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Skin offers protection against external insults, with the skin microbiota playing a crucial
defensive role against pathogens that gain access when the skin barrier is breached.
Linkages between skin microbes, biofims and disease have not been well established
although single-species biofilm formation by skin microbiota in vitro has been extensively
studied. Consequently, the purpose of this work was to optimize and validate a simple
polymicrobial biofilm keratinocyte model for investigating commensal, pathogen and
keratinocyte interactions and for evaluating therapeutic agents or health promoting
interventions. The model incorporates the commensals (Staphylococcus epidermidis
and Micrococcus luteus) and pathogens (Staphylococcus aureus and Pseudomonas
aeruginosa) which form robust polymicrobial biofilms on immortalized keratinocytes
(HaCat cells). We observed that the commensals reduce the damage caused to the
keratinocyte monolayer by either pathogen. When the commensals were combined with
P aeruginosa and S. aureus, much thinner biofilms were observed than those formed
by the pathogens alone. When P aeruginosa was inoculated with S. epidermidis in
the presence or absence of M. luteus, the commensals formed a layer between the
keratinocytes and pathogen. Although S. aureus completely inhibited the growth of
M. luteus in dual-species biofilms, inclusion of S. epidermidis in triple or quadruple
species biofims, enabled M. luteus to retain viability. Using this polymicrobial biofilm
keratinocyte model, we demonstrate that a quorum sensing (QS) deficient S. aureus
agr mutant, in contrast to the parent, failed to damage the keratinocyte monolayer
unless supplied with the exogenous cognate autoinducing peptide. In addition, we show
that treatment of the polymicrobial keratinocyte model with nanoparticles containing an
inhibitor of the PQS QS system reduced biofilm thickness and R aeruginosa localization
in mono- and polymicrobial biofilms.

Keywords: polymicrobial biofilm, skin infections, Pseudomonas aeruginosa, Staphylococcus, Micrococcus
luteus, quorum sensing, keratinocyte, antimicrobial
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INTRODUCTION

Skin is the largest organ of the body and functions as a physical
barrier against external insults, such as toxins or pathogenic
microorganisms (Parlet et al., 2019). Skin is principally composed
of an epidermis and underlying dermis with keratinocytes
constituting 90-95% of the upper epidermal layer nearest to
the colonizing microbiota. Depending on their differentiation
state, keratinocytes are arranged in stratified layers and are
potent sources of antimicrobial peptides and cytokine/chemokine
signals. Keratinocytes orchestrate the formation of the stratum
corneum which physically separates the viable layers of the
cutaneous epithelium from surface microbes. The stratum
corneum is a waxy waterproof composite containing flattened
corneocytes and interlocking keratinocyte-derived lipids and
granules that forms a tight mechanical barrier. Despite this
seemingly inhospitable niche that is acidic, lipid dense and
lacking in nutrients, direct contact with the environment results
in skin becoming colonized by a diverse community of bacteria,
fungi, viruses and mites, for which the skin offers a variety
of stable niches with different environmental conditions and
nutrients (Grice and Segre, 2011; Brandwein et al., 2016; Byrd
et al., 2018; Erin Chen et al., 2018). Skin also acts as an
immunological barrier that distinguishes between commensals
and harmful microbes (Negrini et al., 2014). The commensal
microbiota play an important role by “educating” the innate
immune system to mount a response against antigens produced
by pathogens, but not by commensals (Leech et al, 2019).
Furthermore, commensals secrete proteins and other metabolites
that modulate the virulence of pathogens or give the commensals
a selective advantage to outcompete the pathogens (Cogen
et al., 2008; Grice and Segre, 2011; Chen and Tsao, 2013;
Bosko, 2019; Parlet et al., 2019). For instance, Staphylococcus
epidermidis autoinducing peptide (AIP) signal molecules inhibit
the Staphylococcus aureus agr system and hence exotoxin
production (Otto et al., 2001) whereas Microccus luteus enhances
S. aureus pathogenesis (Boldock et al., 2018).

Skin damage facilitates the entry of pathogenic bacteria
resulting in an infected wound. Chronic wound infections, cost
the United Kingdom healthcare service over £1 billion per year
(Percival et al, 2012). Due to their links with predisposing
conditions including diabetes and obesity, such chronic wound
infections are increasing in prevalence. Infected surgical wounds
increase the average hospital stay by 10.2 days compared
with those that heal without complications. Extended periods
of bacterial colonization in patients receiving antibiotics also
create selection pressures that may allow resistant pathogens
to emerge, impairing treatment and further delaying healing
(Bowler et al., 2001).

The chronicity of wound infections is linked to biofilm
formation because the extracellular matrix protects bacteria
against host defenses and antimicrobial agents (Snyder et al.,
2017). Biofilm related persistent infections account for 65-80% of
all infections (Macia et al., 2014). Furthermore, such biofilms tend
to be polymicrobial, which worsens prognosis (Peters et al., 2012).
Staphylococcus aureus and Pseudomonas aeruginosa commonly
infect chronic wounds and are often isolated from the same

infection site (Deleon et al., 2014; Serra et al., 2015). Both
species have developed intricate regulatory networks to achieve
evasion, counter-inhibition and suppression of the other bacterial
species to enable them to co-exist in the same niche (Hotterbeekx
et al., 2017). Furthermore, the growth of the two pathogens
together can offer mutual benefit through increased biofilm
production, gentamicin tolerance and more severe infection
(Deleon et al., 2014).

