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Editorial

Ocular Surface Infection and Antimicrobials

Debarun Dutta 1,2 , Fiona Stapleton 2 and Mark Willcox 2,*

1 Optometry School Life and Health Sciences, Aston University, Birmingham B4 7ET, UK
2 School of Optometry and Vision Science, University of New South Wales (UNSW), Sydney 2052, Australia
* Correspondence: m.willcox@unsw.edu.au; Tel.: +61-290655394

Infection of the ocular surface can have devastating consequences if not appropriately
treated with antimicrobials at an early stage. These infections can lead to blindness through
corneal scarring or may lead to the enucleation or evisceration of the globe. Treatment
often needs to be fast, empirical and based on disease presentation. However, infection by
different microbes (bacteria, fungi, viruses or protozoa) can manifest with similar signs
and symptoms, so initial treatment may have to be changed. Furthermore, microbes
causing infections are showing increasing resistance to antimicrobials. These delays can
worsen outcomes.

This Special Edition was designed to highlight current research in this field, with
particular emphasis on the antimicrobial resistance of ocular isolates and developing new
ways to prevent or treat ocular infections. Eleven papers have been published in this Special
Edition. Their topics range from examining the types of staphylococci that cause ocular
infections to the development of potentially new ways of treating ocular infections with
antimicrobial peptides or predatory bacteria.

Four papers examined the types of staphylococci causing ocular infections. The paper
by Romanowski et al. [1] reported that the most common species of coagulase-negative
staphylococci to cause ocular infections was Staphylococcus epidermidis, with this species
being isolated from ≥84% of endophthalmitis, ≥80% of keratitis and ≥62% of conjunc-
tivitis/blepharitis caused by the coagulase-negative staphylococci group. The antibiotic
profiles of these coagulase-negative staphylococci suggested that empirical treatments with
vancomycin for endophthalmitis and cefazolin or vancomycin for keratitis were appropri-
ate. Afzal et al. [2] found that of 63 S. aureus isolates from keratitis in USA or Australia,
87% of all the isolates were multidrug-resistant, and 17% of the isolates from microbial
keratitis were extensively drug-resistant. Most Australian strains isolated from keratitis
were susceptible to ciprofloxacin, but only 11% of the USA strains were. A follow-up study
examining the virulence traits of these strains was published [3]. That study found no
significant differences in the frequency of virulence genes between the strains isolated
from infections (keratitis or conjunctivitis) compared to those isolated from non-infectious
corneal infiltrative events. However, there were differences in the toxin genes produced
by the strains isolated from keratitis and conjunctivitis. For example, conjunctivitis strains
were more likely to possess genes encoding Panton–Valentine leukocidin. The fourth
paper by Chen et al. [4] reported that hospital-acquired methicillin-susceptible S. aureus
(MSSA) caused a significantly lower rate of keratitis but a higher rate of conjunctivitis than
community-acquired MSSA. However, both types of MSSA were highly susceptible to
several antibiotics, such as vancomycin and fluoroquinolones. It is worth noting that most
centres reserve vancomycin to treat sight-threatening infections due to resistant organisms.

Orthokeratology is used in children to correct myopic refractive error during the day
and control the development of myopia (short-sightedness) by modifying the shape of
the cornea. These lenses are worn during sleep, which may increase the risk of ocular
infection. A study by Chen et al. [5] found that guidelines for the best use of antibiotics
during contact lens wear significantly improved prescribing habits, which, in turn, affected
the compliance of patients with orthokeratology. Bacteria can respond to antibiotics in
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several ways, including activating their stress response processes. The study by Harshaw
et al. [6] found that the antibiotics polymyxin B, cefazolin, ceftazidime and vancomycin
that target the cell wall or cell membrane of Serratia marcescens activate the bacteria’s stress
response, but antibiotics such as ciprofloxacin that do not act of the cell wall or membrane
do not. The stress response may make bacteria tolerant to antibiotics, which may affect the
outcomes of infection. A paper by Brothers et al. [7] also studied S. marcescens, examining
the role of one of its transcription factors, EepR, in keratitis. The study found that mutants
lacking eepR did not activate a cytokine response in corneal epithelial cells to the same
degree as the wild-type strain, implicating EepR in producing pro-inflammatory mediators
from S. marcescens.

Two papers examined the potential of new therapies for ocular infections. The paper
by Romanowski et al. [8] reported on the use of predatory bacteria, Bdellovibrio bacteriovorus
and Micavibrio aeruginosavorus to remove infecting S. marcescens or Pseudomonas aeruginosa
from the eye. These predatory bacteria did not damage the eyes but were also unable to
completely remove the infecting bacteria. The authors concluded that the predatory bacteria
were no more effective than the normal host defense system at removing infecting bacteria
from the eyes. The paper by Yasir et al. [9] examined the ability of antimicrobial peptides to
reduce the ability of S. aureus to produce biofilms or to reduce the number of preformed
biofilms. When used in conjunction with ciprofloxacin, the antimicrobial peptides resulted
in substantial reductions in the number of bacteria in preformed biofilms or the ability
of S. aureus to make biofilms. Importantly, S. aureus could not develop resistance to the
antimicrobial peptides.

Finally, two papers examined new ways of preventing the microbial colonisation of
contact lenses or contact lens cases. Reducing colonisation of lenses or cases might help
reduce the incidence of contact lens-related keratitis. Dumpati et al. [10] demonstrated
that short (thirty-second) exposure to ultraviolet light of 265 nm (UVC) could significantly
reduce the number of S. aureus and P. aeruginosa, as well as the fungi Candida albicans and
Fusarium solani adherent to contact lenses by up to 3.0 log10. Kalaiselvan et al. [11] reported
that an antimicrobial contact lens produced by chemically binding the antimicrobial peptide
Mel4 to etafilcon A contact lenses remained biocompatible. There were no significant
differences in the clinical responses of an eye wearing the coated or non-coated lenses, nor
were there differences in the comfort of the lenses during wear.

In conclusion, this Special Edition highlights important research on ocular infections,
which may have consequences for prescribing antibiotics to treat ocular disease, as well
as pathogenic mechanisms used by ocular pathogenic bacteria and new potential ways of
preventing and treating ocular infections.

Funding: This paper received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Coagulase-negative staphylococci (CoNS) are frequently occurring ocular opportunistic
pathogens that are not easily identifiable to the species level. The goal of this study was to speciate
CoNS and document antibiotic susceptibilities from cases of endophthalmitis (n = 50), keratitis (n = 50),
and conjunctivitis/blepharitis (n = 50) for empiric therapy. All 150 isolates of CoNS were speciated
using (1) API Staph (biochemical system), (2) Biolog GEN III Microplates (phenotypic substrate
system), and (3) DNA sequencing of the sodA gene. Disk diffusion antibiotic susceptibilities for topical
and intravitreal treatment were determined based on serum standards. CoNS identification to the
species level by all three methods indicated that S. epidermidis was the predominant species of CoNS
isolated from cases of endophthalmitis (84–90%), keratitis (80–86%), and conjunctivitis/blepharitis
(62–68%). Identifications indicated different distributions of CoNS species among endophthalmitis
(6), keratitis (10), and conjunctivitis/blepharitis (13). Antibiotic susceptibility profiles support empiric
treatment of endophthalmitis with vancomycin, and keratitis treatment with cefazolin or vancomycin.
There was no clear antibiotic choice for conjunctivitis/blepharitis. S. epidermidis was the most
frequently found CoNS ocular pathogen, and infection by other CoNS appears to be less specific and
random. Antibiotic resistance does not appear to be a serious problem associated with CoNS.

Keywords: coagulase-negative staphylococci; eye infections; endophthalmitis; keratitis; conjunctivi-
tis; blepharitis; API Staph; Biolog; DNA sequencing; sodA gene; antibiotic susceptibility

1. Introduction

Coagulase-negative staphylococci (CoNS) are normal inhabitants of the skin and
mucous membranes [1]. Coagulase is a protein enzyme that, along with protein A, is
bound to and associated with the Staphylococcus aureus cell wall. S. aureus, by itself, is a
serious systemic pathogen of the skin, although there are many species of Staphylococcus
that do not possess coagulase and are less pathogenic. There are over 45 species of CoNS [2].

Although part of the normal periocular flora [3], CoNS are considered opportunistic
pathogens that cause endophthalmitis, keratitis, and conjunctivitis/blepharitis [4]. CoNS
endophthalmitis is more common after cataract surgery because of the large load of bacteria
inhabiting the eyelid margin [3,5]. CoNS keratitis may be less distinctive because of its
association with normal flora, but an abundant number of colonies from corneal specimens
obtained for laboratory studies indicate a possible pathogenic etiology [6–9]. CoNS as
pathogens of conjunctivitis and blepharitis are not definitively diagnosed, due to a large
presence on the eyelids [3], but cases have been described [9–11].

CoNS is generally not identified to the species level from eye cultures, mainly due
to expediency. After the identification of S. aureus by the presence of coagulase and
catalase, there are no practical tests to definitively determine the other staphylococcal
species. Biochemicals have been utilized to speciate CoNS without much consistency
in identification [6–8]. Pinna et al. speciated 55 CoNS (31 blepharitis, 12 conjunctivitis,
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12 keratitis, and no endophthalmitis) into eight species using the commercial kit, API ID 32
Staph (bioMérieux, Paris, France), with more consistency, but there was no comparison
with other identification methods [7]. Likewise, without comparison to other methods,
Leitch et al. speciated Staphylococci from contact lenses using an identification system
involving six biochemicals [12]. Their system was able to differentiate Staphylococcus
into eight species, with a predominance of S. epidermidis and S. capitis/warneri. Monteiro
et al. compared automatic identification (VITEK@ 2 system) with conventional methods
(biochemicals) and genotypic identification (molecular analysis) of CoNS from blood
samples. They found discrepancies within the three methods, but found a better correlation
with the conventional methods and genotypic identification. They concluded that the more
expensive automated system was more reliable in comparison to phenotypic identification
for all bacterial isolates [13].

The first goal of the current study was to speciate CoNS using three methods: (1) API
Staph (biochemical system), (2) Biolog GEN III Microplates (phenotypic substrate system),
and (3) DNA sequencing of the sodA gene, from cases of endophthalmitis, keratitis, and
conjunctivitis/blepharitis. The objective was to determine the correlation of Staphylococcus
species with specific ocular infections. The second goal was to determine the susceptibility
patterns of the different species of CoNS, to assure the efficacy of empiric treatment.

2. Results

Table 1 provides the identification of CoNS from endophthalmitis, keratitis, and con-
junctivitis/blepharitis using API Staph, Biolog, and DNA sequencing. S. epidermidis at 80%
(119 of 150) was the most prevalent CoNS species from ocular infections, as determined
by the three identification systems. More species of CoNS were noted for conjunctivi-
tis/blepharitis (13) and keratitis (10) than for endophthalmitis (6). Only 16% (24 of 150)
of other CoNS isolates were identified with agreement among two or three methods. The
Supplementary Information (Table S1) contains the entire data set for the 150 isolates and
the results of the three CoNS identification methods.

Table 2 shows the distribution of antibiotics used for the treatment of CoNS from
endophthalmitis, keratitis, and conjunctivitis/blepharitis. For endophthalmitis, 100% of
CoNS were susceptible to vancomycin and cefazolin. For keratitis, 100% of CoNS were
susceptible to vancomycin and 98% were susceptible to cefazolin. For conjunctivitis and
blepharitis, CoNS was not highly susceptible (30 to 82%) to any single antibiotic. Cefoxitin
was not tested for CoNS conjunctivitis isolates.

Table 1. Identification of coagulase-negative staphylococci (S.) from endophthalmitis, keratitis, and conjunctivitis/blepharitis
using API Staph, Biolog, and DNA sequencing.

Isolated from
Endophthalmitis

API Staph Biolog Sequencing Correlation of ID Tests

n (%) n (%) n (%) 3 of 3 2 of 3
S. epidermidis 42 (84) 44 (88) 45 (90) 41 3

S. hominis 3 (6) 1 (2) 1 (2) 0 0
S. lugdunensis 2 (4) 4 (8) 3 (6) 0 3
S. haemolyticus 1 (2) 1 (2) 1 (2) 1 0

S. capitis 1 (2) 0 (0) 0 (0)
S. aureus 1 (2) 0 (0) 0 (0)

Isolated from Keratitis

S. epidermidis 40 (80) 40 (80) 43 (86) 37 4
S. caprae 3 (6) 0 (0) 1 (2) 0 1

S. hominis 2 (4) 3 (6) 0 (0) 0 1
S. warneri 2 (4) 0 (0) 1 (2) 0 1

S. lugdunensis 1 (2) 1 (2) 1 (2) 0 2
S. aureus 1 (2) 0 (0) 1 (2) 0 2
S. capitis 0 (0) 4 (8) 2 (4)

S. pasteuri 0 (0) 2 (4) 0 (0)
S. pettenkoferi 0 (0) 0 (0) 1 (2)

Micrococcus species 1 (2) 0 (0) 0 (0)
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Table 1. Cont.

Isolated from
Conjunctivitis/Blepharitis

S. epidermidis 31 (62) 33 (66) 34 (68) 28 6
S. aureus 6 (12) 0 (0) 0 (0)

S. haemolyticus 2 (4) 3 (6) 5 (10) 2 0
S. hominis 2 (4) 2 (4) 2 (4) 0 2

S. lugdunensis 2(4) 4 (8) 2 (4) 1 2
S. warneri 2 (4) 1 (2) 2 (4) 0 1
S. capitis 1 (2) 3 (6) 1 (2) 1 0
S. caprae 1 (2) 1 (2) 2 (4) 0 2

S. chromogenes 1 (2) 0 (0) 0 (0)
S. cohnii 1 (2) 1 (2) 1 (2) 1 0
S. sciuri 1 (2) 0 (0) 0 (0)

S. pasteuri 0 (0) 1 (2) 1 (2)
S. saprophyticus 0 (0) 1 (2) 0 (0)

Correlation of ID tests is the number of identifications made by the 3 methods; 3 of 3 indicates that all methods had identical species IDs;
2 of 3 indicates that two methods had identical species IDs.

Table 2. Distribution of antibiotic susceptibilities (percent susceptible) for coagulase-negative staphylococci (CoNS).
Identification determined by Biolog.

CoNS (Number Identified)

Endophthalmitis VA GM CIP OFX CZ AMK CAZ CC MXF FOX
S. epidermidis (44) 100 93.2 47.7 45.5 100 97.7 81.8 84.1 65.9 68.2
S. lugdunensis (4) 100 100 100 100 100 100 100 100 100 100
S. hominis (1) 100 100 100 100 100 100 100 100 100 100
S. haemolyticus (1) 100 100 0 0 100 100 0 0 0 0
Total (50) 100 94 52 50 100 98 82 84 68 70

Keratitis BAC VA GM CIP OFX PB CZ TOB Sulfa MXF FOX
S. epidermidis (40) 75 100 87.5 50 50 82.5 97.5 85 82.5 67.5 57.5
S. capitis (4) 100 100 75 75 75 100 100 100 100 100 100
S. hominis (3) 66.7 100 66.7 33.3 33.3 100 100 66.7 66.7 66.7 66.7
S. pasteuri (2) 100 100 100 100 100 100 100 100 100 100 100
S. lugdunensis (1) 0 100 100 0 0 100 100 100 100 0 0
Total (50) 76 100 86 52 52 86 98 86 86 70 64

Conjunctivitis/
Blepharitis

BAC ERYT GM CIP OFX TMP PB TOB Sulfa MXF

S. epidermidis (34) 79.4 26.5 70.6 47.1 47.1 50 85.3 70.6 79.4 29.4
S. lugdunensis (3) 66.7 0 100 66.7 66.7 33.3 100 100 66.7 66.7
S. hominis (2) 100 0 100 50 50 0 50 100 100 50
S. haemolyticus (3) 66.7 0 33.3 0 0 0 100 0 33.3 0
S. cohnii (1) 0 0 100 100 100 100 100 100 100 100
S. saprophyticus (1) 0 0 100 100 100 100 0 100 100 100
S. capitis (3) 100 100 100 100 100 100 100 100 100 66.7
S. pasteuri (1) 100 100 0 100 100 0 0 0 100 0
S. warneri (1) 100 100 100 0 0 100 100 100 100 0
S. caprae (1) 100 0 100 0 0 0 0 100 100 100
Total (50) 78 30 74 50 50 48 82 72 80 36

AMK: amikacin; BAC: bacitracin; CIP: ciprofloxacin; CZ: cefazolin; CAZ: ceftazidime; CC: clindamycin; ERYT: erythromycin; FOX: cefoxitin;
GM: gentamicin; MXF: moxifloxacin; OFX: ofloxacin; PB: polymyxin B; Sulfa: sulfisoxazole; TMP: trimethoprim; TOB: tobramycin; VA:
vancomycin. Susceptibility was interpreted using the CLSI (Clinical & Laboratory Standards Institute) serum standards. It is assumed that
the antibiotic concentrations in the ocular tissue are greater than the concentrations in the blood serum. BOLD indicates empiric antibiotics.

Table S2 (Kowalski) is a supplementary table that contains the sequencing data for
CoNS identification of ocular isolates.
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3. Discussion

The virulence of CoNS as an opportunistic pathogen for ocular infections varies by
the diagnosis. There is little doubt that CoNS, at 54% (372 of 684) (Campbell Laboratory
data), is the most frequent cause of bacterial endophthalmitis, because the aqueous and
vitreous contain no colonizing bacteria [4,14]. The implications of CoNS keratitis and
conjunctivitis are supported clinically by the presentation of a large load of CoNS in
corneal and conjunctival cultures. There are no distinct classical presentations of CoNS
keratitis and conjunctivitis; both an inflamed eyelid margin from a blepharitis patient and a
normal eyelid margin wsill present a positive culture for CoNS. Blepharitis is not generally
infectious. CoNS is part of the normal flora for the eyelid margin; thus, it is difficult to
implicate CoNS as the cause of inflammation. The role of CoNS in clinical blepharitis is
based on the ophthalmologist’s impression and experience.

Treatment of CoNS ocular infections does not appear to be a therapeutic challenge.
Methicillin resistance is not a problem for the treatment of ocular infections because there
are effective alternatives for treatment. For endophthalmitis, prevention of CoNS infection
is the real dilemma. A battery of topical povidone-iodine, topical antibiotics, and possibly
an intracameral injection of antibiotics appears to be effective prophylaxis for most surgical
cases [15,16]. Standard treatment of CoNS endophthalmitis is an intravitreal injection of
vancomycin (1 mg) (200 µg/mL for a 5 mL vitreous volume). The half-life of vancomycin
is 48 h in the inflamed human eye [17]. The present study indicates CoNS to be 100%
susceptible to vancomycin.

In general, empiric infectious keratitis, which includes CoNS, is treated topically
with fortified cefazolin (50 mg/mL) or vancomycin (20–50 mg/mL), and tobramycin
(14 mg/mL) [18]. Fortified vancomycin (100%) and cefazolin (98%) both appear to be
effective against CoNS, but both need to be formulated at a pharmacy. Commercially
available 0.5% moxifloxacin is also used empirically to treat keratitis [19]. Our in vitro
study indicates that moxifloxacin is less effective than vancomycin and cefazolin. The
serum standard interpretation of CoNS susceptibility to moxifloxacin was 70% (35 of 50).
The 30% resistance may be overreported due to high levels of moxifloxacin in the ocular
tissue, which may be effective for treatment [20].

CoNS conjunctivitis is probably, but not definitely, self-limiting. Chronic conjunctival
infections have been described with CoNS [10]. Generic antibiotics are generally used for
the treatment of conjunctivitis/blepharitis because they are less expensive. Gram-positive
topical antibiotics, with a conjunctivitis indication, such as polymyxin B/trimethoprim
(82%), sulfacetamide (80%), and gentamicin (74%), may provide better coverage for acute
infection. Cefoxitin has not been tested for CoNS conjunctivitis isolates. Beta-lactams
are not used for conjunctivitis/blepharitis treatment. Blanco and Núñez indicated that
moxifloxacin would provide coverage for both methicillin-susceptible and methicillin-
resistant CoNS [21]. In contrast, Thomas et al. reported that the fluoroquinolone anti-
infectives demonstrated decreased susceptibility for CoNS, but chloramphenicol (98.4%
of 641 isolates) and tetracycline (82.4% of 176 isolates) provided better coverage [22]. It
must be noted that if S. haemolyticus had not responded to polytrim (polymyxin B and
trimethoprim), and was still believed to be a pathogen, the patient may have been placed
on vancomycin.

Fortified vancomycin and cefazolin are excessive for CoNS conjunctivitis treatment
and are not routinely tested. Blepharitis is generally treated topically with ointments that
penetrate and remain longer on the eyelid margins. Bacitracin (78%), erythromycin (30%),
and bacitracin/polymyxin B (82%) are sometimes cycled for blepharitis, which is often
a chronic condition. The low susceptibility of CoNS to erythromycin (a bacteriostatic
antibiotic) may be misleading because erythromycin is a cell-associated antibiotic [23–25].
It is more effective when attached to a cell wall than suspended in a broth. Macrolides can
inhibit CoNS biofilm formation [26] and can act as anti-inflammatory agents against the
chemotactic factors produced by neutrophils, which lead to eyelid inflammation [26–28].
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The original goal of this study was to speciate CoNS and determine species correlations
with ocular infections and in vitro susceptibility testing. There does not appear to be a
practical and consistent method to definitively speciate CoNS in a timely manner for
everyday identification. In contrast to the other two methods, API Staph identified eight
CoNS isolates as Staphylococcus aureus; only one was identified by DNA sequencing and
none by Biolog. All three methods were able to consistently speciate CoNS (80%) to S.
epidermidis, but only 16% of CoNS were identified as other species. It must be noted that
the manual system of Biolog was used instead of the more costly automated system. The
manual system was used previously to speciate isolates of Moraxella [29]. Our study
did not use MALDI-TOF-MS technology (matrix-assisted laser desorption/ionization-
time of flight mass spectrometry), but, in a large-volume microbiology laboratory, CoNS
identification to species may be improved using mass spectroscopy [30]. Unfortunately, as
a small-volume laboratory, we did not have access to MALDI-TOF-MS, to identify CoNS
as an additional comparison. Given the predominance of S. epidermidis among isolates and
the high levels of susceptibility of CoNS to current antibiotics, a simple coagulase test still
appears to be cost-effective and expedient, to distinguish Staphylococcus aureus from CoNS.
Our study indicates that we need to find consistent methods to identify CoNS species in
order to identify correlations with distinct clinical features of ocular disease.

The high concentrations of antibiotics delivered and directed toward ocular tissue are
an advantage in the effective treatment of CoNS ocular infections. Antibiotics do not need
to travel through the blood system to reach the target tissue. It is a common assumption in
ophthalmology that adding an antibiotic directly to the infected site or injecting it into the
vitreous provides optimal anti-infective therapy. The need to culture ocular infections and
monitor the susceptibility of empiric antibiotics (e.g., vancomycin, cefazolin, moxifloxacin)
will ensure future therapeutic success.

4. Materials and Methods

4.1. Coagulase-Negative Staphylococci

CoNS were cultured from patients presenting with endophthalmitis (n = 50), keratitis
(n = 50), and conjunctivitis/blepharitis (n = 50) from a single tertiary medical center (Uni-
versity of Pittsburgh Medical Center, Pittsburgh, PA, USA). These cases were submitted for
laboratory studies (The Charles T. Campbell Eye Microbiology Laboratory) with specific
diagnoses designated on the patient requisition. The isolates were consecutively collected:
endophthalmitis (August 2014 to July 2018), keratitis (May 2013 to November 2018), con-
junctivitis/blepharitis (May 1998 to September 2018). The location of the culture (e.g.,
aqueous, vitreous, cornea, conjunctiva, eyelid) supported the diagnosis. Any CoNS growth
from an endophthalmitis culture was considered significant as a pathogen, whereas 10 or
more colonies on culture from the cornea or conjunctiva were necessary to suspect CoNS
keratitis or conjunctivitis. The cut-off of 10 colonies was arbitrary and based on the senior
author’s experience spanning over 40 years. (RPK). Normal conjunctiva and cornea flora,
which includes the ocular surface, has no colonizing bacteria. Any collection of bacteria is
generally around 1–4 colonies and probably comes from the eyelid margin. Manipulation
by contact lens and administering topical drops could temporarily increase the contami-
nation from the eyelid [12]. These areas are harsh environments for bacterial survival [3].
It must be noted that other reports indicated that 10 or more colonies on the conjunctiva
and 100 or more colonies on the eyelid could be significant as pathogens [31,32]. The
retrospective study did not require institutional review board/ethics committee approval
because direct patient contact and personal information were not involved.

Endophthalmitis cultures were intraocular samples obtained from the aqueous and
vitreous of the eye using a syringe and needle. The collected samples (a few drops) were
routinely plated on trypticase soy agar supplemented with 5% sheep blood (SBA) (BBL™,
Becton, Dickinson and Co., Sparks, MD, USA), aerobic chocolate agar (BBL™), anaerobic
chocolate agar (BBL™), Sabouraud dextrose agar supplemented with gentamicin (BBL™),
and an enriched thioglycolate broth (BBL™). A few drops of intraocular samples were
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placed on glass slides for direct examination by Gram and Giemsa stain to observe for
microorganisms and cytology. For keratitis, the corneal scraping specimens were cultured
directly, using spatulas or jeweler’s forceps to place the collected samples on SBA, aerobic
chocolate agar, and Sabouraud dextrose agar supplemented with gentamicin. Collected
samples were also placed on glass slides for direct examination by Gram and Giemsa stains
to observe for microorganisms and cytology. Cultures of the conjunctiva and eyelid were
collected with sterile soft-tipped applicators and placed on the same culture media as with
keratitis (http://eyemicrobiology.upmc.com/PDFs/SpecimenCollection.pdf) (accessed on
26 February 2021).

As part of a clinical collection of bacteria for laboratory certification studies, bacterial
growth on solid media was suspended in broth medium supplemented with 15% glyc-
erol and stored at −80 ◦C. For this study, these isolates were retrieved by thawing and
subculturing on SBA.

4.2. Antibiotic Susceptibility Testing of CoNS

Antibiotics are not only used to treat ocular infections, but also used prophylactically
to prevent infections. Ophthalmologists use an array of fluoroquinolones, aminoglycosides,
and other classes of antibiotics to treat bacterial infections. In this study, in vitro antibiotic
susceptibilities of CoNS were determined using the disk diffusion method [33,34] on
Mueller-Hinton II agar (BBL™). There are no susceptibility standards for the topical and
intravitreal treatment of ocular infections. Susceptibility was interpreted using the CLSI
(Clinical & Laboratory Standards Institute) serum standards; these are used to guide
treatment without direct interpretation of susceptibility and resistance. It was assumed that
the antibiotic concentrations in the ocular tissue are equal to or greater than the antibiotic
concentrations attained in the blood serum.

In our clinical laboratory, routine antibiotic batteries are set up for both Gram-positive
and Gram-negative bacteria. Cefoxitin is used to detect methicillin resistance in Staphylococ-
cus aureus [33,34]. The antibiotic susceptibilities for CoNS were retrospectively determined
from laboratory data used for laboratory certification. Antibiotics tested routinely for the
treatment and prophylaxis of endophthalmitis were vancomycin, gentamicin, ciprofloxacin,
ofloxacin, cefazolin, amikacin, ceftazidime, clindamycin, moxifloxacin, and cefoxitin.
Antibiotics tested routinely for the treatment of keratitis were bacitracin, vancomycin,
gentamicin, ciprofloxacin, ofloxacin, polymyxin B, cefazolin, tobramycin, sulfisoxazole,
moxifloxacin, and cefoxitin. Antibiotics tested routinely for the treatment of conjunc-
tivitis/blepharitis were bacitracin, erythromycin, gentamicin, ciprofloxacin, ofloxacin,
trimethoprim, polymyxin B, tobramycin, sulfisoxazole, and moxifloxacin. Cefoxitin was
not tested for CoNS conjunctivitis isolates, since beta-lactam antibiotics are rarely used
for treatment.

It was not the intention of this study to recommend treatment or prophylaxis of CoNS
ocular infection, but to confirm empiric therapy. Vancomycin is the standard empiric
therapy for CoNS endophthalmitis; vancomycin or cefazolin is the standard empiric
therapy for CoNS keratitis; conjunctivitis and blepharitis are treated with an array of
different therapies based on the ophthalmologist’s preference.

4.3. API Staph

The CoNS were retrieved from frozen stocks by sub-culturing on SBA. The CoNS iso-
lates were speciated by API Staph as directed by the package insert (https://www.mediray.
co.nz/media/15784/om_biomerieux_test-kits_ot-20500_package_insert-20500.pdf) (ac-
cessed on 14 June 2021) (bioMérieux, Chemin de L’Orme, Marcy-L’Etoile, France).

4.4. Biolog

The CoNS were retrieved from frozen stocks by sub-culturing on SBA. Biolog GEN
III Microplates (Biolog, Hayward, CA, USA) were used to identify CoNS according to the
Biolog methodology (www.biolog.com) (accessed on 14 June 2021). In brief, the medium
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was inoculated with a CoNS isolate to a turbidity of 90% transmittance and aliquoted to
a 96-well microplate at a volume of 0.1 mL per well. The plate was incubated at 34 ◦C
and read manually for color changes at 6 h, 8 h, and 24 h. The tabulated data at each time
point were entered into the Biolog Identification Systems Software (OOP 188rG Gen III
Database v2.8). Species identification was determined as the most probable as indicated by
the software.

4.5. DNA Sequencing

The CoNS were retrieved from frozen stocks by sub-culturing on SBA. The superoxide
dismutase gene A (sodA) was the target gene for identifying CoNS [35]. This 429-bp-long
DNA fragment encodes the manganese-dependent superoxide dismutase in 42 CoNS
strains. Chromosomal DNA was obtained using QuickExtract™ DNA solution (Luci-
gen, Middleton, WI, USA), using the manufacturer’s protocol. Sequencing of the sodA
gene was performed using degenerate primers following the protocol of Poyart et al. [35].
Primers were ordered from Integrated DNA Technologies (Coralville, IA, USA), and Taq
DNA polymerase and reagents from New England Biolabs (Ipswich, MA, USA) were
used. Sequencing was performed at the University of Pittsburgh Genomic Core facil-
ity and analyzed using NCBI BLASTN software [36]. The Supplementary Information
(File S1. Kowalski DNA sequence Identification of CoNS) expands the description of CoNS
identification by DNA sequencing.

Species were titled if BLASTN results yielded a percent identity over 90% and a high
maximum ID score of 240 or greater. The sequences were compared to the other two
identification methods for a corresponding match. Samples with poor quality sequence
results were re-sequenced. The sequences were either a shorter length than required
(~480 bp) or did not match in the BLAST database. Sequences with low similarity scores
were sequenced at least twice to confirm the species identification.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10060721/s1. File S1: (Kowalski) DNA sequence identification of CoNS. Table S1:
(Kowalski) Supplemental data of 150 CoNS isolates and speciation by API Staph, Biolog, and DNA
sequencing. Table S2: (Kowalski) Supplemental Sequence Data of 150 CoNS ocular isolates (Case,
Identity, Percent ID, Maximum Score, Sequence).
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Abstract: Staphylococcus aureus is a frequent cause of ocular surface infections worldwide. Of these
surface infections, those involving the cornea (microbial keratitis) are most sight-threatening. S. aureus

can also cause conjunctivitis and contact lens-related non-infectious corneal infiltrative events (niCIE).
The aim of this study was to determine the rates of resistance of S. aureus isolates to antibiotics and
disinfecting solutions from these different ocular surface conditions. In total, 63 S. aureus strains
from the USA and Australia were evaluated; 14 were from niCIE, 26 from conjunctivitis, and 23
from microbial keratitis (MK). The minimum inhibitory (MIC) and minimum bactericidal concen-
trations (MBC) of all the strains to ciprofloxacin, ceftazidime, oxacillin, gentamicin, vancomycin,
chloramphenicol, azithromycin, and polymyxin B were determined. The MIC and MBC of the niCIE
strains to contact lens multipurpose disinfectant solutions (MPDSs) was determined. All isolates
were susceptible to vancomycin (100%). The susceptibility to other antibiotics decreased in the
following order: gentamicin (98%), chloramphenicol (76%), oxacillin (74%), ciprofloxacin (46%),
ceftazidime (11%), azithromycin (8%), and polymyxin B (8%). In total, 87% of all the isolates were
multidrug resistant and 17% of the isolates from microbial keratitis were extensively drug resistant.
The microbial keratitis strains from Australia were usually susceptible to ciprofloxacin (57% vs. 11%;
p = 0.04) and oxacillin (93% vs. 11%; p = 0.02) compared to microbial keratitis isolates from the USA.
Microbial keratitis isolates from the USA were less susceptible (55%) to chloramphenicol compared
to conjunctivitis strains (95%; p = 0.01). Similarly, 75% of conjunctivitis strains from Australia were
susceptible to chloramphenicol compared to 14% of microbial keratitis strains (p = 0.04). Most (93%)
strains isolated from contact lens wearers were killed in 100% MPDS, except S. aureus 27. OPTI-FREE
PureMoist was the most active MPDS against all strains with 35% of strains having an MIC ≤ 11.36%.
There was a significant difference in susceptibility between OPTI-FREE PureMoist and Biotrue
(p = 0.02). S. aureus non-infectious CIE strains were more susceptible to antibiotics than conjunctivitis
strains and conjunctivitis strains were more susceptible than microbial keratitis strains. Microbial
keratitis strains from Australia (isolated between 2006 and 2018) were more susceptible to antibiotics
in comparison with microbial keratitis strains from the USA (isolated in 2004). Most of the strains
were multidrug-resistant. There was variability in the susceptibility of contact lens isolates to MPDSs
with one S. aureus strain, S. aureus 27, isolated from niCIE, in Australia in 1997 being highly resistant
to all four MPDSs and three different types of antibiotics. Knowledge of the rates of resistance to
antibiotics in different conditions and regions could help guide treatment of these diseases.

