liposomes in
binding different cytotoxins could explain the difference in
hemolysis, despite no differences in the relative efficiency versus
HBE cells. Cholesterol influences the binding and activity of
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FIGURE 3 | Effects of liposome treatment and phospholipase knockout mutant in a Pseudomonas aeruginosa LESB skin abscess mouse model. CD-1 mice were
subcutaneously infected with a high bacterial density (5 x 10" CFU) of LESB58 wild type (A,B), LESB58 carrying an empty vector pBBR5 or overexpression vector
pBBR5.plcH*, and phospholipid mutant LESB58.AplcH carrying an empty vector pBBRS or overexpression vector pBBR5.plcH* (C,D). Lesion sizes (Box and
whiskers plot) and CFU counts (with geometric mean) were determined 3day post-infection. Liposome treatment (top) and mutant studies (bottom)—(A,C) abscess
size measurements, and (B,D) bacterial counts per abscess. All experiments were done at least three times independently with 2—4 mice/group. Statistical analysis
was performed using one-way ANOVA, Kruskal-Wallis test with Dunn’s correction. The asterisk indicates a significant difference to the wild type (*p <0.05;
0 <0.01).

cholesterol-dependent cytolysins and other toxins. It is not present
in bacteria, and thus represents a target of choice that is more
host-like. On the other hand, cholesterol-containing bilayers are
more rigid than those without cholesterol and would decrease
the binding affinity of toxins (such as phospholipase) that penetrate
the bilayer. Therefore, cholesterol-containing liposomes are more
effective with cholesterol-binding toxins, whereas sphingomyelin
liposomes are tailored to the phospholipid bilayer-binding toxins.
This is important, as cytolytic components from P. aeruginosa
affect different types of mammalian cells differently, and also

suggests the effect of PIcH sequestration by liposomes may not
be unique to the hyper virulent clinical isolate LESB58 but may
be broadly applicable to different strains of P aeruginosa and
possibly other Gram-negative bacteria. In chronic P. aeruginosa
infections, the reduction in exotoxins and virulence factors is
theorized to contribute to immune system evasion, thus, enabling
the infection to persist (Bragonzi et al., 2009; Cullen and McClean,
2015; Winstanley et al., 2016; Wardell et al., 2021). In addition,
secreted phospholipase C has been shown to suppress the
neutrophil respiratory burst, which may also facilitate P. aeruginosa
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survival (Terada et al, 1999). In contrast to many exotoxins
and virulence factors, the prevalence of PIcH across P. aeruginosa
has been shown to be retained in >90% of clinical isolates
(Lanotte et al., 2004; Ellappan et al, 2018; Pournajaf et al,
2018; Bogiel et al., 2020), suggesting that PIcH is not commonly
lost during infection, or that it is required for continuing infection
(PIcH is potentially produced in small amounts in chronic
infections). This seeming conservation of PIcH makes it an
excellent therapeutic target to reduce the virulence of P. aeruginosa
during infection. A previous study by Wargo et al. (2011) showed
that mice infected with an isogenic P. aeruginosa plcHR mutant
had less respiratory distress and better lung function when
compared to WT-infected mice, while there were no differences
in the bacterial load. This correlates well with our chronic skin
infection model where we show the importance of PlcH for
full virulence in causing tissue damage and abscess formation.
Wargo et al. (2011) further used miltefosine, a phospholipid
drug, to reduce PlcH-dependent surfactant function, providing
evidence that targeting PIcH in vivo is a promising approach
to treat P aeruginosa and to protect lung function. Successfully
targeting P aeruginosa PIcH might also have other advantages
such as, for example, reducing vascular lesions, improving wound
healing, and decreasing sepsis (Vasil et al., 2009).

Overall, our in vivo data for Sm:Ch liposomes correlated
well with our in vitro findings (32% reduction in abscess size
and 44% reduction in HBE viability), although there was a
bigger gap for Sm liposomes. The results could have many
explanations including accessibility to toxins in vivo (based on
the diffusibility of the liposomes in the skin infection model),
the more complex mixture of mammalian cells and extracellular
components in the animal model, as well as the relative production
of small molecule toxins such as pyocyanin, phenazines, pyoverdine,
or metalloproteases such as AprA (Pletzer et al, 2020). In
conclusion, our study reveals the interaction between liposomes
and hemolytic phospholipase C in P. aeruginosa. Reducing the
virulence of P aeruginosa infections with liposome treatment
can help the natural immune response to adapt and better fight
off infection. We acknowledge that there might be other important
factors bound by the liposomes that have yet to be studied.
Neutralizing virulence factors to disarm bacteria is a promising
strategy to change the course of disease as evidenced in this
study leading to smaller abscesses and reduced tissue damage.
While liposome treatment may sequester PIcH, it remains to
be studied if multiple liposome applications or coupling liposomes
with conventional antibiotic treatment regimens could lead to
synergistic effects and better treat P aeruginosa or other Gram-
negative infections. Since phospholipases are present in many
other important Gram-negative bacteria such as Burkholderia