The regulation of biofilm development is complex, involving
diverse transcriptional and post-transcriptional mechanisms.
These include the population density dependent cell-cell
communication network known as quorum sensing (QS)
(Atkinson and Williams, 2009). The QS network of P. aeruginosa
integrates three systems, las, rhl, and pgs (Lee et al, 2013),
whereas S. aureus employs the accessory gene regulator (agr) QS
system (Gordon et al., 2013; Bronesky et al., 2016). QS regulates
the expression of diverse virulence genes (Njoroge and Sperandio,
2009), and thus QS inhibition has been widely investigated as an
alternative to antibiotics to tackle specific pathogens given that
interference with signaling would allow attenuation of virulence
without compromising bacterial viability, thereby reducing the
likely selection of resistance (Njoroge and Sperandio, 2009;
Romero et al, 2012; Soukarieh et al., 2018; Shaaban et al,
2019). A notable added benefit is that QS inhibition may
reduce biofilm maturation such that susceptibility to antibiotics
and host defenses is enhanced. Recently, the usefulness of
encapsulating a quorum sensing inhibitor (QSI) targeting the
PgsR receptor of P. aeruginosa has been demonstrated (Singh
et al., 2019). In an alginate nanoparticle delivery system, the
QSI reduced P. aeruginosa biofilm development on keratinocytes,
and when delivered in combination with an antibiotic and fully
cleared P. aeruginosa biofilms in an ex vivo pig skin model
(Singh et al., 2019).

Several in vitro models describing polymicrobial biofilms,
including those pathogens most relevant to skin infections,
have been developed (Coenye and Nelis, 2010; Negrini et al.,
2014). The main drawback of these models is the lack of a
host component (Ganesh et al., 2015; Roberts et al., 2015).
In vivo (mice or porcine) models allow long term infection
and mimic the chronicity of wounds (Ganesh et al, 2015).
However, these models suffer from ethical limitations,
especially when high-throughput analysis to test several
anti-biofilm compounds needs to be performed. Thus, a
simple, robust 2D polymicrobial model of skin infection that
would facilitate the investigation of the interactions between
skin colonizing bacteria (both commensal and pathogen)
and to validate interventions, such as the impact of a QSI
(Singh et al, 2019) is highly desirable. Here, we describe
and validate a proof of concept model incorporating both
commensals (S. epidermidis and Micrococcus luteus) and
pathogens (S. aureus and P. aeruginosa) using HaCat cells
(immortalized keratinocytes) as the model “skin” substrate.
This simple skin model is shown to be useful for investigating
commensal, pathogen and keratinocyte interactions and
for evaluating therapeutic agents or health promoting
interventions. We exemplify this by evaluating the impact
of mutating the S. aureus agr QS system or delivering an
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anti-pseudomonal QSI nanoparticle on the polymicrobial
biofilm and keratinocyte community.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The bacterial strains, plasmids and antibiotics used are listed in
Table 1. All bacteria were grown at 37°C in LB (P. aeruginosa)
or BHI (S. aureus, S. epidermidis, and M. luteus), and shaken at
200 rpm when required. Plasmids including pSB2019 (carrying
GFP protein) (Qazi et al., 2001) was transformed into the
group I agr S. aureus strain SH1000 (Doherty et al., 2006) and
S. epidermidis 1457 (Galac et al., 2017) as described elsewhere
(Monk et al,, 2012). S. aureus SH1000 Aagr was constructed
by transducing the Aagr:tetM cassette from strain RN6911
(Novick et al., 1993) using phage phi ¢11 as described previously
(McVicker et al., 2018).

2D Infection Model

HaCat Cells

Immortalized keratinocytes (HaCat, Culture Cell Lines, CLS
Gmbh) were used as the “skin” substrate for the infection model.
Cells were expanded in T75 flasks (Corning), in RPMI-1640
with phenol red supplemented with 10% v/v heat-inactivated
foetal bovine serum (FBS), 1% v/v L-glutamine (200 mM) and
1% v/v penicillin (10,000 units/mL)/streptomycin (10 mg/mL)
until 80% confluent. After removing the growth medium, cells
were trypsinised using 7 ml of a solution containing 0.5 g/L
trypsin/0.02 g/L EDTA. Trypsinization was stopped by adding
7 ml of heat-inactivated FBS. Cells were pelleted (5 min, 300 x g)
and resuspended in 2 mL of RPMI supplemented with phenol
red and seeded at 45,000 cells/cm? in an eight well micro-
slide Ibitreat chamber (ibidi, GmbH, Martinsried, Germany).
When 100% confluent (approximately 90,000 cells/cm?), cells
were washed three times by adding/removing 300 pL of
Dulbecco’s Phosphate Buffered Saline (DPBS), prior to infection.
HaCat cells were stained using either CellTracker (deep red)
before infection or CellMask (deep red) prior to confocal
imaging (both from Thermo Fisher Scientific), following the
manufacturer’s instructions.

