AMERICAN

Antimicrobial Agents
waasooer and Chemotherapy

1 CrossMark
& click for updates
-

Antimicrobial Peptide P60.4Ac-Containing Creams and Gel for
Eradication of Methicillin-Resistant Staphylococcus aureus from
Cultured Skin and Airway Epithelial Surfaces

Elisabeth M. Haisma,®® Aniké Goblyos,® Bep Ravensbergen,® Alwin E. Adriaans, Robert A. Cordfunke,® Jasmijn Schrumpf,®

Ronald W. A. L. Limpens, Kirsten J. M. Schimmel,® Jan den Hartigh,® Pieter S. Hiemstra,® Jan Wouter Drijfhout,®

Abdoelwaheb El Ghalbzouri,® Peter H. Nibbering®

Departments of Infectious Diseases,” Dermatology,” Clinical Pharmacy and Toxicology,” Immunohematology and Blood Transfusion,® Pulmonology,® and Molecular Cell
Biology,r Leiden University Medical Center, Leiden, The Netherlands

We previously found the LL-37-derived peptide P60.4Ac to be effective against methicillin-resistant Staphylococcus aureus
(MRSA) on human epidermal models (EMs). The goal of this study was to identify the preferred carrier for this peptide for topi-
cal application on skin and mucosal surfaces. We prepared P60.4Ac in three formulations, i.e., a water-in-oil cream with lanolin
(Softisan 649), an oil-in-water cream with polyethylene glycol hexadecyl ether (Cetomacrogol), and a hydroxypropyl methylcel-
lulose (hypromellose) 4000 gel. We tested the antimicrobial efficacy of the peptide in these formulations against mupirocin-re-
sistant and -sensitive MRSA strains on EMs and bronchial epithelial models (BEMs). The cytotoxic effects of formulated P60.4Ac
on these models were determined using histology and WST-1 and lactate dehydrogenase assays. Moreover, we assessed the sta-
bility of the peptide in these formulations with storage for up to 3 months. Killing of MRSA by P60.4Ac in the two creams was
less effective than that by P60.4Ac in the hypromellose gel. In agreement with those findings, P60.4Ac in the hypromellose gel
was highly effective in eradicating the two MRSA strains from EMs. We found that even 0.1% (wt/wt) P60.4Ac in the hypromel-
lose gel killed >99% of the viable planktonic bacteria and >85% of the biofilm-associated bacteria on EMs. Hypromellose gels
containing 0.1% and 0.5% (wt/wt) P60.4Ac effectively reduced the numbers of viable MRSA cells from BEMs by >90%. No cyto-
toxic effects of P60.4Ac in the hypromellose gel with up to 2% (wt/wt) P60.4Ac on keratinocytes in EMs and in the hypromellose
gel with up to 0.5% (wt/wt) P60.4Ac on epithelial cells in BEMs were observed. High-performance liquid chromatography analy-
sis showed that P60.4Ac was stable in the Softisan cream and the hypromellose gel but not in the Cetomacrogol cream. We con-
clude that P60.4Ac formulated in hypromellose gel is both stable and highly effective in eradicating MRSA from colonized EMs

and BEMs.

bout 10 to 35% of humans are persistent carriers of Staphylo-

coccus aureus, while 20 to 75% are intermediate carriers (1-3).
The primary sites for colonization of humans are the nasal cavity,
pharynx, perineum, and skin (3). Colonization of healthy individ-
uals with this opportunistic bacterium causes no serious health
problems; however, the risk of developing an S. aureus infection is
increased in hospitalized patients or those undergoing surgery
(4-6). Common infection problems include surgical site infec-
tions (7), wound and burn wound infections (5), bloodstream
infections (8), catheter-related bacteremia (9, 10), and catheter
(intubation)-related infections, such as pneumonia (11). More-
over, the symptoms of atopic eczema patients are often aggravated
by the actions of S. aureus and S. epidermidis on their lesion sites
(12, 13).

Strategies currently used to eradicate methicillin-resistant S.
aureus (MRSA) from carriers involve treatment with antibiotics,
such as vancomycin, mupirocin, bacitracin, rifampin, and reta-
pamulin (14-18). It has been shown that decolonization of nasal
carriers of S. aureus by treatment with mupirocin reduces the risk
of surgical infection (19, 20). However, the increasing emergence
of mupirocin-resistant S. aureus isolates in hospitals as well as
the community underscores the need for novel antimicrobial
agents with modes of action different from those of current
antibiotics (21).

