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Human organoid biofilm model for assessing antibiofilm

activity of novel agents
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Bacterial biofilms cause 65% of all human infections and are highly resistant to antibiotic therapy but lack specific treatments. To
provide a human organoid model for studying host-microbe interplay and enabling screening for novel antibiofilm agents, a
human epidermis organoid model with robust methicillin-resistant Staphylococcus aureus (MRSA) USA300 and Pseudomonas
aeruginosa PAO1 biofilm was developed. Treatment of 1-day and 3-day MRSA and PAO1 biofilms with antibiofilm peptide DJK-5
significantly and substantially reduced the bacterial burden. This model enabled the screening of synthetic host defense peptides,
revealing their superior antibiofilm activity against MRSA compared to the antibiotic mupirocin. The model was extended to
evaluate thermally wounded skin infected with MRSA biofilms resulting in increased bacterial load, cytotoxicity, and pro-
inflammatory cytokine levels that were all reduced upon treatment with DJK-5. Combination treatment of DJK-5 with an anti-
inflammatory peptide, 1002, further reduced cytotoxicity and skin inflammation.
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INTRODUCTION

There has been considerable discussion concerning the antibiotic
resistance threat as resistance and multi-drug resistance rises and
insufficient new antibiotics are being discovered'. Of similar or
even greater concern are biofilm infections since not a single drug
has been approved for use against such infections, despite the
fact that biofilms represent 65% and 80% of all microbial and
chronic human infections respectively®>. Currently, the treatment
of biofilm infections often involves surgical debridement and the
use of a combination of antibiotics developed for free-swimming
(planktonic) bacteria®®. However, this is problematic because
biofilms are adaptively multi-drug resistant, exhibiting inhibitory
concentrations that are 10-1000 fold more resistant to virtually all
conventional antibiotics®, and can rapidly recover from surgical
debridement®. One enormous limitation in managing biofilm
infections is the lack of convenient testing models due to the
difficulty of recapitulating the clinical features of such infections’.
There are no standardized in vitro biofilm tests like the minimal
inhibitory concentration assays implemented by the Clinical and
Laboratory Standards Institute and animal models of biofilm
infections are often complex, of uncertain relevance, and often do
not reflect human conditions®,

One example of biofilm infections is skin and soft-tissue
infections (SSTIs) that afflicted 3.2 million people in the USA in
2012 for an aggregated cost of $15 billion®. Staphylococcus aureus
and Pseudomonas aeruginosa biofilms are among the leading
causes of SSTI'®. S. aureus biofilms are commonly associated
with chronic conditions such as atopic dermatitis'’, diabetic
foot ulcers'?, and nosocomial infections in burn victims'®, while
P. aeruginosa biofilms cause major problems in burn and chronic
wounds as well as implanted medical devices'*'®. Current
treatment regimens for SSTIs often include topical (e.g., mupirocin
and retapamulin) and systemic (e.g., ciprofloxacin, cefazolin, and
linezolid) use of broad-spectrum antibiotics'®'’, which might
contribute to the growing problem of antibiotic resistance while

having poor efficacy. Therefore, novel therapeutics that directly
target the bacteria within a biofilm would be advantageous for
future management of biofilm infections.

Host defense peptides (HDPs) are evolutionarily conserved
short polypeptides that exert biological effects ranging from direct
antimicrobial activity to antibiofilm and immunomodulatory
functions'®. Our lab has taken the approach of screening synthetic
peptides based on natural HDP templates, and selecting for
potent antibiofilm sequences to combat antibiotic resistance'®?°.
Among the most effective peptides identified to date is a D-
enantiomeric peptide, DJK-5, which exhibits broad-spectrum
antibiofilm activity against bacterial pathogens®'. It can eradicate
oral biofilms®?, inhibit P. aeruginosa biofilms in a lung epithelial
model®?, and reduce abscess size and bacterial burden in a murine
cutaneous infection model®*. These demonstrated antibiofilm
effects make DJK-5 an attractive peptide candidate to test for
efficacy against biofilm-associated skin infections.

Here, we describe an air-liquid interface skin epidermal model
as an in vivo-like, humanized system adapted to study skin biofilm
infections and developed to screen novel antibiofilm therapeutics.
Furthermore, supplanting ethically challenging animal burn
models?® with a burned skin methicillin-resistant S. aureus (MRSA)
biofilm model developed here, enabled the study of biofilm
infections and associated skin damage and inflammation.

RESULTS
Characterization of bacterial biofilms on a skin surface

The morphology and architecture of 24 h bacterial skin biofilms
were assessed by histological hematoxylin and eosin (H&E)
staining, scanning electron microscopy, and confocal laser
scanning microscopy. Histological analysis of the skin cross-
section revealed a stratified skin structure 8-10 cells deep (Fig. 1a).
Differentiated layers, including the stratum corneum, stratum
granulosum, stratum spinosum, and the basal cell layer, were
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Fig. 1 Microscopic characterization of MRSA and PAO1 biofilms on N/TERT skin. a Control skin and skin infected with one million
MRSA (USA300-LAC) or PAO1 cells were visualized with H&E staining 24 h after seeding. Cross-sections of skin layers corresponding to
the stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS), stratum basale (SB) were readily visible. MRSA and PAO1
biofilm on skin are indicated with arrows. b Control skin and 1-day MRSA-/ux (MRSA SAP149) or PAO1-/ux biofilm surface structures were
imaged by SEM. Arrows indicate filamentous material resembling extracellular matrix interconnecting the MRSA and PAO1 biofilm.
¢ Control skin or skin spotted with fluorescently tagged MRSA-FarRed or PAO1-mCherry was stained with CellMask™ Green Plasma
Membrane Stain and visualized using confocal microscopy 24 h after infection. Arrows indicate MRSA-FarRed bacteria clusters
penetrated underneath the surface of SC. Each of the bottom images in (c) is a zoomed-in region of the orthographic projection

shown above.
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readily distinguished above the cell culture filter insert. When
spotted with one million bacteria, clear aggregates could be
observed on the skin surface 24 h after seeding, consistent with
the formation of adhered biofilms®.

SEM imaging was performed to gain insights into the
architecture of the skin surface structure. Untreated skin revealed
some regions with smooth surfaces and other regions with
rougher morphology, although we could not rule out the
possibility that these were artifacts of fixation (Fig. 1b). The
addition of Gram-positive MRSA to the skin resulted in small
clusters of cells dispersed across the skin surface of the inoculation
site. The application of Gram-negative P. aeruginosa resulted in a
dense mat of adhered bacterial cells that completely covered the
skin surface. High magnification images showed that MRSA and
PAO1 biofilms were each inter-connected by thin filamentous
extracellular matrices that we propose to be bacterial in nature.

To gain further insights into the organization of the skin biofilms
and their penetration into the underlying layers, confocal micro-
scopy was performed using engineered MRSA and PAO1 bacterial
strains expressing red fluorescent proteins (Far-red fluorescent
protein and mCherry respectively) coupled with a membrane-
specific fluorescent dye, CellMask™ Green Plasma Membrane Stain.
This allowed for visual discrimination between cells within the
biofilms and the membranes of the skin cells (Fig. 1c). Staining of
uninfected skin with the membrane specific dye revealed layers of
distinct and elongated keratinocytes at the surface of the
differentiated skin. Based on the depth of staining, it appeared that
the CellMask™ Green dye only penetrated the top few cell layers of
the skin corresponding to the upper layers of the stratum corneum
seen in the H&E stained samples. Application of fluorescently
labeled MRSA to the skin surface and growth for 24 h resulted in
small microcolonies of bacteria present on the skin surface, as well
as regions where bacterial aggregates had penetrated underneath
the surface layer of epidermal cells (indicated by arrows). In contrast,
fluorescently tagged PAO1 appeared as a dense mat of bacterial
cells covering the entire surface of the skin.