REFERENCES

Ayllon, M., Abatchev, G., Bogard, A., Whiting, R., Hobdey, S. E., and Fologea, D.
(2021). Liposomes prevent in vitro hemolysis induced by streptolysin O
and lysenin. Membranes 11:364. doi: 10.3390/membranes11050364

Azam, M. W, and Khan, A. U. (2019). Updates on the pathogenicity status
of Pseudomonas aeruginosa. Drug Discov. Today 24, 350-359. doi: 10.1016/j.
drudis.2018.07.003

or Bordetella (Wargo et al., 2011; Srinon et al, 2020), as well
as Mycobacterium, liposome treatment may offer a broad-spectrum
strategy to tackle the virulence of these pathogens during infection.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can
be directed to the corresponding authors.

ETHICS STATEMENT

Animal experiments were performed in accordance with the
Canadian Council on Animal Care (CCAC) guidelines and
were approved by the University of British Columbia Animal
Care Committee (protocol A14-0363).

AUTHOR CONTRIBUTIONS

HW, DP, AD, EB, and RH contributed to conception and
design of the study. HW, SW, LL, RF, and DP performed the
experiments and statistical analysis. HW, SW, and DP wrote
the first draft of the manuscript and wrote sections of the
manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

Funding from the Canadian Institutes for Health Research
FDN-154287 to RH is gratefully acknowledged. The content
is solely the responsibility of the authors and does not necessarily
represent the official views of the Canadian Institutes for Health
Research. RH holds a Canada Research Chair and a UBC
Killam Professorship. HW received an Early Postdoc Mobility
fellowship from the Swiss National Science Foundation under
Award Number P2BEP3_165401 and DP received a Cystic
Fibrosis Canada postdoctoral fellowship.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.
867449/full#supplementary-material

Bains, M., Fernandez, L., and Hancock, R. E. W. (2012). Phosphate
starvation promotes swarming motility and cytotoxicity of Pseudomonas
aeruginosa. Appl. Environ. Microbiol. 78, 6762-6768. doi: 10.1128/
AEM.01015-12

Barker, A. P, Vasil, A. 1, Filloux, A., Ball, G., Wilderman, P. J., and Vasil, M. L.
(2004). A novel extracellular phospholipase C of Pseudomonas aeruginosa
is required for phospholipid chemotaxis. Mol. Microbiol. 53, 1089-1098.
doi: 10.1111/j.1365-2958.2004.04189.x

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 867449


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2022.867449/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.867449/full#supplementary-material
https://doi.org/10.3390/membranes11050364
https://doi.org/10.1016/j.drudis.2018.07.003
https://doi.org/10.1016/j.drudis.2018.07.003
https://doi.org/10.1128/AEM.01015-12
https://doi.org/10.1128/AEM.01015-12
https://doi.org/10.1111/j.1365-2958.2004.04189.x

Wolfmeier et al.

Liposomes as Anti-virulence Strategy

Bassetti, M., Vena, A., Russo, A., and Peghin, M. (2020). Inhaled liposomal
antimicrobial delivery in lung infections. Drugs 80, 1309-1318. doi: 10.1007/
540265-020-01359-z

Bilton, D., Pressler, T., Fajac, I., Clancy, J. P, Sands, D., Minic, P, et al. (2020).
Amikacin liposome inhalation suspension for chronic Pseudomonas aeruginosa
infection in cystic fibrosis. J. Cyst. Fibros. 19, 284-291. doi: 10.1016/j.
jc£.2019.08.001

Bogiel, T, Prazynska, M., Kwiecinska-Pirog, ], Mikucka, A,
Gospodarek-Komkowska, E. (2020). Carbapenem-resistant Pseudomonas
aeruginosa strains-distribution of the essential enzymatic virulence factors
genes. Antibiotics 10:8. doi: 10.3390/antibiotics10010008