Bacteria
Separate overnight cultures of S. aureus, S. epidermidis, and
M. luteus (day 1 of infection) were diluted 1:10 with fresh BHI

(for both staphylococcal species) or 1:5 (for M. luteus) and
further incubated at 37°C, 200 rpm until an ODggy 1-1.5. For
P. aeruginosa (day 2 of infection), the overnight culture was
diluted 1:5 with fresh LB and further incubated (37°C, 200 rpm)
until an ODggg 0.8—1 was reached. For all bacteria, 1 ml of culture
was pelleted for 1 min at 13,000 rpm and washed with Phosphate
Buffered Saline (PBS, pH7.4). The cultures were subsequently
resuspended in RPMI-1640 without phenol red to an ODgg 0.01
in a final volume of 5 mL and further diluted 1:1,000. S. aureus
and P. aeruginosa were further diluted to reach a 1:10,000 and
1:100,000 dilution, respectively. For the polymicrobial studies,
the volume required to obtain an ODggp 0.01 for each bacterial
species was added together, adjusting the volume of RPMI
accordingly and further diluted as above. A total of 150 WL were
added to each well containing confluent HaCat cells (day 1 of
infection) or HaCat cells and the Gram-positive bacteria (day 2
of infection), setting up 2 repeats per condition. Infected cells
were incubated at 37°C, with 5% v/v CO; and 95% humidity.
Planktonic cells and growth medium were carefully removed and
100 pl of PBS were added to each well to avoid desiccation during
confocal imaging (CLSM, LSM 700 Carl Zeiss, Germany).

Image Analysis

An average of 4-5 Z-stack images per well (8-10 per condition)
were taken. Biomass, average thickness and surface area
of the biofilms were quantified using COMSTAT?2 software
(Heydorn et al., 2000), applying automatic thresholding (Otsu’s
method) and without connected volume filtering. Three biofilm
parameters were analyzed. bio-volume (which represents the
overall volume of the biofilm and provides an estimate of its
biomass), average thickness (which provides a measure of the
spatial size of the biofilm) and surface area (which calculated the
area of the biomass surface exposed to the environment). A total
of four independent experiments, with eight images per condition
were analyzed.

Statistical Analysis

GraphPad Prism 7 software was used for graphical representation
and statistical analysis. Quantitative variables were compared
using a ratio paired two-tailed Student’s t. p-values < 0.05 were
considered statistically significant.

Biofilm Bacterial Viable Counts
Biofilms were prepared in 96 well plates by adding 200 pl of the
diluted cultures prepared as outlined above and incubated for a

TABLE 1 | Strains used in this study.

Microorganism Strain Plasmid Antibiotic resistance References
Micrococcus luteus 2665 Furazolidone, Nalidixic acid, Colistin (all at 10 wg/ml) Rokem et al., 2011
Staphylococcus epidermidis 1457 Nalidixic acid, Colistin (all at 10 wg/ml) Galac et al., 2017
Staphylococcus epidermidis 1457 pSB2019-gfp Chloramphenicol, Nalidixic acid, Colistin (all at 10 pg/ml) This study
Staphylococcus aureus SH1000 pSB2019-gfp Chloramphenicol, Nalidixic acid, Colistin (all at 10 pg/ml) This study
Staphylococcus aureus SH1000 pPMKAT Erythromycin (20 pg/ml) Nalidixic acid, Colistin (both at 10 wg/ml)  This study
Staphylococcus aureus Aagr SH1000 Tetracycline, Nalidixic acid, Colistin (all at 10 pg/ml) This study

Pseudomonas aeruginosa PAO1-Nottingham  pMEB032-mCherry

Tetracycline (125 pg/ml)

Heeb et al., 2000;
Ortori et al., 2011
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total of 40 h (but where included, P. aeruginosa was added after
20 h incubation). Biofilms were disrupted by sonication for 5 min
and thoroughly resuspended by pipetting. Thirty microlitres of
resuspended biofilm were added to 270 pl PBS in a 96 well plate
and diluted up to 10~8. Five microliters were plated onto agar
containing the appropriate antibiotics to selectively count each
microorganism (Table 1). Nalidixic acid combined with colistin
was used to inhibit the growth of P. aeruginosa. Viable counts
were performed after 24 h (48 h for M. luteus).