We consider synthetic peptides derived from naturally occur-
ring antimicrobial peptides (AMPs), like LL-37, to be promising
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candidates for such agents. LL-37 is an o-helical amphipathic
AMP that is cleaved from the inactive proprotein human cationic
antimicrobial protein 18 (hCAP-18) and has antimicrobial activ-
ity against a wide variety of pathogens, including bacteria, fungi,
and viruses, as well as immunomodulatory and wound-healing
activities (for a review, see reference 22). We have previously de-
veloped the synthetic AMP P60.4Ac based on a structure-function
analysis of LL-37 and have shown that it has in vitro antibacterial
activity against S. aureus and Pseudomonas aeruginosa (including
antibiotic-resistant strains) on wounded colonized human skin
equivalents (23, 24). In addition, a polymer-lipid coating con-
taining the peptide was found to prevent S. aureus biomaterial-
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associated infections in animals (25). Furthermore, local treat-
ment with P60.4Ac was found to be beneficial in patients with
therapy-resistant chronic otitis media (unpublished data).

The aim of this study was to evaluate the antimicrobial effec-
tivity, stability, and cytotoxicity of P60.4Ac in three different for-
mulations that may be suitable for topical application on skin and
nasal mucosa. The formulations were a water-in-oil cream with
lanolin (Softisan 649; referred to here as Softisan cream), an oil-
in-water-type polyethylene glycol hexadecyl ether (Cetomacro-
gol) cream (referred to here as Cetomacrogol cream), and water-
based hydroxypropyl methylcellulose (hypromellose) 4000 gel
(referred to here as hypromellose gel). We found that P60.4Ac at
noncytotoxic concentrations in hypromellose gel was more effec-
tive than this peptide in Softisan and Cetomacrogol creams in
killing MRSA on colonized human epidermal models (EMs) and
bronchial epithelial models (BEMs).

MATERIALS AND METHODS

Bacterial strains. S. aureus strains LUH14616 and LUH15051 (23) were
used in this study. Bacteria were preserved for prolonged periods in nu-
trient broth (Oxoid Ltd.) supplemented with 20% (vol/vol) glycerol at
—80°C. Inocula from frozen cultures were grown overnight at 37°C on
sheep blood agar plates (bioMérieux) before usage.

Mupirocin and Bactroban. For comparison, 2% mupirocin calcium
ointment (Bactroban nasal; GlaxoSmithKline) and a stock of mupirocin
(Sigma-Aldrich) diluted to 1 mg/ml in phosphate-buffered saline (PBS)
were included in this study.

Peptide. N-terminal-acetylated and C-terminal-amidated P60.4Ac
(IGKEFKRIVERIKRFLRELVRPLR; molecular mass, 3,094 Da) was
synthesized by solid-phase strategies on an automated multiple-pep-
tide synthesizer (Syroll; MultiSyntech) as described previously (24).
The purity of the peptide was >95%, as determined by reverse-phase
high-performance liquid chromatography (HPLC). The lyophilized
peptide was stored at —20°C until use. A stock solution (100 mg/ml) of
this peptide prepared in 200 mM phosphate buffer (pH 6.9) was stored
at —20°C.

Compounding of P60.4Ac. The cream base with Softisan 649 as the
emulsifier was prepared by warming 28.5 g of vaselinum album (Duchefa
Pharma) and 1.5 g of Softisan 649 (IMCD Benelux) to 70°C, and then the
ointment was homogenized and mixed until it cooled to room tempera-
ture. The cream was added to a 50-g white aluminum tube (Spruyt Hillen
BV) and stored at room temperature. The Cetomacrogol cream base was
prepared as follows: 200 mg of sorbic acid was dissolved in about 30 ml of
hot distilled water. Next, 15 g of cera Cetomacrogolis emulsificans, 20 g of
Cetiol V oil, and 4 g of sorbitol (all from Duchefa Pharma) were together
warmed to 70°C. The hot sorbic acid solution was added to the melted
Cetomacrogol mixture, and it was homogenized continuously while it was
cooled to room temperature. After addition of water until the final weight
was 70 g, the cream was homogenized, added to 100-g white aluminum
tubes, and stored at 4°C. For preparation of the hypromellose gel base, we
suspended 3.75 g of hypromellose 4000 in 30 ml of propylene glycol (all
from Duchefa Pharma) and added distilled water in portions until the
final weight was 100 g. The gel was homogenized, kept in a refrigerator for
12 h, homogenized again, added to a 100-g white aluminum tube, and
then stored at 4°C.