Bragonzi, A., Paroni, M., Nonis, A., Cramer, N., Montanari, S., Rejman, J.,
et al. (2009). Pseudomonas aeruginosa microevolution during cystic fibrosis
lung infection establishes clones with adapted virulence. Am. J. Respir. Crit.
Care Med. 180, 138-145. doi: 10.1164/rccm.200812-19430C

Buroni, S., and Chiarelli, L. R. (2020). Antivirulence compounds: a future
direction to overcome antibiotic resistance? Future Microbiol. 15, 299-301.
doi: 10.2217/fmb-2019-0294

Cegelski, L., Marshall, G. R., Eldridge, G. R., and Hultgren, S. J. (2008). The
biology and future prospects of antivirulence therapies. Nat. Rev. Microbiol.
6, 17-27. doi: 10.1038/nrmicro1818

Cheng, K., Smyth, R. L., Govan, J. R., Doherty, C., Winstanley, C., Denning, N.,
et al. (1996). Spread of beta-lactam-resistant Pseudomonas aeruginosa in a
cystic fibrosis clinic. Lancet 348, 639-642. doi: 10.1016/S0140-6736(96)05169-0

Cullen, L., and McClean, S. (2015). Bacterial adaptation during chronic respiratory
infections. Pathogens 4, 66-89. doi: 10.3390/pathogens4010066

D’Elia, R. V., Harrison, K., Oyston, P. C., Lukaszewski, R. A., and Clark, G. C.
(2013). Targeting the “cytokine storm” for therapeutic benefit. Clin. Vaccine
Immunol. 20, 319-327. doi: 10.1128/CV1.00636-12

Ellappan, K., Belgode Narasimha, H., and Kumar, S. (2018). Coexistence of
multidrug resistance mechanisms and virulence genes in carbapenem-resistant
Pseudomonas aeruginosa strains from a tertiary care hospital in South India.
J. Glob. Antimicrob. Resist. 12, 37-43. doi: 10.1016/j.jgar.2017.08.018

Fiester, S. E., Arivett, B. A., Schmidt, R. E.,, Beckett, A. C,, Ticak, T., Carrier, M. V,,
et al. (2016). Iron-regulated phospholipase C activity contributes to the
cytolytic activity and virulence of Acinetobacter baumannii. PLoS One
11:¢0167068. doi: 10.1371/journal.pone.0167068

Fleitas Martinez, O., Cardoso, M. H., Ribeiro, S. M., and Franco, O. L. (2019).
Recent advances in anti-virulence therapeutic strategies with a focus on
dismantling bacterial membrane microdomains, toxin neutralization, quorum-
sensing interference and biofilm inhibition. Front. Cell. Infect. Microbiol.
9:74. doi: 10.3389/fcimb.2019.00074

Flores-Diaz, M., Monturiol-Gross, L., Naylor, C., Alape-Giron, A., and Flieger, A.
(2016). Bacterial sphingomyelinases and phospholipases as virulence factors.
Microbiol. Mol. Biol. Rev. 80, 597-628. doi: 10.1128/MMBR.00082-15

Gellatly, S. L., and Hancock, R. E. W. (2013). Pseudomonas aeruginosa: new
insights into pathogenesis and host defenses. Pathog. Dis. 67, 159-173. doi:
10.1111/2049-632X.12033

Granstrom, M., Ericsson, A., Strandvik, B., Wretlind, B., Pavlovskis, O. R,,
Berka, R., et al. (1984). Relation between antibody response to Pseudomonas
aeruginosa exoproteins and colonization/infection in patients with cystic
fibrosis. Acta Paediatr. Scand. 73, 772-777. doi: 10.1111/j.1651-2227.1984.
tb17774.x

Hauser, A. R. (2011). Pseudomonas aeruginosa: so many virulence factors, so
little time. Crit. Care Med. 39, 2193-2194. doi: 10.1097/CCM.0b013
e318221742d

Haworth, C. S., Bilton, D., Chalmers, J. D., Davis, A. M., Froehlich, J., Gonda, I.,
et al. (2019). Inhaled liposomal ciprofloxacin in patients with non-cystic
fibrosis bronchiectasis and chronic lung infection with Pseudomonas aeruginosa
(ORBIT-3 and ORBIT-4): two phase 3, randomized controlled trials. Lancet
Respir. Med. 7, 213-226. doi: 10.1016/52213-2600(18)30427-2