16S rRNA Fluorescence in situ
Hybridization (FISH)

Bacteria were identified using the protocol described by
Pihl et al. (2010a) with some modifications. A pan-bacteria
probe [5'-HyLite 488-GCTGCCTCCCGTAGGAGT-3’ (Malic
et al., 2009)] was used to detect the four microorganisms
included in the model. P. aeruginosa and S. aureus were
further identified by the specific probes [5 Hylite 555-
GGTAACCGTCCCCCTTGC-3" (Pihl et al, 2010b) and 5
ATTO 647-GAAGCAAGCTTCTCGTCCG-3' (Lawson et al.,
2011), respectively]. After carefully removing the supernatant
from the Ibitreat chamber, biofilms were fixed with 4% v/v
paraformaldehyde in PBS (pH 7.4) overnight at 4°C before
being washed with cold sterile PBS. Bacterial biofilm cells were
permeabilized using lysozyme (7 mg/mL) in 100 mM of Tris-
HC, pH 7.5, and 5 mM EDTA for 15 min at 37°C followed by
lysostaphin (0.1 mg/mL) in 10 mM Tris-HCI, pH 7.5, for 5 min at
37°C. Biofilms were washed with ultrapure water and dehydrated
with 50, 80, and 99% ethanol for 3 min, respectively. Wells
were inoculated with 250 L of freshly prepared hybridization
buffer [0.9 M NaCl, 20 mM Tris-HClI bufter, pH 7.5, with 0.01%
w/v sodium dodecyl sulphate (SDS) and 25% v/v formamide
containing 50 ng/mL of the oligonucleotide probes (Eurogentec)]
and incubated at 47°C for 90 min in a humid chamber. After
hybridization, the Ibitreat chambers were incubated with washing
buffer (20 mM Tris-HCI buffer, pH 7.5, 0.01% w/v SDS and
149 mM NaCl) for 15 min at 47°C, and then rinsed with
ultrapure water.

Measurement of Monolayer Integrity

Z-stack images of the HaCaT cells grown under different
conditions stained with CellMask or CellTracker were captured
using confocal fluorescence microscopy. Total fluorescence of
the monolayer was used as an indirect way of measuring
monolayer integrity. FIJI (free software) (Schindelin et al., 2012)
enabled combination of all the slices of the Z-stack into a single
plane (Z-project) in order to measure the total fluorescence
emitted by the HaCat cells. Mean values of all the images
taken per condition (8-10) were calculated and presented as the
percentage of fluorescence compared with the HaCat control
(100% fluorescence).

Quorum Sensing Activation and

Inhibition

AIP-1 was synthesized as previously described (Murray et al.,
2014) and used to supplement S. aureus SH1000 Aagr cultures

by adding to the growth medium at a final concentration of
1 pM. ALGqgsr nanoparticles (Singh et al, 2019) containing
4 pg/mL of 3-amino-7-chloro-2-n-nonyl-4(3H)-quinazolinone
(3-NH,-7Cl-C9-QZN) (Ilangovan et al., 2013) were added to
a final concentration of 300 wg/mL at day 2 of infection, and
inoculated with P. aeruginosa.

RESULTS

Development and Validation of a
Polymicrobial Biofilm Keratinocyte

Colonization Model

To achieve co-culture of keratinocytes with more than one
bacterial species, it was necessary to optimize the (i) bacterial
inoculum size, (ii) timing of inoculation, and (iii) duration
of co-incubation. The inoculum added to the keratinocytes
(multiplicity of infection, MOI) was kept low with the aim of
maintaining a healthy cell monolayer beneath the polymicrobial
biofilm. To verify monolayer integrity, HaCat cells were
monitored for 40 h post-inoculation with bacteria. Figure 1
illustrates the stages involved in establishing a polymicrobial
species biofilm on the keratinocyte monolayer.

The commensals S. epidermidis and M. luteus were selected for
this study due to their abundance in the healthy skin microbiota
(van Rensburg et al., 2015), and similar nutritional requirements
(Madigan et al., 2006). S. aureus and P. aeruginosa were chosen
as representative pathogens based on their medical importance
since they commonly cause skin and wound infections (Deleon
et al., 2014; Serra et al., 2015). To monitor the formation of
biofilms, both S. aureus and P. aeruginosa were engineered
to produce a fluorescent protein by introducing a plasmid
carrying the genes for either Green Fluorescent Protein (GFP)
or mCherry (Table 1 and Figure 1B). The commensals were
not tagged. The keratinocytes were routinely stained with

A 20h 20h

Confocal
imaging

Confluent Inoculation of | [Inoculation of
monolayer | commensals [P{P. aeruginosa [
HaCat cells and S. aureus

| Microorganism ratio 100 commensals: 10 S. aureus: 1 P. aeruginosa |

B [

FIGURE 1 | Overview of the keratinocyte polymicrobial colonization model.
(A) The steps required to establish polymicrobial colonization of keratinocytes.
(B) 3D projection of a dual species biofim (red: P aeruginosa-mCherry, green:
S. aureus-GFP) set up as described in panel A. (C) Visualization of the HaCat
monolayer beneath the dual species polymicrobial biofilm shown in panel B.
Keratinocytes were stained with CellTracker and imaged with

63 x magnification. Scale bar indicates 20 um.
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CellTracker or CellMask to assess and quantify monolayer
integrity (Figures 1C, 2A).

Commensal cultures were adjusted to approximately
3 x 10% cfu/mL before inoculating the HaCat cell monolayer
(corresponding to a final MOI = 0.005 bacteria:keratinocyte).
This commensal load permitted biofilm formation without
compromising HaCat cell health during the 40 h infection period
(Figure 2B and Supplementary Figure S10).