The creams and gels containing different amounts of P60.4Ac (range,
0.1% to 2%, wt/wt) were prepared by mixing 3.5 g of these cream/gel bases
with the appropriate amount of the P60.4Ac stock solution, and then
distilled water was added to a final weight of 5 g of cream or gel. The
peptide-containing gels and Cetomacrogol creams were homogenized
and added to sterile, 5-g eye ointment tubes (Spruyt Hillen BV). The
Softisan cream containing P60.4Ac was added to a 20-ml polypropylene
pot (Blockland Pack).
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Analysis of the peptide content and possible breakdown products in
the various ointments containing P60.4Ac using liquid chromatogra-
phy. Creams and gels containing P60.4Ac (0.5%, wt/wt) were stored for
up to 3 months at 4°C and at room temperature. For analysis of the
peptide content and stability in the Softisan cream, the cream was first
broken by addition of water and warming to 55°C for 10 min under
vigorous shaking and centrifugation as described earlier (26). An aliquot
of 20 pl of the water phase was injected into the HPLC apparatus. Recov-
ery of P60.4Ac from the Cetomacrogol cream was achieved by dissolving
0.2 g of cream in 2 ml of methanol and then adding purified water to give
an emulsion, which was homogenized, and subsequently, the water phase
and the fat phase were separated by centrifugation. A small sample of the
water phase was used for peptide analysis. The hypromellose gel (0.15 g)
was homogenized in purified water and was then ready for analysis of the
peptide on the HPLC apparatus.

Measurement of the peptide content and possible breakdown prod-
ucts in the above-indicated fractions of the two creams and the hypromel-
lose gel was performed by HPLC. Either sodium phenobarbital (purity,
99.7%; Bufa) dissolved in distilled water (~0.03 mg/ml) or a solution of
spironolactone (~0.35 mg/ml; Bufa) in acetonitrile-water-trifluoroacetic
acid (TFA) (500:500:1) was included as an internal standard. The HPLC
apparatus was comprised of a Dionex model P680 LPG isocratic pump, a
UV/visible detector (Dionex model UVD 340U), an autosampler (Dionex
model ASI 100), and Chromeleon chromatography workstation (version
6.8) software. Separation of the peptide and its breakdown products in the
samples was performed on a Phenomenex Nucleosil C,4 analytical col-
umn (particle size, 5 pm; 150 by 4.6 mm; pore size, 300 A), and acetoni-
trile-water-TFA (500:500:1) was used for isocratic elution. The detection
was performed at a N of 220 nm. The flow rate was 1 ml/min, and the
pressure (p) was 1.14 X 107 = 0.04 X 107 Pa. The peptide content of the
creams and gel was calculated from standard curves constructed with
serial dilutions of the peptide in PBS.

In vitro killing assay. MRSA bacteria were cultured to mid-logarith-
mic phase at 37°C under vigorous shaking and washed once with PBS. The
bacterial suspension was diluted in PBS supplemented with 1% (wt/vol)
tryptic soy broth (TSB; Oxoid Ltd.) to a concentration of 1.1 X 10° CFU/
ml, determined by measurement of the optical density at 600 nm. Next,
180 wl of the diluted bacterial suspension (2 X 10> CFU) was added to
vials containing 20 = 1 mg of Softisan cream, Cetomacrogol cream, or
hypromellose gel or 20 ml of PBS containing increasing amounts of pep-
tide. As a negative control, the bacteria were exposed to the placebo
creams and gels or PBS without the peptide. After 1 h or 24 h at 37°C, the
mixtures of bacteria and the formulations were serially diluted in PBS and
plated on diagnostic sensitivity test (DST) agar plates (Oxoid Ltd.). After
overnight incubation at 37°C, the number of viable bacteria was deter-
mined. Antimicrobial activity was expressed as the 99% lethal concentra-
tion (LCyy), i.e., the lowest peptide concentration that killed =99% of
bacteria after 1 h or 24 h of incubation. The lower limit of detection was 50
CFU/ml.

Ethics statement. All primary human skin and bronchial epithelial
cells used in this study were isolated from surplus tissue collected accord-
ing to Article 467 of the Dutch Law on Medical Treatment Agreement and
the Code for Proper Use of Human Tissue of the Dutch Federation of
Biomedical Scientific Societies. None of the authors were involved in the
tissue sampling. The Declaration of Helsinki principles were followed
when working with human tissues.

Human EMs. Epidermal models (EMs) were created as described be-
fore (27) by seeding 2 X 10° keratinocytes/filter insert (filter pore size, 0.4
pm; 12-well filter inserts; Corning; Costar) in Dermalife K medium in-
cluding life factors (Lifeline Cell Technology) containing 100 U/ml peni-
cillin and 100 pg/ml streptomycin (Invitrogen) until the cells were con-
fluent. Thereafter, the culture medium was replaced by keratinocyte
medium (Dulbecco modified Eagle medium [DMEM; Gibco]) diluted 3:1
with Ham’s F-12 medium (Gibco) supplemented with 1 wM hydrocorti-
sone, 1 M isoproterenol, and 0.1 uM insulin (all from Sigma-Aldrich)
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mixed with CNT-02-3D medium (basal medium plus supplement Kkit;
CellnTec) supplemented with 24 wM bovine serum albumin, 25 uM
palmitic acid, 15 M linoleic acid, and 7 pM arachidonic acid (all from
Sigma-Aldrich) and penicillin-streptavidin (BioWhittaker). Next, the
cultures were lifted to the air-liquid interface, and after 1 day the
linoleic acid concentration was increased to 30 wM. The medium was
refreshed every 3 days. The EMs were cultured at the air-liquid inter-
face for 10 days at 37°C in 7.3% CO,. These models represent the
epidermal part of the human skin and contain a fully differentiated
epidermis and stratum corneum (27). One day prior to exposure of the
models to bacteria, the culture medium was replaced by medium with-
out antibiotics.