He, J., Baldini, R. L., Deziel, E., Saucier, M., Zhang, Q., Liberati, N. T, et al.
(2004). The broad host range pathogen Pseudomonas aeruginosa strain
PA14 carries two pathogenicity islands harboring plant and animal virulence
genes. Proc. Natl. Acad. Sci. U. S. A. 101, 2530-2535. doi: 10.1073/
pnas.0304622101

Hector, A., Griese, M., and Hartl, D. (2014). Oxidative stress in cystic fibrosis
lung disease: an early event, but worth targeting? Eur. Respir. J. 44, 17-19.
doi: 10.1183/09031936.00038114

and

Henry, B. D,, Neill, D. R,, Becker, K. A., Gore, S., Bricio-Moreno, L., Ziobro, R.,
et al. (2015). Engineered liposomes sequester bacterial exotoxins and protect
from severe invasive infections in mice. Nat. Biotechnol. 33, 81-88. doi:
10.1038/nbt.3037

Hoang, T. T., Karkhoff-Schweizer, R. R., Kutchma, A. ], and Schweizer, H. P.
(1998). A broad-host-range Flp-FRT recombination system for site-specific
excision of chromosomally-located DNA sequences: application for isolation
of unmarked Pseudomonas aeruginosa mutants. Gene 212, 77-86. doi: 10.1016/
$0378-1119(98)00130-9

Hollsing, A. E., Granstrom, M., Vasil, M. L., Wretlind, B., and Strandvik, B.
(1987). Prospective study of serum antibodies to Pseudomonas aeruginosa
exoproteins in cystic fibrosis. J. Clin. Microbiol. 25, 1868-1874. doi: 10.1128/
jem.25.10.1868-1874.1987

Ibaraki, H., Kanazawa, T., Chien, W. Y., Nakaminami, H., Aoki, M., Ozawa, K.,
et al. (2020). The effects of surface properties of liposomes on their activity
against Pseudomonas aeruginosa PAO1 biofilm. J. Drug Deliv. Sci. Technol.
57:101754. doi: 10.1016/j.jddst.2020.101754

Jakobsen, T. H., Bjarnsholt, T., Jensen, P. O., Givskov, M., and Hoiby, N. (2013).
Targeting quorum sensing in Pseudomonas aeruginosa biofilms: current and
emerging inhibitors. Future Microbiol. 8, 901-921. doi: 10.2217/fmb.13.57

Kovach, M. E., Elzer, P. H, Hill, D. S, Robertson, G. T, Farris, M. A,
Roop, R. M. et al. (1995). Four new derivatives of the broad-host-range
cloning vector pBBRIMCS, carrying different antibiotic-resistance cassettes.
Gene 166, 175-176. doi: 10.1016/0378-1119(95)00584-1

Lanotte, P, Watt, S., Mereghetti, L., Dartiguelongue, N., Rastegar-Lari, A.,
Goudeau, A., et al. (2004). Genetic features of Pseudomonas aeruginosa
isolates from cystic fibrosis patients compared with those of isolates from
other origins. J. Med. Microbiol. 53, 73-81. doi: 10.1099/jmm.0.05324-0

Le Berre, R,, Nguyen, S., Nowak, E., Kipnis, E., Pierre, M., Quenee, L., et al.
(2011). Relative contribution of three main virulence factors in Pseudomonas
aeruginosa pneumonia. Crit. Care Med. 39, 2113-2120. doi: 10.1097/
CCM.0b013e31821e899f

Lister, P. D., Wolter, D. J., and Hanson, N. D. (2009). Antibacterial-resistant
Pseudomonas aeruginosa: clinical impact and complex regulation of
chromosomally encoded resistance mechanisms. Clin. Microbiol. Rev. 22,
582-610. doi: 10.1128/CMR.00040-09

Luberto, C., Stonehouse, M. J., Collins, E. A., Marchesini, N., El-Bawab, S.,
Vasil, A. L, et al. (2003). Purification, characterization, and identification
of a sphingomyelin synthase from Pseudomonas aeruginosa. PIcH is a
multifunctional enzyme. J. Biol. Chem. 278, 32733-32743. doi: 10.1074/jbc.
M300932200

Mansour, S. C., Pletzer, D., de la Fuente-Nunez, C., Kim, P, Cheung, G. Y.
C., Joo, H. S., et al. (2016). Bacterial abscess formation is controlled by
the stringent stress response and can be targeted therapeutically. EBioMed.
12, 219-226. doi: 10.1016/j.ebiom.2016.09.015