Keywords: Staphylococcus aureus; microbial keratitis; conjunctivitis; corneal infiltrative events; antibi-
otic susceptibility; MPDS susceptibility

1. Introduction

S. aureus is one of the most common causes of ocular infections worldwide [1]. It has
been reported as the most common cause of microbial keratitis (MK), which is a sight-
threatening infection of the cornea [2] in Australia [3,4] and the USA, [5,6]. Conjunctival
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infection (conjunctivitis) is also frequently caused by S. aureus [7]. S. aureus is also com-
monly observed in inflammatory adverse reactions associated with contact lens-wearing.
These corneal infiltrative events are differentiated into infections or inflammatory condi-
tions; the latter are collectively called non-infectious corneal infiltrative events (niCIE) [8].

Treatment of MK involves the intensive use of topical antibiotics and commonly
monotherapy with fluoroquinolones or with the use of fortified antibiotics (for example, a
beta lactam such as cefazolin with an aminoglycoside such as tobramycin or gentamicin) [9,10].
Conjunctivitis may be treated by topical application of tetracycline, chloramphenicol, or
fluoroquinolones [11]. Conversely non-infectious corneal infiltrative events (niCIEs) are
self-limiting and heal upon removal of the contact lens, although prophylactic treatment
with topical broad-spectrum antibiotics such as fluoroquinolones, chloramphenicol, and
polymyxin B with low dose topical steroids [8] may be used.

S. aureus infections can be difficult to treat because strains may be resistant to mul-
tiple antibiotics. S. aureus can acquire resistance to virtually every antibiotic that has
entered clinical use [12]. Bacteria have developed sophisticated mechanisms of drug resis-
tance to ensure their survival. Resistance to antibiotics can be achieved through multiple
biochemical pathways [13] that include modification [14] and destruction of antibiotic
molecules [15], decreased antibiotic penetration or increased efflux [16–18], modification or
complete replacement, or bypassing of target site [19,20]. The effects of various antibiotics
on cytoplasmic peptidoglycan metabolite levels in MRSA were determined and metabolite
levels were high in S. aureus [21]. Increasing antimicrobial resistance of S. aureus has been
identified as a public health threat by the World Health Organization [22]. Since emerging
in 1961, the incidence and prevalence of methicillin-resistant S. aureus (MRSA) in ocular
infections has increased dramatically [23,24]. Antibiotic resistance in S. aureus can be
both inherited and acquired. Inherited resistance [25] includes genes naturally present on
chromosomes which confer low membrane permeability, efflux pump expression, and en-
zymatic inactivation of antibiotics [26]. Acquired resistance includes genetic mutations [27]
and horizontal transfer of genes across the strains via mobile genetic elements [28].

Contact lens multipurpose disinfectant solutions (MPDS) are used to disinfect contact
lenses when they are not being worn. MPDSs contain disinfectants such as quaternary
ammonium compounds or biguanides. S. aureus strains which possess qac genes can
be resistant to disinfectants and are more commonly resistant to antibiotics [22]. As qac
genes occur alongside genes for antibiotic resistance, there is concern that resistance to
disinfectants may increase the spread of antibiotic resistance [29].

There is limited information available on antimicrobial and MPDS susceptibility
patterns of clinical isolates of S. aureus from Australia in comparison to other countries. The
purpose of this study was to investigate the antibiotic and MPDS sensitivities of S. aureus
isolates from different ocular surface conditions isolated in Australia and the USA.

2. Results

2.1. Antibiotic Susceptibilities

Table 1 summarizes the MIC and MBC of S. aureus strains to antibiotics. All iso-
lates were susceptible to vancomycin (100%). The susceptibility to the other antibiotics
decreased in the following order: gentamicin (98%), chloramphenicol (76%), oxacillin
(74%), ciprofloxacin (46%), ceftazidime (11%), azithromycin (8%), and polymyxin B (8%).
Most of the microbial keratitis strains from Australia (isolated between 2006 and 2018)
were more commonly susceptible to ciprofloxacin (57%) and oxacillin (93%) compared to
microbial keratitis strains from the USA (isolated in 2004) for ciprofloxacin (11%; p = 0.04)
and oxacillin (11%; p = 0.02).
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Table 1. Percentage of sensitivity and resistance of S. aureus strains from different ocular conditions
to antibiotics.

Antibiotic
Microbial Keratitis (n = 23) Conjunctivitis (n = 26) niCIE (n = 14)

% S % R % S % R % S % R

Ciprofloxacin 39.1 60.8 42.3 57.6 71.4 28.5

Ceftazidime 0 100 11.5 88.4 28.5 71.4

Oxacillin 60.8 39.1 76.9 23 92.8 7.1

Gentamicin 95.6 4.3 100 0 100 0

Vancomycin 100 0 100 0 100 0

Chloramphenicol 30.4 69.5 92.3 7.6 78.5 21.4

Azithromycin 0 100 15.3 84.6 7.1 92.8

Polymyxin B 0 100 15.3 84.6 7.1 92.8
Abbreviations: R = resistant; S = susceptible; and niCIE = non-infectious corneal infiltrative events.

Chloramphenicol susceptibility varied by ocular condition and origin of the isolates. In
total, 95% of conjunctivitis (isolated in 2006) and 78% of non-infectious CIE strains (isolated
between 1995 and 2001) from Australia were susceptible to chloramphenicol. There was a
significantly lower rate of susceptibility of microbial keratitis strains from Australia (14%)
compared to Australian conjunctivitis strains (95%; p = 0.04). There was a similar pattern
amongst the USA isolates (isolated in 2004), with 55% of the microbial keratitis strains
and 95% of the conjunctivitis strains being sensitive to chloramphenicol. Overall, 30% of
microbial keratitis strains from Australia (isolated between 2006 and 2018) and the USA
(isolated in 2004) were susceptible to chloramphenicol rather than conjunctivitis (isolated
between 2004 and 2006) or non-infectious CIE strains (85%; p = 0.01).

Most strains (87%; 55/63) were multidrug-resistant (MDR), which is defined as being
resistant to three different classes of antibiotics [22]. Strains 111, 112, and 113 from the USA
(microbial keratitis; isolated in 2004) and M43-01 from the Australian (microbial keratitis;
isolated in 2018) group (see Table S1, Supplementary Material) were extensively drug-
resistant (XDR) strains, which is defined as resistant to almost all antibiotics classes [30].
Strain 32 from Australia (niCIE; isolated in 1997) and strain 46 from the USA (conjunctivitis;
isolated in 2004) were susceptible to all antibiotics used. Strains from niCIE (isolated
between 1995 and 1999) were more susceptible to antibiotics compared to strains from
infections (conjunctivitis + microbial keratitis; isolated between 2004 and 2018). The
susceptibility of microbial keratitis strains varied by origin of isolates, with microbial
keratitis S. aureus strains from the USA being more likely to be MRSA and multidrug-
resistant compared to Australian microbial keratitis strains.

2.2. Multipurpose Solution Susceptibility

Isolates from contact lens-related niCIE (isolated between 1995 and 2001) were tested
for their susceptibility to the MPDSs. All MPDSs showed good activity against the isolates
when used at 100% concentration. After diluting the MPDS, strains were able to grow
at different dilutions. Overall, OPTI-FREE PureMoist had the lowest median, namely a
median MIC of 5.64% and a median MBC of 11.36%, followed by the Renu Advanced
Formula (median MIC of 11.36% and median MBC of 22.72%). Complete RevitaLens
OcuTec and Biotrue had similar median MICs of 22.72% and median MBCs of 45.45%
(Table 2). There was a significant difference in the MIC between OPTI-FREE PureMoist
and Biotrue (p = 0.02), where strains were more likely to be resistant to Biotrue. One
MDR strain (S. aureus 27; isolated in 1997) had a relatively high MIC and MBC, of >90%,
compared to Biotrue and Renu Advanced Formula, and moderately high levels for OPTI-
FREE PureMoist and Complete RevitaLens Ocutec. The MBCs for all the MPDSs were
usually twice the MICs.

17



Antibiotics 2021, 10, 1203

Table 2. Minimum inhibitory concentration of MPDSs for S. aureus niCIE isolates associated with contact lenses.

S. aureus Strains

OPTI-FREE PureMoist
(%)

Renu Advanced Formula
(%)

Complete RevitaLens
OcuTec (%)

Biotrue (%)

MIC MBC MIC MBC MIC MBC MIC MBC

12 2.84 11.36 2.84 5.64 2.84 5.64 11.36 22.72

20 11.36 22.72 11.36 22.72 22.72 22.72 45.45 90.9

24 5.64 11.36 2.84 11.36 45.45 90.9 11.36 22.72

25 1.42 2.84 1.42 5.64 2.84 5.64 5.64 11.36

26 1.42 5.64 1.42 2.84 5.64 11.36 22.72 45.45

27 22.72 22.72 90.9 90.9 22.72 45.45 90.9 90.9

28 11.36 22.72 11.36 22.72 22.72 45.45 45.45 90.9

29 5.64 11.36 22.72 45.45 22.72 45.45 45.45 90.9

31 11.36 22.72 22.72 45.45 22.72 45.45 5.64 11.36

32 5.64 11.36 22.72 45.45 22.72 45.45 22.72 45.45

33 11.36 22.72 22.72 45.45 22.72 45.45 45.45 90.9

41 5.64 11.36 11.36 45.45 11.36 45.45 22.72 45.45

48 2.84 5.64 2.84 5.64 2.84 5.64 5.64 11.36

117 11.36 22.72 5.64 22.72 11.36 11.36 11.36 22.72

2.3. Antibiotic and MPDS Susceptibility of niCIE Strains

Bacterial strains can be described as susceptible or resistant to an antibiotic; however,
there is no such definition for MPDS in the literature. A previous study [31] categorized
strains with a MIC greater than 10% as resistant to MPDSs and this classification was used
in the current study. While the 10% cut-off used seems arbitrary, it is useful to demonstrate
the consequences of improper use of MPDSs during contact lens-wearing as the practice of
topping off and reusing MPDSs is a risk factor for infection for contact lens-wearers [32,33];
thus, it is useful to model the consequences of improper use of MPDSs. There was no
concordance between antibiotic and MPDS sensitivity (Table 3), thus antibiotic sensitivity
was not a good predictor of resistance to MPDSs. One strain (S. aureus 27) was resistant to
four out of the eight antibiotics and to all MPDSs. Conversely, the strains S. aureus 28 and
33, isolated in 1997, were susceptible to six out of the eight antibiotics, while being resistant
to all MPDSs (Table 3).
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Table 3. Relative susceptibilities of contact lens-related niCIE isolates to antibiotics and MPDSs.

Strains
ANTIBIOTICS MPDS

CIP CEFT OXA GEN VAN CHL AZI P-B OPTI RENU REV BIO

12

20

24

25

27

28

32

33

48

117

26

29

31

41

No shading indicates that strains were susceptible, and gray indicates they were resistant. Abbreviations: CIP, Ciprofloxacin; CEFT,
Ceftazidime; OXA, Oxacillin; GEN, Gentamicin; VAN, Vancomycin; CHL, Chloramphenicol; AZI, Azithromycin; P-B, Polymyxin B; OPTI,
OPTI-FREE PureMoist; RENU, Renu Advanced Formula; REV, Complete RevitaLens OcuTec; and BIO, Biotrue.

3. Discussion

This study reports the in vitro susceptibility of ocular strains of Staphylococcus aureus
from the USA and Australia to commonly used antibiotics and the susceptibility of some
strains to contact lens MPDSs. Microbial keratitis strains from Australia (isolated between
2006 and 2018) were more commonly sensitive to fluoroquinolones and oxacillin than the
strains from the USA (isolated in 2004). Differences in the antibiotic susceptibility profiles
in different geographical populations is not uncommon and may be due to climate [34]
or cultural differences [35–38]. One study has shown that widespread over-the-counter
supply of antibiotics can underpin high resistance [39] and the ability to access antibiotics
in such a way differs between countries.

All strains were susceptible to vancomycin, at 100%, and gentamicin, at 98%. Van-
comycin resistance in systemic infections has been reported, [40] however, no resistance has
been reported in ocular isolates [4]. Gentamicin is commonly prescribed in S. aureus ocular
infections, but its susceptibility rates vary [41]. The current results are consistent with other
studies from the USA and Australia for S. aureus ocular isolates [10,42–44]. The antibiotic
susceptibility profile in the current study suggests gentamicin to be the best option to treat
S. aureus ocular infections in both Australia and the USA, and vancomycin to be reserved
to treat isolates that are resistant to other antibiotics.

Overall, less than half (46%; 29/63) of all the strains in the current study were sensitive
to ciprofloxacin. Studies from Australia published between 2014 and 2016 reported that
93 to 100% of microbial keratitis isolates were susceptible to ciprofloxacin [45–48]. In
contrast, the current study reports increasing resistance of S. aureus strains from Australia to
ciprofloxacin (66%). The increasing rate of ciprofloxacin resistance in Australian microbial
keratitis strains (isolated between 2006 and 2018) is of concern, as fluoroquinolones are
the first line of treatment for keratitis in Australia [4]. It would be important to explore
this in a larger study. Similarly, the rate of resistance of the USA ocular S. aureus isolates
(isolated in 2004) to ciprofloxacin in the current study was higher than in Australia. One
possible reason is that in Australia, antibiotic use in animals is restricted compared to other
countries, including the USA [49], which may account for the low level of resistance of
Australian isolates. It is generally believed that bacteria that infect the eye are derived from
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a general pool of environmental bacteria. Resistant bacteria are transmitted to humans
through direct contact with animals [50], through the environment [51], and through
food products [52]. The increasing antibiotic resistance worldwide has been attributed to
their widespread systemic use, their over-the-counter availability, and their inappropriate
use [53] in agriculture and veterinary practices to promote growth and prevent infections in
livestock [54,55]. Similarly, in ocular infections, factors such as empirical prescription, short-
term exposure, and repeated exposure of antibiotics contributed to the resistance of ocular
pathogens [56] and changes in resident ocular flora [57]. A large surveillance study from the
USA on the antibiotic resistance among ocular isolates between 2009 and 2016 found that
approximately 36% of the ocular S. aureus isolates were resistant to ciprofloxacin [58]. An
increased proportion of MRSA, from 8.5% to 27.9%, in S. aureus isolates collected between
1990 and 2001, has been reported in the USA [59]. MRSA strains are often resistant to
fluoroquinolones [58–61]. However, in the current study, only 7% of MRSA strains from
Australia (isolated between 2006 and 2018) were ciprofloxacin-resistant, whereas 78% of
MRSA strains from the USA (isolated in 2004) were resistant to ciprofloxacin, which is
consistent with a previous report from the USA [58]. The mechanism of resistance of ocular
MRSA strains resistant to ciprofloxacin is unclear and requires further study.

In the current study, only 11% of S. aureus strains were susceptible to ceftazidime
and all microbial keratitis strains were resistant to this antibiotic. An increasing rate
of resistance of S. aureus microbial keratitis isolates to first-generation cephalosporins
(cephalothin) over a period of 15 years has been reported [62]. Ceftazidime is generally
reported to be active against S. aureus, except MRSA strains, but it is less active against
S. aureus than first and second-generation cephalosporins [63]. Resistance to ceftazidime, a
third-generation cephalosporin which can be used to treat MRSA, is horizontally acquired
due to β-lactamases or due to alteration and over-expression of the penicillin binding
protein [64]. In the current study, the mechanism of resistance may have been different
depending on the disease or the country from which the strains were isolated.

In the present study, chloramphenicol remained as a good choice of treatment for
conjunctivitis and niCIE caused by S. aureus, as 96% and 78% of isolates, respectively, were
susceptible. Gram-positive bacteria isolated from microbial keratitis isolates have also
been reported regarding low levels of chloramphenicol resistance in the Australian and
USA isolates [65,66]. However, the current study findings of the increasing resistance of
microbial keratitis strains from Australia [67], isolated between 2006 and 2018, and from
the USA (45%), isolated in 2004, are not consistent with these earlier studies and suggest
it is a poor choice for treatment of corneal infections. Resistance to chloramphenicol may
be inherited [68–70] or acquired [71–73]. The underlying mechanism for the difference in
chloramphenicol susceptibility between infectious (MK+ conjunctivitis) and non-infectious
ocular conditions requires further investigation.

Most of the S. aureus strains in the current study were resistant to azithromycin. Most
of the resistant strains were also MRSA, which supports the results of a previous study [10],
and most of the strains were resistant to polymyxin B. Polymyxin B is considered a Gram-
negative antibiotic that does not diffuse well in mediums and resistance to this antibiotic
is characteristic of S. aureus [74]. This study supports previous recommendations that
Polymyxin B is not a good choice for the treatment of S. aureus ocular infections [75].

Only 6% of Australian strains (2/32), isolated between 2006 and 2018, were resis-
tant to oxacillin (i.e., could be classified as MRSA), and conversely, 45% of all the USA
strains (14/31), isolated in 2004, were resistant to oxacillin. In the USA, an increase in the
proportion of MRSAs among S. aureus ocular isolates, specifically from 29.5% in 2000 to
41.6% in 2005, has been reported in a national surveillance study (ARMOR) [10]. The high
level of MRSAs among S. aureus isolates is of concern as MRSA is believed to cause more
severe diseases than methicillin-sensitive S. aureus [76]. Further molecular analysis of the
geographical variation of MRSA in the USA and of the Australian microbial keratitis and
conjunctivitis strains, as well as of community or hospital-acquired MRSA, is required.
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The study has demonstrated that niCIE strains of S. aureus, isolated between 1995
and 2001, vary in their susceptibilities to MPDSs. Most of the strains were susceptible to
all MPDSs when used at 100% concentrations, indicating a good activity of the MPDSs.
The most effective MPDS, specifically OPTI-FREE PureMoist, contains two disinfectants,
namely Polyquaternium-1 and Aldox. Polyquaternium-1 showed good activity against
S. aureus when used alone, as Aldox has been shown to do, as well [77]. Renu Advanced
was the second most effective MPDS in the current study. It contains three disinfectants,
namely alexidine, PAPB, and polyquaternium-1. All these disinfectants have been reported
to be effective against bacteria [77–80] and some against their biofilms [81].

Complete RevitaLens, containing alexidine and Polyquaternium, was the third most
effective MPDS against S. aureus isolates in the present study, but has also been reported to
show equal efficacy to OPTI-FREE against S. aureus in a previous study [82]. Even though
both the disinfectants are effective against S. aureus [77,80], dilution of the MPDS decreased
its efficacy. Biotrue was the least effective MPDS against S. aureus isolates in the current
study. Biotrue contains only polyaminopropyl biguanide (PAPB, which is also known
as polyhexamethylene biguanide (PHMB). PAPB is active against S. aureus [83] but its
efficacy is concentration-dependent [84]. One study reported a reduced concentration of
PAPB (PHMB) after soaking contact lenses in Biotrue and this lower concentration was
associated with its decreased antimicrobial activity against S. aureus [84]. The findings of
the current study regarding the most to least active MPDSs against S. aureus are, in general,
in agreement with another study [84].

Resistance to disinfectants can be mediated by the qac gene, which can be carried on
the same transmissible elements as antibiotic resistance genes [67,84]. While possession of
qac has been associated with resistance to antibiotics [84], there was no clear phenotypic
relationship between antibiotic and MPDS resistance observed in the current study. These
strains have not been genotyped previously and exploring whether these strains possess
the qac gene would help to understand the genotypic relationship between antibiotic and
MPDS resistance. Other issues could be addressed in future studies by exploring the
biocides in the MPDS as well as their dilutions and effects on MIC individually and in
combination with other biocides.

The current study used a convenience sample of strains within the culture collection.
All strains from the USA were isolated in 2004. Surveillance studies have shown that the
rates of the methicillin resistance of S. aureus isolated from keratitis in the USA has not
changed from 1997 to 2012 [41]. Overall antibiotic susceptibility has shown little or no
change in the resistance patterns of ocular S. aureus over the periods of 2009–2013 [85]
and 2009–2016 [10]. Similarly, strains isolated from keratitis in Australia between 2005
and 2015 showed little or no change in antibiotic susceptibility to ceftazidime, gentamicin,
chloramphenicol, fluoroquinolones, and vancomycin [4]. This panel of antibiotics were
used in the current study. The Australian strains used in this study were isolated between
1995 and 2018, with the majority from infection isolated between 2006 and 2018 (17/18).
Understanding the susceptibility pattern of these strains could help to reduce the risk of
inappropriate antimicrobial prescribing. However, as resistance rates can change over time,
future studies should examine strains isolated within matched timeframes. Another issue
that could be addressed in future studies is whether the use of combinations of antibiotics
can overcome any of the resistance observed.

4. Materials and Methods

4.1. Staphylococcus aureus Isolates

In total, 63 S. aureus clinical isolates were evaluated (Table 4). Strains from the Bascom
Palmer Institute, Miami (USA), were kindly provided by Dr Darlene Miller, while those
from the Prince of Wales Hospital (Australia) were kindly provided by Dr. Monica Lahra.
All strains were stored in culture collection at the School of Optometry and Vision Science,
UNSW. The identity of the strains was confirmed using the automated identification
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system VITEK 2 for Gram-positive bacteria (BioMérieux, Baulkham Hills, NSW, Australia)
according to the manufacturer’s instructions.

4.2. Susceptibility to Antibiotics

The susceptibility of S. aureus strains to different antibiotics was assessed according to
the standard protocol described by the Clinical and Laboratory Institute [86]. Antibiotics
commonly used to treat these ocular conditions in Australia and in the USA were selected
for the test panel and antibiotic stock solutions were prepared following the manufacturer’s
recommendations. Antibiotics were diluted in Mueller-Hinton II broth (cation-adjusted,
Becton Dickinson and Company, Franklin Lakes, NJ, USA) in sterile 96-well plates to
provide the final concentrations ranging from 5120 µg/mL to 0.25 µg/mL.

Bacterial cells at a final concentration of 1 × 105 CFU/mL were then inoculated into
96-well plates with different dilutions of antibiotics and incubated at 37 ◦C for 18–24 h. For
Oxacillin and Vancomycin MIC, S. aureus strains were incubated at 35 ◦C according to CLSI
standards [86]. Growth turbidity was measured using a spectrophotometer (FLUOstar
Omega, BMG LABTECH, Ortenberg, Germany) at 660 nm. The MIC was taken as the
lowest concentration of an antibiotic with no visible growth. For minimum bactericidal
concentration (MBC), viable counts were performed by subculturing the cells onto Mueller-
Hinton agar (Becton Dickinson and Company, Franklin Lakes, NJ, USA) at their MIC
and at the next two higher dilutions of antibiotics; afterwards, they were incubated at
37 ◦C for 18–24 h. The MBC was the concentration of antibiotics that showed 99.99%
bacterial killing [87,88]. The results were interpreted using breakpoints from the Clinical
and Laboratory Standards Institute [86] and the European Committee on Antimicrobial
Susceptibility Testing [88]. Both resistant and intermediate resistant strains were considered
resistant for the subsequent analyses.

Table 4. S. aureus ocular isolates used in the study.

S. aureus Isolates Origin Associated Condition Year of Isolation

106

Bascom Palmer Institute,
Miami (USA)

Microbial keratitis (MK)

2004

107

108

109

110

111

112

113

114

129

Prince of Wales Hospital
(Australia)

2006

34 1997

M5-01

2018

M19-01

M27-01

M28-01

M30-01

M36-01

M43-01

M49-02

M65-02

M71-01

M90-01

M91-01
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Table 4. Cont.

S. aureus Isolates Origin Associated Condition Year of Isolation

84

Bascom Palmer Institute,
Miami (USA)

Conjunctivitis

2004

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

46

Prince of Wales Hospital
(Australia) 2006

134

136

140

12

SOVS, UNSW (Australia) Contact lens-related non-infectious
corneal infiltrative events (niCIE)

1995
20

24

199625

26

27

1997

28

29

31

32

33

41 1999

48 2001

117 1999

4.3. Susceptibility to Multipurpose Disinfectant Solutions

Susceptibility of the bacterial strains isolated from contact lens-related niCIE to four
commercially available MPDSs (Table 5) was assessed. This testing was restricted to these
isolates as all other strains were isolated from non-contact lens-wearers. The MPDSs
were OPTI-FREE PureMoist (Alcon, Fort Worth, TX, USA), Complete RevitaLens OcuTec
(Abbot Medical Optics, Hangzhou, China), and Biotrue and Renu Advanced Formula
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(Bausch + Lomb, Rochester, NY, USA; Table 5). MPDS susceptibility was tested using
previously published methods [31,85]. In brief, each MPDS was serially diluted in freshly
prepared sterile phosphate-buffered saline (NaCl 80 g/L, Na2HPO4 11.5 g/L, KCl 2 g/L,
and KH2PO4 2 g/L, pH = 7.2) to protect the bacteria from pH shock. The serially diluted
MPDS (200 µL) was added to wells of a microtiter plate and a 20 µL bacterial suspension
was added to achieve a final concentration of 1 × 105 CFU/mL. Positive (PBS + bacteria)
and negative controls (undiluted PBS) were used. The plates were incubated at 37 ◦C for
18–24 h. Growth turbidity was measured using a spectrophotometer (FLUOstar Omega,
BMG LABTECH, Germany) at 660 nm. Strains with a MIC of more than 10% MPDS were
considered resistant. MBC was the concentration of the MPDS that gave 99.99% (3 log
units) bacterial killing [85,89]. The purpose of testing MPDSs outside the stated instruction
was to find the MIC of S. aureus that caused corneal infiltrative events, as concentrations
of disinfectants through topping off or through the reuse of disinfecting solutions have
been identified as a risk factor for contact lens-related corneal infections [33]. There is
some evidence that this may occur more frequently with certain MPDS products, thus it
is not unreasonable to challenge MPDS products in a way that may mimic their use in
the community.

Table 5. Multipurpose disinfecting solutions and their active agents.

MPDS Manufacturer Disinfectants and Their Concentrations

OPTI-FREE® PureMoist® Alcon, Fort Worth, TX, USA Polyquaternium-1, 10 ppm; Aldox, 6 ppm

Complete RevitaLens OcuTec (now sold
as ACUVUE™ RevitaLens)

Abbot Medical Optics, Hangzhou, ZJ,
China (Johnson and Johnson Vision)

Alexidine dihydrochloride, 1.6 ppm;
polyquaternium-1, 3 ppm

Biotrue®

Bausch + Lomb, Rochester, NY, USA

Polyaminopropyl biguanide, 1.3 ppm;
polyquaternium-1, 1 ppm

Renu® Advanced Formula
Polyaminopropyl biguanide, 0.5 ppm;
polyquaternium-1, 1.5 ppm; alexidine,

2 ppm

4.4. Statistical Analysis

Differences in the frequency of antibiotic susceptibility between infectious (MK+
conjunctivitis) and non-infectious (niCIE) groups from Australia and the USA, and MPDS
susceptibility in contact lens-related niCIE strains were only compared using Fisher’s exact
test (GraphPad prism, 2019, v8.0.2.263). For all analyses, a p-value of <0.05 was considered
statistically significant.

5. Conclusions

This study concludes that S. aureus strains isolated from microbial keratitis from the
USA (isolated in 2004) were more likely to be MRSA and multidrug-resistant compared
to Australian microbial keratitis strains (isolated between 2006 and 2018). In addition,
microbial keratitis strains from the USA and Australia were less susceptible to antibiotics
compared to conjunctivitis (isolated in 2004–2006) and non-infectious CIE strains (isolated
between 1995 and 2001). Exploring the genomic resistance mechanisms and possession of
virulence traits between infectious (MK+ conjunctivitis) and non-infectious ocular condi-
tions from the USA and Australia may help to understand these susceptibility findings.
The findings of this study will help to understand the resistance pattern of ocular S. aureus
isolates from the USA and Australia, which will further inform treatment options.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10101203/s1, Table S1: Details of the MIC and MBC of S. aureus strains from different
ocular conditions to the antibiotics used in the current study.
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Abstract: Staphylococcus aureus is a major cause of ocular infectious (corneal infection or microbial
keratitis (MK) and conjunctivitis) and non-infectious corneal infiltrative events (niCIE). Despite the
significant morbidity associated with these conditions, there is very little data about specific virulence
factors associated with the pathogenicity of ocular isolates. A set of 25 S. aureus infectious and niCIEs
strains isolated from USA and Australia were selected for whole genome sequencing. Sequence
types and clonal complexes of S. aureus strains were identified by using multi-locus sequence type
(MLST). The presence or absence of 128 virulence genes was determined by using the virulence finder
database (VFDB). Differences between infectious (MK + conjunctivitis) and niCIE isolates from USA
and Australia for possession of virulence genes were assessed using the chi-square test. The most
common sequence types found among ocular isolates were ST5, ST8 while the clonal complexes were
CC30 and CC1. Virulence genes involved in adhesion (ebh, clfA, clfB, cna, sdrD, sdrE), immune evasion
(chp, esaD, esaE, esxB, esxC, esxD), and serine protease enzymes (splA, splD, splE, splF) were more
commonly observed in infectious strains (MK + conjunctivitis) than niCIE strains (p = 0.004). Toxin
genes were present in half of infectious (49%, 25/51) and niCIE (51%, 26/51) strains. USA infectious
isolates were significantly more likely to possess splC, yent1, set9, set11, set36, set38, set40, lukF-PV, and
lukS-PV (p < 0.05) than Australian infectious isolates. MK USA strains were more likely to possesses
yent1, set9, set11 than USA conjunctivitis strains (p = 0.04). Conversely USA conjunctivitis strains were
more likely to possess set36 set38, set40, lukF-PV, lukS-PV (p = 0.03) than MK USA strains. The ocular
strain set was then compared to 10 fully sequenced non-ocular S. aureus strains to identify differences
between ocular and non-ocular isolates. Ocular isolates were significantly more likely to possess cna

(p = 0.03), icaR (p = 0.01), sea (p = 0.001), set16 (p = 0.01), and set19 (p = 0.03). In contrast non-ocular
isolates were more likely to possess icaD (p = 0.007), lukF-PV, lukS-PV (p = 0.01), selq (p = 0.01), set30

(p = 0.01), set32 (p = 0.02), and set36 (p = 0.02). The clones ST5, ST8, CC30, and CC1 among ocular
isolates generally reflect circulating non-ocular pathogenic S. aureus strains. The higher rates of genes
in infectious and ocular isolates suggest a potential role of these virulence factors in ocular diseases.

Keywords: Staphylococcus aureus; ocular infectious isolates; whole genome sequencing; virulence factors

1. Introduction

Staphylococcus aureus is responsible for nearly 70% of ocular infections worldwide [1].
These can result in tissue damage, morbidity, and vision loss [2,3]. S. aureus infections involving
the cornea (microbial keratitis; MK) can be sight-threatening and the organism is the most
common cause of MK in Australia [4,5] and USA [6,7]. S. aureus can also cause conjunctivitis [8]
and non-infectious corneal infiltrative events (niCIE) during contact lens wear [9].