Human BEMs. Bronchial epithelial models (BEMs) were prepared as
described before (28, 29). Briefly, primary bronchial epithelial cells were
obtained from cancer-free lung tissue. Cells were subcultured in a 1:1
mixture of DMEM (Gibco) and bronchial epithelial growth medium
(BEGM; Clonetics) supplemented with 15 ng/ml retinoic acid (Sigma-
Aldrich), 1.5 pg/ml bovine serum albumin (BSA), 100 U/ml penicillin,
and 100 pg/ml streptomycin. For the models, passage 2 cells were grown
(40,000 cells per insert) submerged for 4 to 7 days until they reached
confluence on semipermeable inserts (pore size, 0.4 wm; diameter, 12
mm; Costar; Corning) that were precoated with a mixture of 10 p.g/ml
BSA, 30 pg/ml bovine collagen solution (PureCol; Advanced Biom-
atrix), and 10 pg/ml fibronectin in PBS. Thereafter, they were cultured
at the air-liquid interface for 2 weeks to induce mucociliary differen-
tiation. To dissolve mucus threads, the BEMs were washed with 100 .l
of PBS three times a week, and prior to the experiments the apical side
of the BEMs was incubated with 200 pl 0of 0.01 M phosphate buffer (pH
7.4) for 30 min at 37°C. One day prior to exposure of the cells in the
models to bacteria, the culture medium was replaced by medium with-
out antibiotics.

Colonization and antibacterial treatment of EMs and BEMs. For in-
oculation of the EMs and BEMs, bacteria were grown to log phase by
culturing them for 2.5 h at 37°C in TSB at 200 rpm. This suspension was
centrifuged for 10 min at 1,200 rpm, and the bacteria were resuspended in
PBS. Next, the bacteria were diluted to a concentration of 3.3 X 10°> CFU/
ml. The models were inoculated with 300 pl of the suspension for 1 h.
Thereafter, the bacterial suspension was aspirated and the models were
further incubated for different time intervals. Next, 4 mg of P60.4Ac-
containing Softisan cream, Cetomacrogol cream, and hypromellose gel
and these ointments without peptide or Bactroban were applied on a
coverslip and subsequently put on the models with minimal pressure.
For comparison, a stock of P60.4Ac or mupirocin was diluted to 1
mg/mlin PBS, and 100 pl of these dilutions was applied to each model.
At 4 h after application of the peptide or mupirocin, the nonadherent
and loosely detachable bacteria were first collected and then the mod-
els were homogenized in 1 ml of PBS using glass potter tissue grinders
(Sartorius; Fischer Scientific), serially diluted, and plated on DST
plates for counting of the number of CFU. The lower limit of detection
was 20 CFU.

Cryo-SEM. Cryo-scanning electron microscopy (cryo-SEM) was used
to visualize the effect of P60.4Ac on strain LUH14616 biofilms on EMs.
Briefly, 24-h biofilms were exposed to P60.4Ac in PBS for 1 h. Thereafter,
2-mm biopsy specimens were quickly frozen in liquid nitrogen slush and
immediately transferred to the cryo-transfer attachment (Alto2500; Ga-
tan). The samples were sublimated at —90°C in a high vacuum for 5 min
and subsequently sputter coated with a layer of 20-nm gold/palladium
and examined using a JEOL JSM6700F scanning electron microscope.

Histology. Sections of EMs were fixed in 3.7% formaldehyde and sub-
sequently dehydrated and embedded in paraffin. Next, 5-pm sections
were made and stained using hematoxylin and eosin (Klinipath) accord-
ing to the manufacturer’s instructions.