Meyers, D. ], Palmer, K. C, Bale, L. A., Kernacki, K., Preston, M., Brown, T.,
etal. (1992). In vivo and in vitro toxicity of phospholipase C from Pseudomonas
aeruginosa. Toxicon 30, 161-169. doi: 10.1016/0041-0101(92)90469-1

Moradali, M. E, Ghods, S., and Rehm, B. H. (2017). Pseudomonas aeruginosa
lifestyle: a paradigm for adaptation, survival, and persistence. Front. Cell.
Infect. Microbiol. 7:39. doi: 10.3389/fcimb.2017.00039

Newman, J. W, Floyd, R. V., and Fothergill, J. L. (2017). The contribution of
Pseudomonas aeruginosa virulence factors and host factors in the establishment
of urinary tract infections. FEMS Microbiol. Lett. 364:fnx124. doi: 10.1093/
femsle/fnx124

Nguyen, L., Garcia, J., Gruenberg, K., and MacDougall, C. (2018). Multidrug-
resistant pseudomonas infections: hard to treat, but hope on the horizon?
Curr. Infect. Dis. Rep. 20:23. doi: 10.1007/s11908-018-0629-6

Ochsner, U. A., Snyder, A., Vasil, A. I, and Vasil, M. L. (2002). Effects of the
twin-arginine translocase on secretion of virulence factors, stress response,
and pathogenesis. Proc. Natl. Acad. Sci. U. S. A. 99, 8312-8317. doi: 10.1073/
pnas.082238299

Ogawara, H. (2021). Possible drugs for the treatment of bacterial infections
in the future: anti-virulence drugs. J. Antibiot. 74, 24-41. doi: 10.1038/
541429-020-0344-z

Ostroff, R. M., Wretlind, B., and Vasil, M. L. (1989). Mutations in the hemolytic-
phospholipase C operon result in decreased virulence of Pseudomonas
aeruginosa PAO1 grown under phosphate-limiting conditions. Infect. Immun.
57, 1369-1373. doi: 10.1128/iai.57.5.1369-1373.1989

Frontiers in Microbiology | www.frontiersin.org

10

March 2022 | Volume 13 | Article 867449


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1007/s40265-020-01359-z
https://doi.org/10.1007/s40265-020-01359-z
https://doi.org/10.1016/j.jcf.2019.08.001
https://doi.org/10.1016/j.jcf.2019.08.001
https://doi.org/10.3390/antibiotics10010008
https://doi.org/10.1164/rccm.200812-1943OC
https://doi.org/10.2217/fmb-2019-0294
https://doi.org/10.1038/nrmicro1818
https://doi.org/10.1016/S0140-6736(96)05169-0
https://doi.org/10.3390/pathogens4010066
https://doi.org/10.1128/CVI.00636-12
https://doi.org/10.1016/j.jgar.2017.08.018
https://doi.org/10.1371/journal.pone.0167068
https://doi.org/10.3389/fcimb.2019.00074
https://doi.org/10.1128/MMBR.00082-15
https://doi.org/10.1111/2049-632X.12033
https://doi.org/10.1111/j.1651-2227.1984.tb17774.x
https://doi.org/10.1111/j.1651-2227.1984.tb17774.x
https://doi.org/10.1097/CCM.0b013e318221742d
https://doi.org/10.1097/CCM.0b013e318221742d
https://doi.org/10.1016/S2213-2600(18)30427-2
https://doi.org/10.1073/pnas.0304622101
https://doi.org/10.1073/pnas.0304622101
https://doi.org/10.1183/09031936.00038114
https://doi.org/10.1038/nbt.3037
https://doi.org/10.1016/s0378-1119(98)00130-9
https://doi.org/10.1016/s0378-1119(98)00130-9
https://doi.org/10.1128/jcm.25.10.1868-1874.1987
https://doi.org/10.1128/jcm.25.10.1868-1874.1987
https://doi.org/10.1016/j.jddst.2020.101754
https://doi.org/10.2217/fmb.13.57
https://doi.org/10.1016/0378-1119(95)00584-1
https://doi.org/10.1099/jmm.0.05324-0
https://doi.org/10.1097/CCM.0b013e31821e899f
https://doi.org/10.1097/CCM.0b013e31821e899f
https://doi.org/10.1128/CMR.00040-09
https://doi.org/10.1074/jbc.M300932200
https://doi.org/10.1074/jbc.M300932200
https://doi.org/10.1016/j.ebiom.2016.09.015
https://doi.org/10.1016/0041-0101(92)90469-l
https://doi.org/10.3389/fcimb.2017.00039
https://doi.org/10.1093/femsle/fnx124
https://doi.org/10.1093/femsle/fnx124
https://doi.org/10.1007/s11908-018-0629-6
https://doi.org/10.1073/pnas.082238299
https://doi.org/10.1073/pnas.082238299
https://doi.org/10.1038/s41429-020-0344-z
https://doi.org/10.1038/s41429-020-0344-z
https://doi.org/10.1128/iai.57.5.1369-1373.1989