Effect of DJK-5 peptide treatment on skin associated MRSA
biofilm

To establish discrete, confined biofilms on top of the skin, MRSA or
MRSA-lux strains were spotted on the surface of the epidermis. In
the case of the MRSA-lux strain, 24 h after infection the area of
biofilm colonization was visualized by imaging luminescence,
which signifies actively metabolizing bacteria (Fig. 2a). Biofilms
treated with vehicle control had no obvious change in lumines-
cence intensity and often spread to the edge of the filter insert.
Treatment with DJK-5 at a low dosage (0.1%, 30 pg total peptide)
reduced the area of colonization, while a high dosage (0.4%,
120 pg) completely abolished the luminescence. Notably, the DJK-
5 concentrations used here were less than the concentration of
current topical antibiotics (e.g., 2% mupirocin or fusidic acid
creams) used in clinical settings”’zs. Since luminescence corre-
lates with bacterial survival®®, this suggests that DJK-5 was directly
killing the bacterial cells within the biofilms. SEM images showed
that, in contrast to untreated bacterial cells, MRSA-lux cocci
treated with DJK-5 were enlarged and had rough surfaces
sprinkled with small debris clusters, suggesting that DJK-5
treatment affected bacteria within the biofilm, causing damage
to the bacterial cell wall and membrane. DJK-5 treatment also led
to an apparent reduction in the string-like material, which we have
concluded above might be bacterial biofilm matrix (Fig. 2b). It is
not clear whether this reduction in biofilm matrix is due to a direct
effect of DJK-5 on the matrix or peptide enhancement of natural
biofilm dispersal®'. DJK-5 treatment significantly reduced viable
bacteria on the skin in a dose-dependent manner. The geometric
mean of MRSA-lux bacteria decreased from 1.3 x 10® CFU/skin for
untreated samples to 1.6 x 10° CFU/skin and 2.1 x 10* CFU/skin for
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0.1% DJK-5 and 0.4% DJK-5 treated skin samples respectively
(Fig. 2c). Similar effects were seen for non-luminescent MRSA
biofilms on skin surfaces treated with DJK-5 (Fig. 2d). To visualize
skin and MRSA biofilm structures, H&E staining was performed on
MRSA colonized skin samples four hours post-DJK-5 treatment
(Fig. 2e). MRSA infected skin had clusters of bacteria attached to
the surface, which also caused thickening and damage to the
underlying stratum corneum. In peptide-treated samples, the
bacteria on the skin surface were much less prominent and
the damage to the stratum corneum was reduced (Fig. 2e).
Although viable bacteria were recovered from biofilm treated with
0.4% DJK-5, minimal bacterial clusters in H&E stained samples may
reflect an insensitivity of this method in visualizing biofilms.

Since the luminescence signal correlated with bacterial colony
count recovered from each skin sample, this feature was used as a
simple way of monitoring the progression of biofilm growth over
time by imaging the luminescence from the biofilm every 24 h
following the initial inoculation. We found that most MRSA-lux
biofilms could be maintained on the skin surface for about 3 days
without breaching the skin barrier which otherwise would result in
overgrowth of bacteria in the media under the cell culture insert
(Fig. 2f, raw data shown in Supplementary Fig 1a). Measurement of
transepithelial electrical resistance (TEER) and FITC-dextran perme-
ability confirmed that the skin organoids formed tight barriers, even
after 1-3 days of biofilm formation, while after longer periods of
incubation with biofilms, these assays confirmed disruption of skin
integrity due to bacterial penetration (Supplementary Fig 2).
Visualization of the 3-day MRSA-/ux biofilm by SEM revealed similar
aggregates of MRSA-lux cells to those observed with 1-day biofilms
(Fig. 2g). Interestingly, DJK-5 was similarly effective at diminishing
3-day MRSA-lux biofilm as compared to 1-day biofilm. DJK-5 applied
to the 3-day biofilms at a concentration of 0.4% successfully wiped
out the bacterial luminescence (Fig. 2h) and significantly reduced
bacterial load by 4 log orders of magnitude (Fig. 2i) within 4 h of
treatment. Since the growth of biofilms was generally tolerated by
the skin, it is worth noting that, at the end of the 3-day infection,
MRSA-lux did not induce any increased cytotoxic effects or
significant IL-13 and IL-8 release when compared to the uninfected
control (Supplementary Fig 3a-c).

Effect of DJK-5 peptide treatment on skin associated

P. aeruginosa biofilms

We further studied whether DJK-5 could eradicate Gram-negative
P. aeruginosa PAO1 biofilms associated with N/TERT epidermal
skin. Similar to MRSA, we initially used a luminescent version of
PAOT1 to visualize biofilm on the skin surface. We also tested DJK-5
at 0.4% only, since this concentration showed superior antibiofilm
effects against MRSA. PAO1 biofilm treated with 0.4% DJK-5 for 4 h
resulted in an evident reduction in the luminescence signal,
whereas biofilms given vehicle control led to an increase in the
area of colonization (Fig. 3a), possibly due to increased growth or
additional lubrication/substrate to promote colony expansion/
mobility. SEM analysis of the surface of DJK-5 treated PAO1 cells
revealed numerous tube-like bleb structures and the shape of
PAO1 cells transformed from rods to ovals, indicative of severe
outer membrane damage, disruption in cell elongation, and a loss
of shape maintenance®® (Fig. 3b). DJK-5 treatment exerted similar
antibiofilm effects against the luminescent and untagged strains
of PAO1. The geometric mean of recovered PAO1-lux bacteria
declined from 8.9 x 107 CFU/skin in control samples to 1.9 x 10°
CFU/skin in peptide treated skin (Fig. 3c), while non-luminescent
PAO1 went down from 1.3 x 10® CFU/skin to 4.9 x 10° CFU/skin
upon DJK-5 treatment (Fig. 3d). H&E staining revealed that
colonization of the skin surface with PAO1 led to increased
thickness in the stratum corneum and the appearance of PAO1
biofilm aggregates were mostly observed in the middle to
upper layers of the stratum corneum (Fig. 3e). Following DJK-5
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Fig.2 DJK-5 peptide reduced 1-day and 3-day pre-established MRSA biofilm on the skin surface. Skin biofilms were established by seeding
one million MRSA (USA300-LAC) or MRSA-lux (MRSA SAP149) on top of the skin. Twenty-four hours post-infection, vehicle control or DJK-5
peptide at a dosage of 0.1% (30 pg) or 0.4% (120 pg) was administered on top of the skin. Four hours post-treatment, DJK-5 peptide reduced
luminescence from skin colonized with MRSA-/ux (a) and decreased total bacteria recovered from skin infected with MRSA-/ux (c) and MRSA
(d). Biofilm structures for MRSA-lux with or without DJK-5 treatment were visualized by SEM (b) and H&E staining (e). For the long-term study,
MRSA-lux biofilm was imaged every 24 h after initial inoculation, (f) shows number of days that a confined biofilm can be maintained on top of
the skin without bypassing the skin barrier resulting in bacterial growth in the culture media below the filter insert (raw data shown in
Supplementary Figure 1a). MRSA-/ux 3-day biofilm was visualized by SEM (g) and treated with 0.4% DJK-5 for 4 h, which reduced luminescence
(h) and CFU recovered (i) compared to untreated samples. Statistical significance (*P<0.05; **P <0.01; ***P<0.001; ****P <0.0001) was
determined using the Kruskal-Wallis test, Dunn’s multiple comparisons test (c, d), or the Mann-Whitney test (i). Geometric mean of CFU count
from 3 to 9 biological replicates as indicated in (c, d, i).