Cytotoxicity assays. The effects of the formulated P60.4Ac and the
cream and gel bases on cell viability in the epidermal and mucosal models
were determined by the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-
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TABLE 1 Stability of P60.4Ac in the three formulations stored for 3
months at 4°C and ambient temperature”

Peptide yield (%)
Cetomacrogol Hypromellose

i 1
Length of Softisan cream cream ge
storage (mo) 4°C 15-25°C  4°C 15-25°C  4°C 15-25°C
0 90.3 96.6 95.0 95.5 99.3 101.6
1 96.7  91.0 90.6 69.4 99.3 102.4
3 95.3 93.8 66.5 47.3 93.2 90.0

“ Peptide yields from the Softisan cream, Cetomacrogol cream, and hypromellose gel
containing 0.5% (wt/wt) P60.4Ac were measured immediately before and after a storage
period of 1 and 3 months at 4°C and at ambient temperature (15 to 25°C). The peptide
content of the creams and gel was calculated using a standard curve constructed with a
range of concentrations of P60.4Ac in PBS. No degradation products of P60.4Ac were
found. Results are means from two independent experiments.

ulfophenyl)-2H-tetrazolium sodium salt (WST-1) assay for metabolic ac-
tivity and the lactate dehydrogenase (LDH) release assay. Both assays were
performed according to the manufacturer’s instructions (Roche). Results
are expressed as the percent metabolic activity and the percent LDH re-
lease relative to the values for the untreated controls.

Statistical analyses. The Mann-Whitney U test and the Wilcoxon
rank sum test were used to calculate the differences between the values for
peptide-treated and control samples. Differences with P values of =<0.05
were considered significant.

RESULTS

Stability of P60.4Ac in the different formulations. We previ-
ously reported that 2% (wt/wt) P60.4Ac in Softisan cream re-
mained stable for at least 6 months (26). Here, we assessed the
stability of 0.5% (wt/wt) P60.4Ac in Softisan cream, Cetomac-
rogol cream, and hypromellose gel. All three peptide-contain-
ing formulations were stored at 4°C and ambient temperature
(15 to 25°C) for up to 3 months. Using HPLC analysis, we
observed that P60.4Ac in Softisan cream and hypromellose gel
remained chemically stable at both temperatures with peptide
yields of >90% (Table 1). Softisan cream stored at 4°C dem-
onstrated a separation of the oil and water phases at the end of
the third month and was rehomogenized before analysis. The
peptide content in Cetomacrogol cream stored at ambient tem-
perature decreased to 69.4% after 1 month and decreased fur-
ther to 47.3% after 3 months (Table 1). When refrigerated, the
peptide content was stable during the first month, but after 3
months the peptide content in Cetomacrogol cream dropped
to 66.5% (Table 1). Within 1 month of storage at ambient
temperature and 3 months in a refrigerator, the peptide-con-
taining Cetomacrogol cream but not the cream base became
light yellow. However, no degradation products of P60.4Ac
could be found by HPLC analysis and mass spectrometry (data
not shown). Moreover, the bactericidal effectivity of P60.4Ac
in the three formulations and PBS when it was stored for 3
months at 4°C was similar to that of P60.4Ac in freshly pre-
pared formulations (data not shown), indicating that the anti-
bacterial activity remained intact during storage for 3 months.

Bactericidal effects of P60.4Ac in different formulations
against MRSA LUH14616. To find out if the antibacterial activity
of P60.4Ac was affected by the different formulations, we exposed
MRSA LUHI14616 to increasing amounts of the peptide in the
Softisan cream, the Cetomacrogol cream, the hypromellose gel,
and PBS for 1 h and then determined the bacterial counts. Results
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In vitro killing of MRSA LUH14616 by P60.4Ac (LC99 in pM)

1 hr 24 hrs

median range median range
PBS 2.8 2.5-37 2.6 2.0-4.0
Softisan 239 129->32 29.6 16.7->32
Cetomacrogol >32 224->32 23.0 12.4 ->32
Hypromellose 2.9 1.1-29 2.6 20-39

FIG 1 In vitro bactericidal activity of P60.4Ac in different formulations compared to that of the peptide in PBS. (A and B) The bactericidal activity of P60.4Ac
in three different formulations, Softisan cream, Cetomacrogol cream, and hypromellose gel, and in PBS against MRSA strain LUH14616 after 1 h (A) and 24 h
(B). The number of viable bacteria was determined microbiologically. The results are medians and interquartile ranges from 3 to 5 independent experiments. (C)
LCy, (i.e., the lowest concentration of the peptide that kills 99% of the bacteria) of P60.4Ac in the different formulations. Medians and ranges from 3 to 5

independent experiments are shown.

revealed the dose-dependent killing of MRSA LUH14616 by
P60.4Ac in all four formulations (Fig. 1A). Similar results were
seen for 24 h of incubation of MRSA LUH14616 with P60.4Ac in
the different formulations (Fig. 1B). The LCy, values for P60.4Ac
in PBS and the hypromellose gel were similar, whereas the LCy
values for P60.4Ac in the Cetomacrogol and Softisan creams were
considerably higher, indicating that the antibacterial activity of
P60.4Ac was significantly reduced in the Cetomacrogol and Softi-
san creams but not in the gel (Fig. 1C).