S. aureus is known to encode a diverse arsenal of virulence determinants that enables
it to cause a variety of infections [10]. The genomic make-up of S. aureus influences the
virulence of its strains and pathogenicity associated with its disease [11]. The antibiotic sus-
ceptibility data of the isolates previously reported [12] and used in this study demonstrated

29



Antibiotics 2022, 11, 1011

that although most of the strains were multi-drug resistant (MDR), the non-infectious
(niCIE) strains were more susceptible to antibiotics (ciprofloxacin, ceftazidime, oxacillin)
than were the conjunctivitis strains, and the conjunctivitis strains were more susceptible to
antibiotics (chloramphenicol, azithromycin) than were the MK strains [12]. MK strains from
Australia were more susceptible to antibiotics (ciprofloxacin, oxacillin) compared to MK
strains from USA [12]. Whilst several studies have examined which virulence factors might
be involved in the development of keratitis by S. aureus, there is much less information on
the association of virulence factors with conjunctivitis or niCIE [13]. Similarly, as outlined
previously [13], infectious isolates (MK + conjunctivitis) had a higher frequency of genes
involved in evasion of the immune system and invasion of the host (hlg, hld) compared to
niCIE strains. On the other hand, scpA, that encodes a staphylococcal cysteine proteinase,
was more common in niCIE strains. However, those previous studies only examined a
subset of genes, specifically those that had been previously reported to be involved in
infections of the eye or antibiotic resistance. This current study examines the whole genome
of a subset of strains isolated from MK, conjunctivitis, and niCIE. This analysis may identify
new genes that are associated with particular infections or resistance to antibiotics.

Whole genome sequencing (WGS) is a widely used technique that can identify an-
tibiotic resistance genes, virulence determinants, emerging bacterial lineages, and their
population structures [14–16]. Comparative genomics and genome-wide association stud-
ies of clinical isolates can reveal genetic determinants that may be important in the setting
of specific infections. For example, WGS has been used successfully to examine S. aureus
isolates collected from systemic infections (bloodstream, airways, endocarditis, and joint
infections) to further understand specific population structures as well as to explore the
relationship between virulence factors and patient outcomes [16–19].

WGS of S. aureus strains isolated from different infections (airways, soft-tissues, and
skin lesions) showed high level of diversity and co-presence of local, global, livestock-
associated, and hypervirulent clones and found that some virulence factors and clones
were disease specific. For example, the sequence type ST22 was associated with toxic shock
syndrome toxin TSST-1 and ST5 was associated with enterotoxins (SE) [18]. Another study
explored genomic relatedness between commensal nasal isolates and those isolated from
prosthetic joint infections and found the commensals shared the same clonal complex (CC)
and the prevalence of virulence genes among isolates from commensal and prosthetic joint
infections in arthroplasty patients was almost equal, suggesting that commensal S. aureus
nasal clones can cause joint infections [19].

In the current study, WGS was used to analyze 25 S. aureus strains from ocular infec-
tious and niCIEs isolated from USA and Australia. A custom analytical pipeline determined
MLST, to define circulating S. aureus ocular lineages in infectious and non-infectious strains
from USA and Australia, as well as the presence or absence of 128 known S. aureus virulence
factors. The ocular strains were then compared to 10 fully sequenced non-ocular strains to
determine the key virulence factors involved in ocular diseases.

2. Results

2.1. General Features of the Genomes

After de novo assembly, the isolates had different numbers of contigs ranging from
328 for SA31 to 3916 for SA86. Isolates had an average guanine plus cytosine (GC) content
of 32.8%. The tRNA copy number for the isolates ranged from 60 to 89. Similarly, the
number of coding sequences (CDS), which was determined based on Prokka annotation
pipeline, ranged from 2614 (in M19-01) to 3873 (SA86). The general features of isolates are
provided in Table 1.
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Table 1. Genetic features of the S. aureus isolates.

Ocular Condition S. aureus Isolates Region GC Content (%) No. of Contigs
Total Sequence

Length (bp)
CDSs (Total) tRNAs

SA107 32.8 1173 3,599,003 3302 71
SA111 33 655 3,113,006 2858 85
SA112 32.9 614 3,170,760 2930 74
SA113 32.8 530 3,014,859 2771 72
SA114

USA

32.9 1332 3,175,242 2877 60
SA34 32.9 349 2,914,342 2694 60

SA129 32.9 694 3,105,791 2897 66
M5-01 32.9 624 2,975,620 2701 85

M19-01 33 429 2,893,905 2614 77
M28-01 32.8 475 2,960,866 2715 62
M43-01 33.1 985 3,029,867 2741 89

Microbial keratitis

M71-01

AUS

32.9 536 2,918,758 2665 74
SA86 32.9 3916 4,579,417 3873 76
SA90 32.8 404 3,015,554 2755 62

SA101 32.6 998 3,602,977 3296 63
SA102 32.8 1067 3,406,253 3085 65
SA103

USA

32.9 479 3,069,147 2857 72
SA46 32.9 388 2,903,724 2646 62

Conjunctivitis

SA136 AUS 32.8 735 3,035,909 2803 76
SA20 32.8 385 2,909,603 2660 61
SA25 32.8 366 2,907,754 2622 61
SA27 32.8 345 2,919,830 2686 67
SA31 32.8 328 2,976,006 2782 60
SA32 32.7 649 2,990,036 2665 65

niCIE

SA48

AUS

32.8 338 2,922,947 2665 64

CDS = coding DNA sequence. Note: all strains had N50 values of 985.

2.2. Acquired Antimicrobial Resistance Genes

Eighteen different types of acquired antimicrobial resistance genes for various classes
of antibiotics were detected in this study (Table 2). Antimicrobial resistance genes for
vancomycin (vanA), fusidic acid (fusA, fusB), trimethoprim (dfrA, dfrB, dfrG), ciprofloxacin
(gyrA, gyrlA, grlB), fosfomycin (fosB), and rifampin (rpoB) were not found in any of the
strains. The beta lactamase resistance gene blaZ which encodes penicillin resistance was
found in 76% of isolates. However, the methicillin resistance gene mecA was found in
28% of strains, all of which were from the USA; the possession of mecA was significantly
more common in infectious isolates from USA than from Australia (p = 0.0016).

The aminoglycoside resistance genes were significantly more common (p = 0.0006) in
strains from the USA, with only strain M28-01 isolated from MK in Australia possessing
one of these genes, ant(9)-la. Genes associated with resistance to macrolides, lincosamide, or
streptogramin B were significantly more likely to be found in USA isolates (p = 0.002), with
only Australian isolates M28-01 possessing erm(A) and SA25 possessing erm(A), msr(A),
and erm(C). Six isolates possessed tetK that encodes tetracycline resistance, and these were
scattered across isolates from MK (2 USA, 1 Australian), conjunctivitis (1 USA) and niCIE
(2 Australia). Resistance gene for tetracycline (tetM) and quaternary ammonium compound
(qacD) were found in single isolate (USA) whereas pseudomonic acid (mupirocin) was
present in only two USA isolates and quaternary ammonium compound qacB was found in
single USA and single Australian isolate. Chloramphenicol resistance gene cat(pC233) was
only found in a single Australian isolate

Overall, in Australian infectious isolates only five acquired antimicrobial resistance
genes were detected. As the current study relied on draft genomes it may not be able
to predict actual genomic diversity and could not detect actual antimicrobial resistance
genes. There could be more genes, complete gene sequence of isolates can show the actual
number of antimicrobial resistance genes. Similarly, USA infectious isolates had acquired
17 different antimicrobial resistance genes (Table 2). NiCIE isolates from Australia had
acquired six different antimicrobial resistance genes. One USA infectious isolate, SA101,
had the largest number of acquired antimicrobial resistance genes (eight). (Table 2).
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Table 2. Acquired antimicrobial resistance genes in S. aureus isolates from different ocular conditions.

USA Infectious Isolates (MK+ Conjunctivitis) Australian Infectious Isolates (MK+ Conjunctivitis) niCIE

Gene 107 111 112 113 114 86 90 101 102 103 34 129
M5-
01

M19-
01

M28-
01

M43-
01

M71-
01

46 136 20 25 27 31 32 48

Beta lactamase resistance gene
blaZ
mecA

Aminoglycoside resistance gene
aac(6′)
aph(2′)

ant(6)-la
aph(3′)-III
ant(9)-la

aadD
Macrolide, Lincosamide, Streptogramin B

erm(A)
msr(A)
erm(C)
mph(C)

Tetracycline, chloramphenicol resistance genes
tetK

cat(pC233)
tetM

Quaternary ammonium compounds
qacB
qacD

Pseudomonic acid (Mupirocin)
mupA

Grey color represents the presence of the gene. Dark blue = USA MK strains, light blue = Australian MK strains;
dark green = conjunctivitis USA strains, light green = conjunctivitis Australian strain, peach color = niCIE strains.

2.3. S. aureus Virulence Determinants

Of the 128 virulence factors examined, 22 virulence genes (atl, ebh, clfA, clfB, cna, ebp,
eap, efb, fnbA, fnbB, icaA, icaB, icaC, icaD, icaR, sdrC, sdrD, sdrE, sdrF, sdrG, sdrH, spa) in VFDB
are categorized as genes involved in S. aureus adhesion. Of these adhesins, atl, ebp, eap, efb,
fnbA, fnbB, icaA, icaB, icaC, icaR, sdrC, and spa were found in ≥96% of all S. aureus isolates.
On the other hand, sdrF, sdrG, sdrH were not detected in any of the strains.

S. aureus strains from ocular infectious and niCIE showed non-significant differences
in the frequency of possession of six adhesins (Figure 1), with only possession of icaD
showing a trend towards being more common in niCIE isolates (p = 0.1).
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Figure 1. Frequency of seven virulence genes involved in S. aureus adhesion by disease group.
*, trend to be more common in niCIE strains (p = 0.1).

When differences were examined for the possession of adhesins in the infectious
isolates from different countries, there were no significant differences observed in MK and
conjunctivitis isolates from USA and Australia.

Of the remaining 106 virulence genes, 15 were categorized as enzymes in VFDB. These
were genes for the cysteine proteases scpA and sspB, the serine proteases sspA, splA, splB,
splC, slpD, splE, splF, hyaluronate lyase hysA, the lipases geh and lip, staphylocoagulase coa,
staphylokinase sak and thermonuclease nuc. Of these genes, 67% (9/15; sspB, hysA, geh,
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lip, v8, sspA, sak, and nuc) were found in ≥96% of all S. aureus isolates. The isolates from
infections or niCIEs isolates did not show significant differences (p > 0.05) or trend towards
significance (p = 0.1), for the possession of other seven proteases, (Figure 2).
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Figure 2. Frequency of 7 proteases in S. aureus by disease group.

Similarly, the frequency of protease genes in strains isolated from MK or conjunctivitis
was not significantly different, although conjunctivitis strains (100%) had a trend for more
frequent presence of splA (p = 0.1) and splF (p = 0.1) than MK strains (58%). In infectious
isolates (MK + conjunctivitis) from the USA, possession of splC (100% vs. 55%; p = 0.03) and
splB (90% vs. 44%; p = 0.05) was higher and there was also a trend for higher possession
of splD (100% vs. 66%; p = 0.08) and splA (100% vs. 55%; p = 0.1) compared to Australian
isolates, except scpA (100% vs. 60%; p = 0.08) which was higher in infectious isolates
(MK + conjunctivitis) from Australia.

Of the remaining 91 virulence genes, five were involved in immune evasion (IE; adsA,
chp, cpsA, scn, sbi), and 12 genes were involved in the type VII secretion systems (esaA,
esaB, esaD, esaE, esaG, essA, essB, essC, esxA, esxB, esxC, esxD). Of these, 10/17 (adsA, cpsA,
scn, sbi, esaA, esaG, essA, essB, essC, and esxA) were found in ≥96% of all S. aureus isolates.
There were no significant differences or trends in possession of any IE or type VII secretion
system genes by disease group or by country. Figure 3 shows the differences in possession
of seven of these genes between infectious and niCIE isolates.

 

≥

63%

79% 79% 79% 79% 79% 79%

33%

100%

67% 67% 67% 67% 67%

0%
20%
40%
60%
80%

100%
120%

chp esaB esaD esaE esxB esxC esxD

Fr
eq
ue
nc
y

Infectious isolates (MK + conjunctivitis) (n=19) niCIE (n=6)

Figure 3. Possession of 7 virulence genes involved in immune evasion and type VII secretion system
in S. aureus by disease group.

The remaining 74 virulence genes encoded for toxins including hemolysins (hla, hlb, hld,

hlgA, hlgB, hlgC), enterotoxins (sea, seb, sec, sed, see, seg, seh, sei, sej, yent1, yent2, selk, sell, selm,
seln, selo, selp, selq, selr, selu), exfoliative toxins (eta, etb, etc, etd), exotoxins, also known as
enterotoxin like genes, (set1, set2, set3, set4, set5, set6, set7, set8, set9, set10, set11, set12, set13,
set14, set15, set16, set17, set18, set19, set20, set21, set22, set23, set24, set25, set26, set30, set31,
set32, set33, set34, set35, set36, set37, set38, set39, set40), leukocidins (lukF-like, lukM, lukD,
lukE, lukf-PV, lukS-PV), and toxic shock syndrome toxin (tsst).
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Of these, the hemolysins hla, hlgA, hlgB, hlgC were found in ≥96% of all S. aureus isolates.
Of the remaining 70 toxins, sed, see, sej, selp, selr, eta, etb, etc, etd, set10, set12, set14, set20, lukM
were not detected in any of the isolates, and hlb, sell, set35, lukF-like, lukE were present only in
4% of all S. aureus isolates. However, 51 toxins showed some differences between S. aureus
infectious and niCIE isolates (Figure 4). Of these the only significant differences or trends for
differences were as follows: niCIE isolates tended to have a higher frequency (50%) of only
set3 (p = 0.1) (Figure 4) than infectious isolates (16%), and infectious isolates tended to have a
higher frequency (95%) of only hld (p = 0.1) than niCIE (67%) (Figure 5).
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Figure 4. Frequency of 32 enterotoxin-like genes in S. aureus by disease group. *, trend more common
in niCIE strains (p = 0.1).
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Figure 5. Frequency of 19 enterotoxins, exfoliative toxins and tsst in S. aureus by disease group.
*, trend more common in infectious strains (p = 0.1).

Overall conjunctivitis strains were more likely to possess set36 (43% vs. 0%; p = 0.03),
set38 (57% vs. 8%; p = 0.03), set40 (43% vs. 0%; p = 0.03), lukF-PV (43% vs. 0%; p = 0.03),
lukS-PV (43% vs. 0%; p = 0.03), with a trend for set31 (57% vs. 17%; p = 0.1) than MK
strains. These 51 toxins were also examined for differences in the isolate’s country of origin.
The only differences were for MK strains, where isolates from the USA had a significantly
higher frequency of possession of yent1 (60% vs. 0%; p = 0.04), set9 (60% vs. 0%; p = 0.04),
and set11 (60% vs. 0%; p = 0.04) than MK isolates from Australia.

The VFDB results of these 25 ocular isolates were compared with previously published
non-ocular isolates for the possession of the 128 virulence determinants. Eight genes involved
in adhesion (ebp, eap, efb, fnbA, fnbB, icaA, icaR, sdrC) were found in all ocular and non-ocular
S. aureus isolates and three (sdrF, sdrG, sdrH) were not found in any isolate. S. aureus ocular
isolates showed higher frequency for the possession of cna (40% vs. 0%; p = 0.03) and icaR (100%
vs. 70%; p = 0.01) whereas non-ocular isolates showed higher frequency for the possession of
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icaD (60% vs. 12%; p = 0.007), ebh (90% vs. 60%; p = 0.1), and sdrD (100% vs. 68%; p = 0.07).
Of 15 enzymes, 9 (spa, sspB, sspC, hysA, geh, lip, sspA, coa, nuc) were found in all S. aureus
isolates and no significant differences (or trends) were found in the possession of any other
enzyme-associated gene. Similarly, all five (adsA, cpsA, scn, sbi, chp) genes involved in immune
evasion were found in all isolates. Six (esaA, esaB, esaG, essA, essB, esxA) of the genes involved
in type VII secretion system were found in ≥96% of all S. aureus isolates, with non-significant
differences in frequency of possession of the remaining six, type VII secretion system gene,
esaD (80% vs. 100%; p = 0.29), esaE (80% vs. 100%; p = 0.29), essC (92% vs. 100%; p = 0.99), esxB
(76% vs. 100%; p = 0.15), esxC (76% vs. 100%; p = 0.15), esxD (76% vs. 100%; p = 0.15) in ocular
and non-ocular isolates respectively.

Of 74 toxins, four hemolysin genes (hla, hlgA, hlgB, hlgC) were found in ≥96% of all
S. aureus isolates and 18 toxin genes (hlb, sed, see, sej, selp, selr, eta, etb, etc, etd, set10, set12,
set14, set20, set35, lukF-like, lukM, lukE) were found in ≤4% of all strains. Of the remaining
52 toxins, S. aureus ocular isolates possessed sea (80% vs. 20%; p = 0.001), set1 (28% vs.
0%; p = 0.08), set5 (32% vs. 0%; p = 0.07), set16 (44% vs. 0%; p = 0.01), set19 (36% vs. 0%;
p = 0.03), whereas non-ocular isolates possessed selq (30% vs. 0%; p = 0.018), set30 (70% vs.
24%; p = 0.01), set32 (50% vs. 12%; p = 0.02), set36 (50% vs. 12%; p = 0.02), set37 (100% vs.
72%; p < 0.0001), lukD (100% vs. 72%; p < 0.0001), lukF-PV (60% vs. 16%; p = 0.001), and
lukS-PV (60% vs. 16%; p = 0.001).

2.4. Sequence Types and Clonal Complexes of S. aureus Isolates

The MLST typing of 25 S. aureus genomes revealed a total of 14 distinct sequence types
(STs) and seven clonal complexes (Table 3), ST5 (n = 5, 20%) and ST8 (n = 4, 16%) were the
most common sequence types in this cohort of ocular isolates. For strain M19-01, no ST
type was identified, and was named as NI (Table 3). In the current study most of the USA
isolates were from CC5 or CC8, whereas there was a greater spread of sequence types and
clonal complexes in the Australian isolates.

The core, shell (genes present in two or more strains), and pan genes of published
isolates are provided in Supplementary Table S1. The core genes were used to create
a phylogenetic tree of the S. aureus isolates using S. aureus NCTC 8325 (NC_007795.1)
as a reference strain. The ten published non-ocular S. aureus isolates downloaded from
the Genebank database were also included. Isolates of the same clonal complex or same
sequence type were grouped together in the same cluster irrespective of their ocular
condition or country of origin (Figure 6). The core genomes formed three groups in the
phylogenetic tree (Figure 6). Isolates in Group 1 were related, as they belonged to the same
CC5. This group also contained all the extensively-drug resistant isolates (XDR: resistant to
almost all antibiotics) (SA111, SA112, SA113) and three multi-drug resistant (MDR: resistant
to three different classes of antibiotics) isolates (SA90, SA48, SA46) reported in the previous
study [12]. Isolates from CC30 in Group 2 were further clustered into two sub-lineages
based on their core genes and STs. Group 3 was larger and contained the majority of MDR
strains. Australian strains clustered into sub lineages within group 3, whereas USA isolates
with same ST8 clustered together within group 3.

Table 3. Sequence types and clonal complexes of S. aureus isolates.

Number of:
S. aureus Isolates Sequence Type

Clonal Complex Core Genes Shell Genes Pan/Total Genes

107 15 CC15 2392 1187 3579
111 105 CC5 2382 770 3152
112 5 CC5 2380 841 3221
113 105 CC5 2330 782 3112
114 30 CC30 2168 129 3377
86 840 CC5 1984 2577 4561
90 5 CC5 2342 739 3089
101 8 CC8 2533 898 3431
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Table 3. Cont.

Number of:
S. aureus Isolates Sequence Type

Clonal Complex Core Genes Shell Genes Pan/Total Genes

102 8 CC8 2497 760 3257
103 8 CC8 2514 498 3012
34 508 CC45 2194 974 3168
129 34 CC30 2227 1112 3339

M5-01 188 CC1 2267 844 3111
M19-01 NI NI 2302 684 2986
M28-01 109 CC1 2304 775 3079
M43-01 672 NI 2296 827 3123
M71-01 97 CC97 2315 705 3020

46 5 CC5 2325 664 2989
136 188 CC1 2328 821 3149
20 121 NI 2252 824 3076
25 5 CC5 2341 608 2949
27 39 CC30 2180 996 3176
31 34 CC30 2220 1010 3230
32 8 CC8 2416 501 2917
48 5 CC5 2300 736 3036

NI = not identified. Isolates highlighted in shades of blue indicate MK strains; dark blue represents MK strains
from USA and light blue represents MK strains from Australia. Shades of green indicate conjunctivitis strains;
dark green indicates conjunctivitis strains from USA and light green indicates conjunctivitis strains from Australia.
The peach color indicates strains from niCIE.

Figure 6. Core genome phylogeny of S. aureus, using Parsnp. S. aureus strain NCTC 8325, was used
as a reference strain (yellow). Isolates highlighted in shades of green indicate conjunctivitis strains;
dark green indicates conjunctivitis strains from USA and light green indicates conjunctivitis strains
from Australia. Shades of blue indicate MK strains; dark blue represents MK strains from USA and
light blue represents MK strains from Australia. The peach color indicates strains from niCIE and
strains with no color indicate non-ocular isolates. The tree was constructed using online webtool itol
(interactive tree of life, https://itol.embl.de/ (accessed on 4 April 2022).
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The pan phylogenetic relationships of these S. aureus isolates were assessed (Figure 7).
This divided the S. aureus isolates into three major groups. Group 1 of the pan genome
phylogeny contained only two isolates, ocular isolate M43-01 and a non-ocular isolate of
the same clonal complex. The second group included isolates with the same clonal complex,
and XDR (resistant to almost all antibiotics) and MDR (resistant to three different classes of
antibiotics) strains, irrespective of their ocular condition and country of origin. Group 3
was further divided into two subgroups; isolates with the same pangenome and CC or
ST were clustered together. Isolates in group 3 had a large number of pan genes. Isolates
belonging to the same sequence type or clonal complex were grouped together, for example,
isolates 129, 31, 114, 27 were from clonal complex 30.

Figure 7. Pan genome phylogeny of S. aureus isolates. S. aureus strain NCTC 8325 was used as
a reference strain (yellow color). Isolates in shades of green are conjunctivitis strains; dark green
indicates conjunctivitis strains from USA, and light green conjunctivitis strains from Australia. Shades
of blue indicate MK strains; dark blue represents MK strains from USA and light blue represents
MK strains from Australia. Isolates in peach color are strains from niCIE and those with no color
are non-ocular isolates. The tree was constructed using online webtool itol (interactive tree of life,
https://itol.embl.de/, (accessed on 4 April 2022). The tree scale indicates differences between the
isolates and branch length indicates the number of changes that have occurred in that branch.

3. Discussion

This study investigated genomic differences in resistance and virulence genes of
S. aureus isolates from different infectious (MK and conjunctivitis) and non-infectious
(niCIE) ocular conditions from USA and Australia. Based on previous phenotypic sus-
ceptibility [12] and PCR data [13] it was expected that there would be differences in the
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resistance and virulence determinants between infectious and non-infectious disease. Most
(n = 22, 88%) of the isolates used in the study were MDR [12]. Phenotypically non-infectious
(niCIE) isolates in a previous study were more susceptible to antibiotics (ciprofloxacin, cef-
tazidime and oxacillin) than conjunctivitis and MK strains, and MK isolates from USA were
more resistant to antibiotics than MK isolates from Australia (ciprofloxacin, ceftazidime
and oxacillin) [12]. The current study’s genotypic data shows that infectious isolates from
USA harbored more antimicrobial resistance genes (ARGs) compared to Australian isolates,
which supports the phenotypic data of the previous study. Similarly, PCR results for a
subset of 12 known virulence genes had previously reported that genes involved in evasion
and invasion (hlg and hld) were more commonly found in infectious isolates than niCIE [13].
The current study results for hld are consistent with the previous report [13]. However, hlg
which was more common in infectious strains than niCIE strains in the previous study [13]
was found in ≥96% of all S. aureus isolates in the current study. In addition, due to the
selection of isolates in the current study, staphylococcal cysteine proteinase scpA, which
was more common in niCIE isolates than infectious strains [13] in the previous study, whilst
being more commonly observed in niCIE strains than infectious strains in the current study,
did not reach significance (100% vs. 79%, p = 0.28).

Overall, 76% of all strains possessed the acquired penicillin resistance gene blaZ but
only 28% of strains, all from USA infectious (MK+ conjunctivitis), possessed mecA (i.e., were
MRSA). The high level of MRSA among S. aureus ocular isolates from USA in the current
study is consistent with previous studies [20,21]. The current study reports low level of
MRSA among ocular isolates from Australia which supports previous studies showing low
rates (≤6.3%) of MRSA among S. aureus ocular isolates from Australia [12,22].

The aminoglycoside resistance genes aac (6′) and aph (2′), which encode for gentamicin
resistance, were found in only one isolate from USA which is consistent with phenotypic
susceptibility [12] and other previous studies from USA and Australia [22–24] which
suggest gentamicin remains a good option to treat S. aureus ocular infections in both
Australia and USA. Genes ant (6)-la, aph (3′) III, which encode for streptomycin resistance,
were found in three USA isolates but in none of the Australian isolates. Streptomycin is
no longer used in clinical treatment [25], so this resistance may not be clinically relevant
but does suggest environmental selection for the persistence of genes. Gene ant (9)-la,
which confers resistance to spectinomycin, was found in four USA isolates (three were
MRSA) and one isolate from Australia. Several previous reports showed an association
between aminoglycoside resistance and methicillin resistance [26,27]. Gene aadD, which is
responsible for resistance to kanamycin/neomycin and tobramycin [28], was found in four
USA isolates.

Strains from niCIE showed a trend of higher frequency possession of icaD, the intercel-
lular adhesion gene, is involved in biofilm production [29]. As niCIE are associated with
contact lens wear and contact lenses may provide a surface where bacteria can attach and
colonize as a biofilm [30], it is perhaps not surprising that possession of icaD was more
common in niCIE isolates and suggests that biofilm formation mediated by this gene is not
critical for ocular surface infection (i.e., MK or conjunctivitis). In the current study when
ocular isolates were compared to non-ocular isolates, they showed higher frequency for
the possession of cna (40% vs. 0%; p = 0.03) and icaR (100% vs. 70%; p = 0.01), whereas
non-ocular isolates showed higher frequency for the possession of icaD (60% vs. 12%;
p = 0.007), ebh (90% vs. 60%; p = 0.1), and sdrD (100% vs. 68%; p = 0.07). The product of cna,
collagen binding adhesin, has been reported to be involved in the pathogenesis of S. aureus
keratitis [31] and the possession of this gene in ocular strains in the current study confirms
that it may be an important virulence determinant in S. aureus ocular infections. Gene
icaR is a strong negative regulator of biofilm formation, and its absence enhances PNAG
(poly-N-acetylglucosamine) production and biofilm formation [32,33]. Ocular strains used
in this study are enriched with icaR which further suggests biofilm formation is not an
absolute requirement for S. aureus ocular infections.
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Non-ocular strains in the current study were enriched with icaD which is involved
in biofilm production [29]; this suggests that biofilm formation is important for their non-
ocular pathogenesis. Gene ebh is a cell wall-associated fibronectin binding protein [34]
which helps S. aureus to adhere to host extracellular matrix (ECM) and plays a role in cell
growth, envelope assembly [35] while contributing to structural homeostasis of bacterium
by forming a bridge between the cell wall and cytoplasmic membrane [36]. The lower
frequency of ebh possession in S. aureus ocular strains suggests it has a minor role in eye
infections. Gene ebh is produced during human blood infection, as serum samples taken
from patients with confirmed S. aureus infection were found to contain anti-ebh antibodies.
Gene sdrD (serine–aspartate repeat protein D) is member of the MSCRAMMs (microbial
surface components recognizing adhesive matrix molecules) [37], promotes the adherence
of S. aureus to nasal epithelial cells [38], human keratinocytes [39], and contributes to abscess
formation [40]. A high prevalence of S. aureus sdrD gene is reported among patients with
bone infections [41] which suggests that sdrD may contribute to systemic infection. sdrD
is also reported to aid the pathogen in immune evasion by increasing S. aureus virulence
and survival in blood [40]. The lower frequency of possession of this gene in ocular isolates
indicates sdrD may not be involved in pathogenesis of currently prevalent types of eye
infections, however, S. aureus with sdrD could contribute more to eye infection.

Overall, isolates from conjunctivitis had a higher frequency for possession of the
serine proteases splA and splF than isolates from MK. Infectious isolates from USA were
significantly, or trended to be more likely to, possess the proteases splC splA, splB, and
splD than infectious isolates from Australia. Serine proteases are encoded on the νSaβ
pathogenicity island [42,43]. The spl operon is present in most of S. aureus strains but some
strains may not have the full operon [44]. Previous studies suggest that serine proteases are
expressed during human infections and modulate S. aureus physiology and virulence [45],
but their role in ocular infections is unknown. The current study suggests that some of
these serine proteases may have a role in pathogenesis of conjunctivitis, and this should be
studied in future experiments. Again, the trend of pathogenic isolates from USA infections
to possess other serine proteases might be related to the different clonal types circulating in
the USA. Studies reported ST5 (27%), ST8 (16%), ST30 (9%), and ST45 (6%) as prevalent
clonal types in USA ocular isolates [46]. However, a study from tropical northern Australia
reported CC75 as a prevalent clone in Australia [47]. In the current study 50% of infectious
strains possessing serine proteases were CC5 (ST5, ST105, and ST840), 30% were CC8 (ST8),
and 10% were CC15 (ST15) and CC30 (ST30). All strains from CC5 and CC30 possessed
4−6 proteases whereas strains from CC8 and CC15 possessed all six proteases. There was a
greater spread of sequence types and clonal complexes in the Australian infectious isolates.

There were several differences in possession of toxins genes of the set family and
others. The set genes are similar to staphylococcal superantigens but more likely to be
involved in immune avoidance [48]. Several toxins in staphylococci are often carried
on large mobile genetic elements (MGEs) known as pathogenicity islands that can be
horizontally transferred [49] and can be located on the pathogenicity island SaPIn2, SaPIl,
and SaPIboy [50]. An increasing number of enterotoxins and enterotoxin-like genes in
S. aureus have been identified and it is a global trend that around 80% of S. aureus both
pathogenic and non-pathogenic isolates carry an average of 5−6 enterotoxin genes [51–53].
Whether the set genes in different strains were present on pathogenicity islands will be
examined in future studies.

The current study’s finding that enterotoxin E (sea) was more commonly found in
ocular strains, infectious strains from USA (70%), AUS (33%), niCIE strains (50%) than non-
ocular strains (20%), however, the current study findings are not consistent with earlier
studies [54,55]. S. aureus strains isolated from atopic patients experiencing keratoconjunctivitis
with corneal ulceration, possessed enterotoxins more frequently compared to patients with no
ulceration [56]; the role of enterotoxins in ocular infections remains to be fully defined. Another
study found enterotoxin and enterotoxin-like genes were found to be highly correlated with
MRSA and predictive for MDR status in ocular isolates [57]. The antibiotic susceptibility
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data of the isolates used in the current study shows that most of the strains were multi-drug
resistant (MDR) [12], so the distribution of enterotoxin-like genes in 28% of MRSA USA
infectious strains (MK + conjunctivitis) may indicate their MDR status, but the presence
of enterotoxin-like genes in MSSA (methicillin sensitive S. aureus) MDR strains from other
conditions indicates enterotoxin genes are probably associated with the source of isolation.
The genes lukF-PV and lukS-PV encode for the Panton–Valentine leukocidin which is linked to
community acquired MRSA infections [58]. Their presence in conjunctivitis strains from USA
(60%) in the current study supports previous studies which reported that Panton–Valentine
leukocidin (pvl) is found in the majority of (67%) ocular strains [59].

The finding that there were no differences in the possession of genes related to immune
evasion or type VII secretion systems (adsA, chp, cpsA, scn, sbi, esaA, esaB, esaD, esaE,
esaG, essA, essB, essC, esxA, esxB, esxC, esxD) between different isolate types, countries, or
ocular and non-ocular strains, and the finding that most isolates possessed the adhesin
genes atl, ebp, eap, efb, fnbA, fnbB, icaA, icaB, icaC, icaR, sdrC, and spa, the enzyme genes
(proteases, thermonuclease, lipase, staphylokinase, and hyaluronate lyase) sspB, scpA, hysA,
geh, lip, v8, sspA, sak, and nuc, and the hemolysin genes hla, hlgA, hlgB, hlgC might indicate
that possession of these genes is important either for survival in either the eye or in the
environment prior to gaining access to the ocular surface to cause infection or inflammation.