treatment, these clusters of PAO1 were diminished in size and this
was accompanied by a reduction in stratum corneum thickness.
Similar to MRSA, the skin barrier could endure the growth of PAO1
biofilm for about 3 days (Fig. 3f, raw data shown in Supplementary
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Fig 1b), and bacterial penetration coincided with substantially
decreased TEER measurements and increased permeability to
FITC-dextran (Supplementary Fig 2). The 3-day PAO1-lux biofilm
structure was analyzed by SEM and similar clusters of PAO1-lux
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Fig. 3 DJK5-peptide diminished P. aeruginosa PAO1 1-day and 3-day skin biofilm. Biofilms of PAO1 or its luminescent version (PAO1-/ux)
were seeded on the skin for 24 h then treated with 0.4% (120 pg) DJK5 peptide for 4 h. Luminescence signals from colonized PAO1-lux were
imagined using the ChemiDoc Imaging System (a). Biofilm structures were visualized by SEM (b). Colony counts from skin samples infected
with the luminescent (c) and non-luminescent (d) PAO1 were determined. Histological analysis of the biofilm structures was performed by H&E
staining (e). The number of days that skin barrier withstood biofilm growth was monitored (raw data are shown in Supplementary Figure 1b)
(. PAO1-lux 3-day biofilm was imaged by SEM (g) and treated with 0.4% DJK-5 for 4 h, which reduced luminescence signals (h) and colony
count (i). Statistical significance (**P < 0.01; ***P < 0.001) was determined using the Mann-Whitney test (c, d, i). Geometric mean of CFU count

from 5 to 8 biological replicates as indicated in (c, d, i).

cells were observed (Fig. 3g). DJK-5 demonstrated a comparable
antibiofilm efficacy on 3-day PAO1-lux biofilm, where peptide
treatment wiped out luminescence signal after 4 h (Fig. 3h) and
significantly decreased bacterial burden (Fig. 3i). Again no
significant changes in toxicity and immune responses were
triggered by PAO1-lux biofilms by day 3 (Supplementary Fig 3d-f).
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N/TERT skin biofilm model as a versatile platform for
screening peptide activity

The one-day MRSA-lux (Fig. 4a) and PAO1-lux (Fig. 4b) skin biofilm
system was used to screen the activity of several synthetic
HDPs (sequences listed in Supplementary Table 1) at a peptide
concentration of 0.1%. This approach revealed differential
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Fig. 4 Differential antibiofilm activities of synthetic host defense peptides on epidermal skin biofilms. One day pre-established MRSA-lux
(@) or PAO1-lux (b) biofilm were treated topically for 4 h with 0.1% of various synthetic HDPs, or 1% mupirocin dissolved in 10% DMSO, and the
colony count recovered from each skin sample was determined. Luminescence signals from colonized MRSA-lux (a) and PAO1-/lux (b) were
imaged using the ChemiDoc Imaging System. Statistical significance (*P<0.05; **P < 0.01; ***P < 0.001; ****P <0.0001) comparing peptide
treated skins to MRSA-/ux or PAO1-lux control was performed using the Kruskal-Wallis test, Dunn’s multiple comparisons test. Geometric mean

of CFU count from 5 to 6 biological replicates was indicated.

antibiofilm efficacies among the evaluated peptides that could be
qualitatively assessed based on the luminescence (representative
images shown in Fig. 4 bottom panel) or quantified by recovering
CFUs following peptide treatment. All of the peptides except
1002 significantly reduced pre-established MRSA-lux (Fig. 4a) and

npj Biofilms and Microbiomes (2021) 8

PAO1-lux (Fig. 4b) biofilms in the context of this human organoid
system within 4h of treatment. Peptides DJK-5, RI-1018, and
RI-1002 showed comparable antibiofilm activity against MRSA-lux
and PAO1-lux, whereas DJK-6 and 1018 had superior effects
in eradicating MRSA-lux biofilms. Notably, mupirocin, a
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Gram-positive-specific topical antibiotic often prescribed for
superficial skin infections®', did not have appreciable impact on
the bacterial load of Gram-positive MRSA-/ux in the biofilm.

DJK-5 reduced MRSA biofilm on thermally injured skin and
altered cellular immune responses

Bacterial biofilms associated with damaged skin due to burns,
physical injury, and disease associated conditions such as atopic
dermatitis are difficult to treat as a result of defects in immune
function and structural integrity of the skin3?%3. To study the
antibiofilm activity of DJK-5 peptide under conditions mimicking
damaged skin, the skin model was “burned” using a digital
soldering iron set to 100°C for 4s prior to establishing MRSA
biofilm. Thermal challenge severely injured the epidermis,
especially the stratum granulosum and the stratum spinosum
layers, while the presence of MRSA biofilm further damaged the
stratum corneum layer of the skin (Fig. 5a). Biofilm-infected
burned skin that was treated with DJK-5 had a clear reduction in
colonizing bacteria (Fig. 5a). SEM imaging suggested that burning
of the skin did not cause major changes in the surface of the
stratum corneum (Fig. 5b). MRSA biofilm colonized the surface
and some gaps in between skin cracks (Fig. 5b). Topical treatment
of the MRSA biofilm on the burned skin with 0.4% DJK-5 peptide
for 24 h significantly reduced the bacterial burden on the burned
skin, decreasing the bacterial load from 7.8 x 108 CFU/skin to 3.2 x
10° CFU/skin (Fig. 5¢).

We further characterized the cellular immune responses of
biofilm-infected burned skin by assaying the growth media
underneath the cell culture inserts. MRSA colonization of burned
skin triggered 47.0% cytosolic lactate dehydrogenase release,
while DJK-5 treatment significantly decreased cytotoxicity induced
by the MRSA biofilm to only 15% (Fig. 5d). MRSA infection also
induced pro-inflammatory IL-13 and IL-8 production from
thermally damaged skin, both of which were significantly
suppressed by treatment with DJK-5 (Fig. 5e, f). Compared to
control skin, skin that was thermally damaged and treated only
with DJK-5 (no biofilm) caused only a small (~5%) increase in
observed cytotoxicity (Supplementary Fig 4a) and slightly
increased IL-8 production (Supplementary Fig 4b), suggesting
that neither burning the skin nor peptide treatment, per se,
triggered a large change in the overall cytotoxicity or immune
response. Furthermore, normal skin with MRSA-lux or PAO1-lux
biofilm established and treated with vehicle control (water) for
24h (Supplementary Fig 4c-f), also only exhibited minimal
cytotoxic effects (Supplementary Fig 4e) and an approximately
2-fold induction in IL-8 levels (Supplementary Fig 4f). Overall,
these results demonstrate that burning of the skin increases the
susceptibility and severity of the biofilm infection. We also
attempted infecting the thermally damaged skin with strain
PAO1, however, Pseudomonas consistently penetrated through
the damaged skin resulting in growth in the skin culture medium
under the cell culture insert within 24 h of inoculation (not shown).

Combining antibiofilm peptide DJK-5 and anti-inflammatory
peptide 1002

Innate defense regulator peptide 1002 is a bactenecin derivative
representing a class of synthetic HDPs capable of regulating host
immune responses and dampening harmful inflammation*. Here,
we tested a combination treatment of DJK-5 and 1002 against
MRSA biofilm established on burned skin. The effect of 0.4% 1002
treatment alone on MRSA biofilms was marginal, resulting in only
a 17-fold reduction in bacterial count compared to untreated
biofilms (Fig. 6a). This was to be expected as this peptide exhibits
relatively weak direct antimicrobial and antibiofilm effects
in vitro>>. Moreover, combining 0.4% DJK-5 treatment with 1002
at 0.01%, 0.1%, or 0.4% did not significantly enhance antibiofilm
effects compared to DJK-5 treatment alone (Fig. 6a). However,
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despite its weak antibiofilm activity, 1002 treatment resulted in
significant decreases in the cytotoxicity and pro-inflammatory IL-
1B release from MRSA infected burned skin. When compared to
DJK-5 single treatment, combination treatment with both DJK-5
and 1002 further reduced MRSA-induced cytotoxicity and IL-1(3
production (Fig. 6b, c). The combined treatment also caused a
non-significant decrease in IL-8 release (Fig. 6d). Overall, these
results demonstrate the potential of employing a multi-pronged
strategy to combat recalcitrant skin biofilm infections using
synthetic HDPs by simultaneously targeting both the pathogen
and promoting a beneficial immune response.