Little information is available with respect to the likely ratio of
commensals to pathogens during the early stages of an infection.
However, on healthy skin, the microbiota range from 10%-
10° cfu/cm? (Egert and Simmering, 2016). For P. aeruginosa,
an infecting dose for wounded skin has been reported to be
~1,000 cfu (Leggett et al, 2012). For S. aureus, the infective
dose was reported to be 100,000 cfu when ingestion was the
route of infection (Leggett et al, 2012), but lower when the
pathogen was administered topically. Thus, we assumed that
the number of pathogen cells would be lower than the number
of commensal cells. For the initial HaCat cell colonization, the
commensal inoculum consisted of S. epidermidis or M. luteus
cultures at ODggp 0.01 diluted 1/1000 to give a final bacterial cell
number of ~3 x 10% cfu/mL in supplemented RPMI without
antibiotics or phenol red. The commensals were mixed with
a range of (i) S. aureus cells (10-fold and 50-fold dilutions of
3 x 10? cfu/ml) or (ii) P. aeruginosa cells (10-fold, 50-fold, and
100-fold dilutions of 3 x 10> cfu/ml). Both biofilm formation
and HaCat health post-inoculation were monitored by confocal
imaging to determine the conditions best suited for the final
polymicrobial model. For S. aureus, the 50- and 100-fold culture
dilutions did not form reproducible biofilms (data not shown). In
contrast, HaCat monolayer inoculation with the 10-fold dilution
of an S. aureus culture supported reproducible biofilm formation,
although it should be noted that an ~70% reduction in the HaCat
cell monolayer integrity (calculated by measuring fluorescence as
described in the Methods) was observed during the later stages
(after 40 h) of colonization (Figures 2E,I and Supplementary
Figure S1E). For P. aeruginosa, inoculation with 10- and 50-fold
dilutions of culture caused complete destruction of the HaCat
cells (data not shown), whereas the 100-fold dilution formed a
robust biofilm while maintaining ~10% of the HaCat monolayer
integrity (Figures 2C,I and Supplementary Figure S1A).

The final bacterial ratios chosen were: 100:10:1 for
commensals: S. aureus: P. aeruginosa. By pre-colonizing the
HaCat cells for 20 h with commensals (and S. aureus if required)
prior to inoculation with P. aeruginosa (Figure 1A), robust
polymicrobial biofilms formed (Figure 3 and Supplementary
Figure S1K). When quantified using COMSTAT? for biovolume,
thickness and surface area (Figure 4 and Supplementary
Figure S2), the same trends were observed for each biofilm
parameter quantified, confirming the stability and reproducibility
of the model, although intrinsic biological variability between
experiments meant that statistical significance was not always
evident. However, the conditions used enabled the keratinocytes
to maintain a monolayer when both pathogens were present
(Figure 2H and Supplementary Figure S1K). The relative
disruption of the HaCat monolayer could also be quantified
following staining with CellTracker deep red (Figure 2I).

>

o

[}

m

| 1504

1004 "V

50 I*l

p=0.07

% Fluorescence

Cells present

FIGURE 2 | Commensals aid maintenance of monolayer integrity during

pathogen colonization. HaCat monolayers were stained with CellTracker deep

red prior to incubation with commensals and/or S. aureus for 40 h. Where

present, P aeruginosa was included for the final 20 h of the incubation.

Bacterial inoculation ratios were as described in Figure 1, and images taken

at 63 x magnification. Scale bar indicates 20 pm. HaCat cells were inoculated
(Continued)
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FIGURE 2 | Continued

with (A) no bacteria; (B) commensals S. epidermidis and M. luteus;

(C) R, aeruginosa; (D) P, aeruginosa and commensals; (E) S. aureus;,

(F) S. aureus and commensals; (G) P aeruginosa and S. aureus; (H) HaCat
P, aeruginosa and S. aureus and commensals. HaCat cells are shown as a
representative single plane. (I) Quantification of HaCat monolayer integrity by
measuring the total fluorescence of the z-stack HaCat cells using ImageJ
(8-10 Z-stack images analyzed per condition, two experiments), and plotted
as percentage of the HaCat only control. SE: S. epidermidis; ML: M. luteus;
SA: S. aureus; PA: R aeruginosa. *p-value < 0.05.

g — T
e, T |

——1 |l

| [ [, ~n 140

AL L g s 1o 12010

Y [um) 0 40 = )

1m)

FIGURE 3 | Localization of bacteria within the polymicrobial keratinocyte
colonization model is species dependent. Using the protocol outlined in
Figure 1, either S. aureus, S. epidermidis or M. luteus was combined with

P, aeruginosa to form a polymicrobial biofim on top of a HaCat monolayer. 3D
reconstructions of the polymicrobial biofilms are shown using

40 x magnification. HaCat cells were not stained. (A) Dual species
intercalated biofim of S. aureus (GFP tagged, green) combined with

P aeruginosa (mCherry tagged, red). (B) Dual species layered biofilm of

S. epidermidis (GFP tagged, green) with P aeruginosa (mCherry tagged, red).
(C) Triple species biofilm containing a layer of M. luteus intercalated with

S. epidermidis between P, aeruginosa (above) and the keratinocyte monolayer
(below). Bacteria were detected by FISH using pan-bacterial (green) and
Pseudomonas-specific (red) probes.