The core and pan genome phylogenies included strains from all ocular conditions.
Acquired genes are part of the pan rather than core genome [60] and the presence of larger
pan genomes points towards the acquisition of new genes [61]. The core genome (which is
almost 90% of pan or total genome) refers to the conserved genes present in a species, which
might differ in each individual strain within that species [62]. With respect to multi-locus
sequence typing, in the current study sequence types (STs), ST5 (20%), ST8 (16%), clonal
complex (CC), CC30 (16%), and CC1 (12%) were the most prevalent (predominant) types
respectively. Previous studies identified that specific lineages including ST5 and ST8 are
common among S. aureus ocular strains [54,59,63–65]. ST5 MRSA isolates from USA were
the frequent cause of hospital acquired infections [66] and ST8 MRSA isolates from USA
most commonly the causes of community acquired skin and soft tissue infections [67,68].
This suggests that S. aureus isolates from ocular infections align with major circulating
pathogenic S. aureus strains capable of causing systemic infections.

4. Material and Methods

4.1. Bacterial Isolates

Twenty-five S. aureus ocular isolates, 9 isolated from infections (MK + conjunctivitis)
in Australia, 10 isolated from infections (MK + conjunctivitis) in USA and 6 isolated from
niCIEs in Australia were used (Table 4). The isolates were selected from a larger collection
of strains based on their published susceptibility to various antibiotics [12] and possession
of virulence genes [13]. Most strains were multi-drug resistant (MDR; Table 4).

4.2. Whole Genome Sequencing

Genomic DNA from each S. aureus strain was extracted using QIAGEN DNeasy blood
and tissue extraction kit (Hilden, North Rhine-Westphalia, Germany) as per the manufac-
turer’s instructions. The Nextera XT DNA library preparation kit (Illumina, San Diego, CA,
USA) was used to prepare paired-end libraries. All the libraries were multiplexed on one
MiSeq run. FastQC version 0.117 (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc, accessed on 9 July 2021) was used to assess the quality of sequenced genomes us-
ing raw reads. Trimmomatic v0.38 (http://www.usadellab.org/cms/?page=trimmomatic,
accessed on 9 July 2021) was used for trimming the adapters from the reads with the
setting of minimum read length of 36 and minimum coverage of 15 [69]. De novo assembly
using Spades v3.15.0 was performed using the default setting [70]. Assembled genomes
were annotated with Prokka v1.12 using GeneBank® compliance flag [71]. The genome of
S. aureus NCTC 8325 (reference strain in this study) was re-annotated with Prokka to avoid
annotation bias.
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Table 4. Susceptibility and virulence profiles of S. aureus strains [12,13].

Ocular Condition Stain Number
Phenotypic Resistance (R) and

Susceptibility (S) Profile
Profile of Virulence Genes Known to Be Possessed

by the Isolates

SA107 CIP, CEFT, OXA, AZI, POLYB (R)
GN, VAN, CHL (S) fnbpA, eap, sspB, sspA, coa, hla, hlg, hld.

SA111 CIP, CEFT, OXA, GN, AZI, POLYB (R)
VAN, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld

SA112 CIP, CEFT, OXA, AZI, POLYB (R)
GN, VAN, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld

SA113 CIP, CEFT, OXA, AZI, POLYB (R)
GN, VAN, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld

Microbial keratitis
USA

SA114 CIP, CEFT, AZI, POLYB (R)
GN, VAN, OXA, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld

SA34 CEFT, AZI, POLYB (R)
CIP, GN, VAN, OXA, CHL (S) fnbpA, eap, scpAsspB, sspA, coa, seb, hla, hlg, hld

SA129 CEFT, CHL, AZI, POLYB (R)
CIP, GN, VAN, OXA (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld

M5-01 CIP, CEFT, CHL, AZI (R)
GN, VAN, OXA, POLYB (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld

M19-01 CEFT, AZI, POLYB (R)
CIP, GN, VAN, OXA, CHL (S) fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld

M28-01 CEFT, CHL, AZI, POLYB (R)
CIP, GN, VAN, OXA (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld

M43-01 CIP, CEFT, OXA, CHL, AZI, POLYB (R)
GN, VAN (S) clfA, eap, scpA, sspB, sspA, coa, hla, hlg, hld

Microbial keratitis
Australia

M71-01 CIP, CEFT, CHL, AZI, POLYB (R)
GN, VAN, OXA (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld

SA86 CEFT, CHL, AZI, POLYB (R)
CIP, GN, VAN, OXA (S) clfA, fnbpA, eap, scpA, sspB, coa, seb, hla, hlg, hld, pvl.

SA90 CIP, CEFT, AZI, POLYB (R)
GN, VAN, OXA, CHL (S) clfA, fnbpA, eap, scpA, sspB, coa, hla, hlg, hld.

SA101 CIP, CEFT, OXA, AZI, POLYB (R)
GN, VAN, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld, pvl

SA102 CIP, CEFT, OXA, AZI, POLYB (R)
GN, VAN, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, seb, hla, hlg, hld.

Conjunctivitis USA

SA103 CIP, CEFT, OXA, AZI, POLYB (R)
GN, VAN, CHL (S) clfA, fnbpA, eap, sspB, sspA, coa, hla, hlg, hld, pvl

SA46 AZI, POLYB (R)
CIP, CEFT, OXA, GN, VAN, CHL (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld.

Conjunctivitis
Australia SA136 CIP, CEFT, AZI, POLYB (R)

GN, VAN, OXA, CHL (S) fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld.

SA20 CEFT, CHL, AZI, POLYB (R)
CIP, GN, VAN, OXA (S) fnbpA, eap, scpA, sspB, sspA, coa, seb, hla, hlg, pvl.

SA25 AZI, POLYB (R)CIP, CEFT, GN, VAN, OXA,
CHL (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, seb, hla, hlg, hld.

SA27 CEFT, OXA, AZI, POLYB (R)
CIP, GN, VAN, CHL (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld.

SA31 CIP, CEFT, AZI, POLYB (R)
GN, VAN, OXA, CHL (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld.

SA32 POLYB (R)
CIP, CEFT, AZI, GN, VAN, OXA, CHL (S) clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg, hld.

niCIE Australia

SA48 CEFT, CHL, AZI, POLYB (R)
CIP, GN, VAN, OXA (S). clfA, fnbpA, eap, scpA, sspB, sspA, coa, hla, hlg.

R = resistant, S = sensitive; CIP = ciprofloxacin, CEFT = ceftazidime, OXA = oxacillin, GN = gentamicin,
VAN = vancomycin, CHL = chloramphenicol, AZI = azithromycin, POLYB = polymyxin B. clfA = clumping factor,
fnbpA = fibronectin binding protein, eap = extracellular adhesion protein, scpA = cysteine protease staphopain A,
sspB = cysteine protease staphopain B, sspA = serine protease v8, coa = collagen binding adhesion, seb = enterotoxin,
hla = alpha-toxin, hlg = gamma-toxin, hld = delta-toxin, pvl = Panton–Valentine leukocidin.

Multi-locus sequence type (MLST) was determined using PubMLST (https://pubmlst.
org/, accessed on 29 September 2021) [72] to find the sequence of each strain. Pan genomes
of the S. aureus isolates were analyzed using Roary v3.11.2 [73] which uses the GFF3
files produced by Prokka. The program was run using the default settings, which uses
BLASTp for all-against-all comparison with 95% of percentage sequence identity. Core
genes were taken as the genes which were common in at least 99% of strains. Core genome
phylogeny was constructed using Harvest Suite Parsnp v1.2 [74] with S. aureus NCTC
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8325 (NC_007795.1) as a reference strain. The output file ‘genes_ presence_absence.csv’
generated by Roary was used to compare the S. aureus isolates. Phylogenetic tree was
constructed using online webtool itol (https://itol.embl.de/, accessed on 4 April 2022).
Acquired antibiotic resistance genes of S. aureus isolates were examined by using the
online database Resfinder v3.1 (https://cge.cbs.dtu.dk/services/ResFinder/, accessed on
30 October 2021) [75]. To determine the association of specific virulence determinants with
specific ocular conditions, 128 virulence factors previously described to be associated with
many S. aureus infections in the virulence factors database (VFDB) were examined (VFDB;
Centre for Genomic Epidemiology, DTU, Denmark, http://www.mgc.ac.cn/VFs/main.
htm, (accessed on 9 May 2022) respectively [76]. The assembled S. aureus isolates were
compared to a custom VFDB consisting of 128 virulence genes associated with adhesion,
enzymes, immune evasion, type VII secretion systems, and toxins (enterotoxins, enterotoxin-
like genes, exfoliative toxins, and exotoxins). A gene sequence had to cover at least 60% of
the length of the gene sequence in the database with a sequence identity of 90% to be
considered as being present in the strain. As acquired antimicrobial resistance genes may
be carried on integrons, S. aureus genomes were analyzed for integrons using integron
Finder version 1.5.1 (https://bioweb.pasteur.fr/packages/pack@Integron_Finder@1.5.1,
accessed on 5 February 2022). There was no evidence for integrons in these 25 isolates.
Isolates with the same sequence types were compared for nucleotide similarities using the
MUMmer online web tool (http://jspecies.ribohost.com/jspeciesws/#analyse, accessed on
18 February 2022).

4.3. Statistical Analysis

Differences in virulence factors database (VFDB) results for the presence or absence
of virulence genes between the disease groups and differences in ocular and non-ocular
isolates were analyzed using a chi-square test in GraphPad prism v8.0.2.263 for windows
(San Diego, CA, USA, (www.graphpad.com, accessed on 1 June 2022). For all analyses a
p-value < 0.05 was considered statistically significant and p-value < 0.1 was considered as
trending towards significance.

Nucleotide accession: The nucleotide sequences are available in the Genebank un-
der the Bio project accession number PRJNA859391 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA859391, accessed on 24 July 2022), (genomes accession number
(JANHMY000000000, JANHMZ000000000, JANHNA000000000, JANHNB000000000,
JANHNC000000000, JANHND000000000, JANHNE000000000, JANHNF000000000,
JANHNG000000000, JANHNH000000000, JANHNI000000000, JANHNJ000000000,
JANHNK000000000, JANHNL000000000, JANHNM000000000, JANHNN000000000,
JANHNO000000000, JANHNP000000000, JANHNQ000000000, JANHNR000000000,
JANHNS000000000, JANHNT000000000, JANHNU000000000, JANHNV000000000,
JANHNW000000000).

5. Conclusions

With respect to virulence determinants distribution, there were some differences between
ocular and non-ocular isolates and ocular infectious and niCIE isolates. The current study
could not detect plasmids in any of the isolates, as it relied on draft genomes. Further studies
including more strains will focus on improvement of the assembly and probe the WGS for
possession of pathogenicity islands such as νSaβ, SaPIn2, SaPIl, and SaPIboy. Overall, these
findings have extended our understanding of the genomic diversity of S. aureus in infectious
and non-infectious ocular conditions. The information can be used to elucidate various
mechanisms that would help combat virulent and drug resistant strains.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11081011/s1, Table S1: Genomic features of S. aureus

non-ocular isolates.
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Abstract: This study analyzed the clinical features and molecular characteristics of methicillin-
susceptible Staphylococcus aureus (MSSA) ocular infections in Taiwan and compared them between
community-associated (CA) and health-care-associated (HA) infections. We collected S. aureus ocular
isolates from patients at Chang Gung Memorial Hospital between 2010 and 2017. The infections were
classified as CA or HA using epidemiological criteria, and the isolates were molecularly characterized
using pulsed-field gel electrophoresis, multilocus sequence typing, and Panton-Valentine leukocidin
(PVL) gene detection. Antibiotic susceptibility was evaluated using disk diffusion and an E test. A
total of 104 MSSA ocular isolates were identified; 46 (44.2%) were CA-MSSA and 58 (55.8%) were
HA-MSSA. Compared with HA-MSSA strains, CA-MSSA strains caused a significantly higher rate
of keratitis, but a lower rate of conjunctivitis. We identified 14 pulsotypes. ST 7/pulsotype BA
was frequently identified in both CA-MSSA (28.3%) and HA-MSSA (37.9%) cases. PVL genes were
identified in seven isolates (6.7%). Both CA-MSSA and HA-MSSA isolates were highly susceptible to
vancomycin, teicoplanin, tigecycline, sulfamethoxazole–trimethoprim, and fluoroquinolones. The
most common ocular manifestations were keratitis and conjunctivitis for CA-MSSA and HA-MSSA,
respectively. The MSSA ocular isolates had diverse molecular characteristics; no specific genotype
differentiated CA-MSSA from HA-MSSA. Both strains exhibited similar antibiotic susceptibility.

Keywords: Staphyloccus aureus; MSSA; ocular infection; pulsed-field gel electrophoresis; multilocus
sequence typing; Panton-Valentine leukocidin; antibiotic resistance

1. Introduction

Staphylococcus aureus is a major isolated bacterial pathogen that causes various infec-
tions in humans [1]. S. aureus is typically categorized as methicillin resistant or methicillin
susceptible based on its susceptibility to methicillin. Methicillin-resistant S. aureus (MRSA),
a strain resistant to all β-lactam antibiotics, warrants particular attention because of its
potentially limited treatment options and its increasing prevalence [2]. MRSA has conven-
tionally been considered a health-care-associated (HA) pathogen but has been increasingly
reported in community-associated (CA) infections, which is a global health concern [3].
HA- and CA-MRSA strains exhibit distinct clinical presentations, genotypes, and pheno-
types [2,4].

Although MRSA has received considerable research attention, methicillin-susceptible
S. aureus (MSSA) infections are more prevalent than MRSA infections [5]. According to
surveillance in eight United States (US) counties in 2016, the incidence of invasive MSSA
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was 1.8 times higher than that of MRSA; MSSA accounted for 59.7% of HA cases and
60.1% of deaths [5]. In addition, a report published by the Centers for Disease Control
and Prevention (CDC) revealed that the incidence of MSSA bacteremia increased by 3.9%
annually from 2012 to 2017 in the community in the US [6]. However, few studies have
explored the effect of healthcare exposure on the clinical features and molecular typing of
MSSA infections [7–10], potentially due to the clonal diversity of MSSA infections. Most
MRSA clones are considered to have evolved from epidemic MSSA clones, leading to
the incidence of CA-MRSA [11]. Thus, determination of the genetic characteristics of
MSSA strains is crucial for further understanding of the epidemiology of MSSA and even
of CA-MRSA.

S. aureus is the most common cause of bacterial keratitis (corneal infection) and con-
junctivitis (conjunctival infection) [12,13]. Although the Antibiotic Resistance Monitoring
in Ocular Microorganisms (ARMOR) study reported that 65.1% of S. aureus isolates were
MSSA [14], studies on MSSA ocular infections have generally been limited to small case
series. Previously, we conducted a 10-year retrospective study on S. aureus ocular infec-
tions [15] and observed that the percentages of ocular infections caused by MSSA and
by MRSA were approximately equal; both strains caused a similar spectrum of diseases,
although MRSA was more frequently associated with eyelid infections (16.7% vs. 24.5%,
p = 0.040). In our subsequent research, we focused solely on MRSA ocular infections [16]
and performed molecular typing on MRSA isolates [17]. Because the importance of MSSA
should not be overlooked, in this study, we investigated the clinical features, molecular
characteristics, and antibiograms of MSSA ocular infections and compared them between
CA-MSSA and HA-MSSA isolates.

2. Results

2.1. Clinical Characteristics of MSSA Ocular Infections

During this 8-year study period, MSSA strains were isolated from 104 patients. Of the
104 patients with MSSA, 46 (44.2%) were classified as having CA-MSSA, and 58 (55.8%)
were classified as having HA-MSSA. Table 1 presents a summary of the demographic
characteristics and clinical features of the patients with MSSA ocular infections. The
patients with HA-MSSA were significantly more likely to have underlying conditions,
such as malignancy or current infection, compared with those with CA-MSSA (p = 0.006
and <0.001, respectively). Regarding local risk factors, a significantly higher proportion
of the patients with HA-MSSA had a history of ocular surgery, and a significantly higher
proportion of the patients with CA-MSSA used contact lenses. Keratitis was the most
common ocular disease caused by CA-MSSA, followed by conjunctivitis; however, this
order was reversed in the HA-MSSA group (Table 2). The rates of keratitis and conjunctivitis
caused by the CA-MSSA and HA-MSSA strains were significantly different (keratitis: 63.0%
vs. 29.3%, p < 0.001; conjunctivitis: 10.9% vs. 39.7%, p = 0.001). Most of the patients with
CA-MSSA received outpatient or emergency department treatment (69.6%), whereas most
of the patients with HA-MSSA infection received inpatient treatment (56.9%).

Table 1. Comparison of demographics and systemic and local factors between patients infected with community-associated
and health-care-associated methicillin-susceptible Staphylococcus aureus ocular isolates.

CA (n = 46)
No. (%)

HA (n = 58)
No. (%)

p Value

Demographics

Age in years, mean ± SD (range)
44.6 ± 24.0
(0.1–84)

52.6 ± 25.0
(0.1–95)

0.102

Sex (male/female) 22/24 (47.8/52.2) 25/33 (43.1/56.9) 0.694
Underlying Condition
Diabetes mellitus 9 (19.6) 15 (25.9) 0.491
Hypertension 13 (28.3) 20 (34.5) 0.532
Pulmonary disease 3 (6.5) 6 (10.3) 0.728
Renal disease 4 (8.7) 6 (10.3) 1
Liver disease 2 (4.3) 5 (8.6) 0.46
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Table 1. Cont.

CA (n = 46)
No. (%)

HA (n = 58)
No. (%)

p Value

Malignancy 1 (2.2) 12 (20.7) 0.006
Immunodeficiency 1 (2.2) 5 (8.6) 0.224
Current infection a 0 (0) 19 (32.9) <0.001
Recent antibiotic use 1 (2.2) 15 (25.9) 0.001
Alcoholic 2 (4.3) 3 (5.2) 1
Ocular history
Contact lens use 8 (17.4) 1 (1.7) 0.010
Ocular surface disease 11 (23.9) 23 (39.7) 0.098
Surgery 9 (19.6) 37 (63.8) <0.001
Trauma 8 (17.4) 9 (15.5) 0.797

a Nonocular infection; CA = community-associated; HA = health-care-associated.

Table 2. Comparison of diagnoses and treatments between community-associated and health-care-associated methicillin-
susceptible Staphylococcus aureus ocular isolates.

CA (n = 46)
No. (%)

HA (n = 58)
No. (%)

p Value

Diagnosis
Lid disorder 4 (8.7) 4 (6.9) 0.730
Conjunctivitis 5 (10.9) 23 (39.7) 0.001
Keratitis 29 (63.0) 17 (29.3) <0.001
Endophthalmitis 3 (6.5) 2 (3.4) 0.653
Wound infection) 1 (2.2) 5 (8.6) 0.224
Lacrimal system disorder 4 (8.7) 4 (6.9) 0.730
Others (%) 0 (0) 3 (5.2) 0.253
Treatment
Surgical intervention 5 (10.9) 11 (19) 0.288
Inpatient 14 (30.4) 33 (56.9) 0.009
Outpatient/ED 32 (69.6) 25 (43.1) 0.010

CA = community-associated; ED = emergency department; HA = health-care-associated.

2.2. Molecular Typing

Table 3 presents the molecular typing of the MSSA isolates. We identified a total
of 14 pulsotypes (Figure 1), of which BA was the most common (33.7%), followed by F
(19.2%). No specific pulsotype distinguished HA isolates from CA isolates. Multilocus
sequence typing (MLST) was performed on 39 isolates selected from each pulsed-field gel
electrophoresis (PFGE) type and from four untypeable samples. We identified 21 sequence
types (STs); a phylogenic tree of these types is presented in Figure 2. For pulsotype F, all six
selected isolates belonged to ST15. For pulsotype BA, cluster complex (CC) 7, including
ST7 and ST6427, was the dominant MLST type (5/7). Seven isolates (6.7%), comprising
five CA and two HA isolates, contained Panton-Valentine leukocidin (PVL) genes. The
PVL-positive isolates contained ST1232 (n = 2), ST59, ST338, ST6426, and ST672, as well as
one untypeable isolate (Table 3).

Table 3. Molecular characteristics of 104 methicillin-susceptible Staphylococcus aureus ocular isolates stratified by pulsotype.

Pulsotypes BA F AX BW D Others

No. isolates (n = 104) 35 (33.7%) 20 (19.2%) 8 (7.7%) 8 (7.7%) 7 (6.7%) 26 (25%)
CA (n = 46) 13 (28.3%) 10 (21.7%) 4 (8.7%) 3 (6.5%) 5 (10.9%) 11 (23.9%)
HA (n = 58) 22 (37.9%) 10 (17.2%) 4 (6.9%) 5 (8.6%) 2 (3.4%) 15 (25.9%)
p-value 0.404 0.621 0.730 1 0.237 1
PVL-positive (n = 7) 0 0 1 1 2 3
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Table 3. Cont.

Pulsotypes BA F AX BW D Others

Sequence type
1 (1/7), 7 (4/7),
6427 (1/7), 6457
(1/7)

15 (6/6)
188 (2/3), 6426 a

(1/3)
Untypeable a

(4/4)

59 a (2/4), 97
(1/3), 338 a

(1/4)

1232 aa (3), 59,
1281, 72, 30 (2),
96, 398, 508, 509,
573, 672 a, 6453,
untypeable

a: Sequence type of PVL-positive isolates; aa: Two isolates with PVL were ST 1232; CA = community-associated; HA = health-care-associated;
PVL = Panton-Valentine leukocidin genes.

Figure 1. Dendrogram of pulsed-field gel electrophoresis cluster analysis of 104 methicillin-susceptible Staphylococcus aureus

ocular isolates, classified into 14 pulsotypes.

Figure 2. Phylogenic tree of multilocus sequence types of methicillin-susceptible Staphylococcus aureus ocular isolates.
Bracketed numbers represent the number of isolates.
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2.3. Drug Susceptibility Test

All the CA-MSSA and HA-MSSA isolates were susceptible to linezolid, tigecycline,
vancomycin, and teicoplanin. In addition, all the CA-MSSA isolates and more than 95% of
the HA-MSSA isolates were susceptible to sulfamethoxazole–trimethoprim (TMP–SMX)
and fluoroquinolones. The CA-MSSA and HA-MSSA strains exhibited similar antibiotic
susceptibility levels, except for susceptibility to erythromycin (63% vs. 81%, p = 0.047)
(Figure 3).

 

Figure 3. Antibiotic susceptibility of community-associated and health-care-associated methicillin-susceptible Staphylo-

coccus aureus ocular isolates. CA = community-associated; HA = health-care-associated; TMP–SMX = sulfamethoxazole–
trimethoprim; * p = 0.047.

3. Discussion

Few studies have explored the clinical and molecular characteristics of MSSA in-
fections, particularly ocular infections. In this study, we investigated the clinical and
microbiological characteristics of MSSA ocular infections in Taiwan and compared them
between CA-MSSA and HA-MSSA ocular isolates, which have rarely been compared in
previous studies. We observed that over half of MSSA ocular infections were HA. Keratitis
and conjunctivitis accounted for most of the clinical manifestations of the MSSA ocular
infections; significantly more patients with CA infections presented with keratitis, whereas
those with HA infections more often presented with conjunctivitis. The molecular character-
istics of the MSSA isolates were relatively diverse, and no specific genotype differentiated
CA-MSSA from HA-MSSA. The antibiograms of the CA-MSSA and HA-MSSA isolates
were similar.

In this study, a higher rate of HA-MSSA than of CA-MSSA was observed in the MSSA
ocular isolates (55.8%), which is consistent with the findings of our previous 10-year study
on S. aureus ocular infections [15] but contradicts the findings of a study on pediatric
MSSA infections in our hospital in 2015, in which the rate of CA-MSSA was reported to
be 71.8% [7]. As expected, patients with HA-MSSA ocular infections exhibited a higher
percentage of comorbidities such as malignancy and recent non-ophthalmic infections.
Regarding local factors, we observed that a significantly higher proportion of the patients
with HA-MSSA infections had undergone ocular surgery; however, a significantly higher
proportion of the patients with CA-MSSA infections had a history of contact lens use.

S. aureus is the leading cause of bacterial keratitis and is the most common pathogen
isolated from patients with conjunctivitis [12,13]. Marangon and Miller studied 1230 MSSA
isolates from corneal and conjunctival infections between 1990 and 2001 and observed that
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the rate of keratitis was 62–65% [18]. Our previous 10-year study [15] and the current study
have also confirmed that keratitis and conjunctivitis are common in MSSA ocular infections.
In the present study, the patients with CA-MSSA infections exhibited a significantly higher
rate of keratitis than did those with HA-MSSA infections, but HA-MSSA isolates caused
higher rates of conjunctivitis (followed by keratitis). However, these results are different
from those of our previous 10-year report on MRSA ocular infections, in which HA-MRSA
isolates caused more keratitis but less conjunctivitis than did CA-MRSA isolates [16].

Regarding molecular characteristics, the MSSA isolates in this study were polyclonal,
and none of the clones exhibited significant differences between the CA and HA isolates.
Our study revealed that ST7/pulsotype BA, ST15/pulsotype F, and ST188/pulsotype AX
accounted for half of the isolates, which is consistent with the findings of previous studies
on MSSA nonocular infections in Taiwan [7,10,19]. However, among the samples employed
in the previous studies, ST188 was the most common sequence type, whereas in the present
study, ST7/pulsotype BA was the most frequent sequence type, which is consistent with
the findings of a similar study from China [20]. Although Chen et al. [7] reported that
ST15/pulsotype F isolates were more frequently observed in CA-MSSA than in HA-MSSA
(p = 0.064) among pediatric patients, other research on adult patients [10] did not reveal
differences between the genotypes of CA-MSSA and HA-MSSA isolates in Taiwan. Hesje
et al. [21] and Peterson et al. [22] have investigated the molecular characteristics of S. aureus
ocular isolates in the US, and both studies have demonstrated the polyclonality of MSSA
ocular isolates. However, Peterson et al. reported that two major USA clonal complexes,
CC5 and CC8, were the most frequently detected clones among MSSA and MRSA keratitis
isolates. This discrepancy in the molecular characteristics of MSSA ocular isolates indicates
geographic variation.

PVL, a bicomponent pore-forming toxin targeting phagocytic leukocytes, is regarded
as a marker of CA-MRSA. In this study, we identified PVL genes in seven MSSA isolates
(6.7%). The low prevalence of PVL-positive MSSA strains is comparable to that observed
in a global clinical trial [8], which reported a rate of 8.8% (118/1334) in MSSA isolates
from 2004 to 2005, and to that in a study conducted in central Taiwan, which reported
a rate of 5.4% [19]. The endemic CA-MRSA clone might have originated from MSSA.
The previous study conducted in Taiwan demonstrated that PVL-positive ST59 MSSA
shared a similar genetic profile with PVL-positive ST59 MRSA [23], the endemic CA-
MRSA clone. Chen et al. [7] also reported that among pediatric patients at our hospital,
9 of 11 PVL-positive MSSA isolates belonged to ST59. However, the STs of PVL-positive
MSSA isolates were heterogenous in this study, with only two belonging to CC59 (ST59
and ST338). Further research is warranted to determine whether the PVL-positive MSSA
isolates derived from ocular and nonocular infections are different.

In the present study, the HA-MSSA and CA-MSSA isolates both exhibited high suscep-
tibility to most of the tested antibiotics except for clindamycin and erythromycin. The antibi-
ograms of the MSSA ocular isolates were determined to parallel those of nonocular MSSA
isolates in Taiwan. We tested the isolates’ antibiotic susceptibilities to fluoroquinolones, the
first-line treatment of ocular infections, and observed that the susceptibility rates to fluoro-
quinolones all exceeded 90%. This rate is higher than that (approximately 80%) reported
by Asbell et al. in their study on MSSA infection in the ocular Tracking Resistance in U.S.
Today (ocular TRUST) program [24]. Taiwan’s National Health Insurance Administration
strictly regulates the use of ophthalmic fluoroquinolones solutions. Such solutions are
reserved for the treatment of severe bacterial infections such as corneal ulcers but are not
permitted for prophylactic purposes or the treatment of mild infections, which might have
contributed to the relatively high susceptibility of the isolates to fluoroquinolones in our
isolates. Although the increasing resistance of MSSA ocular isolates to fluoroquinolones
reported by Marangon et al. [18] is a concern, fluoroquinolones might remain the treatment
of choice for MSSA ocular infections, at least in Taiwan.

The emergence of drug resistance necessitates innovative therapeutic approaches.
Recently, new ophthalmic solutions have been developed. Povidone–iodine 0.6% was
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determined to exhibit higher bactericidal activity than does povidone–iodine 5% [25]; a
commercial solution containing povidone–iodine 0.6% (IODIM, Medivis, Catania, Italy)
exhibited high antimicrobial activity against S. aureus, S. epidermidis, and Pseudomonas aerug-
inosa in vitro [26]. Another solution containing hexamidine diisethionate 0.05% (Keratosept,
Bruschettini, Genoa, Italy) also exhibited rapid antibacterial activity against multiresistant
S. aureus, S. epidermidis, and Candida species [27]. In addition to bactericidal agents, antibi-
otic combinations represent an alternative method for treating multiresistant pathogens.
Nasir et al. [28] reported that levofloxacin combined with ceftazidime was successful
against MRSA isolates. In future research, these treatments should be studied in vivo to
determine if they are as effective as they are in vitro.

In contrast to the differentiation of MRSA isolates, differentiating between CA-MSSA
and HA-MSSA ocular isolates is difficult. In our previous study on MRSA ocular infections,
we found that patients with CA-MRSA ocular infections were, on average, younger and
more frequently diagnosed with eyelid disorders than those with HA-MRSA infections [16].
The dominant clones for CA-MRSA and HA-MRSA isolates were ST59 and ST239, respec-
tively [17]; both CA-MRSA and HA-MRSA were multiresistant, but TMP–SMX exhibited
high activity against CA-MRSA [16,17]. These results are consistent with those of studies
on MRSA nonocular infections in Taiwan. The epidemiological characteristics of each
isolate could distinguish CA-MRSA from HA-MRSA isolates and be used to evaluate each
isolate’s clinical or pathogenic implications. However, the present study demonstrated
that the patients with CA-MSSA and HA-MSSA ocular infections exhibited similar de-
mographic characteristics, microbiological characteristics, and clinical features, except for
the spectrum of diseases and admission rates. This implies that the distinction between
CA-MSSA and HA-MSSA is blurred, partially due to the transmission of CA strains into
HA facilities. Chen et al. [7] investigated the clinical features and molecular characteris-
tics of pediatric MSSA infections in our hospital and determined that more patients with
CA-MSSA presented with skin and soft tissue infections than did those with HA-MSSA
infections, a clinical feature that is like those of pediatric MRSA infections. The molecu-
lar characteristics of the MSSA isolates derived from the pediatric patients were diverse,
but one clone (ST15/pulsotype F) exhibited a borderline significant difference between
the CA-MSSA and HA-MSSA isolates. Furthermore, the CA-MSSA isolates exhibited a
significantly higher susceptibility rate to TMP–SMX (100%) than did the HA-MSSA isolates
(95%). Further research involving larger sample sizes is necessary to determine whether
the discrepancy between the results of the present study and those of the pediatric MSSA
study [7] conducted in the same hospital is due to tissue tropism or other causes.

Our study has several limitations. First, although the isolates were prospectively
collected, the clinical data were retrospectively reviewed. Therefore, the patients might
have been misclassified due to incomplete evaluation of risk factors. Nevertheless, we
were still able to observe some significant differences between the patients infected with
the CA and HA-MSSA isolates. Second, the sample size might not have been sufficiently
large, but the correlation between pulsotypes and STs is similar to that recorded in the
study on pediatric MSSA infection in Taiwan [7]. Third, determining whether the isolate
was a contaminant or pathogen was difficult because S. aureus is a common colonizer of
the ocular surface. However, all the isolates included in this study were clinical samples
collected from patients with active ocular infections. Finally, this study was conducted
in a single tertiary-care hospital; therefore, the results might not be generalizable to other
populations. However, because our hospital is the largest referral hospital in Taiwan,
the results of this study may still generally reflect the epidemiology of MSSA infection.
Additional prospective studies involving patients from more hospitals are warranted.