DISCUSSION

There is increasing concern that the favorable results from in vitro
screening and animal studies of novel drug compounds do not
predict the outcomes of human clinical trails*®*”. This problem
drives the search for more informative experimental systems that
are more representative of the in vivo conditions encountered
during administration to man>%. Organoids represent one of the
most exciting tools for understanding disease pathology and
testing novel drug toxicities and efficacies*®*°. They have the
added benefits of reducing the use of animals (which are often
poor mimics to human systems) in pre-clinical testing and
replacing in vivo infection models with an ethical alternative that
better reflects human disease®.

Here, we described the adaptation of an air-liquid interface
human skin model as an in vivo-like screening tool for novel
agents against biofilm infections such as MRSA and P. aeruginosa.
The use of luminescently tagged bacteria allowed for parallel
activity comparison as well as monitoring the progression of the
biofilm. Biofilms appeared as bacterial clusters upon H&E staining.
We further discovered distinct biofilm morphologies in that
MRSA biofilm appeared as small aggregates of cells whereas
P. aeruginosa tended to form a more continuous dense mat on
the skin surface. In addition, colonization by both species resulted
in thickening of the stratum corneum and the epidermal skin
barrier could tolerate the growth of these biofilms for about
3 days without an increase in cytotoxicity. Upon treatment with
the antibiofilm peptide, DJK-5, we observed a membrane
blebbing effect in PAO1 cells, which is a common phenomenon
also seen in other Gram-negative bacteria when treated with
host defense peptides. For example, time and concentration-
dependent membrane blebbing has been observed in Escherichia
coli cells treated with two peptides BP100 and PepR*'. This is
likely due to the polycationic nature of host defense peptides that
can disrupt the anionic outer membrane of Gram-negative
bacteria. Using this system, we also found that several peptides
such as DJK-5, DJK-6, and 1018 have superior activity in
eradicating MRSA biofilm, whereas mupirocin was almost inactive
in this model. Consistent with this, MRSA strains that are sensitive
to mupirocin treatment in their planktonic state or during very
early biofilm formation can become highly mupirocin resistant in
established biofilms***3. For example, 2% mupirocin ointment,
Bactroban, is largely inactive against 24 h biofilm of the
mupirocin-sensitive  MRSA (strain LUH14616)*'. Indeed, sub-
inhibitory concentrations of mupirocin have been shown to
promote MRSA surface attachment and biofilm formation**.
Together, these data underscore the inherent challenge in
treating biofilm-associated infections in the clinic and highlight
the value of the biofilm-based epidermal model in evaluating
potential therapeutics for efficacy. In contrast to mupirocin, DJK-5
was equally effective against 3-day biofilms when compared to
1-day biofilms. This is likely because synthetic host defense
peptides such as DJK-5, instead of targeting metabolically-active
bacteria, function to promote the degradation of the stringent
response mediator, guanosine tetraphosphate-(p)ppGpp, which is
necessary for biofilm initiation and maintenance®*°. Therefore
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Fig. 5 DJK-5 reduced MRSA biofilm, cytotoxicity, and pro-inflammatory cytokine production in a thermal burn skin model. Skin samples
were subjected to thermal wounding for 4 s at 100 °C. One million MRSA (USA300-LAC) was then spotted on top of the burned skin and
cultured for 24 h. Cross-sections of epidermal layers corresponding to the stratum corneum (SC), stratum granulosum (SG), stratum spinosum
(SS) and stratum basale (SB) were visualized by H&E (arrows indicate MRSA biofilm) (a). (b) The burned skin and biofilm on top were visualized
by SEM. (c) DJK-5 peptide in PBS at a dose of 0.4% (120 ug) or—as control—PBS was subsequently applied topically for 24 h. Samples were
collected for bacterial counts (bars indicate geometric mean). (d) Culture supernatants below the filter inserts were used for measuring
cytotoxicity by the lactate dehydrogenase assay. The amount of IL-1§ (e) and IL-8 (f) in the media below the filter inserts was quantified by
ELISA. Error bars indicate mean with SD in (d-f). Statistical significance was calculated using the Mann-Whitney test (c) or the student’s
unpaired t-test (d-f) from 7 to 12 biological replicates (****P < 0.0001).

DJK-5 represents a viable therapeutic candidate for treating from thermally injured skin was nearly 10-fold higher as compared
recalcitrant and long-term biofilm infections. to skin biofilm in the absence of thermal damage. Since the

MRSA biofilm infection on burned skin caused enhanced epidermal barrier is crucial to confront and resist environmental
cytotoxicity and inflammation, consistent with the clinical features stimuli (e.g., microbial colonization and changes in temperature,
of biofilm wound infections*’. The bacterial burden recovered  light, and water) and to maintain internal homeostasis*®, the
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Fig. 6 Peptides 1002 and DJK-5 combined treatment further dampened MRSA induced cytotoxicity and IL-18 production in the
thermally damaged skin model. MRSA biofilms were established on top of thermally damaged skin. DJK-5 alone or in combination with
0.01%, 0.1%, or 0.4% (3 pg, 30 pg, or 120 pg) 1002 was added on top of skin biofilms for 24 h. Skin samples were harvested for bacterial counts
(bars indicate geometric mean) (a), and culture supernatant was used to determine cytotoxicity by the lactate dehydrogenase assay (b) and
anti-inflammatory activity by ELISA (c, d). Error bars indicate mean with SD in (b-d). Statistical significance from 5 to 12 biological replicates in
each condition was determined using the Kruskal-Wallis test, Dunn’s multiple comparisons test (a) or one-way ANOVA, Dunnett’s multiple
comparisons test (b-d) (*P < 0.05; **P <0.01; ***P < 0.001; ****P < 0.0001).

increase in bacterial burden could be due to an increase in MRSA
colonization, increased spreading across the surface of the skin
and/or penetration into the deeper layers of the tissue. Therefore,
this suggests that thermal challenge negatively impacted the
barrier properties of the skin, thereby increasing its susceptibility
to MRSA infection. Consistent with this concept, in atopic
dermatitis patients, S. aureus is able to more effectively penetrate
lesional skin, when compared to non-lesional skin, as a result of
impaired physical and antimicrobial barriers of the skin“. The host
defense mechanism of the skin was activated due to skin damage
and the bacterial burden exceeded the threshold that intact skin
could otherwise tolerate. This is consistent with a previous study
that found that MRSA infection enhanced the expression of IL-6,
IL-8, and antimicrobial proteins human [-defensin (hBD)-2, hBD-3,
and RNAse7 in thermally wounded skin when compared to control
human skin®°. In response to bacterial stimulation, the immune
response of cells in the epidermis was found to be dependent on
the depth of tissue being impacted by the infection; natural HDPs

Published in partnership with Nanyang Technological University

such as hBD-2 and hBD-3 were upregulated in the upper
epidermis, whereas pro-inflammatory cytokines, such as IL-1B
and IL-6, were mainly induced in the lower layers of the
epidermis®'. Therefore, the production of IL-8 and IL-1B in the
burned-skin biofilm samples is an indication of MRSA penetrating
deeper into the layers of the epidermal tissue, likely facilitated by
increased tissue damage as a result of thermal wounding.
Treatment with DJK-5, especially in combination with the anti-
inflammatory peptide 1002, resulted in significant CFU reduction
while also preventing excess tissue inflammation. This strategy is
appealing since prolonged inflammation, accompanied by heavy
bacterial burden, tissue breakdown, and necrosis, can adversely
impact on chronic wounds since sustained inflammation creates a
proteolytic environment that prevents the progression of wound
healing into the proliferation phase®*3. It is worth mentioning
that although the skin biofilm model can be used to screen
antibiofilm and anti-inflammatory agents, there are certain
limitations in accurately mimicking the human skin and skin
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wounds, including a lack of cellular diversity and no immune cells
or blood circulation, which can impact the efficacy of antibiofilm
peptides. To better understand the pathology of human wounded
skin biofilm infections, this burned skin biofilm model could be
coupled with ex vivo skin models>*, which would in part add the
complexity of the dermis and skin associated immune cells, and
organs-on-a-chip technology®®, which allow for the study of
dynamic immune cell migration and blood flow processes.