Wolfmeier et al.

Liposomes as Anti-virulence Strategy

Palmer, K. L., Aye, L. M., and Whiteley, M. (2007). Nutritional cues control
Pseudomonas aeruginosa multicellular behavior in cystic fibrosis sputum. J.
Bacteriol. 189, 8079-8087. doi: 10.1128/]JB.01138-07

Pletzer, D., Blimkie, T. M., Wolfmeier, H., Li, Y., Baghela, A., Lee, A. H. Y,
et al. (2020). The stringent stress response controls proteases and global
regulators under optimal growth conditions in Pseudomonas aeruginosa.
mSystems 5:¢00495-20. doi: 10.1128/mSystems.00495-20

Pletzer, D., Braun, Y., and Weingart, H. (2016). Swarming motility is modulated
by expression of the putative xenosiderophore transporter SppR-SppABCD
in Pseudomonas aeruginosa PA14. Antonie Van Leeuwenhoek 109, 737-753.
doi: 10.1007/510482-016-0675-8

Pletzer, D., Lafon, C., Braun, Y., Kohler, T., Page, M. G., Mourez, M., et al.
(2014). High-throughput screening of dipeptide utilization mediated by the
ABC transporter DppBCDF and its substrate-binding proteins DppA1-A5 in
Pseudomonas  aeruginosa. PLoS One 9:e111311. doi: 10.1371/journal.
pone.0111311

Pletzer, D., Mansour, S. C., and Hancock, R. E. W. (2018). Synergy between
conventional antibiotics and anti-biofilm peptides in a murine, sub-cutaneous
abscess model caused by recalcitrant ESKAPE pathogens. PLoS Pathog.
14:1007084. doi: 10.1371/journal.ppat.1007084

Pletzer, D., Mansour, S. C., Wuerth, K., Rahanjam, N., and Hancock, R. E.
(2017). New mouse model for chronic infections by gram-negative bacteria
enabling the study of anti-infective efficacy and host-microbe interactions.
mBio 8:e00140-17. doi: 10.1128/mBio.00140-17

Pletzer, D., Wolfmeier, H., Bains, M., and Hancock, R. E. W. (2017). Synthetic
peptides to target stringent response-controlled virulence in a Pseudomonas
aeruginosa murine cutaneous infection model. Front. Microbiol. 8:1867. doi:
10.3389/fmicb.2017.01867

Pournajaf, A., Razavi, S., Irajian, G., Ardebili, A., Erfani, Y., Solgi, S., et al.
(2018). Integron types, antimicrobial resistance genes, virulence gene profile,
alginate production and biofilm formation in Iranian cystic fibrosis Pseudomonas
aeruginosa isolates. Infez. Med. 26, 226-236.

Rappsilber, J., Mann, M., and Ishihama, Y. (2007). Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics using
StageTips. Nat. Protoc. 2, 1896-1906. doi: 10.1038/nprot.2007.261

Rasko, D. A., and Sperandio, V. (2010). Anti-virulence strategies to combat
bacteria-mediated disease. Nat. Rev. Drug Discov. 9, 117-128. doi: 10.1038/
nrd3013

Rosenberger, C. M., Brumell, J. H., and Finlay, B. B. (2000). Microbial pathogenesis:
lipid rafts as pathogen portals. Curr. Biol. 10, R823-R825. doi: 10.1016/
$0960-9822(00)00788-0

Schmiel, D. H., and Miller, V. L. (1999). Bacterial phospholipases and pathogenesis.
Microbes Infect. 1, 1103-1112. doi: 10.1016/s1286-4579(99)00205-1