4. Materials and Methods

4.1. Ethics

The study adhered to the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Board (IRB) of Chang Gung Memorial Hospital (CGMH), a tertiary
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medical center in Taoyuan, Taiwan (IRB 107-2346C). The requirement for written informed
consent was waived due to the anonymous analysis of the data.

4.2. Study Population and Data Collection

From 1 January 2010 to 31 December 2017, clinical S. aureus isolates were prospectively
collected from patients with ocular infections and stored in the microbiology laboratory of
CGMH. The medical records of the patients were retrospectively reviewed for demographic
and clinical information. If more than one isolate was collected from a single patient, only
the first was included for analysis. The MSSA infections were classified as HA or CA based
on the definitions employed by the CDC since 2000 [29]. The clinical criteria for HA-MSSA
consist of an infection identified 48 h after hospitalization; a history of healthcare exposure
within 1 year prior to the presentation including admission, surgery, dialysis, or residency
in a long-term care facility; and the use of permanent indwelling catheters or percutaneous
devices. CA-MSSA infections are defined as MSSA infections identified within 48 h of
hospitalization in patients without a history of healthcare exposure within 1 year prior to
the presentation.

The patients’ underlying conditions and ocular histories were recorded. The under-
lying conditions that we screened for were diabetes mellitus, hypertension, pulmonary
disease, renal disease, liver disease, malignancy, immunodeficiency, current infection, re-
cent antibiotic use, and alcoholism; we also screened for recent antibiotic use. The ocular
histories included contact lens use, ocular surface disease, surgery, and trauma.

Based on the ocular structures involved, the manifestations were categorized into
seven diagnoses: lid disorder, conjunctivitis, keratitis, endophthalmitis, wound infection,
lacrimal system disorder, and others (including blebitis, buckle or implant infection, and
scleral ulcer). If a patient was diagnosed with more than one ocular infection, the primary
pathology or the most severe diagnosis was chosen.

4.3. Molecular Characteristics

Molecular analysis methods employed in this study included PFGE by SmaI digestion,
PVL gene detection, and MLST, with approaches consistent with those described in detail
by Lina et al. [30] and Enright et al. [31]. All the MSSA isolates were molecularly charac-
terized on the basis of PFGE and PVL genes. MLST was performed on selected isolates
with representative PFGE patterns. The ST was determined according to each isolate’s
allelic profile.

4.4. Drug Susceptibility Test

We evaluated the antimicrobial susceptibility of the MSSA isolates to antibiotics
(namely penicillin, oxacillin, TMP–SMX, clindamycin, erythromycin, fusidic acid, te-
icoplanin, vancomycin, tigecycline, and linezolid) through the disk diffusion method
according to the Clinical and Laboratory Standards Institute’s standards for antimicrobial
susceptibility testing [32]. An E test (bioMerieux, Marcy-I’Etoile, France) was also used
to determine the isolates’ susceptibility to fluoroquinolones, namely ciprofloxacin, lev-
ofloxacin, gatifloxacin, and moxifloxacin. Oxacillin was used instead of methicillin to test
for β-lactam resistance.

4.5. Statistical Analysis

All statistical analyses were performed using SPSS (Version 19.0; IBM, Armonk, NY,
USA). The nominal variables were analyzed through a chi-square test, and the continuous
variables were analyzed using Student’s t test. The variables are presented either as a
mean ± standard deviation or as a percentage. The correlation between clinical presenta-
tions and the classification of MSSA infections as HA or CA was measured using Fisher’s
exact test. A two-tailed p value of less than 0.05 was considered statistically significant.
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5. Conclusions

More than half of the MSSA ocular infections included in this study were classified
as HA-MSSA. CA-MSSA caused a higher rate of keratitis than did HA-MSSA, whereas
HA-MSSA caused a higher rate of conjunctivitis. Although the molecular characteristics
of the MSSA isolates indicated that the isolates were genetically diverse, ST7, ST15, and
ST188 were frequently observed in the MSSA ocular infections. Both CA- and HA-MSSA
strains exhibited high susceptibility to fluoroquinolones in Taiwan. Physicians should be
familiar with the epidemiology, spectrum of diseases, and antibiotic susceptibility patterns
of MSSA ocular infections in their local areas. Although we could not clearly differentiate
HA-MSSA from CA-MSSA in this study, the results provide information that may be
used to enhance local public health policy as well as knowledge on epidemic MSSA clones
worldwide. Further research should include larger sample sizes and involve more hospitals
to deepen the understanding of the molecular characteristics and clinical features of MSSA
ocular infections.
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Abstract: It has been previously reported that the improper prescribing of antibiotic eye drops is
common among orthokeratology (ortho-k) practitioners. Guidelines have since been developed
and disseminated to improve their understanding and implementation of antibiotic prescriptions.
This study aimed to investigate the influence of these guidelines on the knowledge, attitude,
and prescribing habits of ortho-k practitioners by means of a questionnaire, which was admin-
istered nationwide via an official online account to eye care practitioners (ECPs) involved in
ortho-k lens fitting, 548 of whom completed the survey. Differences in characteristics before and
after the dissemination of the guidelines and between the groups were explored using χ2 tests.
The relationship between prescribing habits and demographics was analyzed using stepwise
logistic regression models. The implementation of the guidelines significantly improved the
overall prescribing habits of ECPs (p < 0.001), especially for prophylactic antibiotic use before
and after ortho-k lens wear (p < 0.001). Most ECPs who prescribed antibiotics properly displayed
significantly better knowledge of correct antibiotic use, which in turn affected the compliance
in their ortho-k patients (p < 0.001). The ECPs’ occupations (professionals other than ophthal-
mologists and optometrists, including nurses and opticians), clinical setting (distributor fitting
centers), and age (younger than 25 years) were risk factors for the misuse of antibiotics. Although
the implementation of the antibiotic guidelines significantly improved overall prescribing habits,
some practitioners’ prescribing behavior still needs improvement. A limitation of this study
was that all questions were mandatory, requiring ECPs to recall information, and therefore was
subjected to selection and recall bias.

Keywords: misuse of antibiotics; orthokeratology; contact lens; microbial keratitis; questionnaire

1. Introduction

Orthokeratology (ortho-k) employs specially designed rigid gas-permeable contact
lenses, worn overnight to correct myopic refractive error during the day through
temporary molding of the cornea [1]. The mechanism underlying the corneal reshaping
process mainly involves producing hydraulic force beneath the lens, leading to the
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redistribution of corneal epithelial cells [2], resulting in central flattening and mid-
peripheral steepening [3]. In addition to this vision-correcting function, ortho-k has
been shown to slow myopia progression in children and juveniles. Studies have shown
its myopia control efficacy, based on the percentage of axial elongation reduction, to
range from 36% to 46% [4–7].

In the last decade, ortho-k has become the most accessible and popular myopia
control modality in China, with over 1.5 million users in 2016 [8]. The number of
eye care practitioners (ECPs) also increased dramatically to meet the huge demand
for ortho-k. The International Academy of Orthokeratology Asia (IAOA) trained over
10,000 ECPs and issued over 1700 memberships between 2012 and 2016 in Mainland
China [8]. Ophthalmologists and optometrists holding a university degree or diploma
working in the same clinical setting with ophthalmologists are considered to be the
best qualified professionals to fit ortho-k lenses and to prescribe antibiotic eye drops
associated with ortho-k lens wear. Other professionals, such as nurses and opticians,
are occasionally involved in ortho-k lens practice, most frequently in private clinics and
distributor fitting centers, under the supervision of ophthalmologists. In the current
study, these professionals are all listed as ECPs.

The safety of overnight contact lens therapy is an important concern for ECPs,
especially when this treatment targets children and juveniles. As overnight ortho-k
is associated with reduced tear exchange and oxygen tension at the ocular surface, it
is suggested that microorganisms build up during sleep and increase the likelihood
of microbial keratitis (MK) [9]. Although the overall safety of overnight ortho-k is re-
ported to be good, with the incidence of MK being similar to that of other overnight
or extended wear contact lens modalities [10], its consequences can be sight threat-
ening. Typically, ortho-k-related MK occurs 5 to 15 months after the commencement
of treatment [10]. Early diagnosis and treatment of MK are extremely important for
prognosis, and correct antibiotic use is essential for the effective management of the
infection. The most commonly prescribed antibiotic eye drops, unlike the long-favored
triple-agent formulation of polymyxin, neomycin, and bacitracin, contain either 0.3%
tobramycin (aminoglycoside) or 0.5% levofloxacin (fluoroquinolone).

A recent survey used a questionnaire to explore the antibiotic (eye drops) prescribing
habits of ECPs who fit ortho-k contact lenses in Mainland China. The results indicated that
the misuse or improper use of antibiotic eye drops is common among ECPs [11]. Therefore,
guidelines based on best practice and taking into account deficiencies and errors identified
from the survey, were developed and issued to ortho-k ECPs nationwide via an official
online account [11]. The reinforcement of the importance of proper antibiotic use in ortho-k
practice lasted for six months, mainly through online education.

As these guidelines were promulgated for six months, the purpose of this study was
to investigate their effect on knowledge, attitude, and behavioral change in antibiotic use
among ortho-k ECPs in China. Further issues identified from this survey may provide
insights into a more efficient means of practitioner education, not only for ECPs, but also
for other medical practitioners.

2. Results

Over 4000 subscribers of the IAOA official online account received the invita-
tion to complete the questionnaire. A total of548 recipients completed and returned
the questionnaire. The respondents were composed of ophthalmologists (20.9%), op-
tometrists (65.5%), and others (13.6%). The details of the respondents are shown in
Table 1. Respondents’ knowledge, attitude, and behaviors regarding antibiotic use are
shown in Table 2 and Figures 1–3.
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Table 1. Demographics of respondents (n = 548).

Frequency (%)

1. Occupation
Ophthalmologist

• Corneal specialist
• Refractive surgeon
• Medical doctor conducting optometry (non-surgical)

114 (20.9)
7 (1.3)
8 (1.5)

99 (18.1)

Optometrist (degree or diploma) 359 (65.5)

Other (nurse, optician, etc.) 75 (13.6)

2. Clinical setting

General hospital 142 (25.9)

Ophthalmic specialty hospital 120 (21.9)

Private optometry clinic 144 (26.3)

Ortho-k distributor fitting center 142 (25.9)

3. Level of practice

Provincial level 111 (20.3)

Municipal level 307 (56.0)

County level 55 (10.0)

Others 75 (13.7)

4. Age (years)

<25 77 (14.1)

25–30 174 (31.8)

31–35 124 (22.6)

36–40 76 (13.9)

>40 97 (17.7)

5. Sex

Male 143 (26.1)

Female 405 (73.9)

Table 2. Respondents’ knowledge and attitudes towards antibiotic eye drop use in orthokeratology
practice (n = 548) (%).

Do You Agree with the Statement Strongly Agree Agree Not Sure Disagree Strongly Disagree

1. “antibiotic eye drops may be used prophylactically
before or after commencement of treatment to prevent
corneal infection”?

7 (1.3) 42 (7.7) 57 (10.4) 321 (58.6) 121 (22.0)

2. “when bacterial keratitis is suspected, patients do
not have to stop lens wear, but re-enforcement of lens
care routines and use of broad-spectrum antibiotics
is necessary”?

4 (0.7) 16 (2.9) 24 (4.4) 168 (30.7) 336 (61.3)

3. “avoid dispensing antibiotic eye drops to patients
for emergency use (if unavoidable, dispense together
with clear written instructions)”?

98 (17.9) 209 (38.1) 41 (7.5) 183 (33.4) 17 (3.1)

4. “it is very important to properly use antibiotic
eye drops”? 361 (65.9) 128 (23.4) 26 (4.7) 28 (5.1) 5 (0.9)

5. “the article and the guidelines are useful”? 342 (62.4) 189 (34.5) 12 (2.2) 3 (0.5) 2 (0.4)

6. “I will consider more carefully when using
antibiotics after reading the guidelines”? 375 (68.4) 168 (30.7) 4 (0.7) 1 (0.2) 0 (0)
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–

Figure 1. Average frequencies (%), before and after the administration of guidelines, of (A) prescrip-
tion of prophylactic antibiotic eye drops before and after the commencement of ortho-k treatment;
(B) use of antibiotic eye drops for wetting fluorescein strips during ortho-k lens fitting.

–

Figure 2. Which aspects of your practice did the article and guidelines change, with respect to the
use of antibiotic eye drops in orthokeratology therapy?

–

Figure 3. What is the most common misuse of antibiotic eye drops in your orthokeratology patients?

The implementation of the guidelines on the use of antibiotics significantly improved
the overall behavior of the ECPs. A total of 39.2% of the respondents of the current study
presented the appropriate use of antibiotic eye drops in all three aspects surveyed, com-
pared to 25.9% in the previous study (p < 0.001) [11]. The number of antibiotic eye drop
prescriptions (based on estimation of purchases) decreased in the preceding six months,
with a higher proportion of the respondents reporting less frequent use (i.e., in 0–20%
of their patients) than before (p = 0.027).A significantly higher proportion of the respon-
dents (84.5%) did not use antibiotics prophylactically in ortho-k patients, compared to the
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previous survey (67.6%) (p < 0.001) (Figure 1A) [11]. A total of 48.5% of the respondents
used antibiotic eye drops to wet fluorescein strips, which did not differ from the 48.5%
reported in the previous survey. However, when considering the frequency of this misuse,
considerably fewer respondents reported “always” or “often” using antibiotic eye drops
to wet fluorescein strips (9.0%), as compared to the previous survey (27.7%) (p < 0.001)
(Figure 1B) [11]. A total of 36.1% of the respondents did not give clear written instructions
along with the dispensing of antibiotics to patients, showing no difference compared to the
previous survey (40.7%) (p = 0.132).

A total of 215 of the respondents (39.2%) used antibiotic eye drops properly in all
three aspects surveyed. Their overall knowledge of antibiotic use was significantly better
than their counterparts who misused antibiotics in at least one of the behavior-related
questions. For example, for the question “antibiotic eye drops may be used prophylactically
before or after commencement of ortho-k treatment to prevent corneal infection”, 90.6%
of the respondents who used antibiotics properly “disagreed” or “strongly disagreed”
with this statement, compared to 75.7% of their counterparts (p < 0.001). Additionally,
for the question “avoid dispensing antibiotic eye drops to patients for emergency use (if
unavoidable, dispense together with clear written instructions)”, 75.3% of the respondents
who used antibiotics properly “agreed” or “strongly agreed” with this statement, compared
to 46.4% of their counterparts (p < 0.001).

The overall attitude towards the proper use of antibiotics was positive among all
the respondents. A total of 89.3% of the respondents “agreed” or “strongly agreed” that
it is very important to properly use antibiotic eye drops in ortho-k treatment. The vast
majority (96.9%) of the respondents “agreed” or “strongly agreed” that the article and
the guidelines were useful. A total of 99.1% of all the respondents “agreed” or “strongly
agreed” that they were more careful when considering the use of antibiotics in ortho-k
treatment after reading the guidelines. For the question “in what aspects did the article
and the guidelines change my practice”, the greatest change in behavior was “in the
treatment of corneal epithelium defects after ortho-k treatment” (43.4%), and the least
change was “in wetting the fluorescein strip using antibiotic eye drops during ortho-k
lens fitting” (26.8%) (Figure 2).

The most common misuse of antibiotic eye drops by the patients was “applying eye
drops irregularly (period of use or frequency)” (49.8%), followed by “using when not
indicated (e.g., allergic conjunctivitis or dry eye)” (24.6%) and “contaminating eye drops
via contact of the bottle tip with the eyelashes” (11.9%) (Figure 3). The respondents who
used antibiotics properly reported significantly fewer of their patients misusing antibiotics
than the ECPs who did not (p < 0.001).

Overall, occupation, age, and clinical setting all significantly affected the likelihood
of respondents’ using antibiotics correctly (Table 3). Significantly higher chances of
misusing antibiotics, especially using antibiotic eye drops to wet fluorescein strips,
and dispensing antibiotics to patients for emergency use without giving clear written
instructions were found among professionals (e.g., nurses and opticians) other than
ophthalmologists and optometrists (both p < 0.05). Compared to younger respondents
(<25 years), older ECPs appeared to be more likely to use antibiotics correctly. Younger
respondents (<25 years) were more likely to wet the fluorescein strip with antibiotic
eye drops and to dispense antibiotics to patients for emergency use without giving
clear written instructions (both p < 0.05). Compared to other clinical settings, ECPs in
the distributor fitting centers were more likely to use antibiotics improperly, including
wetting the fluorescein strip with antibiotic eye drops and dispensing antibiotics to
patients for emergency use without giving clear written instructions (both p < 0.05).
However, they were less likely to use antibiotics prophylactically before or after the
commencement of ortho-k treatment (p < 0.05).
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Table 3. The results of logistic regression models of respondents’ demographics on overall proper
antibiotic eye drop use.

OR (95% CI) p

Occupation Ophthalmologist Referent
Optometrist (degree or diploma) 0.68 (0.44–1.05) 0.08

Other (nurse, optician, etc.) 0.23 (0.11–0.48) <0.001
Clinical setting Private optometry clinic Referent

Ophthalmic specialty hospital 1.08 (0.66–1.78) 0.75
General hospital 1.02 (0.64–1.65) 0.92

Distributor fitting center 0.27 (0.15–0.48) <0.001
Practice level Provincial Referent

Municipal 0.77 (0.49–1.22) 0.27
County 1.01 (0.52–1.99) 0.97
Others 1.12 (0.61–2.05) 0.72

Age <25 Referent
25–30 2.94 (1.5–5.74) <0.001
31–35 2.61 (1.3–5.27) 0.01
36–40 2.87 (1.35–6.12) 0.01
>40 2.54 (1.22–5.26) 0.01

Sex Male Referent
Female 1.46 (0.96–2.22) 0.08

3. Discussion

This study found that, compared to the previous survey, before the development and
dissemination of guidelines on the use of antibiotic eye drops, the overall behavior of the
respondents had improved significantly since the implementation of the guidelines six months
earlier, although the prescribing habits of some ECPs required further improvement.

The greatest change occurred in the prophylactic use of antibiotics before or after
ortho-k treatment, as evidenced by a higher proportion (84.5%) of respondents not using
antibiotics prophylactically, as compared to the previous survey (67.6%), and also by
a decreased number of antibiotic prescriptions in the preceding six months. The most
common reasons for using prophylactic antibiotics among ECPs, as reflected by the current
survey were: 1. to prevent infection in case of corneal injury during the early phase of
ortho-k lens wear; 2. to reduce the discomfort of ortho-k lens wear; 3. to reduce ocular
discharge during the early adaptation period of ortho-k; 4. to prevent infection in all sorts
of contact lens wear. Since the eyes of healthy young ortho-k patients do not usually carry a
heavy burden of microorganisms, there is no evidence that antibiotic eye drops can prevent
contact lens-related MK. Notably, ortho-k-induced MK typically occurs five to 15 months
after the commencement of lens wear [10], and is most likely to be induced by improper
lens care, such as inadequate hand washing, rinsing, storing contact lenses in tap water, or
poor hygiene with lens cases and suction holders [12,13]. In addition, symptoms, including
foreign body sensation, and clinical signs, such as increased discharge in the early phase of
ortho-k lens wear, can be completely normal, so antibiotics for these problems are not only
useless, but also add to the risk of bacterial resistance to antibiotics.

Surprisingly, the implementation of the guidelines barely had any effect on the ECPs’
habits of prescribing antibiotics to ortho-k patients for use at their own discretion during
emergencies. A total of 36.1% of the respondents did not give clear written instructions
when dispensing antibiotics to patients. The respondent’s occupation (most frequent in
“others”, such as nurse and optician), the ECP’s age (most frequent in those <25 years), and
clinical setting (most frequent in distributor fitting centers) were identified as risk factors
for this behavior. The most common reasons include: 1. patients live far away or overseas,
and it is inconvenient to come to the clinic during an emergency; 2. patients have a heavy
academic burden and are not compliant with routine follow-up visits; 3. patients may
suffer seasonal allergic conjunctivitis and may need antibiotics “just in case”; 4. patients
ask for antibiotics. It is evidenced by our study that the most common misuse of antibiotics
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among ortho-k patients is to use them irregularly (e.g., period of use or frequency) (49.8%)
and to use them when not indicated (e.g., allergic conjunctivitis or dry eye) (24.6%). While
it can be argued that medical resources are unevenly distributed across different regions
in China and that patients may not have access to their ECP during an emergency, it is
doubtful that dispensing antibiotics to patients is justified or ethical. An emergency contact
number should be provided to patients along with clear instructions as to when to call [14].
For patients with poor compliance with follow-up visits, there is no reason to believe that
they can use antibiotics correctly when indicated and, considering the potential risk arising
from non-compliance with treatment, they are probably not suitable candidates for ortho-k
treatment. Currently, there are several novel non-contact lens myopia control modalities
other than ortho-k, including specially designed spectacles [15,16] and low-concentration
atropine [17,18], which could be considered when compliance is an issue for patients.

One of the disturbing behaviors that still needs urgent attention is the use of antibiotic
eye drops to wet fluorescein strips during ortho-k lens fitting. It is worrisome that no
change has been observed in the proportion of ECPs conducting this practice since the
administration of the guidelines, although significantly fewer respondents reported that
they “always” or “often” use antibiotic eye drops to wet fluorescein strips (9.0%), as
compared to the previous survey (27.7%). In concordance with this finding is that the
fewest respondents reported a change in this behavior when responding to the question
“In what aspects did the article and the guidelines change your practice”. The respondent’s
occupation (most frequent in “others”, such as nurse and optician), the ECP’s age (most
frequent in <25 years) and clinical setting (most frequent in distributor fitting centers) were
the risk factors identified for this behavior. The most common reasons for this behavior
are that: 1. antibiotic eye drops are easily accessible in the clinic; 2. no other solutions,
such as saline solutions, are available in the clinic; 3. antibiotic eye drops may decrease
the irritation and prevent infection during ortho-k lens fitting. These results indicated
that the clinical setting plays a major role in the regulation of antibiotic use in ortho-k lens
fitting. Hospitals and clinics should restrict the use of antibiotics, provide ortho-k ECPs
with antibiotic stewardship programs (especially for younger ECPs and ECPs identified as
other than ophthalmologists and optometrists working in distributor fitting centers), and,
most importantly, provide non-preserved saline solution instead of antibiotic eye drops
to wet fluorescein strips during ortho-k lens fitting. Trial lens disinfection should also be
emphasized in clinical settings to address ECPs’ concerns about cross-infection among
ortho-k patients.

Generally, the overall attitude towards proper antibiotic use was positive. Therefore,
the misuse of antibiotics by some respondents cannot be solely attributable to their indiffer-
ence to the guidelines. The guidelines have been distributed on various online platforms
and read by ECPs over 5000 times. Since the correlation between knowledge and behavior
was found to be strong in this study, we are tempted to conclude that the efficiency of
education mainly through online social media was insufficient. Reinforcement of guidelines
in off-line conferences and continuing education programs are also suggested. Interestingly,
it was noted that the respondents who used antibiotics properly reported fewer of their
patients misusing antibiotics than the ECPs who did not. This finding indicated that ECPs’
knowledge about antibiotics might impact their behavior, which in turn influences their
patients’ compliance with antibiotic use.

One important issue identified in the current study that needs urgent attention is
that the overall antibiotic misuse is most common among professionals other than oph-
thalmologists and optometrists, i.e., nurses and opticians. They are less likely to receive
full-term medical training or optometric education, not to mention fitting specialty contact
lenses such as ortho-k. Therefore, not only should the guidelines on antibiotic use be
delivered to them in a timely manner, but regulations should also be reinforced to limit
their prescription of this specialized therapy.

One of the limitations of this study was that the two surveys were not conducted
on the same cohort, since the first one was performed anonymously [11]. Therefore, the
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data collected could not be used to directly compare the behaviors before and after the
administration of guidelines in individuals, but rather, in a group of practitioners. However,
the respondents were evenly distributed across all clinical settings, indicating that the
sample was representative in terms of medical practice. As with all self-administered
questionnaires, there is always a question of the truthfulness of the responses. A survey
consisting of all mandatory questions may contribute to a selection bias in the participants
of the survey. Additionally, the surveys were based on impressions or perceptions of how
the prescriber uses antibiotics and did not always correspond to prescribing or dispensing
data with respect to the best practices in antimicrobial use. However, even if a respondent
did not answer all questions accurately, just responding to the questions would result in a
reminder of the correct procedures. As such, surveys can act as a tool for the reinforcement
of good practice.

4. Materials and Methods

4.1. Preparation of the Questionnaire

A questionnaire (see Supplementary Material S1), comprising 21 questions (16 related
to the knowledge, attitude, and behavior in antibiotic prescription and five related to
demographics), was prepared and reviewed by five contact lens specialists from four top-
ranking national ophthalmology departments. The questionnaires were prepared initially
in English, translated into Chinese, and then translated back into English to check for
accuracy. The respondents were requested to complete the questions in the Chinese version.
All the questions in this survey were mandatory. The questionnaire was then sent to
35 ECPs involved in ortho-k lens treatment nationwide (not included in the final analysis)
for validation and to calculate the internal consistency of the questionnaire. The Cronbach’s
alpha coefficient was 0.75, which indicated an acceptable level of the questionnaire’s
reliability. The three key questions regarding habitual use of antibiotic eye drops were:

• Do you prescribe prophylactic antibiotic eye drops before or after fitting ortho-k?
• Do you dispense antibiotic eye drops to patients for emergency use (at patients’ discretion)?
• Do you use antibiotic eye drops to wet fluorescein strips during ortho-k lens fitting?

4.2. Definition of Proper Antibiotic Use

To further determine which group of ECPs was more likely to misuse or overuse
antibiotics, and whether the circulated guidelines had had any effect on the habitual use of
antibiotics by ECPs, options for the above-mentioned questions were categorized based on
the definitions of proper use of antibiotics below:

• Do not use prophylactic antibiotic eye drops before or after fitting ortho-k lenses;
• Do not dispense antibiotic eye drops to patients for emergency use (when essential,

dispense to patients along with written instructions);
• Do not use antibiotic eye drops to wet fluorescein strips during ortho-k lens fitting.

4.3. Distribution of Questionnaires

The questionnaires were distributed through the official online account of the Inter-
national Academy of Orthokeratology Asia (IAOA), which has over 4000 members listed
as ortho-k practitioners throughout China. The survey was conducted over June and July
2020. The inclusion criteria comprised ECPs, including ophthalmologists, optometrists,
and other professionals, such as nurses and opticians, who had been involved in ortho-k
lens fitting and patient care.

4.4. Statistical Analyses

Data concerning prescribing habits (16 questions) and demographics of the ECPs (five
questions) were expressed as percentages. Data of the three key prescribing habits were
compared to those of the previous study using χ2 tests. Using the definition of proper
antibiotic use, ECPs were further divided into groups, and the differences between the
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groups were tested using χ2 tests for categorical variables. Stepwise logistic regression
models were used to assess the relationship between prescribing habits and demographics.
Two-sided values of p < 0.05 were deemed statistically significant. All statistical analyses
were performed using software R (version 4.0.5).

5. Conclusions

The current study revealed that the overall behavior of the ortho-k ECPs significantly
improved after the nationwide implementation of guidelines on antibiotic use, although
some ECPs’ prescribing habits require further improvement. Since the ECPs’ behavior was
significantly affected by their knowledge, the effective delivery of education is the key
to success: it should not only be delivered online, but also off-line to enhance its efficacy.
Clinical settings, such as hospitals and clinics, can also play an important role by providing
ECPs with non-preserved saline solution to replace antibiotic eye drops in ortho-k lens
fitting, and by introducing an antibiotic stewardship program, especially for younger ECPs.
Rigorous clinical governance measures, particularly at the distributor fitting centers, are
strongly recommended with regard to ortho-k practice and antibiotic use.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11020179/s1, File S1: Questionnaire.
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Abstract: The Rcs phosphorelay is a bacterial stress response system that responds to envelope
stresses and in turn controls several virulence-associated pathways, including capsule, flagella, and
toxin biosynthesis, of numerous bacterial species. The Rcs system also affects antibiotic tolerance,
biofilm formation, and horizontal gene transfer. The Rcs system of the ocular bacterial pathogen
Serratia marcescens was recently demonstrated to influence ocular pathogenesis in a rabbit model of
keratitis, with Rcs-defective mutants causing greater pathology and Rcs-activated strains demonstrat-
ing reduced inflammation. The Rcs system is activated by a variety of insults, including β-lactam
antibiotics and polymyxin B. In this study, we developed three luminescence-based transcriptional
reporters for Rcs system activity and used them to test whether antibiotics used for empiric treat-
ment of ocular infections influence Rcs system activity in a keratitis isolate of S. marcescens. These
included antibiotics to which the bacteria were susceptible and resistant. Results indicate that ce-
fazolin, ceftazidime, polymyxin B, and vancomycin activate the Rcs system to varying degrees in
an RcsB-dependent manner, whereas ciprofloxacin and tobramycin activated the promoter fusions,
but in an Rcs-independent manner. Although minimum inhibitory concentration (MIC) analysis
demonstrated resistance of the test bacteria to polymyxin B and vancomycin, the Rcs system was
activated by sub-inhibitory concentrations of these antibiotics. Together, these data indicate that
a bacterial stress system that influences numerous pathogenic phenotypes and drug-tolerance is
influenced by different classes of antibiotics despite the susceptibility status of the bacterium.

Keywords: Enterobacterales; keratitis; infection; cornea; bacteria; stress response system; antibiotic

1. Introduction

Serratia marcescens is a Gram-negative pathogen from the order Enterobacterales that
causes contact lens-associated keratitis in healthy patients [1–3] and a wide variety of noso-
comial infections in the immune compromised, such as ventilator-associated pneumonia
and sepsis in adults and neonates [4,5]. S. marcescens isolates are typically resistant to
antibiotics of the macrolide, tetracycline, β-lactam, and narrow spectrum cephalosporin
classes due to expression of efflux pumps and β-lactamases [6]. However, they are gener-
ally susceptible to aminoglycoside, third generation cephalosporin, and fluoroquinolone
antibiotics [6,7].

The Rcs stress response system has been found in bacteria from the Enterobacterales
including, but not limited to, numerous pathogens, such as Escherichia coli, Klebsiella species,
Proteus mirabilis, Salmonella enterica, and Yersinia pestis [8]. The core Rcs system (Figure 1) is
a complex signal transduction cascade composed of a variety of components that include
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outer membrane protein RcsF, inner membrane protein IgaA, two histidine kinase-related
proteins, RcsC and RcsD, and the response regulator transcription factor RcsB [8]. Rcs
signaling occurs in response to cell envelope stresses, such as defects in peptidoglycan and
lipopolysaccharide (LPS) structure, perturbations of the outer membrane β-barrel protein
assembly complex, and lipoprotein trafficking [8,9]. Antimicrobials known to activate the
Rcs system, mostly from studies with E. coli and S. enterica, include polymyxin B [10] and
other antimicrobial peptides [11], and cell wall-targeting β-lactam and cephalosporin an-
tibiotics [9,12]. However, this has not been tested in ocular pathogens such as S. marcescens.

β

β

β

IM

OM

PG

RcsB

RcsF

IgaA/GumBRcsC RcsD

Rcs regulon
toxins
flagella
biofilm

capsule

P
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Figure 1. Model for antibiotic activation of the Rcs system. This simplified depiction of the core
Rcs system shows the major components required for Rcs function. The Rcs system is a complex
phosphorelay signal transduction system that regulates the transcription of many genes through
control of the RcsB transcription factor. The IgaA/GumB inner membrane protein blocks Rcs
activity under non-stressful conditions. Envelope stress by antibiotics, transmitted by RcsF, prevents
IgaA/GumB inhibition of RcsC-D and allows RcsB-mediated transcription. Mutation of igaA/gumB

constitutively derepresses the Rcs transcriptional cascade, and mutation of rcsB prevents Rcs system
function. This model predicts that Rcs activation by antibiotics can stimulate pathogenesis and
antibiotic tolerance phenotypes. OM: outer membrane; PG: peptidoglycan; IM: inner membrane.