In conclusion, we have demonstrated the utility of a biologically
relevant, N/TERT cell-derived, skin biofilm model that can be used
as a platform for testing the antibiofilm and immunomodulatory
effects of synthetic HDPs. This system provides a reliable and
robust alternative to animal models of skin infections and should
help bridge the gap between the discoveries of novel antibiofilm
agents to their clinical applications.

METHODS

Synthetic peptides

Peptides used in this study are listed in Supplementary Table 1. The
peptides were synthesized using solid-phase 9-fluorenylmethoxy carbonyl
(Fmoc) chemistry and purified to ~95% using reverse-phase high-
performance liquid chromatography. Peptide identity was confirmed by
mass spectrometry. Stock solutions were prepared in sterile water and
frozen at —20 °C until needed. On the day of the experiment, the peptide
was diluted to the appropriate concentration in either water or sterile PBS.
Aqueous stock peptide solutions had a pH of 5 and were subjected to no
more than three freeze/thaw cycles.

Reagents

Tryptic soy broth (TSB), Luria broth (LB), D-glucose, phosphate-buffered
saline (PBS), Dulbecco’s PBS (DPBS), Keratinocyte-SFM medium, DMEM
(high glucose, GlutaMAX™ Supplement, pyruvate), and Ham'’s F-12 Nutrient
Mix were purchased from ThermoFisher Scientific (Waltham, MA).
Dermalife K Keratinocyte Complete Medium with LifeFactors was obtained
from Lifeline Cell Technology (Oceanside, CA). CnT-Prime 3D Barrier
Medium was purchased from CELLNTEC Advanced Cell Systems AG (Zurich,
Switzerland). Gentamicin, lysostaphin trimethoprim, sucrose, glycerol,
mupirocin, neutral-buffered formalin solution (10%), and various supple-
ments for skin culture media including hydrocortisone, isoproterenol,
bovine insulin, selenious acid, L-serine, L-carnitine, bovine serum albumin
(BSA), palmitic acid, linoleic acid, and arachidonic acid were obtained from
Sigma-Aldrich (St. Louis, MI).

Bacterial strains and growth conditions

Bacterial strains used in this study include USA300-LAC® (referred to as
MRSA), and a luminescent MRSA strain SAP149°7 (referred to as MRSA-Iux),
Pseudomonas aeruginosa strain PAO1°® and a luminescent strain of
P. aeruginosa>® (PAO1-lux). Bacteria strains used for confocal microscopy
imaging include S. aureus USA300-LAC transformed with a pKK22 plasmid
expressing a far-red fluorescent protein (MRSA-FarRed), as well as P.
aeruginosa PAO1 (PAO1-mCherry), transformed with an mCherry expres-
sing plasmid, pMCh-23%. All S. aureus strains were grown overnight in TSB
containing 1% D-glucose at 37 °C with shaking at 180 rpm, sub-cultured to
mid-exponential growth phase in TSB 1% D-glucose. Bacteria were
harvested and resuspended in sterile PBS to a concentration of 2 x 108
CFU/ml before seeding onto skin surface. All P. aeruginosa strains were
grown in LB under the same conditions as mentioned above, subcultured
in LB medium, and resuspended in PBS at 2 x 108 CFU/ml before seeding.

Generation of fluorescently tagged MRSA and PAO1 strains

The 742-bp eqFP650 far-red fluorescent gene was excised from plasmid
PSFRFPS1 via Ascl restriction sites and transferred onto Ascl-digested
plasmid pKK22, yielding pKK22.eqFP650, and transformed into DH5aApir.
After confirmation of the correct orientation of the gene, the plasmid was
transformed into S. aureus RN4220 as described below. Successful
transformants were verified with a Synergy H1 96-well microtiter plate
reader (BioTek, Winooski, VT) at wavelengths of 605 nm (ex) and 670 nm
(em). The plasmid was re-isolated from RN4220 and transformed into
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USA300-LAC and transformants were verified via plasmid extraction and
fluorescence measurements.

For plasmid transformation, S. aureus RN4220 or USA300-LAC was grown
overnight in TSB. Overnight cultures were diluted to an OD of 0.5 in fresh
TSB medium and incubated at 37 °C with shaking for 30 min. One ml was
transferred into microcentrifuge tubes and harvested by centrifugation at
6200g for 5min. Preparation of electrocompetent cells was done, as
previously described®’. Briefly, cells were washed twice with an equal
volume of autoclaved water, followed by one wash with 1/5 and one wash
with 1/10 the volume 10% glycerol. All centrifugation steps were done at
room temperature at 62009 for 5 min. Subsequently, the final pellet was
resuspended in 100 pl 500 mM sucrose and cells incubated with 2 ug DNA
for 15 min at room temperature. DNA was transformed using a Gene Pulser
Electroporator (Bio-Rad Laboratories, Berkeley CA) at 2.3kV, 100Q), 25 pF.
Cells were recovered in TSB for one hour at 37 °C and spread on TSA plates
with 15 pg/ml Trimethoprim overnight at 37°C. Successful plasmid
transformants were confirmed via plasmid isolation (Qiagen, Venlo Nether-
lands) and restriction enzyme digest. Plasmids were isolated from overnight
cultures that were first pelleted and re-suspended in buffer P1 (Qiagen)
containing 10 pl Lysostaphin (5 mg/ml stock), and further incubated at 37 °C
for 30 min before following the manufacturer’s instructions.

Plasmid pMCh-23 was transformed into electrocompetent P. aeruginosa
PAO1, as previously described®2. Briefly, cells were washed in 300 mM
sucrose and electroporation of 500 ng plasmid DNA carried out at 2.5KkV,
25 uF, 200 Q, using the Gene Pulser Electroporater. Transformants were
selected on LB agar plates containing 50 pg/ml gentamicin. The mCherry
expression in PAO1 was confirmed via fluorescence measurements at
580 nm (ex) and 610 nm (em).

H&E staining

The filter insets containing N/TERT skin and MRSA biofilm were
sandwiched between two foam biopsy pads (ThermoFisher Scientific) in
a tissue embedding cassette (Sigma-Aldrich), fixed in 10% neutral-buffered
formalin for 24 h, then transferred to 70% ethanol for storage. H&E staining
was performed by Wax-it Histology Services Inc. (Vancouver, BC, Canada)
and images were analyzed using the Aperio ImageScope software
v12.4.0.5043 (Leica Biosystems, Wetzlar, Germany).