Commensals Protect HaCat Cells From
Pathogen Damage

To determine whether the commensals protected the HaCat
cells from pathogen-mediated damage, the eukaryotic cells were
stained using CellTracker deep red to visualize and quantify
monolayer disruption (Figure 2). The penetration of CellTracker

o
5

H

N
T

H

w
o
1

)
<

Bio-volume (mmz/m m3)
=
=)
L

0-

PR DN TR TN
VS T FS NS

S Q
PL S

Bacteria present in the biofilm

FIGURE 4 | Commensals reduce biofim biomass for both S. aureus and

P, aeruginosa individually and when co-inoculated. The HaCat monolayer was
inoculated with the indicated bacterial species and incubated for 40 h

(S. aureus, commensals) or 20 h (P aeruginosa) as outlined in Figure 1. The
biofilm biomass was calculated using Imaged. SE: S. epidermidis; ML:

M. luteus; SA: S. aureus; PA: P aeruginosa. Bold font indicates the bacterial
species quantified. *p-value < 0.05. Images of the biofims and HaCat
monolayer are shown in Supplementary Figure S1, and average thickness
and surface area are shown in Supplementary Figure S2.

into all cellular compartments was observed in the HaCat control
(Figure 2A). When the commensals were present (Figure 2B),
similar cell staining was observed, indicating minimal disruption
of the monolayer. Conversely, P. aeruginosa (Figure 2C) or
S. aureus (Figure 2E) alone, or in combination (Figure 2G)
disrupted the HaCat monolayer as shown by the reduction
in the fluorescence of HaCat nuclei indicative of cell death.
Interestingly, when the commensals were applied in combination
with one or both pathogens, less eukaryotic cell damage was
apparent (Figures 2D,FH). To quantify these observations,
the total fluorescence from HaCat cells was measured and
averaged for two independent experiments (eight images each).
By representing the monolayer integrity as a percentage of
fluorescence relative to the HaCat control (Figure 2I), the
commensals confer a significant level of protection of the
keratinocytes from damage by either or both of the pathogens.
In agreement with this, analysis of the polymicrobial biofilm
biovolume revealed that the presence of the commensals
significantly reduced the biofilm biovolume, thickness and
surface coverage (Figure 4 and Supplementary Figure S2).

Bacterial Localization Within 2D
Polymicrobial Biofilms Is Species
Dependent

In the keratinocyte colonization model, S. epidermidis and
S. aureus showed different biofilm localization patterns when
co-cultured with P. aeruginosa (Figure 3). Both staphylococcal
species were grown for 20 h to establish their colonization of
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the HaCat monolayer prior to inoculation with Pseudomonas.
Incubation was subsequently continued for a further 20 h.
The microcolonies of S. aureus intercalated with those of
P. aeruginosa whereas P. aeruginosa formed a layer on top of the
S. epidermidis biofilm (compare Figures 3A,B). In addition, the
thickness of the P. aeruginosa/S. epidermidis biofilm was ~50%
less than the P. aeruginosa/S. aureus biofilm (Figures 3A,B).
The other commensal chosen for this study, M. luteus, behaved
similarly to S. epidermidis by combining with the latter to form a
layer between P. aeruginosa and the keratinocytes (Figure 3C).
In Figure 3C, FISH (in situ Fluorescent Hybridization) rather
than a fluorescent protein was used to identify the bacteria. The
pan-Bacterial probe (green) and P. aeruginosa specific probe
(red) can be observed in differentiated layers (Figure 3C) where
the upper orange layer corresponds to P. aeruginosa alone (as
both green and red probes hybridized) and the bottom layer
(green) indicates the location of the commensals. The absence
of green fluorescent bacteria interspersed within the orange
microcolonies suggests that both commensals are co-located in
a separate biofilm layer.

Interspecies Interactions Are Detectable
Within the Polymicrobial Biofilm Model

The differences in the relative localization of bacteria within
the polymicrobial biofilm model could derive from interactions
between the bacterial species that are competitive/inhibitory or
synergistic/advantageous. To assess this, viable counts for each
species were quantified after growing the bacteria in single or
multi-species biofilms (Figure 5).

S. aureus, S. epidermidis, and P. aeruginosa, exhibited
comparable viable counts, irrespective of whether they were
grown in monoculture or in combination (Figure 5). In contrast,
the viability of M. luteus was completely abolished by S. aureus
in the dual biofilm (7-fold reduction, Figure 5). Interestingly,

if S. epidermidis was present to form a triple species biofilm,
M. luteus cfus were not reduced, which could support either
an inhibitory effect of S. epidermidis upon S. aureus or synergy
between S. epidermidis and M. luteus (Figure 5). Introducing
P. aeruginosa into the polymicrobial biofilm after 20 h to create a
quadruple-species biofilm, had little effect on the viability of the
Gram positive bacteria already present.