Importantly, the Rcs system has been shown to contribute to antibiotic tolerance
by a number of bacteria, with Rcs system-defective mutants being more susceptible to
penicillin and cephalosporin antibiotics for E. coli [12] and polymyxin B for E. coli [13] and
S. enterica [10]. Similarly, induced expression of rcsB or expression of alleles that increase
Rcs activity conferred increased tolerance to β-lactam and cephalosporin antibiotics for
E. coli [12,14]. A major mechanism used by bacteria to increase antibiotic tolerance is biofilm
formation [15]. The Rcs system plays a positive role in S. marcescens biofilm formation
under high sheer conditions by promoting capsular polysaccharide synthesis [16]. A similar
role for the Rcs system in E. coli and S. enterica biofilm formation has been described [17].
Beyond antibiotic tolerance, a recent study by Smith et al. suggests that Rcs plays a role in
the acquisition of genetic elements by Serratia sp. 39006 that may contribute to horizontal
gene transfer and antibiotic resistance [18].

The S. marcescens Rcs system has been shown to regulate synthesis of the ShlA cy-
tolysin [19,20], where it is also a key regulator of capsular polysaccharide and flagella
synthesis, as well as the production of a hemolytic biosurfactant [16,21]. Importantly, the
Rcs system was shown to be a major regulator of S. marcescens ocular pathogenesis [22].

The goal of this study was to evaluate whether antibiotics commonly used topically
for empiric treatment of ocular infections activate the bacterial Rcs pathway. In this study,
we used antibiotics recommended for the empiric treatment of bacterial keratitis by the
American Academy of Ophthalmology [23]. Given the role of the Rcs system in promoting
antibiotic tolerance and the regulation of virulence factors, it is possible that activation of
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this system could influence clinical outcomes for patients infected by the Enterobacterales.
To that end, we developed luminescent reporter plasmids for Rcs activity and used them in
a keratitis isolate of S. marcescens with antibiotics from several classes that are recommended
for the treatment of ocular infections.

2. Results

2.1. Generation of Luminescent Reporter Plasmids for Rcs System Activity

In order to conveniently measure Rcs activation, luminescent reporter plasmids were
made using Rcs-responsive promoters. GumB, an IgaA ortholog, is a negative regulator of
Rcs activity, such that a gumB deletion mutant has a highly activated Rcs system [16,19].
Transcriptomic analysis of a ∆gumB mutant was used to identify genes that were more
highly expressed than in the wild type (to be described elsewhere). Three promoters
were cloned upstream of the luxCDABE operon on a broad-host range low-copy vector
(Figure 2A and Figure S1). The promoters were for the SMDB11_1637, SMDB11_2817, and
SMDB11_1194 open reading frames. All of these previously uncharacterized open reading
frames bear high similarity to Rcs-regulated genes in other bacteria. SMDB11_1637 is simi-
lar to osmotically inducible lipoprotein B (osmB), which is positively regulated by the Rcs
system in Erwinia amylovora [24], E. coli [25,26], P. mirabilis [27], S. enterica [28], and Yersinia
pseudotuberculosis [29]. SMDB11_1194 is highly similar to umoD, which is Rcs-regulated
in P. mirabilis [27], as is its ortholog YPO1624 in Y. pseudotuberculosis. SMDB11_2817 has
similarity to yaaX from E. coli with the DUF2502 domain of unknown function and was
identified as an RcsB-regulated gene in E. coli [25].

In addition, the nptII promoter from the Tn5 transposon was used as a constitutive
control promoter to test for theoretical physiological conditions that could interfere with
luminescence.

To validate the Rcs system activation of these promoters, they were moved into a
contact lens-associated keratitis wild-type (WT) isolate of S. marcescens, strain K904, and
isogenic mutants with manipulated Rcs systems that confer high (∆gumB) or no (∆rcsB
and ∆gumB ∆rcsB) Rcs activity. Strains and plasmids are listed in Table S1 (Supplementary
Materials). Bacteria were grown overnight, and the luminescence was determined as a
function of culture optical density (Figure 2). The test strains were previously shown to
achieve similar growth levels over the tested time frame [30].

The results (Figure 2) suggested that the promoter activity for each of the genes, except
the control nptII promoter, was highly increased (>6000-fold) in the Rcs-activated mutant
background (∆gumB). Furthermore, a clear reduction in luminescence was observed in the
∆gumB ∆rcsB double mutant, confirming that the increase observed in the ∆gumB mutant
was Rcs dependent. There was some expression in the absence of Rcs activity (see ∆rcsB
mutant), indicating that there is some Rcs-independent expression from these promoters
(i.e., other transcription factors may regulate some of these promoters; see discussion).
Importantly, the nptII promoter showed only a minor but significant change (~2-fold)
among the various mutant backgrounds, suggesting that the Rcs system status has little to
no impact on the ability of the luminescent reporter system to function. Together, these
results indicate that we have identified and cloned three Rcs system-responsive promoters
and created reporter constructs to analyze compounds that may influence Rcs-activity.
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Figure 2. Validation of Rcs-responsive transcriptional reporter plasmids. (A). Schematic diagram
of a promoter transcriptional fusion to the luminescence-producing luxCDABE operon that was
cloned into a broad-host range medium-copy plasmid. Four different promoters were evaluated by
moving them into S. marcescens with normal (WT), hyper-activated (∆gumB), or defective (∆rcsB,
∆gumB ∆rcsB) Rcs-systems. (B–E). Transcription from the four promoters was measured using a
luminometer after the bacteria were grown for 20 h in LB medium (n = 4–6). The luminescence values
were normalized by optical density, which was similar for each genotype. The nptII promoter is an
E. coli promoter that was used as a constitutive control. The PSMDB11_1637, PSMDB11_2817, and
PSMDB11_1194 promoters were Rcs responsive. The asterisks (*) indicate that the ∆gumB group is
statistically different than the other groups, p < 0.01. WT: wild type.

2.2. Antibiotics Targeting the Cell Envelope Activate the S. marcescens Rcs System Regardless of
the Antibiotic Susceptibility Status of the Bacterium

The antibiotic susceptibility of four antibiotics used in treatment of ocular infections
was analyzed: polymyxin B, cefazolin, ceftazidime, and vancomycin (Tables 1 and 2).
These target either the peptidoglycan cell wall or the bacterial membrane. Minimum
inhibitory concentrations (MICs) for the antibiotics to inhibit S. marcescens strain K904 were
determined (Table 2). The isolate was susceptible to ceftazidime, but was able to grow at
the highest tested concentrations of polymyxin B, cefazolin, and vancomycin. This was a
typical pattern for keratitis isolates of S. marcescens [7]. Nevertheless, prior to identification
of the infecting microbe, any of the antibiotics other than polymyxin B are candidates for
empiric therapy for keratitis.

70



Antibiotics 2021, 10, 1033

Table 1. Characteristics of antibiotics used in this study.

Antibiotic
Typical Topical Drug

Concentration [23]
Corneal Tissue
Concentration

Typical Systemic Dose
Peak Serum

Concentration
(µg/mL)

Antibiotic
Concentration Used

in This Study
(µg/mL)

Cefazolin 50 mg/mL
Fortified [23] NA 1 g (IV) q8h [31] 200 µg/mL [31] 39–1250

Ceftazidime 50 mg/mL
Fortified [23] NA 2 g (IV) q8h [31] 120 µg/mL [31] 39–1250

Ciprofloxacin 3 mg/mL
Commercial [23]

9.92 ± 10.99 µg/g
[32]

400 mg (IV) q12h [31]
500–750 mg (PO) q12h [31]

4.6 µg/mL [31] (IV)
2.8 µg/mL [31] (PO) 2.5–75

Polymyxin B
0.75–1 mg/mL

(7500–10,000 units/mL)
Commercial [33]

NA 1.25 mg/kg (IV) q12h
(1 mg = 10,000 units) [31] 8 µg/mL [31] 30–10,000

Tobramycin

3 mg/mL Commercial
[34]

9–14 mg/mL
Fortified [23]

NA

5 mg/kg (IV) q24h [31]
or

240 mg (IV) q24h [31]
(preferred over q8h dosing)

16–24 µg/mL
q24h dosing [31] 8–250

Vancomycin 10–50 mg/mL
[23,35] 46.7 µg/g [36] 1 g (IV) q12h [31] 40 µg/mL [31] 39–1250

NA: information not available; IV: intravenous; PO: per os; q8h: every 8 h; q12h: every 12 h, q24h: every 24 h.

Table 2. Antibiotic susceptibility analysis of S. marcescens strain K904.

Antibiotic Class Target
MIC a—WT

(µg/mL)
MIC—∆rcsB

(µg/mL)
Susceptibility b Rcs-Specific

Induction c

Cefazolin Cephalosporin Cell wall >256, >256 >256, >256 No Yes
Ceftazidime Cephalosporin Cell wall 0.25, 0.19 0.19, 0.19 Yes Yes

Ciprofloxacin Fluoroquinolone DNA gyrase and
topoisomerase IV 0.064, 0.064 0.094, 0.470 Yes No

Polymyxin B Polymyxin Cell membrane >1024, >1024 >1024, >1024 No Yes
Tobramycin Aminoglycoside Ribosome 2, 2 1.5, 1.5 Yes No
Vancomycin Glycopeptide Cell wall >256, >256 >256, >256 No Yes

a Minimum inhibitory concentrations (MICs) were determined by E-test; values for two independent tests are shown. b Susceptibility
status was based on Clinical and Laboratory Standards Institute breakpoints [37]. c At least one promoter was activated in the wild type,
but none in the ∆rcsB mutant.

Polymyxin B was previously shown to activate the Rcs system of E. coli and
S. enterica [11,13]. Unlike these bacteria, the vast majority of S. marcescens isolates are
resistant to polymyxin B due to a 4-aminoarabinose modification of the lipid A portion of
the lipopolysaccharide molecules that populate the outer leaflet of the outer membrane [38].
The K904 strain was evaluated for polymyxin B susceptibility and found to be resistant
(MIC > 1024, Table 2). The induction of the Rcs system by polymyxin B in a resistant
bacterial species has not been evaluated.

Polymyxin B did not activate the nptII promoter in the WT bacteria, as expected
(Figure 3A); however, the Rcs-dependent promoters were activated in an antibiotic dose-
dependent manner, up to 5–10 fold above the absence of antibiotic (Figure 3B–D). To ensure
that the effect was Rcs-dependent, the reporters were tested in an isogenic ∆rcsB mutant
strain. While there was a less than 2-fold increase in luminescence correlating with the
presence of antibiotics, it was not dose dependent in the ∆rcsB mutant (Figure 3B–D). These
suggest that polymyxin B activates the Rcs system even in a resistant bacterium.

The identical approach was used for three different classes of cell wall-targeting
antibiotics. A β-lactam antibiotic, cefazolin, is used to treat Gram-positive bacteria (Table 1).
S. marcescens strain K904 was resistant to cefazolin (Table 2). Experiments indicated very
little induction except in the SMDB11_1194 promoter (Figure 4). Similarly, S. marcescens
K904 was resistant to the glycopeptide vancomycin (Tables 1 and 2) and was activated
by the three Rcs-dependent promoters in the WT but not the ∆rcsB mutant (Figure 5). By
contrast, S. marcescens was susceptible to the cephalosporin ceftazidime (Tables 1 and 2).
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Two of the Rcs-dependent promoters were activated by ceftazidime in the WT but not the
∆rcsB mutants (Figure 6).

∆

∆

∆

β

∆

∆

Figure 3. Effect of cell envelope-targeting antibiotic polymyxin B on Rcs-activated promoters (A–D).
Relative luminescence values were determined by dividing luminescence by optical density after
4 h of antibiotic challenge. The nptII promoter (A) was unaffected by polymyxin B; however, the
Rcs-dependent promoters (B–D) were activated to a greater extent in the WT than the Rcs-defective
∆rcsB mutant. Mean and standard deviation are shown (n = 6–9 are shown). Asterisks (*) indicate
statistical differences between groups at the indicated concentrations, p < 0.05.

∆

Figure 4. Effect of cell wall activating cefazolin on Rcs-activated promoters (A–D). Relative lumines-
cence values were determined by dividing luminescence by optical density after 4 h of antibiotic chal-
lenge. The nptII promoter (A) was unaffected by cefazolin. Only the Rcs-dependent SMDB11_1194
promoter (C) was activated to a greater extent in the WT than the Rcs-defective ∆rcsB mutant. Mean
and standard deviation are shown (n = 6–9 are shown). Asterisks (*) indicate statistical differences
between groups at the indicated concentrations, p < 0.05.
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Figure 5. Effect of the cell wall activating antibiotic vancomycin on Rcs-activated promoters (A–D).
Relative luminescence values were determined by dividing luminescence by optical density after 4 h
of antibiotic challenge. The nptII promoter (A) was unaffected by vancomycin. The experimental
promoters (B–D) were activated to a greater extent in the WT than the Rcs-defective ∆rcsB mutant.
Mean and standard deviation are shown (n = 6–9 are shown). Asterisks (*) indicate statistical
differences between groups at the indicated concentrations, p < 0.05.

∆

∆

Figure 6. Effect of the cell wall activating antibiotic ceftazidime on Rcs-activated promoters (A–D).
Relative luminescence values were determined by dividing luminescence by optical density after 4 h
of antibiotic challenge. The nptII promoter (A) was unaffected by ceftazidime. The Rcs-dependent
promoters (B–D) were activated to a greater extent in the WT than the Rcs-defective ∆rcsB mutant.
Mean and standard deviation are shown (n = 6–9 are shown). Asterisks (*) indicate statistical
differences between groups at the indicated concentrations, p < 0.05.
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2.3. Non-Cell Envelope-Targeting Antibiotics Activated the Test Promoters in an Rcs
-Independent Manner

The same approach used for envelope-targeting antibiotics was used for two non-
envelope-targeting antibiotics. Ciprofloxacin is a fluoroquinolone that targets DNA meta-
bolism and is highly effective against Gram-negative ocular pathogens such as Pseudomonas
aeruginosa and S. marcescens (Tables 1 and 2). Figure 7 demonstrates that the three test
promoters were highly activated by low concentrations of ciprofloxacin in the WT. However,
similar, or even higher levels of expression, were observed in the Rcs-defective mutant,
indicating that the activation of the test promoters was Rcs-independent and suggesting
that ciprofloxacin does not activate the Rcs system.

∆

∆

Figure 7. Effect of DNA metabolism-targeting ciprofloxacin on Rcs-activated promoters (A–D).
Relative luminescence values were determined by dividing luminescence by optical density after
4 h of antibiotic challenge. The nptII promoter (A) was largely unaffected by ciprofloxacin. The
experimental promoters (B–D) were activated to an equal or greater extent in the ∆rcsB mutant than
the WT. Mean and standard deviation are shown (n = 6–9 are shown). Asterisks (*) indicate statistical
differences between groups at the indicated concentrations, p < 0.05.

The ribosome-targeting aminoglycoside antibiotic tobramycin is used to treat ocular
bacterial pathogens (Tables 1 and 2). Data in Figure 8 indicate very little induction of
promoter activity by tobramycin except by low induction of the SMDB11_1194 promoter.
Slightly higher expression of the promoters was observed in the ∆rcsB mutant, suggesting
that the promoter transcriptional activation was Rcs-independent.
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Figure 8. Effect of protein synthesis-targeting antibiotic tobramycin on Rcs-activated promoters
(A–D). Relative luminescence values were determined by dividing luminescence by optical density
after 4 h of antibiotic challenge. The nptII promoter (A) was unaffected by tobramycin. The experi-
mental promoters were expressed to equal or greater extent in the ∆rcsB mutant than the WT. Mean
and standard deviation are shown (n = 6–9 are shown). Asterisks (*) indicate statistical differences
between groups at the indicated concentrations, p < 0.05.

3. Discussion

The major impetus behind this study was to test whether the Rcs system was activated
by antibiotics used in topical treatment of keratitis. The results show that several of the
antibiotics that are widely used for this purpose indeed do activate the Rcs system. A limi-
tation of the study is that the ocular surface antibiotic pharmacokinetics differ from those
in the microplate. While topical antibiotics use very high concentrations, the combined
action of blinking and the tears wash away most topical antibiotics in a short time frame.
Similarly, antibiotic concentrations reduce over time after application, which could lead to
levels that activate the Rcs or other stress response systems. Nevertheless, patients with
keratitis are given multiple doses of topical antibiotics each day, and although there are
limited studies, data demonstrate measurable quantities of the antibiotics accumulate in
the corneal tissue [32,36]. Furthermore, experimental studies with rabbits have shown that
concentrations of topically applied antibiotics that mimic clinical treatment regimens are
able to kill bacteria in the cornea and even to achieve concentrations sufficient to eliminate
bacteria that are considered resistant by systemic standards [39–41]. Therefore, the combi-
nation of the highly sensitive promoters and large antibiotic concentration gradients used
in this study likely reflects the antibiotic concentrations that bacteria experience during
antibiotic therapy for ocular infections.

Additional differences between this in vitro study and the ocular environment include
a lack of the innate immune system components that could influence the activity of the
antibiotics through synergistic effects or produce envelope stress through other means,
such as envelope-targeting defensins and enzymes such as lysozyme and phospholipase
A [42,43]. These potential effects will be analyzed in future studies.

Data from this study indicate that the promoters for SMDB11 ORF 1194, 1637, and
2817 are Rcs responsive, given the several log10-fold increase in the ∆gumB mutant that
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required a functional rcsB gene. However, it is clear that the selected promoters could
also be strongly activated by ciprofloxacin in an Rcs-independent manner. This is not
unexpected, as several envelope stress response systems, beyond Rcs, are conserved among
the Enterobacterales. For example, in Salmonella, the promoter of the osmB gene (similar
to SMDB11_1687) is activated by both the Rcs and the RpoS stress response systems [28],
suggesting that individual stress response genes are controlled by multiple regulatory
systems. The use of the ∆rcsB strain in addition to the WT enabled clear identification of
Rcs-dependent activation of the reporters by ocular antibiotics.

Remarkably, even antibiotics that S. marcescens strain K904 was highly resistant to,
such as polymyxin B and vancomycin, elicited strong activation of the Rcs system. These
results suggest that the antibiotics are still capable of perturbing the envelope, even if
they are not able to prevent growth. In general, the three different promoters reacted
similarly to each antibiotic, with the notable exception of cefazolin, which only activated
the SMDB11_1194 promoter. This may be due to differential promoter elements that make
this promoter more sensitive than the others to Rcs function. Polymyxin B has been shown
to activate the Rcs system in polymyxin B susceptible S. enterica at subinhibitory levels,
and this was postulated to be driven by polymyxin B’s selective permeabilization of the
outer membrane to hydrophobic compounds at low concentrations [11,44]. Several other
antibiotics that directly or indirectly affect membrane permeability, including β-lactam,
fluoroquinolone, and macrolide antibiotics, are likely capable of the same effect [45].

Of interest, ciprofloxacin appeared to activate some of these promoters to a greater
extent in the ∆rcsB mutant. This suggests that Rcs may actively inhibit other stress response
systems under normal situations. Consistent with this observation, previous studies have
demonstrated a complex interplay between the Rcs system and other envelope stress
response systems [46–48]. Beyond Rcs, there are other envelope sensing stress response
systems in the Enterobacterales, including RpoS, the Cpx system, the phage response pro-
teins, EnvZ/OmpR, and others (reviewed by [46–48]). Very few studies have evaluated the
roles of these proteins in Serratia species; however, studies have demonstrated pleiotropic
roles for Cpx, OmpR, and RpoS in the control of pathogenesis-relevant phenotypes, such as
biofilm formation, and secreted enzymes and cytotoxic secondary metabolite production in
Serratia species [49–52]. The activation of the Rcs system, as noted above, is correlated with
changes that drive virulence-associated phenotypes, such as biofilm formation [16,17]. The
ability of antibiotics to promote these phenotypes through the Rcs system during ocular
infections will be evaluated in subsequent studies.

During the course of this study, another group reported on the production of a Rcs-
dependent fluorescent reporter system for E. coli [9]. This was subsequently and cleverly
used to screen small molecule libraries for activators of the Rcs system, with the concept
that the identified molecules may be evaluated and developed as envelope-targeting
antimicrobials [53]. Therefore, Rcs-reporter systems can be used for both basic biomedical
research and applied studies, and the reporters generated in this study could be useful to a
variety of researchers.

4. Materials and Methods

4.1. Bacterial Growth and Media

Bacteria (Table S1) were maintained in glycerol stocks at −80 ◦C and streaked out
on lysogeny broth (LB) agar [54] before use. Single colonies were grown in LB broth
with aeration on a tissue culture rotor (New Brunswick Tc-7, New Brunswick, NJ, USA).
Gentamicin (10 µg/mL) was used to maintain plasmids. Plasmids were moved into
S. marcescens by conjugation, and tetracycline (10 µg/mL) was used for selection against
donor E. coli [55], as previously described. Antibiotics were obtained from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise noted.

76



Antibiotics 2021, 10, 1033

4.2. Generation of Luminescence Reporters

The pigA promoter on plasmid pMQ713 [56] was replaced with the SMDB11_1194,
SMDB11_1637, and SMDB11_2817 using yeast homologous recombination, as previously
described [57,58]. Plasmids are listed in Table S1. The pMQ713 plasmid was linearized by
restriction enzyme digestion with EcoR1 and Sal1 (New England Biolabs, Ipswich, MA,
USA). DNA for the three promoter regions were synthesized as linear double-stranded
DNA fragments (Integrated DNA Technologies, Coralville, IA, USA) that include DNA
for the promoter region and for site-directed recombination with pMQ713 that places
the luxCDABE reporter under transcriptional control of the respective promoter (listed
in Table S2). The lengths of the cloned promoters were 338 bp for SMDB11_1194, 354 bp
for SMDB11_1637, and 337 bp for SMDB11_2817. To generate the nptII-driven luxCDABE
plasmid, the tdtomato gene from pMQ414 was digested with BamH1 and EcoR1 enzymes,
and the luxCDABE operon was amplified by PCR from pMQ670 [59] using primers 3805
and 3806 via PrimeSTAR DNA polymerase (Takara Bio, San Jose, CA, USA). The linearized
plasmid and luxCDABE amplicon were combined as above. The plasmids were isolated,
and the cloned promoter region was sequenced to validate the constructs.

4.3. Luminescent Reporter Assays

Strains of S. marcescens bearing luminescent reporter plasmids were taken from a
−80 ◦C freezer and grown on LB agar with tetracycline (10 µg/mL) and gentamicin
(10 µg/mL) for 18 h at 30 ◦C. Single colonies were grown in LB broth with gentamicin in
test tubes, which were aerated on a tissue culture rotor for 18–20 h at 30 ◦C. For reporter
verification experiments, the cultures were measured for growth by evaluating optical
density at λ = 600 nm (OD600) and luminescence at the 527 nm setting from 200 µL samples
in black-sided, clear-bottomed 96-well plates (ThermoFisher, Waltham, MA, USA, prod-
uct 165305) using plate readers (Molecular Devices SpectraMax M3 and L, San Jose, CA,
USA). Relative luminescence units (RLU) values were determined by dividing the raw
luminescence values by optical density values.

For antibiotic effect on promoter activity experiments, cultures were normalized
by measuring optical density at OD600 across a 1-cm path length cuvette with a spec-
trophotometer (Molecular Devices SpectraMax M3). The assay was conducted in 96-well
black-sided, optical bottom plates as above. Two-fold serial dilutions of the antibiotics
were performed with a multichannel pipette, and the bacteria were then added to a final
concentration of OD600 = 0.05 (~9 × 107 CFU/mL). The plate was incubated for 4 h at
37 ◦C in a plastic bag with a dampened paper towel. At 0 and 4 h, luminescence and OD600
values were obtained as above. To obtain RLU values, luminescence values were divided
by optical density and normalized to RLU values from the no antibiotic challenge control
wells.

The antibiotics and maximum concentrations used in this study were polymyxin B at
10 mg/mL (Sigma, St. Louis, MO, USA, product 5291), vancomycin at 5 mg/mL (Fresenius-
Kabi, Bad Homburg, Germany, product C22110), cefazolin at 5 mg/mL (WG Critical Care,
Paramus, NJ, USA, product 44567-707-25), ceftazidime at 5 mg/mL (Sigma, product C-
3809), tobramycin at 1 mg/mL (XGen Pharmaceuticals, Horseheads, NY, USA, product
39882-0412-1), and ciprofloxacin at 0.3 mg/mL (LKT Labs, St. Paul, MN, USA, product
C3262). Stock solutions of antibiotic were prepared in a sterile 15-mL polypropylene
centrifuge (Corning, Corning, NY, USA) tube by dissolving the solid antibiotics in lysogeny
broth (LB). To ensure sterility, the antibiotic solution was filtered using a PVDF 0.22-µm filter
(Millipore SLGVR33RB, Cork, Ireland) into a new sterile polypropylene centrifuge tube.
All samples were stored at 4 ◦C when not in use. The antibiotic gentamicin (10 µg/mL)
was added into the assay samples for all trials to maintain the plasmids.

4.4. Minimum Inhibitory Concentration Analysis

MIC values were determined by Epsilometer (E-test) testing (bioMérieux Inc., Durham,
NC, USA) for cefazolin, ceftazidime, vancomycin, tobramycin, gentamicin, polymyxin B,
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and ciprofloxacin. In brief, an overnight growth of bacteria was adjusted to a turbidity
standard of 0.5 McFarland (~1.2 × 108 CFU/mL) and overlayed with swab streaking on
Mueller Hinton agar. E-test strips were placed onto the agar and allowed to incubate for
24 h at 37 ◦C. The MIC gradients were visually determined and recorded after incubation
following the manufacturer’s guidelines.

4.5. Statistical Analysis

Tests were performed using Prism software (GraphPad, San Diego, CA, USA). One-
way ANOVA with Tukey’s post-test was used to compare multiple groups and Student’s
t-test was used to compare between pairs. For this study, p-values of less than 0.05 were
considered significant.

5. Conclusions

In this study, luminescence reporters for Rcs-stress system activation were generated
for use in bacteria of the Enterobacterales order. This stress system induces major transcrip-
tional changes in response envelope stresses that result in increased capsule production
and biofilm formation. Using these reporters, the Rcs response of the ocular pathogen
S. marcescens to antibiotics used for the treatment of keratitis was evaluated. Several classes
of antibiotics used to treat keratitis induced the Rcs system even when the test bacterium
was highly resistant to the respective antibiotic. These data suggest that topical treatment
of ocular infections with antibiotics may lead to Rcs-dependent phenotypic changes that
aid in bacterial antibiotic tolerance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10091033/s1: Table S1: S. marcescens strains and plasmids used in this study;
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Abstract: Relatively little is known about how the corneal epithelium responds to vision-threatening
bacteria from the Enterobacterales order. This study investigates the impact of Serratia marcescens on
corneal epithelial cell host responses. We also investigate the role of a bacterial transcription factor
EepR, which is a positive regulator of S. marcescens secretion of cytotoxic proteases and a hemolytic
surfactant. We treated transcriptomic and metabolomic analysis of human corneal limbal epithelial cells
with wild-type bacterial secretomes. Our results show increased expression of proinflammatory and lipid
signaling molecules, while this is greatly altered in eepR mutant-treated corneal cells. Together, these data
support the model that the S. marcescens transcription factor EepR is a key regulator of host-pathogen
interactions, and is necessary to induce proinflammatory chemokines, cytokines, and lipids.

Keywords: bacterial infection; Serratia marcescens; transcription factor; keratitis; ocular surface;
epithelium; cornea; metabolomics

1. Introduction

The cornea, the transparent, anterior layer of the eye, is essential for vision and pro-
tected by numerous host immune factors, the tear film [1,2], and the corneal epithelium [3,4].
When the epithelium is damaged or compromised, it permits entry of microbes into the
stroma where they can multiply and cause damage to the ocular tissues; the progression of
infection is rapid, sometimes leading to corneal perforation from bacterial proteases and
from the ensuing inflammatory response [5–9].

Serratia marcescens is a gram negative pathogen from the order Enterobacterales fre-
quently isolated from contact lenses, and associated with ocular infections [10–12]. Bacteria
are linked with chronic infections, non-healing wounds, and are thought to prevent wound
closure; however, the impact of bacteria on corneal infection and wound healing is poorly
understood [13–15]. Our previous study identified S. marcescens LPS as being sufficient to
inhibit corneal epithelial wound closure and further identified transposon insertions in
genes that rendered the bacterium unable to inhibit corneal cell migration, but the role of
these genes in ocular surface host-pathogen interactions was not characterized [16]. One
mutation mapped to the eepR-eepS locus, that codes for a hybrid two-component transcrip-
tion factor system involved in virulence factor secretion, cytotoxicity to mammalian cells,
and proliferation in a rabbit keratitis model [17–19].

Previous studies have evaluated the impact of bacteria on the global transcriptomic
response of corneal cells, but this has only been done with Pseudomonas aeruginosa and
Staphylococcus aureus [20–23]. In this study, the role of the EepR transcriptional regulator in
the corneal epithelial cell transcriptional and small molecule response to S. marcescens was
evaluated. We report that in contrast to other pathogens, mutation of one bacterial tran-
scription factor in S. marcescens had a broad impact on epithelial cell responses, including
reduced expression of inflammatory markers and lipid metabolism genes.
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2. Results

2.1. HCLE Cells Exposed to eepR Mutant S. marcescens Secretomes Have an Attenuated
Inflammatory Response Compared with Wild-type Treated HCLE Cells

To increase our understanding of the corneal response to an order of bacteria not
previously tested, a global transcriptional analysis of the HCLE cells was performed. Here
we used a wild-type (WT), low cytotoxicity [24] isolate of S. marcescens (PIC3611), and an
isogenic strain with a deletion in the eepR gene that was previously described [19] to further
investigate EepR’s role in how bacteria influence corneal biology. In this study, bacterial
secretomes were used to stimulate corneal cells because we have previously shown wild-
type secretomes to strongly influence the behavior of a human corneal epithelial cell line
and because secretomes are less toxic to corneal cells [16,25,26]. Confluent monolayers of
the human corneal limbal epithelial (HCLE) cell line were first exposed to S. marcescens
WT secretome for 0, 1, 2, 3, 4, and 5 h to determine the time frame for maximal stimulation
by assessing levels of the cytokine TNFα. The 5 h exposure time point was chosen based
upon our preliminary findings (data not shown) and from a previous ELISA-based study
of human corneal epithelial cell inflammatory response to S. marcescens [27].

Next, we compared the transcriptomes of mock-treated (LB medium in equal vol-
ume as secretomes) corneal cells with those exposed to normalized secretomes from
WT or eepR cells. Lower case eepR refers to the mutant strain. As noted in Materials
and Methods, 21,932 microarray panels (unique target sequences) yielded reliable data;
valid changes between WT secretome-treated and mock-treated cells occurred in only
2510 panels (11.4%), and of those, only 915 (4.2%) were modulated by 2-fold or more
(examples in Tables 1 and 2). In contrast, valid changes between eepR secretome-treated
and mock-treated cells occurred in only 798 panels (3.6%), and of those, only 241 (1.1%)
were modulated by 2-fold or more (examples in Tables 3 and 4). Over half of the eepR
secretome-modulated panels (138, 57%) were present in the WT-treatment group also
(see nine genes in common between Tables 1 and 3, eight genes in common between
Tables 2 and 4), and the direction of modulation was concordant between treatments for
all these panels except SPRY2, which was increased by WT treatment and decreased by
eepR. Visual inspection showed that within this group of 138 genes, whatever the direction
of change caused by eepR (increase or decrease), its magnitude was always less than that
caused by WT. However, some genes outside this group showed greater modulation by
eepR than by WT. Accordingly, the scaled eepR response (eepR − control)/|(WT − control)|
was also calculated (Tables 5 and 6).

The 915 panels modulated by WT were submitted to Ingenuity Pathway Analysis
software (Qiagen, Germantown, MD, USA), yielding 24 significantly enriched (p < 0.05)
canonical pathways which had adequate z-scores (|z| > 2; see Table 7). At least nine of
these pathways address direct or indirect immune functions. When submitted for analysis
separately, the 798 eepR modulated panels only yielded three significantly enriched path-
ways, two of which were also WT-modulated (see Table 7). The third pathway (GNRH
Signaling) was not significantly enriched by WT treatment. In S. marcescens WT secretome-
treated HCLEs versus mock-treated cells, the twenty-five most upregulated genes (9.1- to
56.6-fold increase) included genes involved in inflammatory signaling pathways (Table 1).
Genes with the greatest decrease (4.9- to 50-fold decrease) in WT secretome-treated HCLEs
were those involved in nucleosome assembly, phospholipid metabolic processes, and
transcription (Table 2). Moreover, HCLEs-treated with eepR secretome showed decreased
upregulation of genes for proinflammatory factors; however, genes involved in cell to
cell adhesion, leukocyte chemotaxis, transport, and signaling were upregulated (Table 3).
Genes with the greatest decrease in eepR versus mock-treated secretomes were those in-
volved in nucleic acid binding, transport, and transcription (Table 4).
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Figure 1. qRT-PCR of pathway markers confirmed microarray analysis. Graph represents the fold
change in gene expression relative to mock (LB) treatment. HCLE cells were exposed to LB, WT, and
eepR transcriptomes of 5 h. Gene expression was normalized to GAPDH expression. Means (n = 4–8,
n = 3 for IL-1α) and SD are shown. ∆∆CT values were compared by ANOVA with Bonferroni’s
post-test, one asterisk (*) indicate p < 0.05, two indicate (**) p < 0.01, and three (***) indicate p < 0.001.