Schweizer, H. P, and Hoang, T. T. (1995). An improved system for gene
replacement and xylE fusion analysis in Pseudomonas aeruginosa. Gene 158,
15-22. doi: 10.1016/0378-1119(95)00055-b

Shevchenko, A., Wilm, M., Vorm, O., and Mann, M. (1996). Mass spectrometric
sequencing of proteins silver-stained polyacrylamide gels. Anal. Chem. 68,
850-858. doi: 10.1021/ac950914h

Smith, R. S., and Iglewski, B. H. (2003). Pseudomonas aeruginosa quorum
sensing as a potential antimicrobial target. J. Clin. Invest. 112, 1460-1465.
doi: 10.1172/JCI20364

Srinon, V., Withatanung, P., Chaiwattanarungruengpaisan, S., Thongdee, M.,
Meethai, C., Stevens, J. M., et al. (2020). Functional redundancy of Burkholderia
pseudomallei phospholipase C enzymes and their role in virulence. Sci. Rep.
10:19242. doi: 10.1038/541598-020-76186-z

Stonehouse, M. J., Cota-Gomez, A., Parker, S. K., Martin, W. E., Hankin, J. A.,
Murphy, R. C,, et al. (2002). A novel class of microbial phosphocholine-
specific ~ phospholipases C. Mol.  Microbiol. 46, 661-676. doi:
10.1046/j.1365-2958.2002.03194.x

Stover, C. K., Pham, X. Q, Erwin, A. L, Mizoguchi, S. D., Warrener, P,
Hickey, M. J., et al. (2000). Complete genome sequence of Pseudomonas
aeruginosa PAO1, an opportunistic pathogen. Nature 406, 959-964. doi:
10.1038/35023079

Strateva, T., and Mitov, 1. (2011). Contribution of an arsenal of virulence
factors to pathogenesis of Pseudomonas aeruginosa infections. Ann. Microbiol.
61, 717-732. doi: 10.1007/s13213-011-0273-y

Strateva, T., and Yordanov, D. (2009). Pseudomonas aeruginosa — a phenomenon
of bacterial resistance. J. Med. Microbiol. 58, 1133-1148. doi: 10.1099/
jmm.0.009142-0

Terada, L. S., Johansen, K. A., Nowbar, S., Vasil, A. I, and Vasil, M. L. (1999).
Pseudomonas aeruginosa hemolytic phospholipase C suppresses neutrophil
respiratory burst activity. Infect. Immun. 67, 2371-2376. doi: 10.1128/
1A1.67.5.2371-2376.1999

Vasil, M. L., Stonehouse, M. J., Vasil, A. 1., Wadsworth, S. J., Goldfine, H.,
Bolcome, R. E. 3rd, et al. (2009). A complex extracellular sphingomyelinase
of Pseudomonas aeruginosa inhibits angiogenesis by selective cytotoxicity
to endothelial cells. PLoS Pathog. 5:e1000420. doi: 10.1371/journal.
ppat.1000420

Ventola, C. L. (2015). The antibiotic resistance crisis: part 1: causes and threats.
P T. 40, 277-283.

Vlaeminck, J., Raafat, D., Surmann, K. Timbermont, L., Normann, N.,
Sellman, B., et al. (2020). Exploring virulence factors and alternative therapies
against Staphylococcus aureus pneumonia. Toxins 12:721. doi: 10.3390/
toxins12110721

Wang, C. H., Hsieh, Y. H., Powers, Z. M., and Kao, C. Y. (2020). Defeating
antibiotic-resistant bacteria: exploring alternative therapies for a post-antibiotic
era. Int. J. Mol. Sci. 21:1061. doi: 10.3390/ijms21031061

Wang, D. Y, van der Mei, H. C,, Ren, Y., Busscher, H. J., and Shi, L. (2019).
Lipid-based antimicrobial delivery-systems for the treatment of bacterial
infections. Front. Chem. 7:872. doi: 10.3389/fchem.2019.00872

Wardell, S. J. T, Gauthier, J., Martin, L. W, Potvin, M., Brockway, B.,
Levesque, R. C., et al. (2021). Genome evolution drives transcriptomic and
phenotypic adaptation in Pseudomonas aeruginosa during 20 years of infection.
Microb. Genom. 7. doi: 10.1099/mgen.0.000681