Bactericidal effect of P60.4Ac in the different formulations
on MRSA colonizing EMs. Next, we determined the bactericidal
activity of P60.4Ac in the different formulations and, for compar-
ison, the bactericidal activity of Bactroban and mupirocin on bac-
teria colonizing EMs. These models represent the epidermal part
of the human skin and contain a fully differentiated epidermis and
stratum corneum (27). EMs were inoculated with two different
MRSA strains, i.e., mupirocin-sensitive strain LUH14616 and
mupirocin-resistant strain LUH15051. Application of 4 mg of the
Cetomacrogol cream and the hypromellose gel containing 2%
(wt/wt) P60.4Ac, the equivalent of 80 g of peptide/EM, resulted
in respective 97.9% and >99.9% reductions in bacterial counts for
LUH14616, which was similar to the bactericidal effect of Bactro-
ban and mupirocin (Fig. 2A). Interestingly, P60.4Ac in the Cet-
omacrogol cream and hypromellose gel caused similar reductions
in the bacterial counts for mupirocin-resistant strain LUH15051,
whereas mupirocin and Bactroban were ineffective (Fig. 2B).
P60.4Ac formulated in Softisan cream did not give a significant
reduction in bacterial counts for these two strains. Since P60.4Ac
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in the hypromellose gel proved to be stable and highly effective
against both strains of MRSA, we determined the ability of in-
creasing amounts of P60.4Ac in the gel to eradicate LUH14616
from EMs. The results revealed that the gel containing even 0.1%
(wt/wt) P60.4Ac decreased the bacterial counts for LUH14616
from 1.0 X 107 to 7.3 X 10 a reduction of 99.3% (Fig. 2C). In
agreement with that finding, the 0.1% (wt/wt) P60.4Ac-contain-
ing gel led to a >99.9% reduction in bacterial counts for
LUH1505, i.e., from 4.3 X 10° to 2.8 X 10* (Fig. 2D).

Effect of P60.4Ac and P60.4Ac in hypromellose gel on estab-
lished biofilms. As established biofilms are a major challenge for
antimicrobial agents, we determined whether P60.4Ac and
P60.4Ac in the hypromellose gel could eradicate MRSA biofilms
from EMs. For this purpose, MRSA LUH14616 biofilms were
grown for 24 h on EMs and subsequently exposed for 4 h to 4 mg
of hypromellose gel containing various amounts of P60.4Ac
(range, 0% to 2% [wt/wt]). We observed a dose-dependent reduc-
tion in bacterial counts by the formulated peptide; the maximum
reduction amounted to about 99% for the 1% and 2% (wt/wt)
P60.4Ac formulations (Fig. 3A). In addition, we visualized the ef-
fects of P60.4Ac in PBS on MRSA LUH14616 biofilms on EMs using
scanning electron microscopy (SEM). These experiments revealed
mature biofilms on the stratum corneum of the EMs at 24 h after
colonization by MRSA LUH14616 (Fig. 3B and C). The biofilms were
completely eradicated by the peptide, with only a few single or double
bacterial cells remaining on the EMs (Fig. 3D).

Effects of P60.4Ac in hypromellose gel on morphology and
cell viability in EMs. First, we determined whether the different
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FIG 2 Antibacterial effect of P60.4Ac formulated in Softisan cream, Cetomacrogol cream, and hypromellose gel. (A and B) Effect of P60.4Ac in Softisan cream,
Cetomacrogol cream (cream), hypromellose gel (gel), and PBS, mupirocin in PBS, and Bactroban on the number of viable bacteria on EMs colonized with
LUH14616 (A) and mupirocin-resistant S. aureus LUH15051 (B). The models were incubated with 4 mg of the ointment for 4 h. (C and D) Effect 0f 0.1%, 0.5%,
1%, and 2% (wt/wt) P60.4Ac in hypromellose gel on MRSA LUH14616 (C) and LUH15051 (D) colonizing EMs, determined as described in the legend to panels
A and B. Medians and interquartile ranges from 3 to 5 independent experiments are presented. ¥, significant differences.