The S. aureus agr QS System
Contributes to HaCat Cell Damage

To demonstrate the utility of the assay for exploring the
mechanisms underlying HaCat monolayer damage (Figure 2E),
we investigated the role of the S. aureus agr QS system since
it regulates the expression of multiple cytotoxins including
alpha-hemolysin (Murray et al, 2014). An S. aureus QS-
deficient Aagr mutant was incorporated into the keratinocyte
polymicrobial model in the absence or presence of the exogenous
cognate QS signaling molecule, AIP-1. Keratinocytes were
stained with CellMask to determine the extent of any cell
damage (Figure 6). The HaCat cell damage caused by the wild
type S. aureus strain is clearly apparent (compare Figure 6A
with Figure 6C). In contrast, the HaCat monolayer was
mostly intact and comparable with the uninfected control
when the cells were infected with the S. aureusAagr mutant
(compare Figures 6C,E). When the S. aureusAagr mutant
was supplemented with exogenous AIP-1, the keratinocyte
monolayer was disrupted and rounded (dying) cells were
observed, demonstrating the QS-dependent nature of the damage
to the eukaryotic cells (Figure 6G). The commensals did not
damage the HaCat monolayer (Figure 6B) and reduced the
damage caused by both the S. aureus WT and the Aagr mutant
provided with exogenous AIP (Figures 6D,H, respectively).
Quantification of the HaCat cell fluorescence confirmed these
observations (Figure 6I).
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FIGURE 6 | Continued

supplemented with 100 nM of AIP-1. HaCat cells are shown as a
representative single plane. (I) Quantification of HaCat monolayer integrity by
measuring the total fluorescence of the z-stack HaCat cells using ImageJ
(8-10 Z-stack images analyzed per condition, two experiments) is shown as a
percentage of the control lacking bacteria. *p-value < 0.05. SA: S. aureus,
SE: S. epidermidis; ML: M. luteus; AIP: autoinducing peptide. HaCat cells
were stained with CellMask prior to confocal imaging. Scale bar indicates

20 pm. Images were taken at 40 x magnification.

A Nanoparticle Encapsulated PQS
Inhibitor Reduces P. aeruginosa
Colonization of the Keratinocyte

Polymicrobial Biofilm Model

To exemplify the use of the keratinocyte polymicrobial biofilm
model for evaluating anti-virulence agents, we explored the
effectiveness of alginate nanoparticles (ALG_QSI) loaded with
the P. aeruginosa PQS system anti-virulence agent, 3-NH,-7Cl-
C9-QZN. This was selected since we recently demonstrated
that it was effective against monospecies P. aeruginosa biofilms
in an ex vivo pig skin infection model (Singh et al, 2019).
Figure 7 and Supplementary Figures S1, S3 show that the
nanoparticles alone had no effect on S. aureus in monospecies
biofilms or when co-colonizing with commensals. In contrast,
the ALG_QSI nanoparticles reduced the P. aeruginosa biofilm
in the presence and absence of commensals, and this was
statistically significant (biovolume (p-value = 0.003), surface area
(p-value = 0.0021); Figure 7 and Supplementary Figure S3).
Polymicrobial biofilms containing P. aeruginosa and S. aureus
in the presence of commensals were further reduced by
ALG_QSI, suggesting an additive effect of nanoparticles
and commensals (Figure 7 and compare Supplementary
Figures S1J,L). Furthermore, the ALG_QSI nanoparticles
affected the localization of P. aeruginosa with respect to
S aureus (Supplementary Figure S1 compare panels LJ
and panels K,L).

DISCUSSION

Here, we describe the development, optimization and validation
of a polymicrobial biofilm keratinocyte model combining
commensals and pathogens. The methodology provides a
protocol for investigating the impact of biofilms upon HaCat cell
monolayers using confocal fluorescence microscopy to quantify
monolayer integrity. The commensals were shown to reduce
pathogen-mediated damage and help protect the integrity of
the underlying keratinocyte monolayer. In addition, the model
was used to exemplify (a) the impact of S. aureus AIP-mediated
QS sensing, and (b) the effectiveness of a nanoparticle QSI
delivery system targeting P. aeruginosa. The results obtained
indicate that the model offers significant potential as a screening
platform to assess interventions that reduce pathogen biofilms,
promote healthy skin or aid healing as well as for investigating
interactions that occur between commensals, pathogens and host
keratinocytes (Egert and Simmering, 2016).
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In co-cultures where P. aeruginosa has been reported to
outcompete or largely inhibit staphylococcal growth (S. aureus
or S. epidermidis), comparable numbers of both bacterial species
co-inoculated at the same time have generally been used
(Hotterbeekx et al., 2017; Bahamondez-Canas et al., 2019).
However, this approach may be unrealistic, as infective doses
vary (Leggett et al, 2012), and a relatively higher number
of commensals are already present in the niche (Egert and
Simmering, 2016). By assessing different ratios of commensals
and pathogens and by adding P. aeruginosa 20 h later than
either S. aureus or S. epidermidis, we were able to overcome
P. aeruginosa-mediated inhibition. Both P. aeruginosa and
S. aureus are capable of outcompeting M. luteus in co-culture
(Malic et al., 2011). Consistent with this, M. luteus was not
recovered when co-cultured with S. aureus but could be
recovered if allowed to establish before inoculating P. aeruginosa.
However, when S. epidermidis was included, M. luteus survived
S. aureus mediated-inhibition, probably due to the inhibitory
effect that S. epidermidis has upon the agr QS sytem of S. aureus
(Otto et al., 2001; Chiu et al., 2017).