Wargo, M. J., Gross, M. ]., Rajamani, S., Allard, J. L., Lundblad, L. K., Allen, G. B,,
et al. (2011). Hemolytic phospholipase C inhibition protects lung function
during Pseudomonas aeruginosa infection. Am. J. Respir. Crit. Care Med.
184, 345-354. doi: 10.1164/rccm.201103-03740C

Winstanley, C., O'Brien, S., and Brockhurst, M. A. (2016). Pseudomonas aeruginosa
evolutionary adaptation and diversification in cystic fibrosis chronic lung
infections. Trends Microbiol. 24, 327-337. doi: 10.1016/j.tim.2016.01.008

Wolfmeier, H., Mansour, S. C., Liu, L. T., Pletzer, D., Draeger, A., Babiychuk, E. B.,
et al. (2018). Liposomal therapy attenuates dermonecrosis induced by
community-associated methicillin-resistant Staphylococcus aureus by targeting
alpha-type phenol-soluble modulins and alpha-hemolysin. EBioMed. 33,
211-217. doi: 10.1016/j.ebiom.2018.06.016

Yeung, A. T. Y., Parayno, A., and Hancock, R. E. W. (2012). Mucin promotes
rapid surface motility in Pseudomonas aeruginosa. mBio 3:00073-12. doi:
10.1128/mBio.00073-12

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Wolfmeier, Wardell, Liu, Falsafi, Draeger, Babiychuk, Pletzer
and Hancock. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the copyright
owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 867449


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/JB.01138-07
https://doi.org/10.1128/mSystems.00495-20
https://doi.org/10.1007/s10482-016-0675-8
https://doi.org/10.1371/journal.pone.0111311
https://doi.org/10.1371/journal.pone.0111311
https://doi.org/10.1371/journal.ppat.1007084
https://doi.org/10.1128/mBio.00140-17
https://doi.org/10.3389/fmicb.2017.01867
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1038/nrd3013
https://doi.org/10.1038/nrd3013
https://doi.org/10.1016/s0960-9822(00)00788-0
https://doi.org/10.1016/s0960-9822(00)00788-0
https://doi.org/10.1016/s1286-4579(99)00205-1
https://doi.org/10.1016/0378-1119(95)00055-b
https://doi.org/10.1021/ac950914h
https://doi.org/10.1172/JCI20364
https://doi.org/10.1038/s41598-020-76186-z
https://doi.org/10.1046/j.1365-2958.2002.03194.x
https://doi.org/10.1038/35023079
https://doi.org/10.1007/s13213-011-0273-y
https://doi.org/10.1099/jmm.0.009142-0
https://doi.org/10.1099/jmm.0.009142-0
https://doi.org/10.1128/IAI.67.5.2371-2376.1999
https://doi.org/10.1128/IAI.67.5.2371-2376.1999
https://doi.org/10.1371/journal.ppat.1000420
https://doi.org/10.1371/journal.ppat.1000420
https://doi.org/10.3390/toxins12110721
https://doi.org/10.3390/toxins12110721
https://doi.org/10.3390/ijms21031061
https://doi.org/10.3389/fchem.2019.00872
https://doi.org/10.1099/mgen.0.000681
https://doi.org/10.1164/rccm.201103-0374OC
https://doi.org/10.1016/j.tim.2016.01.008
https://doi.org/10.1016/j.ebiom.2018.06.016
https://doi.org/10.1128/mBio.00073-12
http://creativecommons.org/licenses/by/4.0/

	Targeting the Pseudomonas aeruginosa Virulence Factor Phospholipase C With Engineered Liposomes
	Introduction
	Materials and Methods
	Liposomes
	Bacterial Strains, Growth Conditions, and Supernatants
	PCR Amplifications and DNA Modifications
	Construction of an Unmarked Phospholipase C Deletion Mutants in LESB58 and PAO1
	Complementation of the LESB58 plcH Mutant
	Human Cells
	Hemolysis Experiments
	Liposome Hemolysis Assays
	Phospholipase Hemolysis Assays
	Cytotoxicity Assays
	Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Silver Staining
	Mass Spectrometry
	Phospholipase C Enzymatic Assay
	Murine Cutaneous Infection Model
	Ethics Statement
	Quantification and Statistical Analysis

	Results
	Liposomes Diminished the Cytolytic Activity of Pseudomonas aeruginosa Supernatants
	The Pseudomonas aeruginosa Virulence Factor Phospholipase C Was Bound by Liposomes
	Liposomes Attenuated Pseudomonas aeruginosa Virulence in a Murine Subcutaneous Abscess Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