Scanning Electron Microscopy (SEM)

Following MRSA-lux and PAO1-lux biofilm formation and DJK-5 treatment,
the skin inserts were transferred to a fresh 12 well plate, washed twice with
PBS, and submerged in 10% neutral-buffered formalin to fix the skin
samples. The following day, the formalin was decanted and the fixed
samples were washed in fresh buffer, dehydrated through a graded
ethanol series (30%, 50%, 70%, 80%, 90%, 95%, 100%), and critically point
dried (Tousimis Autosamdri 815B) over 24 h. Samples were sputter-coated
(Cressington 208HR) with 10 nm AuPd. All SEM samples of 1-day old
biofilms on skin were prepared twice while samples of 3-day old biofilms
and burned skin were prepared once. Images shown are representative of
the 3-10 images collected for each sample. SEM images in Fig. 1b
(untreated skin, and MRSA-lux and PAO1-lux with 10 um scale bars), 2 G,
3G, and 5 were collected on a Hitachi $2600 Variable Pressure SEM
(Hitachi, Ltd. Tokyo, Japan). SEM images in Fig. 1b (MRSA-lux and PAO1-lux
with 1 um scale bars), Figs. 2b and 3b were collected on a Hitachi S-4700
Field Emission SEM (Hitachi, Ltd. Tokyo, Japan).

Confocal Laser Scanning Microscopy

Skin bacterial biofilms were grown for 24 h using either MRSA-FarRed or P.
aeruginosa PAO1-mCherry. The samples were rinsed with DPBS and then
stained for 10 min with CellMask™ Green plasma membrane stain (Thermo
Fisher Scientific) according to the manufacturer's instructions. Samples
were then fixed for 10 min in 10% formalin followed by three rinses in
DPBS. All samples were stored at 4°C and imaged within one week of
harvesting. Confocal imaging was performed on a Zeiss LSM 800
Microscope equipped with a 20x/0.8 Plan-APOCHROMAT objective (Carl
Zeiss Canada Ltd., Toronto, ON, Canada). Images were captured with the
Zen software package (v2.6) and Z-stack images were analyzed in the Fiji
software package®®.

N/TERT keratinocyte cell culture

N/TERT keratinocyte cells were kindly provided by Dr. Peter Nibbering
(Leiden University Medical Center), Dr. Ivan Litvinov (McGill University), and
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Dr. Anna Mandinova (Massachusetts General Hospital), with permission
from Dr. James Rheinwald (Harvard Medical School). N/TERT cells were
maintained below 40% confluency in Keratinocyte-SFM medium supple-
mented with 25 ug/ml Bovine Pituitary Extract, 0.2 ng/ml human recombi-
nant Epidermal Growth Factor 1-53 and 0.3 mM CaCl, at 37 °C and 7.3%
CO,. Culture media was refreshed every 2-3 days until ready for passage.

The N/TERT epidermal skin

Skin models were established using a modification of described
methods®*. Briefly, 3 x 10° N/TERT cells in 400 pl DermalLife K Keratinocyte
Complete Medium with LifeFactors (5 ug/ml rh Insulin LifeFactor, 6 mM L-
Glutamine LifeFactor, 1 uM Epinephrine LifeFactor, 5 ug/ml Apo-Transferrin
LifeFactor, 0.5 ng/ml rh TGF-a LifeFactor, 0.4% Extract P LifeFactor, 100 ng/
ml Hydrocortisone Hemisuccinate LifeFactor) were seeded onto each filter
insert (ThinCert™ Cell culture insert, Greiner bio-one, Kremsmunster,
Austria) in a 12-well ThinCert™ Plate (Greiner bio-one) holding 4.1 ml/well
DermalLife K Keratinocyte Complete Medium with LifeFactors below each
filter. Medium was refreshed every second day until N/TERT cells reached
confluency in 3-4 days. Culture media both on top and below the filter
were then switched to DMEM/Ham'’s F-12/CnT-Prime 3D Barrier Media in a
3:1:4 ratio supplemented with 0.1 pg/ml hydrocortisone, 0.125 pg/ml
isoproterenol, 0.25 pg/ml bovine insulin, 26.5 pM selenious acid, 5 mM L-
serine, 5 uM L-carnitine, 1.6 mg/ml BSA, 25 uM palmitic acid, 15 pM linoleic
acid and 7 uM arachidonic acid. Medium on top of the filters was removed
the next day to allow air-exposure, which induced differentiation and
stratification of the epidermis. After 2-3 days, linoleic acid concentration
was increased to 30 pM. The skin samples were cultured for 10 days at
air-liquid interface at 37°C and 7.3% CO, with medium being refreshed
every 2-3 days.

Bacterial biofilm and DJK-5 treatment

One million MRSA or PAO1, or luminescent MRSA-lux or PAO1-lux, or
fluorescently-tagged MRSA-FarRed or PAO1-mCherry resuspended in PBS
were seeded (5l of 2x10® CFU/ml) in the center of the skin model,
cultured at 37°C and 7.3% CO, to allow the establishment of bacterial
biofilms. One day or three days after inoculation, 30 pl of 0.1% (1 mg/ml) or
0.4% (4 mg/ml) DJK-5 peptide was added on top of the biofilm for 4 h. To
investigate how long the skin could endure biofilm growth, we monitored
luminescence signals every 24 h after infection until luminescence was
detected in the culture media underneath the skin, which indicated that
the skin barrier had been breached. To visualize biofilms, skin samples
seeded with luminescent bacteria were imaged using the ChemiDoc
Imaging System (Bio-Rad). To quantify bacterial counts, skin samples,
together with the filter inserts, were excised using a disposable scalpel
(VWR, Radnor, PA), sonicated in 1.5 ml PBS, vortexed, serially diluted, and
plated on LB agar plates. The cut-off of the Y-axis in each figure indicates
the detection limit of CFU count while bars indicate the geometric mean of
recovered CFU.

MRSA USA 300 thermal wounding skin model

Thermal damage was created by burning 10-day air-liquid interface skins
at 100°C for 4s with a digital soldering iron (FX888D, American Hakko
Products, Inc., Santa Clarita, CA). The skin filter inserts were transferred to
12-well plates (Sigma-Aldrich) containing 800 pl/well fresh culture medium
prior to bacterial infection. MRSA biofilm was established by seeding 2 x
10° CFU in 5 pl PBS on top of the thermal damaged skin and cultured at
37°C and 5% CO, for 24 h. DJK-5 peptide (30l of 0.4%) alone or in
combination with 0.01%, 0.1%, or 0.4% 1002 was administered on top of
the pre-formed biofilm. Skin samples were collected 24 h post peptide
treatment for colony count.

Host response quantification

At the time of colony quantification, culture supernatants below the skin
filter inserts were harvested for measuring cytotoxicity by the lactate
dehydrogenase assay using a Cytotoxicity Detection Kit (Roche Diagnos-
tics, Basel, Switzerland), according to the manufacturer’s instructions.
Untreated skin samples or skin samples treated with 5% Triton X-100 were
used as negative (0% toxicity) or positive (100% toxicity) control,
respectively. Culture supernatants were also used to measure IL-1 and
IL-8 production using ELISA kits from eBioscience (San Diego, CA).
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Reporting summary

Further information on experimental design is available in the Nature
Research Reporting Summary linked to this paper.

DATA AVAILABILITY

The authors declare that all data generated or analyzed in this study is included in
the article or in the accompanying Supplementary Information file.

Received: 5 August 2020; Accepted: 11 December 2020;
Published online: 25 January 2021

REFERENCES

1. Aslam, B. et al. Antibiotic resistance: a rundown of a global crisis. Infect. Drug
Resist. 11, 1645-1658 (2018).

2. Jamal, M. et al. Bacterial biofilm and associated infections. J. Chin. Med. Assoc. 81,
7-11 (2018).

3. Malone, M. et al. The prevalence of biofilms in chronic wounds: a systematic
review and meta-analysis of published data. J. Wound Care 26, 20-25 (2017).

4. Wolcott, R. D. et al. Biofilm maturity studies indicate sharp debridement opens a
time-dependent therapeutic window. J. Wound Care 19, 320-328 (2010).

5. Wu, H., Moser, C,, Wang, H. Z,, Heiby, N. & Song, Z. J. Strategies for combating
bacterial biofilm infections. Int. J. Oral. Sci. 7, 1-7 (2015).