formulations containing P60.4Ac or no peptide affected the mor-
phology of the cells in the EMs. Staining with hematoxylin and
eosin revealed no morphological changes in the cells of the EMs
after exposure to the different formulations containing 2% (wt/
wt) peptide or to the ointment bases alone (Fig. 4A). Since we
observed that P60.4Ac formulated in the hypromellose gel was
both stable and effective, we next focused on the possible cytotoxic
effects of the peptide in the gel on EMs. The results revealed no
significant effect of P60.4Ac at up to 2% (wt/wt) in the hypromel-
lose gel on the metabolic activity of the cells in the EMs (Fig. 4B).
In addition, we found that hypromellose gel containing 1% and
2% (wt/wt) P60.4Ac induced a small (8% to 10%) increase in the
amount of LDH released by EMs compared to the amount re-
leased by treatment with the gel without peptide and no treatment
(Fig. 4C).
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Effect of P60.4Ac in hypromellose gel on viability of bron-
chial epithelial cellsand on MRSA LUH14616 colonizing BEMs.
Human bronchial epithelial models (BEMs) cultured at the air-
liquid interface were selected to find out if P60.4Ac in the hypro-
mellose gel was effective against MRSA on mucosal cell cultures
(29) and to assess the nontoxic dose of the peptide. First, we as-
sessed the cytotoxicity of P60.4Ac in the hypromellose gel on the
BEMs. The metabolic activity of the cells in the BEMs was in-
creased after application of the gel without peptide. In addition,
application of gels containing 1% and 2% (wt/wt) P60.4Ac re-
sulted in a significant reduction in metabolic activity, but applica-
tion of gels containing 0.5% and 0.1% (wt/wt) peptide did not
(Fig. 5A). In agreement with that finding, gels containing 1% and
2% (wt/wt) P60.4Ac resulted in increased LDH release by the cells
in the BEMs, but gels containing 0.5% and 0.1% (wt/wt) peptide
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FIG 3 Eradication of established biofilms from EMs by P60.4Ac. (A) Effect of exposure of LUH14616 biofilms on EMs to different concentrations of P60.4Ac
in hypromellose gel for 4 h. Results are expressed as median and range for 3 different donors. (B and C) SEM microphotograph of 24-h-matured biofilms of
MRSA LUH14616 on EMs. Arrows indicate biofilms. Scale bar = 1 um. (D) SEM photograph showing occasional bacteria on EMs after 1 h of exposure of
24-h-matured biofilms to 2% (wt/wt) P60.4Ac in PBS. Arrows indicate bacterial cells. Scale bar = 1 pm.

did not (Fig. 5B). Therefore, we assessed the effect of hypromel-
lose gels containing 0.1% and 0.5% (wt/wt) P60.4Ac but not
higher doses of the peptide on LUH14616 and LUH15051 on
BEMs. The results revealed a 1- to 1.5-log reduction in bacterial
counts on BEMs after application of the gel containing 0.1% (wt/
wt) P60.4Ac and a >99% reduction after application of the gel
containing 0.5% (wt/wt) peptide (Fig. 5C and D).

DISCUSSION

Based on our earlier results (23-25; unpublished data), we consid-
ered P60.4Ac to be a potential candidate for further development
as a treatment for bacterial infections resistant to current antibi-
otics. In this study, we evaluated the in vitro antibacterial activity,
cytotoxicity, and stability of this peptide in three different formu-
lations that may be suitable for topical application. We chose top-
ical application of the formulated peptide because the effects of the
peptide are more efficient after topical application than after sys-
temic application, as has recently been reported for vancomycin
(30), and also, systemic side effects and the effects on the normal
microflora are less likely by use of topical application. These ad-
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vantages may also lead to a reduced chance of bacterial resistance
development (31). Based on the present results, we conclude that
hypromellose gel is the preferred carrier for P60.4Ac for topical
application to eliminate S. aureus, including MRSA and mupiro-
cin-resistant MRSA, from human epidermal and mucosal sur-
faces. Interestingly, we found that the efficacy of P60.4Ac in hy-
promellose gels against MRSA on human epidermal models was
higher than that of the peptide in PBS. For instance, we found 4
mg of hypromellose gels containing 0.1% (wt/wt) P60.4Ac, which
is equal to 4 pg of peptide/model, to eliminate MRSA from the
models, whereas the peptide in PBS was effective at 100 pg/model
(23). A possible explanation could be that the peptide is gently
released by the gel in sufficient amounts for longer intervals to
eliminate the bacteria. The peptide formulated in the Cetomacro-
gol and Softisan creams was less effective, possibly because the
water in which the peptide is dissolved is entrapped in the oil
phase of the two creams and therefore is not efficiently released
into the environment to eliminate the bacteria. A main finding
from this study pertains to the action of P60.4Ac on MRSA bio-
films, the normal habitat of bacteria, on epidermal models. It has
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FIG 4 Effect of different concentrations of P60.4Ac in hypromellose gel on morphology, metabolic activity, and LDH release from EMs. (A) Hematoxylin and
eosin staining of EMs after 4 h exposure to 4 mg of Softisan cream, Cetomacrogol cream, or hypromellose gel containing 2% (wt/wt) P60.4Ac or no peptide. For
comparison, we included P60.4Ac dissolved in PBS (100 pg/model). LDH release (B) and metabolic activity (C) of EMs after a 4-h exposure to a concentration
series of P60.4Ac in hypromellose gel. The medians and ranges from experiments with cells from 3 different donors are given. *, values significantly different from

those for PBS-exposed EMs.