Table 1. Twenty-five genes with the greatest expression increase in cells treated with WT vs. mock secretomes.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

Gene
symbol

Entrez
Gene

number

LB
control WT Serratia

eepR
mutant WT/cont eepR/cont eepR/WT WT/eepR (eppR−cont)

|(WT−cont)|

Biological
Function

CXCL8 * 3576 41 2346 145 56.6 3.5 0.1 16.2 0.04 Inflammatory
cytokine

CXCL1 * 2919 51 1452 566 28.4 11.1 0.4 2.6 0.37 Inflammatory
cytokine

CCL20 * 6364 297 8224 1757 27.7 5.9 0.2 4.7 0.18 Inflammatory
cytokine

ITGB8 3696 4 91 38 25.7 10.8 0.4 2.4 0.40 Integrin-mediated
cell adhesion

CXCL3 2921 35 830 108 23.7 3.1 0.1 7.7 0.09 Chemotaxis

GFPT2 9945 5 96 39 18.4 7.4 0.4 2.5 0.37
Glutamine fructose-

6-phosphate
transaminase

CSF2 * 1437 74 1311 192 17.7 2.6 0.1 6.8 0.10

granulocyte
macrophage

colony-stimulating
factor receptor

binding

LIF 3976 71 1164 93 16.4 1.3 0.1 12.5 0.02 TGF Beta Signaling

CSF3 1440 47 746 146 16.0 3.1 0.2 5.1 0.14

granulocyte
colony-stimulating

factor receptor
binding
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Table 1. Cont.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

MMP1 * 4312 104 1639 114 15.7 1.1 0.1 14.4 0.01 Proteolysis

CXCL2 2920 83 1163 428 14.1 5.2 0.4 2.7 0.32 Chemokine

MTSS1 9788 11 137 31 12.9 2.9 0.2 4.4 0.16 Actin binding

HCAR3 8843 306 3840 589 12.6 1.9 0.2 6.5 0.08 G-protein coupled
receptor signaling

IL20 50604 31 379 26 12.3 0.8 0.1 14.6 −0.01 Receptor binding

TNFAIP2 7127 20 236 198 11.7 9.9 0.8 1.2 0.83 Angiogenesis

ICAM1 * 3383 40 445 217 11.3 5.5 0.5 2.1 0.44
T cell antigen

processing and
presentation

IL36G 56300 92 1011 536 11.0 5.8 0.5 1.9 0.48
Positive regulation

of cytokine
production

SQSTM1 8878 8 81 28 10.7 3.7 0.3 2.9 0.28
Positive regulation

of protein
phosphorylation

MMP10 4319 100 1064 92 10.7 0.9 0.1 11.6 −0.01 Proteolysis

PRDM1 639 139 1394 146 10.1 1.1 0.1 9.5 0.01
Negative regulation
of transcription from
RNA polymerase II

TRAF1 7185 16 160 54 10.0 3.4 0.3 3.0 0.27 Apoptosis

IL1R2 7850 66 640 412 9.7 6.2 0.6 1.6 0.60 Immune response

IL24 11009 474 4413 678 9.3 1.4 0.2 6.5 0.05 Apoptosis

MMP9 * 4318 408 3792 2017 9.3 4.9 0.5 1.9 0.48 Proteolysis

IL6 * 3569 60 545 152 9.1 2.5 0.3 3.6 0.19 Inflammatory
cytokine

Seven genes PCR verified (*), see Figure 1. Nine genes in bold also appear in Table 3: “Greatest expression increase in cells treated with
eepR vs. mock secretomes”.

Table 2. Twenty-five genes with the greatest expression decrease in cells treated with WT vs. mock secretomes.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

Gene
Symbol

Entrez
Gene

number

LB
control WT Serratia

eepR
mutant WT/cont eepR/cont eepR/WT WT/eepR (eppR−cont)

|(WT−cont)|
Biological Function

TXNIP 10628 2659 64 320 0.02 0.1 5.0 0.2 −0.90
Negative regulation
of transcription from
RNA polymerase II

CTGF 1490 1245 55 35 0.04 0.0 0.6 1.6 −1.02 Cartilage
condensation

236865_at — 117 7 24 0.06 0.2 3.5 0.3 −0.84 Unknown

ARRDC4 91947 1338 96 285 0.07 0.2 3.0 0.3 −0.85
Positive regulation
of ubiquitin-protein

ligase activity

LOC100287896 100287896 81 6 38 0.08 0.5 5.9 0.2 −0.57 Unknown

NAP1L3 4675 35 4 31 0.10 0.9 8.6 0.1 −0.14 Nucleosome
assembly

RP4-
813F11.4

— 146 19 13 0.13 0.1 0.7 1.5 −1.05 Unknown

HJURP 55355 747 105 430 0.14 0.6 4.1 0.2 −0.49 Nucleosome
assembly

PIK3R3 8503 95 14 70 0.14 0.7 5.2 0.2 −0.31 Phospholipid
metabolic process

SLC26A7 115111 24 4 5 0.14 0.2 1.3 0.8 −0.95 Gastric acid
secretion

ARRDC3 57561 257 40 113 0.15 0.4 2.9 0.4 −0.66 Temperature
homeostasis

ZNF750 79755 148 24 62 0.16 0.4 2.6 0.4 −0.69 Transcription,
DNA-dependent
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Table 2. Cont.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

GPX8 493869 92 15 86 0.16 0.9 5.8 0.2 −0.08 Response to
oxidative stress

MECOM 2122 154 25 65 0.16 0.4 2.6 0.4 −0.69 Neutrophil
homeostasis

ENC1 8507 379 64 169 0.17 0.4 2.6 0.4 −0.67
Multicellular
organismal

development

THAP2 83591 88 15 11 0.17 0.1 0.7 1.4 −1.05 Nucleic acid binding

1560973_a_at — 34 6 16 0.18 0.5 2.7 0.4 −0.63 Unknown

ZNF658 26149 56 10 56 0.19 1.0 5.4 0.2 −0.00 Transcription,
DNA-dependent

ST6GALNAC5 81849 76 14 44 0.19 0.6 3.1 0.3 −0.51 Protein
glycosylation

AOC3 8639 84 16 8 0.19 0.1 0.5 2.0 −1.11 Cell adhesion

AKNAD1 254268 67 13 23 0.20 0.3 1.7 0.6 −0.82 Cytoplasm

FAM83D 81610 1588 313 1235 0.20 0.8 3.9 0.3 −0.28 Cell cycle

242708_at — 44 9 8 0.20 0.2 0.9 1.1 −1.01 Unknown

ZC3H6 376940 99 20 32 0.21 0.3 1.6 0.6 −0.85 Nucleic acid binding

* FAM72A 554282 1976 413 1063 0.21 0.5 2.6 0.4 −0.58 Cytoplasm

* Full designation of bottom row: FAM72A /// FAM72B /// FAM72C /// FAM72D: Entrez numbers 554282 /// 653820 /// 728833 ///
729533. Eight genes in bold also appear in Table 4: “Greatest expression decrease in cells treated with eepR vs. mock secretomes”.

Table 3. Twenty-five genes with the greatest expression increase in cells treated with eepR vs. mock secretomes.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

Gene
Symbol

Entrez
Gene

number

LB
control WT Serratia

eepR
mutant WT/cont eepR/cont eepR/WT WT/eepR (eppR−cont)

|(WT−cont)|
Biological Function

CXCL1 2919 51 1452 566 28.4 11.1 0.4 2.6 0.37 Inflammatory
cytokine

ITGB8 3696 4 91 38 25.7 10.8 0.4 2.4 0.40 Integrin-mediated
cell adhesion

TNFAIP2 7127 20 236 198 11.7 9.9 0.8 1.2 0.83 Angiogenesis

OLR1 4973 155 1302 1195 8.4 7.7 0.9 1.1 0.91 Proteolysis

IL1R2 7850 66 640 412 9.7 6.2 0.6 1.6 0.60 Immune response

CCL20 6364 297 8224 1757 27.7 5.9 0.2 4.7 0.18 Inflammatory
cytokine

IL36G 56300 92 1011 536 11.0 5.8 0.5 1.9 0.48
Positive regulation

of cytokine
production

SLC2A6 11182 34 97 189 2.9 5.6 1.9 0.5 2.45 Transport

ICAM1 3383 40 445 217 11.3 5.5 0.5 2.1 0.44
T cell antigen

processing and
presentation

CXCL2 2920 83 1163 428 14.1 5.2 0.4 2.7 0.32 Chemokine

MMP9 4318 408 3792 2017 9.3 4.9 0.5 1.9 0.48 Proteolysis

CXCL10 3627 115 211 533 1.8 4.6 2.5 0.4 4.36
Positive regulation

of leukocyte
chemotaxis

IL1R2 7850 53 435 241 8.3 4.6 0.6 1.8 0.49 Immune response

ICAM1 3383 47 367 213 7.9 4.6 0.6 1.7 0.52
T cell antigen

processing and
presentation

BIRC3 330 27 147 114 5.4 4.2 0.8 1.3 0.72 Toll-like receptor
signaling pathway

SGPP2 — 51 297 206 5.8 4.0 0.7 1.4 0.63 Phospholipid
metabolic process
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Table 3. Cont.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

C15orf48 84419 26 92 99 3.5 3.8 1.1 0.9 1.11 Mitochondrion

JMJD4 65094 38 56 146 1.5 3.8 2.6 0.4 5.88 Protein binding

C6orf132 647024 42 140 159 3.3 3.8 1.1 0.9 1.19 Unknown

S100A7 6278 76 168 288 2.2 3.8 1.7 0.6 2.31 Response to reactive
oxygen species

KMO 8564 27 107 99 3.9 3.6 0.9 1.1 0.89 Metabolic process

EFNA1 1942 278 1973 985 7.1 3.5 0.5 2.0 0.42

Negative regulation
of transcription from
RNA polymerase II

promoter

FAM20C 56975 148 528 525 3.6 3.5 1.0 1.0 0.99 Phosphorylation

CXCL8 3576 41 2346 145 56.6 3.5 0.1 16.2 0.04 Inflammatory
cytokine

KMO 8564 28 121 96 4.4 3.5 0.8 1.3 0.74 Metabolic process

Nine genes in bold also appear in Table 1: “Greatest expression increase in cells treated with WT vs. mock secretomes”.

Table 4. Twenty-five genes with the greatest expression decrease in cells treated with eepR vs. mock secretomes.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

Gene
Symbol

Entrez
Gene

number

LB
control WT Serratia

eepR
mutant WT/cont eepR/cont eepR/WT WT/eepR (eppR−cont)

|(WT−cont)|
Biological Function

CTGF 1490 1245 55 35 0.04 0.03 0.64 1.6 −1.02 Cartilage
condensation

RP4-
813F11.4

— 146 19 13 0.13 0.09 0.69 1.5 −1.05 Unknown

AOC3 8639 84 16 8 0.19 0.10 0.51 2.0 −1.11 Cell adhesion

SERPINE1 5054 81 42 9 0.52 0.11 0.22 4.7 −1.86 Regulation of
mRNA stability

TXNIP 10628 2659 64 320 0.02 0.12 5.01 0.2 −0.90
Negative regulation
of transcription from
RNA polymerase II

THAP2 83591 88 15 11 0.17 0.13 0.74 1.4 −1.05 Nucleic acid binding

SLC6A13 6540 122 46 18 0.38 0.15 0.39 2.6 −1.37 Transport

RFPL3S 10737 31 11 6 0.35 0.18 0.53 1.8 −1.25 Unknown

242708_at — 44 9 8 0.20 0.19 0.95 1.1 −1.01 Unknown

SLC26A7 115111 24 4 5 0.14 0.19 1.31 0.8 −0.95 Gastric acid
secretion

EGR3 1960 567 602 108 1.06 0.19 0.18 5.6 −12.90
Positive regulation
of endothelial cell

proliferation

SERTAD4 56256 40 14 8 0.35 0.20 0.58 1.8 −1.23 Unknown

236865_at — 117 7 24 0.06 0.21 3.55 0.3 −0.84 Unknown

ARRDC4 91947 1338 96 285 0.07 0.21 2.97 0.3 −0.85 Temperature
homeostasis

MYEF2 50804 37 5 8 0.14 0.23 1.65 0.6 −0.90 Transcription,
DNA-dependent

RYBP 23429 63 31 15 0.49 0.24 0.49 2.1 −1.49

Negative regulation
of transcription from
RNA polymerase II

promoter

238548_at 238548_at 44 19 11 0.43 0.25 0.59 1.7 −1.31 Unknown

LOC100130705 100130705 67 29 17 0.43 0.26 0.60 1.7 −1.30 Unknown

CYR61 3491 5396 1506 1419 0.28 0.26 0.94 1.1 −1.02 Regulation of cell
growth

ZBTB1 22890 396 217 108 0.55 0.27 0.50 2.0 −1.61 Transcription,
DNA-dependent

86



Antibiotics 2021, 10, 770

Table 4. Cont.

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

FOS 2353 425 496 117 1.17 0.28 0.24 4.2 −4.34 Toll-like receptor
signaling pathway

BC034636
/// CTB-
113P19.4

— 53 18 15 0.34 0.28 0.81 1.2 −1.10 Unknown

ANGPTL4 51129 393 89 111 0.23 0.28 1.25 0.8 −0.93 Angiogenesis

UQCRB 7381 47 14 14 0.30 0.30 1.02 1.0 −0.99 Oxidative
phosphorylation

C1orf52 148423 171 56 52 0.33 0.30 0.93 1.1 −1.04 Unknown

Eight genes in bold also appear in Table 2: “Greatest expression decrease in cells treated with WT vs. mock secretomes”.

Table 5. Twenty-five genes with the highest scaled eepR values (i.e., relatively little effect of WT, relatively large increase by eepR).

Mean of Normalized
Expression, Duplicates

Expression Ratios
Scaled
eepR

Gene
Symbol

Entrez
Gene

number

LB
control WT Serratia

eepR
mutant WT/cont eepR/cont eepR/WT WT/eepR (eppR−cont)

|(WT−cont)|
Biological Function

TOMM40L 84134 72 71 237 0.99 3.29 3.33 0.3 235.4 Transport

ARL11 115761 18 19 51 1.01 2.75 2.72 0.4 161.0 Intracellular protein
transport

IGFL1 374918 170 173 420 1.02 2.47 2.43 0.4 83.3 Protein binding

227356_at — 109 112 182 1.02 1.66 1.63 0.6 30.8 Unknown

TMEM177 80775 125 120 221 0.96 1.76 1.84 0.5 18.5 Membrane

TRIM14 9830 221 212 376 0.96 1.70 1.77 0.6 17.8 Protein binding

ZSCAN16 80345 54 52 97 0.95 1.78 1.86 0.5 17.2 Transcription,
DNA-dependent

RITA1 84934 80 75 157 0.94 1.97 2.10 0.5 15.1 Intracellular protein
transport

KRT34 ///
LOC100653049

3885 ///
100653049 202 220 463 1.09 2.29 2.11 0.5 14.8 Epidermis development

CTSC 1075 69 64 135 0.93 1.97 2.11 0.5 13.7 T cell mediated
cytotoxicity

FAM13B 51306 128 121 218 0.95 1.70 1.80 0.6 13.1 Signal transduction

CCDC8 83987 70 58 215 0.83 3.08 3.73 0.3 12.1 Negative regulation of
phosphatase activity

KIAA1586 57691 34 37 65 1.08 1.91 1.77 0.6 11.9 Nucleic acid binding

COG8 ///
PDF

64146 ///
84342 199 217 384 1.09 1.93 1.77 0.6 10.7 Translation

MTRR 4552 418 449 708 1.07 1.69 1.58 0.6 9.4 Sulfur amino acid
metabolic process

SLC35F6 54978 125 141 269 1.13 2.15 1.91 0.5 9.1 Establishment of mitotic
spindle orientation

CXCL11 6373 121 100 287 0.83 2.38 2.87 0.3 8.1 Positive regulation of
leukocyte chemotaxis

HSD17B1 3292 83 103 234 1.24 2.82 2.28 0.4 7.6 Lipid metabolic process

LOC284926 284926 8 13 44 1.63 5.55 3.41 0.3 7.2 Unknown

NOP56 10528 206 233 384 1.13 1.87 1.65 0.6 6.5 rRNA processing

* FAM86B1 *55199 32 26 65 0.82 2.07 2.51 0.4 6.1 Unknown

JMJD4 65094 38 56 146 1.48 3.82 2.58 0.4 5.9 Protein binding

PPAPDC2 403313 67 85 156 1.26 2.33 1.84 0.5 5.0 Metabolic process

AIMP2 7965 1059 966 1505 0.91 1.42 1.56 0.6 4.8 Translation

ZNF165 7718 184 220 358 1.20 1.95 1.63 0.6 4.8 Transcription,
DNA-dependent

* full annotation: FAM86B1 /// FAM86B2 /// FAM86C1 /// FAM86DP /// FAM86FP /// FAM86KP: 55199 /// 85002 /// 653113 ///
653333 /// 692099 /// 100287013.

87



Antibiotics 2021, 10, 770

Table 6. Twenty-five genes with the lowest scaled eepR values (i.e., relatively little effect of WT, relatively large decrease by eepR).

Mean of Normalized Expression,
Duplicates

Expression Ratios Scaled eepR

Gene
Symbol

Entrez
Gene

number

LB
control WT Serratia

eepR
mutant WT/cont eepR/cont eepR/WT WT/eepR

(eepR—cont)
|(WT—cont)|

Biological
Function

NUFIP2 57532 1790 1786 1204 1.00 0.67 0.67 1.5 −144.7 Protein binding

ZFP36L2 678 3551 3536 2305 1.00 0.65 0.65 1.5 −83.9
Regulation of
transcription,

DNA dependent

TUFT1 7286 1322 1329 818 1.01 0.62 0.62 1.6 −74.7 Protein binding

PARD6B 84612 495 491 230 0.99 0.46 0.47 2.1 −59.7 Protein complex
assembly

GPR157 80045 364 359 208 0.99 0.57 0.58 1.7 −33.0 Signal
transduction

ARPC5L 81873 1049 1062 602 1.01 0.57 0.57 1.8 −32.4
Regulation of
actin filament

polymerization

JUN 3725 1312 1338 621 1.02 0.47 0.46 2.2 −27.1 Angiogenesis

DUSP6 1848 3965 3858 1638 0.97 0.41 0.42 2.4 −21.6 Inactivation of
MAPK activity

CD274 29126 373 386 184 1.04 0.49 0.48 2.1 −14.4 Immune response

EGR3 1960 567 602 108 1.06 0.19 0.18 5.6 −12.9

Positive
regulation of

endothelial cell
proliferation

1555897_at — 89 85 47 0.96 0.53 0.55 1.8 −11.9 Unknown

CHMP1B 57132 220 227 145 1.03 0.66 0.64 1.6 −11.4 Cytokinesis

FHL2 2274 2117 2058 1460 0.97 0.69 0.71 1.4 −11.3

Negative
regulation of

transcription from
RNA polymerase

II promoter

E2F7 144455 1501 1411 612 0.94 0.41 0.43 2.3 −10.0

Negative
regulation of

transcription from
RNA polymerase

II promoter

SLC2A14
///

SLC2A3

6515 ///
144195 358 342 203 0.96 0.57 0.59 1.7 −9.8 Carbohydrate

metabolic process

PHF13 148479 631 661 347 1.05 0.55 0.52 1.9 −9.5 Mitotic cell cycle

JAG1 182 3839 3973 2726 1.03 0.71 0.69 1.5 −8.3 Angiogenesis

SERTAD1 29950 1254 1334 653 1.06 0.52 0.49 2.0 −7.5

Regulation of
cyclin-dependent

protein
serine/threonine

kinase activity

KIAA0907 22889 1868 1755 1034 0.94 0.55 0.59 1.7 −7.4 Unknown

SOS1 6654 442 467 268 1.06 0.61 0.58 1.7 −7.1 Apoptotic process

C16orf72 29035 2072 2169 1411 1.05 0.68 0.65 1.5 −6.8 Unknown

RND3 390 1928 1794 1126 0.93 0.58 0.63 1.6 −6.0 GTP catabolic
process

SMAD7 4092 271 290 158 1.07 0.58 0.54 1.8 −5.7

Negative
regulation of

transcription from
RNA polymerase

II promoter

ADAMTS6 11174 171 187 86 1.10 0.50 0.46 2.2 −5.1 Proteolysis

FZD7 8324 63 60 31 0.89 0.45 0.50 2.0 −5.0 Wnt signaling
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Table 7. Significantly (p < 0.05) enriched canonical pathways which respond to WT S. marcescens stimulus.

Canonical Pathway. −log(p-Value)
Number Genes
up-Regulated

Number Genes
down-Regulated

Total Genes in
Pathway

IL-6 Signaling 8.4 20 1 116

Toll-like Receptor Signaling 7.9 16 1 72

NF-kB Signaling 7.0 22 1 164

Colorectal Cancer Metastasis Signaling 5.4 20 1 230

PPAR Signaling 5.0 14 1 90

TREM1 Signaling 4.9 12 1 69

HMGB1 Signaling 4.8 15 1 118

Acute Phase Response Signaling 4.6 18 1 166

Role of Pattern Recognition Receptors in
Recognition of Bacteria and Viruses 4.2 13 1 118

Cholecystokinin/Gastrin-mediated Signaling 3.3 11 1 99

B Cell Activating Factor Signaling 3.1 7 1 40

LXR/RXR Activation 3.1 12 1 120

Pancreatic Adenocarcinoma Signaling 3.0 10 1 106

Glioma Invasiveness Signaling 2.8 7 1 57

Cell Cycle: G2/M DNA Damage
Checkpoint Regulation 2.6 1 1 49

NF-kB Activation by Viruses 2.1 7 1 73

NRF2-mediated Oxidative Stress Response 2.0 12 1 175

CXCL8 Signaling 1.9 13 1

Tec Kinase Signaling 1.8 10 2 183

MIF Regulation of Innate Immunity 1.8 5 0 150

iNOS Signaling 1.6 5 0 39

Antioxidant Action of Vitamin C 1.6 8 0 43

PPARα/RXRα Activation 1.5 12 0 91

Phospholipase C Signaling 1.3 13 1 165

The two pathways in the bold text were also significantly stimulated by eepR secretomes with the same −log(p values) found for WT
secretomes. Note: This indicates that most immune pathways in this table modulated by WT secretome treatment are not modulated by
eepR secretome treatment.

Interestingly, when we examined our results in the context of scaled eepR (eepR—
control/WT—control), there were also several genes where the expression difference
was greater than 10-fold in eepR-treated cells in comparison to WT. In particular, there
were differences in genes involved in intracellular protein transport, protein binding,
transcription, nucleic acid binding, and translation (Table 5). Genes with the lowest
expression in the scaled eepR response were involved in protein complex assembly, protein
binding, signal transduction, actin filament polymerization, inactivation of MAPK activity,
and negative regulation of transcription (Table 6).

From our microarray results, we chose genes to validate by qRT-PCR that are known
mediators of response to infection and corneal wound healing, involved in cellular signal-
ing, motility, actin binding, and cellular division/membrane organization, and had at least
a 2-fold difference when comparing WT to eepR-treated HCLEs [17,20,21,27]. Overall, our
qRT-PCR results validated changes observed with the microarray, including that the eepR-
treated HCLEs in most cases had a lower fold change in proinflammatory gene expression
(Figure 1, Table 1). We note that, when assayed by qRT-PCR, nine out of the twelve genes
show a greater response to WT treatment than they do by microarray analysis, consistent
with the greater sensitivity and wider dynamic range of qRT-PCR.
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2.2. Bacterial Secretomes Influence Corneal Epithelial CellLipid Metabolism

In addition to evidence of EepR playing a role in producing inflammatory markers,
microarray analysis revealed alterations in pathways associated with lipid metabolism
and signaling. These pathways include ceramide biosynthesis, ceramide signaling, and
Sphingosine-1-phosphate receptor signaling with avalid increases in CERS2 (1.5-fold),
S1PR3 (2.3-fold), SPHK1 (1.8-fold), and SPTLC2 (2.5-fold) genes by cells treated with wild-
type, but not eepR secretomes. Increased CERS2 expression observed in the microarray was
confirmed by qRT-PCR (Figure 1).

To further verify the alteration in producing compounds associated with the lipid path-
ways implicated in the microarray data and to gain insight into the corneal epithelial cell
response to enteric bacteria, small molecule metabolomic analysis was performed on HCLE
cells exposed to secretomes derived from WT and the eepR mutant. Consistent with the re-
sults of the microarray analysis and qRT-PCR, the metabolomic analysis identified changes
in markers involved in lipid metabolism (Figure 2, Supplementary Tables S1 and S2). There
were significant increases in metabolites for lipid metabolism for S. marcescens WT-treated
HCLEs, including sphingosine, phosphoethanolamine (Figure 2), as well as linoleate, eicos-
apentaenoate, docosapentaenoate, docosahexaenoate, and myristate (Table S1). Together,
these data indicate that S. marcescens secreted factors have a major impact on human corneal
cells, including increased expression of inflammatory and lipid metabolism pathways, and
that S. marcescens requires EepR for these effects.

Figure 2. Metabolomic analysis demonstrates alteration of sphingosine and lipid metabolism in corneal cells challenged
by S. marcescens secretomes. HCLE cells were treated with LB, WT, or eepR secretomes for 24 h. Mean and SD (n = 5) of
relative amounts of (a) phosphoethanolamine and (b) sphingosine. Circles = LB (mock treatment), squares = WT, and
triangles = eepR mutant treated HCLE cells. Asterisks (*) indicate p < 0.05 by one-way ANOVA with Tukey’s post-hoc
analysis. n.s., not significant.

3. Discussion

S. marcescens EepR, a master transcriptional regulator of secreted enzymes and sec-
ondary metabolites, plays an important role in hemolysis, pigment production, swarming
motility, and contributes to bacterial proliferation in the cornea. A previous study demon-
strated the importance of the S. marcescens transcription factor EepR in the regulation
of protease production, corneal cell-induced cytotoxicity, and its ability to induce the
proinflammatory cytokine IL-1β [17]. Because of its involvement in ocular host-pathogen
response, we sought to determine differences in gene expression profiles in eepR-treated
corneal cells in comparison to WT. Interestingly, genes with the greatest expression in
eepR mutant-treated corneal cells compared to WT-treated cells were those involved in
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intracellular transport, protein binding, cellular component movement, cell adhesion, and
membrane-related functions (Table 5), suggesting deletion of EepR promotes cell migration
and wound healing. Consistently, eepR-treated cells were found to regulate lipid metabolic
process, transcription, and intracellular protein transport (Table 5) and activate the MAPK
pathway, which has been demonstrated to promote cell migration [28]. In contrast, WT-
treated cells were found to inactivate the MAPK pathway (Table 6), which is consistent
with its wound inhibitory phenotype [16].

The effect of bacteria on human corneal epithelial cells is of interest because bacteria
cause the majority of corneal ulcers [29]. A limited number of studies have examined
the impact of P. aeruginosa and S. aureus on the corneal transcriptomic response [20–23],
but these have not been done with bacteria of the Enterobacterales order. Bacteria, such
as Klebsiella, Proteus, and Serratia, cause a significant number of ocular infections [30].
There is a unique immunological response of the cornea, being an immune-privileged site.
Chidambaram et al. compared gene expression profiles of corneal tissues from microbial
keratitis patients infected with Streptococcus pneumoniae, P. aeruginosa, Fusarium sp., and
Aspergillus sp. to normal corneal tissue from cadavers [20]. In agreement with our own data,
they found increased expression of the proinflammatory markers MMP9, MMP1, IL-1β,
and TNF with the greatest expression observed in MMP9. In addition to the previously
mentioned markers, they also found increases in MMP7, MMP10, MMP12, TLR2, and
TLR4, all markers known to promote inflammation and immune recognition [20]. Our
data also found a 2.2-fold increase in expression of TLR2 in WT versus eepR mutant-treated
HCLEs, but no significant changes in TLR4 expression. Microarray gene expression levels
for TLR4 were low, but detectable for all conditions in our study. However, expression of
TLR4 in corneal epithelial cells has been previously demonstrated to be reduced [31,32],
and could explain why our results differed from Chidambaram et al.

The S. marcescens-induced proinflammatory gene response reported here was consis-
tent with a study by Hume et al. [27], who used ELISA to explore the cytokine response
of human corneal cells and polymorphonuclear monocytes (PMNs) to clinical isolates of
S. marcescens. Though they found strain differences in cytokine response, there was an
overall positive trend in activation of TNFα, IL-6, and CXCL8 after 4 h of exposure to
bacteria which was similar to our results after 5 h of exposure [27].

The impact of living Pseudomonas aeruginosa upon the transcriptome of murine corneas
has been explored by Gao et al. [21]. They reported upregulation of Krt16, MMP10, MMP13,
S100A8, Stfna111, and S100A9 genes with an even greater increase in the genes involved in
antimicrobial peptide production S100A8 and S100A9, when mice were pretreated with
flagellin [21]. Our results were not as striking for S100A8 and S100A9, but did demonstrate
a 2-fold increase in WT-treated HCLES in comparison to eepR. Huang et al. used murine
corneas infected with P. aeruginosa and demonstrated upregulation of proinflammatory
markers GM-CSF, ICAM1, IL1α, IL-1β, IL-6, TNFα, MMP9, MMP10, and MMP13 in
accordance with our results [22]. In addition to the previously mentioned genes, we
also observed upregulation of proinflammatory markers CCL20, CERS2, CXCL1, CXCL8,
and MMP1.

An elegant study by Heimer et al. used a well-defined reference strain of the gram
positive bacteria S. aureus to examine corneal epithelial cell responses to bacteria [23].
They evaluated the effect of an isogenic agr sarA double mutant of S. aureus that has
similar defects as our eepR mutant in reduced secretion of virulence factors [23]. After
treating human corneal cells with S. aureus, highly increased expression of proinflammatory
markers CCL20, CSF2, CXCL1, IL-6, CXCL8, and TNFα was observed. These results are
in agreement with our own, with the only major notable difference being that the gene
most induced by S. marcescens WT bacteria was CXCL8, a neutrophil chemoattractant
important for neutrophil migration to the site of infection and clearance of bacteria, whereas
S. aureus most induced CCL20 a chemokine with antibacterial properties [33]—the third
most highly induced gene in our study. In sharp contrast to their study, while the S. aureus
agr sarA double mutant caused relatively little change in host response compared to the
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WT S. aureus, the S. marcescens eepR mutant was strikingly less able than the WT to induce
expression of proinflammatory genes. Another notable difference is that some of the signal
transduction factors upregulated by S. aureus were not affected by S. marcescens, notably
the plasminogen activator inhibitor SERPINB2 that is involved in macrophage function
and cell migration [34], and the glycoprotein STC1 that is involved in angiogenesis and
wound healing [35].

Matrix metalloproteinases (MMPs) are enzymes that function in immune responses to
infection in addition to numerous other roles. MMPs are involved in recruiting white blood
cells, chemokine and cytokine responses, and cell matrix remodeling [36]. In our study,
numerous matrix metalloproteases were upregulated >2-fold by S. marcescens, including
MMP1, 9, 10, 13, 14, 16, 19, 28, but a similar trend was not described in S. aureus challenged
cells [23].The different pathogen associated molecular patterns produced by the bacteria and
the challenge with whole S. aureus versus S. marcescens secretomes (which include flagella
and LPS) may account for some of the differences observed. Nevertheless, the S. marcescens
EepR protein had a much larger role than the S. aureus SarA transcription factor and Agr
quorum sensing system in affecting the corneal epithelial cell transcriptional response.

The reason for which eepR mutants confer such a different transcriptional response
compared to the WT is not clear at this time. The eepR mutant is defective in the secretion
of metalloproteases, such as serralysin and SlpB [17]. Serralysin, also called the 56-kDa
protease, was shown in experimental models to have an impact on the immune system,
rendering mouse lungs much more susceptible to influenza infection [37]. The protease was
shown to increase vascular permeability by activation of the Hageman factor-kallikrein-
kinin system [38]. Further studies will evaluate the role of EepR regulated bacterial
metalloproteases in corneal wound healing.