6. Haiby, N. et al. The clinical impact of bacterial biofilms. Int. J. Oral. Sci. 3, 55-65
(2011).

7. Haney, E. F,, Pletzer, D. & Hancock, R. E. W. Impact of host defense peptides on
chronic wounds and infections. Recent clinical techniques, results, and research in
wounds. Edition 5 (Springer, Cham, 2018).

8. Lebeaux, D., Chauhan, A, Rendueles, O. & Beloin, C. From in vitro to in vivo models
of bacterial biofilm-related infections. Pathogens 2, 288-356 (2013).

9. Tun, K, Shurko, J. F., Ryan, L. & Lee, G. C. Age-based health and economic burden
of skin and soft tissue infections in the United States, 2000 and 2012. PLoS ONE
13, e0206893 (2018).

10. Ki, V. & Rotstein, C. Bacterial skin and soft tissue infections in adults: A review
of their epidemiology, pathogenesis, diagnosis, treatment and site of care.
Can. J. Infect. Dis. Med. Microbiol. J. Can. Mal. Infect. Microbiol. Med. 19, 173-184
(2008).

11. Sonesson, A. et al. Identification of bacterial biofilm and the Staphylococcus
aureus derived protease, staphopain, on the skin surface of patients with atopic
dermatitis. Sci. Rep. 7, 8689 (2017).

12. Mottola, C. et al. Susceptibility patterns of Staphylococcus aureus biofilms in
diabetic foot infections. BMC Microbiol. 16, 119 (2016).

13. Khan, T. M. et al. Incidence of methicillin resistant Staphylococcus aureus (MRSA)
in burn intensive care unit: a systematic review. Germs 8, 113-125 (2018).

14. Gonzalez, M. R. et al. Effect of human burn wound exudate on Pseudomonas
aeruginosa virulence. mSphere 1, e00111—15 (2016).

15. Mulcahy, L. R, Isabella, V. M. & Lewis, K. Pseudomonas aeruginosa biofilms in
disease. Microb. Ecol. 68, 1-12 (2014).

16. Leong, H. N. et al. Management of complicated skin and soft tissue infections
with a special focus on the role of newer antibiotics. Infect. Drug Resist. 11,
1959-1974 (2018).

17. Ramakrishnan, K, Salinas, R. C. & Agudelo Higuita, N. I. Skin and soft tissue
infections. Am. Fam. Physician 92, 474-483 (2015).

18. Haney, E. F,, Straus, S. K. & Hancock, R. E. W. Reassessing the host defense peptide
landscape. Front. Chem. 7, 43 (2019).

19. de la Fuente-Nufez, C, Cardoso, M. H., de Souza Candido, E., Franco, O. L. &
Hancock, R. E. W. Synthetic antibiofilm peptides. Biochim. Biophys. Acta 1858,
1061-1069 (2016).

20. Pletzer, D. & Hancock, R. E. W. Antibiofilm Peptides: Potential as broad-spectrum
agents. J. Bacteriol. 198, 2572-2578 (2016).

21. de la Fuente-Nunez, C. et al. D-enantiomeric peptides that eradicate wild-type
and multi-drug resistant biofilms and protect against lethal Pseudomonas aeru-
ginosa infections. Chem. Biol. 22, 196-205 (2015).

22. Wang, D,, Shen, Y., Hancock, R. E. W., Ma, J. & Haapasalo, M. Antimicrobial effect of
peptide DJK-5 used alone or mixed with EDTA on mono- and multispecies bio-
films in dentin canals. J. Endod. 44, 1709-1713 (2018).

23. Crabbé, A. et al. Antimicrobial efficacy against Pseudomonas aeruginosa biofilm
formation in a three-dimensional lung epithelial model and the influence of fetal
bovine serum. Sci. Rep. 7, 43321 (2017).

24. Pletzer, D., Mansour, S. C. & Hancock, R. E. W. Synergy between conventional
antibiotics and anti-biofilm peptides in a murine, sub-cutaneous abscess model
caused by recalcitrant ESKAPE pathogens. PLoS Pathog. 14, e1007084 (2018).

npj Biofilms and Microbiomes (2021) 8

11



np)

B.(C)) Wu et al.

12

25.

26.

27.
28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

Abdullahi, A, Amini-Nik, S. & Jeschke, M. G. Animal models in burn research. Cell.
Mol. Life Sci. 71, 3241-3255 (2014).

Hong, S. D. et al. Hematoxylin and Eosin staining for detecting biofilms: practical
and cost-effective methods for predicting worse outcomes after endoscopic
sinus surgery. Clin. Exp. Otorhinolaryngol. 7, 193-197 (2014).

Ward, A. & Campoli-Richards, D. M. Mupirocin. Drugs 32, 425-444 (1986).
Koning, S. et al. Fusidic acid cream in the treatment of impetigo in general
practice: double blind randomised placebo controlled trial. BMJ 324, 203-206
(2002).

Hilpert, K., Volkmer-Engert, R, Walter, T. & Hancock, R. E. W. High-throughput
generation of small antibacterial peptides with improved activity. Nat. Biotechnol.
23, 1008-1012 (2005).

Daniel, R. A. & Errington, J. Control of cell morphogenesis in bacteria: two distinct
ways to make a rod-shaped cell. Cell 113, 767-776 (2003).

Thomas, C. M., Hothersall, J., Willis, C. L. & Simpson, T. J. Resistance to and
synthesis of the antibiotic mupirocin. Nat. Rev. Microbiol. 8, 281-289 (2010).
Agrawal, R. & Woodfolk, J. A. Skin barrier defects in atopic dermatitis. Curr. Allergy
Asthma Rep. 14, 433 (2014).

Kennedy, P., Brammah, S. & Wills, E. Burns, biofilm and a new appraisal of burn
wound sepsis. Burns 36, 49-56 (2010).

Wuy, B. C, Lee, A. H. Y. & Hancock, R. E. W. Mechanisms of the innate defense
regulator peptide-1002 anti-inflammatory activity in a sterile inflammation
mouse model. J. Immunol. 199, 3592-3603 (2017).

de la Fuente-Nufez, C. et al. Inhibition of bacterial biofilm formation and
swarming motility by a small synthetic cationic peptide. Antimicrob. Agents
Chemother. 56, 2696-2704 (2012).

Contopoulos-loannidis, D. G., Ntzani, E. & loannidis, J. P. A. Translation of highly
promising basic science research into clinical applications. Am. J. Med. 114,
477-484 (2003).

Hackam, D. G. & Redelmeier, D. A. Translation of research evidence from animals
to humans. JAMA 296, 1731-1732 (2006).

Choi, K. Y., Wu, B. C,, Lee, A. H. Y., Baquir, B. & Hancock, R. E. W. Utilizing organoid
and air-liquid interface models as a screening method in the development of
new host defense peptides. Front. Cell. Infect. Microbiol. 10, 228 (2020).

Sachs, N. et al. Long-term expanding human airway organoids for disease
modeling. EMBO J. 38, €100300 (2019).

lakobachvili, N. & Peters, P. J. Humans in a Dish: the potential of organoids in
modeling immunity and infectious Diseases. Front. Microbiol. 8, 2402 (2017).
Alves, C. S. et al. Escherichia coli cell surface perturbation and disruption induced by
antimicrobial peptides BP100 and PepR. J. Biol. Chem. 285, 2753627544 (2010).
Haisma, E. M. et al. Antimicrobial peptide P60.4Ac-containing creams and gel for
eradication of methicillin-resistant Staphylococcus aureus from cultured skin and
airway epithelial Surfaces. Antimicrob. Agents Chemother. 60, 4063-4072 (2016).
Kifer, D., Muzini¢, V. & Klari¢, M. S. Antimicrobial potency of single and combined
mupirocin and monoterpenes, thymol, menthol and 1,8-cineole against Staphylo-
coccus aureus planktonic and biofilm growth. J. Antibiot. (Tokyo) 69, 689-696 (2016).
Jin, Y. et al. Subinhibitory concentrations of mupirocin stimulate Staphylococcus
aureus biofilm formation by upregulating cidA. Antimicrob. Agents Chemother. 64,
e€01912—-19 (2020).