been reported that up to 80% of clinical infections are biofilm
infections (32). Moreover, bacteria in a biofilm can be up to 10- to
1,000-fold less sensitive to antibiotics than planktonic bacteria
(33, 34). We have shown previously that bacteria in biofilms on a
plastic surface are less susceptible to P60.4Ac than planktonic bac-
teria (23). Here, as little as 4 g of P60.4Ac formulated in a hypro-
mellose gel eradicated MRSA residing in a biofilm from epidermal
models. In this connection, a comparison of the efficacy of the
formulated P60.4Ac against bacterial biofilms with that of other
novel agents, such as the acyldepsipeptide antibiotic ADEP4 (35)
and bacteriolysin (36), and other antimicrobial peptides, such as
lysostaphin (37), pexiganan (38), and LL-37 (39, 40), would be of
interest.

In the present study, we used in vitro models that share inter-
esting morphological and functional properties with native hu-
man skin and bronchial epithelium while presenting major ad-
vantages. These models allowed us to evaluate the antibacterial
(and cytotoxic) activities of P60.4Ac while the bacteria were at-
tached to a biological surface (residing in a biofilm or not). It is
important to note the difference between this approach and test-
ing for the antimicrobial activity of the formulated peptide in
widely used assays involving bacteria in suspension, such as the

July 2016 Volume 60 Number 7

Antimicrobial Agents and Chemotherapy

commonly used MIC assay or the in vitro killing assay, also used in
this study. However, it should be kept in mind that these unique
tools for studying the interactions between bacteria and the hu-
man host and the effects of antimicrobial peptides on bacteria
have important limitations, such as the absence of immune cells
and blood flow.

Other experiments focused on the in vitro cytotoxic effects of
P60.4Ac in the different formulations on cells in the epidermal
and bronchial epithelial models. It was found that formulations
containing up to 2% (wt/wt) P60.4Ac did not damage the kerati-
nocytes in epidermal models, as assessed by histology and meta-
bolic activity, but major cytotoxic effects of the peptide in hypro-
mellose on epithelial cells in the bronchial epithelial models were
observed for gels containing 1% and 2% (wt/wt) P60.4Ac. The
most likely explanation for these differences is that the bronchial
epithelial models are a pseudostratified layer of cells, whereas the
epidermal models are multilayered with a physical barrier, i.e., the
stratum corneum. We noted that application of the hypromellose
gel base to epidermal and bronchial epithelial models was associ-
ated with an increase in metabolic activity. Since hypromellose gel
is commonly used to rehydrate dry eyes and in in vivo studies for
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FIG 5 Effects of P60.4Ac in hypromellose gel on epithelial cell viability and bacterial colonization of bronchial epithelial models. (A and B) BEMs were exposed
for 4 h to 4 mg of hypromellose containing various amounts of P60.4Ac, and then the mitochondrial activity (A) and LDH release (B) by the models were assessed.
(Cand D) The effects of 0.1% and 0.5% (wt/wt) P604Ac hypromellose gels on MRSA LUH14616 (C) and LUH15051 (D) colonizing bronchial epithelial models.
Results for 3 different donors are displayed as the median and interquartile range. Brackets indicate differences compared to the values for the placebo
gel-exposed controls. %, a significant difference compared to the value for the untreated control, unless otherwise indicated.

drug delivery, we assume that the gel is safe to use for topical
purposes (41, 42).

HPLC analysis of the peptide content of these three ointments
containing 0.5% (wt/wt) P60.4Ac stored for up to 3 months re-
vealed that the peptide remained stable in the hypromellose gel
and the Softisan cream, as reported earlier (26). However, analysis
of P60.4Ac-containing Cetomacrogol cream showed a reduction
in the peptide content of about 50% after 3 months of storage. Of
note, the P60.4Ac-containing Cetomacrogol cream but not the
cream without the peptide turned yellow after storage for 3
months. HPLC and mass spectrometry analysis of the P604Ac-
containing Cetomacrogol creams did not reveal any peptide deg-
radation products in the samples, indicating that the peptide is not
degraded in the cream. However, we cannot exclude the possibil-
ity that the peptide is incorporated in the modified Cetomacrogol
cream, preventing it from being extracted by ethanol, as we noted
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that the reduced peptide recovery coincided with the physical
changes of the cream. In agreement with that finding, repeated
extractions of the peptide from the cream yielded increased pep-
tide amounts.

Taken together, we conclude that hypromellose gel is the pre-
ferred carrier of the synthetic peptide P60.4Ac for topical applica-
tion to eliminate drug-resistant S. aureus strains from human epi-
dermal and mucosal surfaces.
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