The ratio of P. aeruginosa to S. aureus in the inoculum
did not inhibit the formation of, or localization within dual
species biofilms on HaCAT monolayers (data not shown).
S. aureus formed microcolonies interspersed throughout the
P. aeruginosa biofilm, as previously observed (Yang et al., 2011).
However, the inoculum ratios influenced the geography of
biofilms formed by S. epidermidis and P. aeruginosa. While it
has been previously reported that P. aeruginosa outcompetes
and reduces S. epidermidis biofilms, either when both bacteria
were inoculated at the same time or when P. aeruginosa was
added to an established S. epidermidis biofilm (Pihl et al., 2010b),
inoculating P. aeruginosa at a lower cell density resulted in the

formation of a biofilm consisting of two distinct layers that was
~50% thinner than the P. aeruginosa/S. aureus mixed biofilm
(compare Figures 3A,B).

In common with all simple experimental models and the
nature of the data that can be collected from them, that
described here has limitations. For example, the colony counts to
enumerate viable bacteria in the biofilms may be underestimates
due to microbial aggregation. To minimize this, a sonication step
was incorporated (Azeredo et al., 2017). Ideally, the commensals
would be labeled with fluorescent proteins with complementary
emissions to avoid the washing steps required by FISH since
extensive washing can disrupt biofilms. Further development of
the model will also require alternative methods for assessing
keratinocyte monolayer disruption and HaCat cell viability since
the fluorescent stains employed offer only indirect quantification.
Most of the assays available for evaluating eukaryotic cell viability
can also be used for assessing bacterial viability (e.g. Alamar
blue) and so are not compatible with the model. The lactate
dehydrogenase assay (Koeva et al., 2017) was evaluated during
the development of the current model, however, inconsistent
results were obtained (data not shown) that were attributed to
the complexity of the system. Direct assessment of keratinocyte
viability may be possible by analysis of mRNA (Lemaitre et al.,
2004), however, this would be lengthy and expensive, and
thus not be suitable for high-throughput screening. Since only
laboratory strains were evaluated, the behavior of fresh clinical
strains should be investigated.

A major limitation of the model presented that is inherent to
any in vitro assay, is that it lacks an active host immune system or
blood supply, thus it does not fully represent the in vivo situation
(Ganesh et al.,, 2015; Roberts et al., 2015). Although in vivo
models are more realistic in terms of host-biofilm interactions,
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they have ethical and feasibility considerations. In vitro models
are invaluable for the preliminary testing of novel antimicrobial
compounds and an irreplaceable first step for the study of the
mechanisms of intercellular interactions. However, it would be
desirable to corroborate the interactions described here in an
in vivo infection model (Roberts et al., 2015).

The intricate interplay between S. aureus and P. aeruginosa
(Hotterbeekx et al., 2017) likely drives the reduction of biofilm
observed most markedly in the presence of commensals.
However, investigation of the underlying molecular mechanisms
involved remains to be undertaken. In support of our
observations, S. epidermidis can inhibit S. aureus survival
(Chiu et al, 2017) and agr-dependent QS (Otto et al., 2001).
In line with this hypothesis, we report reduced keratinocyte
damage using the S. aureusAagr mutant. This observation
is supported by the previous study that described a timing
dependent attenuation of cytotoxicity in ArgC mutants that
produce reduced levels of AIP and suggested a survival advantage
during infection by promoting colonization while restricting
unnecessary overproduction of exotoxins (Sloan et al., 2019).
Current studies are underway to identify the bacterial factors
that contribute to the development of the polymicrobial biofilms
described in the keratinocyte model presented here.

The polymicrobial keratinocyte colonization model assay was
also used to assess the effectiveness of a novel P. aeruginosa
QSI (Ilangovan et al., 2013) delivered via alginate nanoparticle
encapsulation (ALG_QSI) (Singh et al., 2019). As expected,
ALG_QSI reduced P. aeruginosa biofilm formation in
monoculture. The less marked reduction compared to our
previous study (Singh et al., 2019), likely reflects the shorter
incubation of the bacteria with the keratinocytes. Given that
the maximum reduction of pathogen biofilm occurred when the
ALG_QSI was combined with the commensals, further work
is required to determine whether this delivery system has any
potential for treating wound infections.

In summary, we have developed a stable and reproducible
keratinocyte colonization model that combines commensals and
pathogens. The model can be easily adapted to study the effect
of single bacterial species on HaCat cells (Singh et al., 2019) or
modified by adding other commensals such as Corynebacterium
spp., that are abundant in the skin microbiota. Alternatively
it could be adapted for certain skin environments where
different microbiome composition driven by skin characteristics
occur (oily, moist, dry) by incorporating the most relevant
bacteria or fungi (Grice and Segre, 2011). Furthermore, we
have demonstrated that the ratio between bacterial species
and the timing of inoculation of a polymicrobial biofilm can
affect the outcome. Thus, closely mimicking the bacterial cell
numbers found in a real scenario would be recommended. In
the future, it will be interesting to conduct further experiments to
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