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

de la Fuente-NuUnez, C, Reffuveille, F., Haney, E. F., Straus, S. K. & Hancock, R. E. W.
Broad-spectrum anti-biofilm peptide that targets a cellular stress response. PLoS
Pathog. 10, e1004152 (2014).

Zhao, G. et al. Biofilms and inflammation in chronic wounds. Adv. Wound Care 2,
389-399 (2013).

Choi, J. H, Seo, H. S, Lim, S. Y. & Park, K. Cutaneous immune defenses against
Staphylococcus aureus infections. J. Lifestyle Med. 4, 39-46 (2014).

Nakatsuji, T. et al. Staphylococcus aureus exploits epidermal barrier defects in
atopic dermatitis to trigger cytokine expression. J. Invest. Dermatol. 136,
2192-2200 (2016).

Haisma, E. M. et al. Inflammatory and antimicrobial responses to methicillin-
resistant Staphylococcus aureus in an in vitro wound infection model. PLoS ONE 8,
82800 (2013).

Percoco, G. et al. Antimicrobial peptides and pro-inflammatory cytokines are
differentially regulated across epidermal layers following bacterial stimuli. Exp.
Dermatol. 22, 800-806 (2013).

Stojadinovic, A., Carlson, J. W., Schultz, G. S., Davis, T. A. & Elster, E. A. Topical
advances in wound care. Gynecol. Oncol. 111, S70-S80 (2008).

Zhao, R, Liang, H., Clarke, E. Jackson, C. & Xue, M. Inflammation in chronic
wounds. Int. J. Mol. Sci. 17, 2085 (2016).

de Breij, A. et al. The antimicrobial peptide SAAP-148 combats drug-resistant
bacteria and biofilms. Sci. Transl. Med. 10, eaan4044 (2018).

npj Biofilms and Microbiomes (2021) 8

55. Ronaldson-Bouchard, K. & Vunjak-Novakovic, G. Organs on a chip: a fast-track
for engineered human tissues in drug development. Cell Stem Cell 22,
310-324 (2018).

56. Centers for Disease Control and Prevention (CDC). Outbreaks of community-
associated methicillin-resistant Staphylococcus aureus skin infections-Los
Angeles County, California, 2002-2003. MMWR Morb. Mortal. Wkly. Rep.
52, 88 (2003).

57. Plaut, R. D., Mocca, C. P, Prabhakara, R, Merkel, T. J. & Stibitz, S. Stably lumi-
nescent Staphylococcus aureus clinical strains for use in bioluminescent imaging.
PLoS ONE 8, 59232 (2013).

58. Hancock, R. E. & Carey, A. M. Outer membrane of Pseudomonas aeruginosa: heat-
2-mercaptoethanol-modifiable proteins. J. Bacteriol. 140, 902-910 (1979).

59. Lewenza, S. et al. Construction of a mini-Tn5-luxCDABE mutant library in Pseu-
domonas aeruginosa PAO1: a tool for identifying differentially regulated genes.
Genome Res. 15, 583-589 (2005).

60. Berry, C. L. et al. Chemical and biological characterization of sclerosin, an anti-
fungal lipopeptide. Can. J. Microbiol. 58, 1027-1034 (2012).

61. Schenk, S. & Laddaga, R. A. Improved method for electroporation of Staphylo-
coccus aureus. FEMS Microbiol. Lett. 73, 133-138 (1992).

62. Pletzer, D., Braun, Y. & Weingart, H. Swarming motility is modulated by
expression of the putative xenosiderophore transporter SppR-SppABCD in
Pseudomonas aeruginosa PA14. Antonie Van. Leeuwenhoek 109, 737-753
(2016).

63. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682 (2012).

64. van Drongelen, V., Haisma, E. M., Out-Luiting, J. J., Nibbering, P. H. & El Ghalbzouri,
A. Reduced filaggrin expression is accompanied by increased Staphylococcus
aureus colonization of epidermal skin models. Clin. Exp. Allergy 44, 1515-1524
(2014).

ACKNOWLEDGEMENTS

This work was supported by the Canadian Institutes of Health Research (CIHR)
[funding reference number FDN-154287] and the Michael Smith Foundation for
Health Research Innovation to Commercialization Program. B.C.W. is supported by
the John Richard Turner Fellowship. D.P. is supported by a Cystic Fibrosis Canada
Postdoctoral fellowship and a fellowship from the Michael Smith Foundation for
Health Research. M.J.T. is supported by a Michael Smith Foundation for Health
Research grant 17774. REWH. holds a Canada Research Chair in Health and
Genomics and a UBC Killam Professorship. We would like to thank the UBC
Bioimaging Facility, particularly Derrick Horne, for their assistance with the
preparation and imaging of SEM samples. We thank Wax-it Histology Services Inc.
for performing the H&E staining. The DsRed S. aureus strain RN4220 was obtained
through BEI Resources, NIAID, NIH: Staphylococcus aureus Fluorescent Reporter
Plasmid pSRFPS1, Recombinant in Staphylococcus aureus, NR-51164. The plasmid
pMCh-23 was a gift from Dr. Teresa Dekievit.

AUTHOR CONTRIBUTIONS

B.C.W., E.F.H. and N.A. performed the experiments and analyzed data. D.P. and M.J.T.
generated bacterial strains and assisted with the confocal microscopy experiments.
AEA. and P.H.N. provided training and assistance with the ALl model. REW.H.
supervised the study and extensively edited the manuscript. B.C.W. and E.F.H. wrote
the original draft of the paper. All of the authors contributed to the writing of the
manuscript.

COMPETING INTERESTS

EFH. and REWH. have invented and filed for patent protection on related
antibiofilm peptide sequences. This patent has been assigned to their employer, the
University of British Columbia, and licenced to ABT Innovations Inc., in which R.EW.H.
has an ownership position. The rest of the authors B.C.W., N.A, D.P.,, MJT,, AEA, and
P.H.N. declare that there are no competing interests.

ADDITIONAL INFORMATION

Supplementary information is available for this paper at https://doi.org/10.1038/
$41522-020-00182-4.

Correspondence and requests for materials should be addressed to R.EW.H.

Reprints and permission information is available at http://www.nature.com/
reprints

Published in partnership with Nanyang Technological University


https://doi.org/10.1038/s41522-020-00182-4
https://doi.org/10.1038/s41522-020-00182-4
http://www.nature.com/reprints
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative

Published in partnership with Nanyang Technological University

B.(C)) Wu et al.

np)j

Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

npj Biofilms and Microbiomes (2021) 8

13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Human organoid biofilm model for assessing antibiofilm activity of novel agents
	Introduction
	Results
	Characterization of bacterial biofilms on a skin surface
	Effect of DJK-5 peptide treatment on skin associated MRSA biofilm
	Effect of DJK-5 peptide treatment on skin associated P. aeruginosa biofilms
	N/TERT skin biofilm model as a versatile platform for screening peptide activity
	DJK-5 reduced MRSA biofilm on thermally injured skin and altered cellular immune responses
	Combining antibiofilm peptide DJK-5 and anti-inflammatory peptide 1002

	Discussion
	Methods
	Synthetic peptides
	Reagents
	Bacterial strains and growth conditions
	Generation of fluorescently tagged MRSA and PAO1�strains
	H&#x00026;E staining
	Scanning Electron Microscopy (SEM)
	Confocal Laser Scanning Microscopy
	N/TERT keratinocyte cell culture
	The N/TERT epidermal skin
	Bacterial biofilm and DJK-5 treatment
	MRSA USA 300 thermal wounding skin model
	Host response quantification
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