Our microarray and qRT-PCR data suggested differences for expression of genes
involved in the lipid metabolism pathway for corneal cells exposed to WT, but not eepR
mutant secretomes. This data was validated using metabolomics approaches and indi-
cated that the changes in transcription yielded measurable differences in the molecules
involved in the altered pathways. Bioactive sphingolipids, such as those with altered
expression shown here, like ceramide and sphingosine 1-phosphate, are known signaling
molecules that mediate wound healing in many tissues [39], and likely play a different
role in corneal responses. These data indicate the importance of a single bacterial tran-
scription factor in dictating the corneal cell response as measured through transcriptomic
and metabolomic analysis. The findings and their implications should be discussed in the
broadest context possible.

4. Materials and Methods

4.1. Bacterial Growth Conditions and Media

S. marcescens cultures were grown in lysogeny broth (LB) [40] at 30 ◦C with shaking.
Bacteria free secretomes of S. marcescens WT and eepR were prepared by normalizing
overnight cultures to OD600 = 2.0 and removing the bacteria by centrifugation at 14,000 rpm
for two minutes followed by filtration through a 0.22 µm filter.

4.2. Microarray

HCLE cell line was obtained from Ilene Gipson [41], and were maintained in KSFM
media as previously described [16]. Cells were seeded into 12 well plates at a density of
1.5 × 105 cells per well. Secretomes were prepared as described above and added to HCLE
cells at the same dosage (500 µL into 1 mL KSFM) and incubated for 5 h at 37 ◦C + 5%
CO2. HCLE cells were washed 3 times with phosphate buffered saline (PBS) and stored in
5 volumes of RNAlater (Sigma-Aldrich, St. Louis, MO, USA) at 4 ◦C until used. RNA was
extracted with a GenElute Mammalian total RNA miniprep kit (Sigma-Aldrich), treated
with 1 unit of RQ1 Dnase (Promega, Madison, WI, USA) for 30 min at 37 ◦C, and quantified
by Nanodrop (Thermo Scientific|Thermo Fisher Scientific, Waltham, MA, USA). 500 ng
samples of total RNA were processed using an Affymetrix 3′-IVT Express kit (Affymetrix,
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Santa Clara, CA, USA) and yielded 43.2 ± 14.4 µg of biotinylated cRNA (mean ± SD, n = 5),
with one outlier of 7 µg. Twenty µg of biotinylated cRNA was hybridized to Affymetrix
U133 Plus 2.0 GeneChips (catalog #900470). The GeneChips were developed and scanned
using an Affymetrix GeneChip 3000 Array Scanner.

The resultant DAT files were consolidated to CEL files, which were analyzed with
Affymetrix GCOS v1.4 software, using default parameters. Numerical data and the soft-
ware flags for Presence/Absence and for significant pairwise changes were transferred
to Microsoft Excel. Of the 54,675 panels (unique sequence targets) on the microarray,
26,162 showed no detectable expression in any sample and omitted further consideration.
Of the remaining 28,513 panels, the 22,553 (79%) which showed consistent detectable
expression in the duplicate samples of at least one experimental group were taken for anal-
ysis. Of these, 621 panels (2.8%) showed a significant 2-fold difference between duplicates
and were rejected as unreliable. For the reliable 21,932 panels, the ratio (mean (WT −
treated)/mean (untreated)) was calculated. This ratio represented a valid change if:Both
samples in the higher-expressing group reported Present (i.e., detectable target sequence),
all four pairwise comparisons between groups showed significant changes using the GCOS
software, and the groups did not overlap.

4.3. Quantitative Reverse Transcriptase PCR (qPCR)

RNA was extracted as described above and concentrated using an RNA Clean and
Concentration kit (Zymo Research, Irvine, CA, USA). All samples were normalized with
nuclease free water to a concentration of 50 ng/µL. 250 µg of RNA was synthesized into
cDNA using Superscript III reverse transcriptase (Invitrogen|Thermo Fisher Scientific,
Waltham, MA, USA) as previously described [19]. To identify any genomic DNA contam-
ination, non-template controls of each RNA sample were also prepared and verified by
reverse transcriptase PCR (RT-PCR) using GAPDH primers [42]. All contaminated samples
were discarded. Quantitative reverse transcriptase PCR (qRT-PCR) was performed using
Sybr green reagent (Applied Biosystems|Thermo Fisher Scientific, Waltham, MA, USA)
using primers for CCL20, CERS2, CSF2, ICAM-1, IL-1α, IL-1β, IL-6, IL-8, MMP1, MMP9,
TNFα [42–52]. All gene reactions were normalized to GAPDH [42], and analyzed using the
∆∆CT method. All experiments were performedat least three independent times.

4.4. Metabolomics

One sample containing 100 µL of LB (mock) and five 100 µL samples each of WT
and eepR mutant were collected and stored at −80 ◦C. All samples were collected in two
independent harvests on two different days and shipped on dry ice to Metabolon Inc. for
small molecule analysis. Samples were prepared using an automated MicroLab STAR®

system (The Hamilton Company, Allston, MA, USA) using a proprietary series of organic
and aqueous extractions. The prepared extract was then divided into two fractions, one for
analysis by liquid chromatography and one for analysis by gas chromatography. Samples
were then placed in a TurboVap® (Biotage, Uppsala, Sweden) to remove the organic solvent.
Each sample was frozen and dried under vacuum and prepared for liquid chromatog-
raphy mass spectrometry (LC/MS) or gas chromatography mass spectrometry analysis.
Library entries of purified standards or recurrent unknown entities were used to identify
compounds. Matches for each sample were verified and corrected as needed.

4.5. Statistical Analysis

Student’s t-test and one-way ANOVA with post hoc statistical tests were performed
using GraphPad Prism statistical software version 6.0. For metabolomics analysis, Welch’s
t-tests using pairwise comparisons were performed for statistical analysis. Significance for
all statistical tests was determined at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10070770/s1, Table S1: Metabolomics analysis of WT and eepR secretome-treated
HCLE, Table S2: Metabolomics data.
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Abstract: It was previously demonstrated that predatory bacteria are able to efficiently eliminate
Gram-negative pathogens including antibiotic-resistant and biofilm-associated bacteria. In this
proof-of-concept study we evaluated whether two species of predatory bacteria, Bdellovibrio bacteri-

ovorus and Micavibrio aeruginosavorus, were able to alter the survival of Gram-negative pathogens
on the ocular surface. Clinical keratitis isolates of Pseudomonas aeruginosa (strain PAC) and Serratia

marcescens (strain K904) were applied to the ocular surface of NZW rabbits followed by application
of predatory bacteria. At time intervals, surviving pathogenic bacteria were enumerated. In addi-
tion, B. bacteriovorus and S. marcescens were applied to porcine organ culture corneas under contact
lenses, and the ocular surface was examined by scanning electron microscopy. The ocular surface
epithelial layer of porcine corneas exposed to S. marcescens, but not B. bacteriovorus was damaged.
Using this model, neither pathogen could survive on the rabbit ocular surface for longer than 24 h.
M. aeruginosavorus correlated with a more rapid clearance of P. aeruginosa but not S. marcescens from
rabbit eyes. This study supports previous evidence that predatory bacteria are well tolerated by
the cornea, but suggest that predatory bacteria do not considerably change the ability of the ocular
surface to clear the tested Gram-negative bacterial pathogens from the ocular surface.

Keywords: ocular infection; predatory bacteria; Bdellovibrio; Micavibrio; Pseudomonas aeruginosa;
Serratia marcescens; conjunctivitis; keratitis

1. Introduction

Predatory bacteria including Bdellovibrio bacteriovorus and Micavibrio aeruginosavorus
are Gram-negative bacteria that prey upon other Gram-negative bacteria [1,2]. These
species are able to prey on a wide range of antibiotic-resistant bacteria including many
human pathogens [3,4] such as ocular isolates of Pseudomonas aeruginosa and Serratia
marcescens [4]. B. bacteriovorus has a broad host-range by which it invades the bacterial cell
and replicates in the bacterial periplasm, whereas M. aeruginosavorus exhibits a narrower
host-range and acts as an epibiotic predator as it attaches to the outside of prey bacteria [5].
These predators were shown to be highly effective against bacteria in biofilms, which are
notoriously recalcitrant to traditional antibiotic therapy [6–9].

We previously postulated that predatory bacteria could be used as a topical treatment
for bacterial infection of the eye and demonstrated that predatory bacteria are not toxic to
human ocular surface cell lines and well tolerated on the ocular surface of rabbits [4,10].
Other groups have found similar tolerability of predatory bacteria on leporine and bovine
ocular surfaces [11,12]. Furthermore, intravenous and intranasal inoculation of Micavibrio
and Bdellovibrio species, even at high numbers, caused no morbidity or mortality in mice,
although they did mildly increase production of proinflammatory cytokines IL-6, TNF-
alpha, and chemokine CXCL-1 [13], and numerous mammalian cell lines were unperturbed
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by Bdellovibrio strains [4,14,15]. Together, these data suggest that Bdellovibrio and Micavibrio
species can be safely used as an experimental therapeutic. Additionally, in vivo studies
had reviled that predatory bacteria have potential as “living antimicrobials” for control of
pathogens. B. bacteriovorus have shown efficacy in limiting Klebsiella pneumoniae and Yersinia
pestis proliferation in airway and systemic rodent infection models [16,17]. Similarly, they
were able to prey upon Shigella flexneri in the hindbrain of zebrafish, promoting the survival
of the zebrafish larvae [18].

Ocular infections caused by Gram-negative bacteria, such as keratitis, are associated
with contact lens use and can lead to a loss of ocular acuity [19–21]. Leading causes of
these infections include Pseudomonas aeruginosa and Serratia marcescens [22–24]. Antibiotic
resistance has been noted among keratitis isolates and is correlated with worse clinical
outcomes [24–29]. Due to the need for new approaches to treat resistant microbial infections,
we evaluated the ability of B. bacteriovorus and M. aeruginosavorus to promote the clearance
of keratitis isolates of S. marcescens and fluoroquinolone-resistant P. aeruginosa and from the
ocular surface using a rabbit ocular surface occupancy model.

2. Results

2.1. Scanning Electron Microscopy Visualization of B. bacteriovorus 109J with Porcine Corneas
Ex Vivo

As a first step in the study we visualized the interaction of predatory bacteria and the
cornea in order to determine whether predatory bacteria could adhere to the corneal surface
and whether there was any clear impact of this interaction using B. bacteriovorus 109J as
a representative strain of predatory bacteria. Although a previous study demonstrated
the absence of a clinical inflammatory response by rabbits, it did not evaluate the ocular
surface at a microscopic level. Figure 1 depicts ex vivo porcine corneas from an organ
culture model where B. bacteriovorus strain 109J was in contact with the ocular surface
under a contact lens for 3 h. The predatory bacteria could adhere to the ocular surface,
but failed to produce any clear epithelial damage similar to the mock treated (no bacteria)
samples. By comparison, when using a sample Gram-negative pathogen, S. marcescens
strain K904, under the same experimental conditions, adherent bacteria were present and
were associated with erosion-like areas.

Figure 1. SEM micrographs of porcine corneal surfaces exposed to bacteria for 3 h ex vivo. Represen-
tative images are shown. Top row bars, 1 µm. Bottom row bars, 10 µm. Both B. Bdellovibrio strain 109J
and S. marcescens strain K904 could adhere to the corneal surface, but S. marcescens was associated
with damage to the epithelium.
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2.2. Clearance of Fluoroquinolone Resistant P. aeruginosa But Not S. marcescens from Rabbit
Ocular Surfaces Was Facilitated by Instillation of Predatory Bacteria

The survival of a fluoroquinolone-resistant keratitis isolate of P. aeruginosa (strain PAC)
was evaluated on the ocular surface of NZW rabbits. PAC was previously shown to be
susceptible to the predatory bacteria used in this study in vitro [4]. It was shown that PAC
was reduced 2.13 Log10 CFU by B. bacteriovorus 109J, 3.91 Log10 CFU by B. bacteriovorus
HD100 and 2.98 Log10 CFU by M. aeruginosavorus ARL-13. Predatory bacteria or saline
was applied topically at 1, 3, and 5 h post-instillation of P. aeruginosa, and bacteria were
enumerated at 0.5, 2, and 4, and 24 h (Figure 2A). No growth was measured from the
samples taken at 24 h.

Figure 2. Predatory bacteria impact the ocular surface survival of P. aeruginosa and S. marcescens.
(A,B). Medians and interquartile ranges of bacterial CFU from ocular surface of New Zealand
white rabbits, (A). P. aeruginosa, n = 12 eyes per group. (B). S. marcescens, n = 8 eyes per group.
Asterisks indicate significant differences from saline at the same time point (p < 0.05) as determined
by Mann–Whitney test.

In the saline group, median PAC levels remained steady at over 106 CFU for the first
2 h then dropped down to just under 1500 CFU per swab at 4 h. Notably between hour 0
and 2 there was no clear reduction in PAC in the saline treated eyes, whereas the predatory
bacteria treated eyes had a reduction in the number of PAC bacteria. PAC CFU dropped
2.0, 1.7, and 1.3 Log10 for B. bacteriovorus109J, Micavibrio (Mica), and B. bacteriovorus HD100,
respectively, between 2 and 4 h. PAC CFU from the Mica treatment group at 4 h post-
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inoculation (254 CFU) was significantly different than the saline treatment group (1483
CFU), (Mann–Whitney p < 0.05).

The same approach was performed with S. marcescens contact lens associated keratitis
isolate K904, which is also susceptible to predatory bacteria in vitro [30]. Garcia et al.
showed that B. bacteriovorus 109J reduced S. marcescens K904 CFU by 4.1 Log10 CFU but
only 0.3 Log10 CFU by M. aeruginosavorus ARL-13 [30]. Here, we evaluated S. marcescens
strain K904 predation by B. bacteriovorus HD100 in vitro and measured a 3.92 ± 0.17 Log10
CFU reduction compared to an increase of 0.17 ± 0.12 CFU change in the control samples
without predatory bacteria (n = 3). S. marcescens CFU were similar at 0 and 2 h but
were reduced at 4 h on the rabbit ocular surface (Figure 2B) compared with the saline
control. Predatory bacteria did not significantly impact the survival of S. marcescens on the
ocular surface.

3. Discussion

This study indicated that the predatory bacterium B. bacteriovorus strain 109J was not
damaging to live corneas when tested in an organ culture model, which is consistent with
previous studies indicating that predatory bacteria are well tolerated by tissue culture cell
lines and mammals [10,12,14–16,18]. By contrast a representative ocular surface pathogen,
S. marcescens caused clear damage to the corneal epithelia. This may be due to the many
cytotoxic enzymes, such as PrtS, SlpB, and SlpE metalloproteases, and the pore-forming
toxin ShlA, previously shown to be cytotoxic to ocular surface cells [31–33].

Two previous studies have evaluated the ability of predatory bacteria to reduce
bacterial counts on the ocular surface; one with Shigella flexneri was inconclusive with
respect to predation as the S. flexneri numbers were reduced following application of
either B. bacteriovorus or non-pathogenic Escherichia coli [11]. In another study, lyophilized
B. bacteriovorus strain 109J was used in topical treatment of calf corneas that had been
infected with pathogenic Moraxella bovis using an infectious bovine keratoconjunctivitis
model [12]. Boileau and colleagues concluded that the treatment group did not differ
from the control group in treatment of the ocular surface infection [12]. By contrast,
B. bacteriovorus treatment has been effective in reducing pathogen numbers in rat lung and
zebrafish larvae hindbrain infection models [13,18] and reducing Salmonella numbers in the
gut of chickens following oral dosing [34]. Therefore, it is clear that there are physiological
limits to where predatory bacteria can be used as alternatives to antibiotics. The ocular
surface is a notably hostile environment to bacteria and is considered paucibacterial with
relatively few bacteria compared to other exposed mucosal surfaces [35]. Although DNA
for Gram-negative bacteria have been isolated from the ocular surface following PCR
amplification in several studies, it is not clear that they are constituents of the normal ocular
microbiome, which is dominated by Gram-positive genera such as Corynebacterium and
Staphylococcus that are resistant to the tested predatory bacteria [35–37]. Therefore, as was
demonstrated for the rat gut microbiome [38], it is not expected that predatory bacteria
would have a major effect on the ocular surface microbiome. Furthermore, B. bacteriovorus
abundance has been positively correlated with a healthy gut microbiome and the absence
of inflammatory disease in humans, suggesting a beneficial role for these organisms [39].

The act of swabbing or proparacaine topical anesthetic solution may have influenced
the outcome of the study. Proparacaine has been shown to inhibit Staphylococcus aureus, but
not P. aeruginosa growth in vitro [40]. However, a veterinary study demonstrated no signifi-
cant effect of proparacaine on the number of bacteria isolated from ocular surface samples,
suggesting that proparacaine did not impact this study [41]. Similarly, previous studies
have demonstrated rapid clearance of P. aeruginosa on the ocular surface of rodents [42],
suggesting that the rapid reduction of pathogen bacteria on the ocular surface was due to
the innate immune system of the eye rather than due to swabbing the ocular surface.

There was a correlation of the presence of predatory bacteria with a reduction in
P. aeruginosa CFU on the ocular surface at 2 and 4 h that only reached significance with
M. aeruginosavorus. By contrast S. marcescens surface occupancy was not altered by the pres-
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ence of predatory bacteria. The in vitro reduction of S. marcescens K904 (~4-log reduction)
by B. bacteriovorus was higher than for P. aeruginosa PAC (2.1–3.9-log reduction); whereas
M. aeruginosavorus reduced P. aeruginosa PAC (~3-log reduction) greater than S. marcescens
K904 (~0.3-log reduction) in vitro [4,30]. While it is clear that these pathogens were preyed
upon in vitro, whether there was active predation on the ocular surface was not formally
determined in this pilot study. Indeed, predatory bacteria may stimulate the immune
system to promote clearance of P. aeruginosa. Consistent with this hypothesis, in a zebrafish
infection study, predatory bacteria preyed upon S. flexneri in the hind brain, but full clear-
ance of the pathogen required both the predatory bacteria and the immune system [18].
On the ocular surface, colonization of Corynebacterium species can promote resistance to
Pseudomonas infections that is dependent upon an IL-17 signaling mechanism [43]. It is
possible that the predatory bacteria are invoking a similar protective immune response in
rabbits.

Together, these data suggest that predatory bacteria are not damaging to the corneal
epithelium and can influence the occupancy of pathogens on the ocular surface, but that
they are not an effective method of clearing pathogens beyond that of the natural host
defense systems.

4. Materials and Methods

4.1. Bacterial Strains and Culture

Keratitis isolates of P. aeruginosa strain PAC [44] and S. marcescens strain K904 [45] were
used in this study. The P. aeruginosa strain was determined to be resistant to fluoroquinolone
antibiotics (ciprofloxacin, gatifloxacin, ofloxacin, levofloxacin, and moxifloxacin) in a Col-
lege of American Pathologists (CAP) and Clinical Laboratory Improvement Amendments
(CLIA) certified microbiology laboratory following Clinical and Laboratory Standards
Institute (CLSI) guidelines [44,46]. Susceptibility was interpreted using the CLSI (Clinical
& Laboratory Standards Institute) serum standards and procedures for disk diffusion [46],
and later determined using E-tests [47].

These bacteria were maintained in glycerol frozen stocks and were streaked to single
colonies on TSA medium with 5% red blood cells (Blood agar) (Remel, Lenexa, KS) before
use as described below. Bacteria were also cultured with lysogeny broth (LB) and LB with
agar [48]. The predatory bacteria used in the study were B. bacteriovorus 109J [49] B. bacte-
riovorus HD100 (ATCC 15356) [50], and M. aeruginosavorous strain ARL-13 [51]. Predator
lysates (cocultures) were prepared as reported previously [14,16]. In brief, B. bacteriovorus
and M. aeruginosavorus were incubated with E. coli strain WM3064 (1 × 109 CFU/mL) at
30◦C for 24 and 72 h, respectively. The cleared lysates were filtered several times through
a 0.45-µm Millex®-HV pore-size filter (Millipore, Billerica, MA, USA) in order to remove
residual prey. Predators were washed and concentrated by sequential centrifugation cy-
cles. The final predator pellets were re-suspended in Phosphate Buffered Saline (PBS)
to reach final concentrations of 1 × 1010 PFU/mL B. bacteriovorus and 1 × 109 PFU/mL
M. aeruginosavorus.

4.2. Scanning Electron Microscopy

B. bacteriovorus strain 109J, prepared in PBS as described above, were applied in
50 µL samples to the surfaces of ex vivo porcine corneas and contact lenses (CL) were
applied. PBS alone was used as a negative control, and S. marcescens strain K904 in PBS
(3 × 109) was applied as a control pathogen. Porcine eyes were obtained from Sierra
Medical (Whittier, CA, USA) and corneal organ culture was performed as previously
described but without antibiotics [52,53]. The ex vivo corneas were incubated at 37 ◦C
for 3 h, then the CL were removed. The corneas were rinsed twice with PBS to remove
non- or loosely adherent bacteria and fixed with glutaraldehyde (3%) overnight at room
temperature. Corneas were then washed with PBS and post-fixed using aqueous osmium
tetroxide (1%), dehydrated using increasing ethanol concentrations (30–100%), immersed
in hexamethyldisilazane, air dried, and sputter coated with gold/palladium (6 nm). A
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JEOL JSM-6335F scanning electron microscope at 3 kV with the secondary electron imaging
detector was used for imaging.

4.3. In Vitro Predation Assay

Susceptibility of S. marcescens strain K904 to B. bacteriovorus strain HD100 was tested
as previously described [30]. HD100 and K904 were combined in 14 mL Falcon™ round-
bottom polypropylene tubes by adding 0.4 mL of harvested predators (5 × 108 PFU/mL)
to 0.4 washed S. marcescens (4 × 109 CFU/mL) and 1.2 mL HEPES buffer (HEPES at 25 mM
supplemented with CaCl2 at 2 mM and MgCl2 at 3 mM). These were incubated at 30 ◦C on
a rotary shaker set at 30 rpm. A control without B. bacteriovorus was included as a control.
Colony forming units of S. marcescens were determined by dilution plating on LB agar
plates after 24 of coculture. The experiment was repeated three times.

4.4. Rabbit Ocular Surface Occupancy Model

This study conformed to the ARVO Statement on the Use of Animals in Ophthalmic
and Vision Research and was approved by the University of Pittsburgh Institutional Animal
Care and Use Committee (Protocol 15025331). Female New Zealand white rabbits weighing
1.1–1.4 kg, were obtained from Charles River Oakwood rabbitry.

For the inocula, P. aeruginosa strain PAC and S. marcescens strain K904 were swabbed
onto 5 blood agar plates and incubated at 37 ◦C overnight. Bacteria were scraped off the
plates using a cotton tipped applicator and suspended in 5 mL of phosphate buffered saline
(PBS) and adjusted to a culture density of OD600 of 5 in PBS. P. aeruginosa and S. marcescens
inocula colony counts were determined using the EddyJet 2 spiral plating system (Neutec
Group Inc., Farmingdale, NY, USA) on blood agar plates. The plates were incubated
overnight at 37 ◦C for P. aeruginosa and 30 ◦C for S. marcescens and resulting colonies were
enumerated using the automated Flash and Grow colony counting system (Neutec Group),
with (~5 × 108 CFU) in 50 µL samples of bacteria that were applied to the ocular surface of
both eyes of unanesthetized rabbits. Fifty µL of the predatory bacteria were installed into
the rabbits’ eyes and consisted of 2 × 108 PFU/mL for B. bacteriovorus and 2 × 107 PFU/mL
for M. aeruginosavorus.

The ocular surfaces of both rabbit eyes were inoculated with P. aeruginosa (n = 12
rabbits) and S. marcescens (n = 8 rabbits). At 0.5, 2, 4, and 24 post-inoculation, each eye was
cultured following topical anesthesia with 2 drops of 0.5% proparacaine (Proparacaine Hy-
drochloride Ophthalmic Solution, USP, 0.5%, Sandoz Inc., Princeton, NJ, USA) by inserting
a Dacron-tipped applicator into the upper and lower fornices and gently manipulating the
swab over the conjunctival and corneal surfaces. Swabs were placed into 1 mL of PBS and
kept on ice. Dilutions (1:100 and 1:10,000) of the samples were made in PBS. The undiluted
and diluted samples were plated on blood agar plates to enumerate bacteria as describe
above. At 1, 3, and 5 h post-inoculation, 50 µL topical drops with predatory bacteria or
saline were applied to eyes. P. aeruginosa and S. marcescens remaining of the ocular surface
were enumerated as described above. Median colony forming units (CFU) were compared
using non-parametric analysis with GraphPad Prism software.

4.5. Statistical Analysis

Mann–Whitney analysis was performed using GraphPad Prism statistical software
version 6.0. p-values less than 0.05 were considered significant.
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Abstract: Staphylococcus aureus can develop resistance by mutation, transfection or biofilm formation.
Resistance was induced in S. aureus by growth in sub-inhibitory concentrations of ciprofloxacin for
30 days. The ability of the antimicrobials to disrupt biofilms was determined using crystal violet
and live/dead staining. Effects on the cell membranes of biofilm cells were evaluated by measuring
release of dyes and ATP, and nucleic acids. None of the strains developed resistance to AMPs while
only S. aureus ATCC 25923 developed resistance (128 times) to ciprofloxacin after 30 passages. Only
peptides reduced biofilms of ciprofloxacin-resistant cells. The antibiofilm effect of melimine with
ciprofloxacin was more (27%) than with melimine alone at 1X MIC (p < 0.001). Similarly, at 1X MIC
the combination of Mel4 and ciprofloxacin produced more (48%) biofilm disruption than Mel4 alone
(p < 0.001). Combinations of either of the peptides with ciprofloxacin at 2X MIC released ≥ 66 nM
ATP, more than either peptide alone (p ≤ 0.005). At 2X MIC, only melimine in combination with
ciprofloxacin released DNA/RNA which was three times more than that released by melimine alone
(p = 0.043). These results suggest the potential use of melimine and Mel4 with conventional antibiotics
for the treatment of S. aureus biofilms.

Keywords: Staphylococcus aureus; antibiotic resistance; biofilms; antimicrobial peptides; ciprofloxacin;
combined effect

1. Introduction

Staphylococcus aureus is a major human pathogen that can cause several recalcitrant
infections (deep-seated abscess, osteomyelitis, and endocarditis) due to the acquisition of
antibiotic resistance and formation of biofilm on living tissues and medical devices [1,2].
Methicillin-resistant S. aureus (MRSA) has been named as a “serious threat” by the Center
for Disease Control and Prevention [3,4]. Approximately 11,000 people die each year from
a MRSA-related infection in the United States alone [5,6]. So far, there are limited reports
on antimicrobial compounds that are able to control biofilm-associated infections caused
by S. aureus [7].

Various strategies such as physical removal of materials colonized with bacteria or
delivery of high doses of antibiotics at the site of infections have been used to treat biofilm-
associated infection [8]. However, due to poor penetration of antibiotics through the
extracellular polysaccharide matrix of biofilms and survival of biofilm-embedded cells,
even the use of high levels of antibiotics can result in low cure rates for infections [9].
Moreover, high doses of antibiotics may cause cytotoxicity to human cells. Therefore,
combinations of different antimicrobials may be required [10].

Several antimicrobial peptides (AMPs) are known to have strong antibiofilm activity
against bacterial biofilms [11–13]. They can prevent bacterial attachment to surfaces (a
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first step toward biofilm formation) and destroy already developed biofilms by causing
detachment or killing of biofilm-embedded cells [11,13,14]. They can also enhance the
activity of antibiotics against biofilms when used in combination [13,15–17]. These com-
bined treatments may become an important part of treating biofilm-related infections,
such as chronic wounds or biomaterial-associated infections caused by S. aureus [18]. In
combination treatments, one mode of action that has been proposed is that the antibiotics
bind to teichoic acids of staphylococcal cell wall which reduces the interaction with AMPs
and facilitates their interaction with bacterial membranes. In this way, AMPs act on the cell
membranes and antibiotics target cell wall and/or inhibit biosynthesis of nucleic acids and
proteins [19,20].

Melimine (TLISWIKNKRKQRPRVSRRRRRRGGRRRR) and Mel4 (KNKRKRRRR
RRGGRRRR) are cationic AMPs which have a wide spectrum of activity targeting clinical
isolates of Gram-negative and Gram-positive bacteria (including MRSA and multidrug-
resistant P. aeruginosa), fungi and protozoa such as Acanthamoeba [21,22]. Both AMPs are
non-cytotoxic at well above active concentrations [21,22]. Melimine causes hemolysis of
horse red blood cells at concentrations 15 times higher than its minimum inhibitory concen-
tration (MIC) [23] while Mel4 causes < 5% hemolysis even at concentrations 17 times higher
than its MIC [23]. Melimine and Mel4 can synergize with ciprofloxacin against planktonic
as well as biofilm forms of P. aeruginosa [24]. Ciprofloxacin is a broad-spectrum antibiotic,
active against both Gram-positive and Gram-negative bacteria. Ciprofloxacin kills bacteria
by binding to bacterial enzymes DNA gyrase and topoisomerase IV. After binding, the en-
zyme undergoes conformational changes and breaks the DNA, and ciprofloxacin prevents
religation of the broken DNA which ultimately stops DNA replication [25]. Both AMPs in
combination with ciprofloxacin destroy P. aeruginosa biofilms at concentrations lower than
their MICs [13]. Both AMPs act on the cell membranes of planktonic cells of P. aeruginosa
and this results in release of cellular contents [13]. However, it is not known whether
peptides alone or in combination with antibiotics are active against S. aureus biofilms or can
act in a similar way as they do to P. aeruginosa biofilms. The current study investigates the
interaction of AMPs melimine or Me4 alone or in combination with ciprofloxacin against
S. aureus biofilm in conjunction with their mode of activity.

2. Results

2.1. Minimal Inhibitory Concentration and Minimal Bactericidal Concentration

Table 1 represents the MICs and MBCs values of both the peptides and ciprofloxacin.
Melimine and Mel4 had the lowest MICs of 62.5 µg/mL and 125 µg/mL, respectively,
against S. aureus ATCC 6538. For all other strains, there were slightly higher MICs,
125 µg/mL for melimine and 250 µg/mL for Mel4, except for S. aureus ATCC 25923 for
which Mel4 had the highest MIC value of 500 µg/mL (Table 1). Ciprofloxacin had similar
MICs (0.5 µg/mL) and MBCs (1 µg/mL) against all the tested strains except for S. aureus
ATCC 6538 for which ciprofloxacin had the same MIC and MBC values of 0.5 µg/mL
(Table 1).

2.2. Development of Resistance to AMPs and Ciprofloxacin

The growth curves of S. aureus ATCC 25923 at sub-MICs of melimine, Mel4 or
ciprofloxacin over 24 h are presented in Figure 1. The growth of S. aureus ATCC 25923 at
its sub-MIC for ciprofloxacin was similar to growth without the antimicrobial. Melimine
and Mel4 affected the growth rate of S. aureus after 6 h. Exposure to melimine resulted in
slightly less growth than exposure to Mel4 over 24 h.
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Table 1. MIC and MBC values of melimine, Mel4 and ciprofloxacin against S. aureus.

Bacterial Strains

Melimine Mel4 Ciprofloxacin

MIC µM
(µg·mL−1)

MBC µM
(µg·mL−1)

MIC µM
(µg·mL−1)

MBC µM
(µg·mL−1)

MIC µM
(µg·mL−1)

MBC µM
(µg·mL−1)

S. aureus 31 33.01 (125) 66.02 (250) 106.48 (250) 212.96 (500) 1.50 (0.5) 3.01 (1)

S. aureus 38 33.01 (125) 66.02 (250) 106.48 (250) 212.96 (500) 1.50 (0.5) 3.01 (1)

S. aureus ATCC 6538 16.50 (62.5) 16.50 (62.5) 53.24 (125) 53.24 (125) 1.50 (0.5) 1.50 (0.5)

S. aureus ATCC 25923 33.01 (125) 66.02 (250) 212.96 (500) 212.96 (500) 1.50 (0.5) 3.01 (1)

MBC = minimum bactericidal concentration that kills ≥ 99.99% of bacteria of bacterial population compared to positive control;
MIC = minimum inhibitory concentration that kills ≥ 90% of bacterial population when compared to the positive control.

− − − − − −

≥
≥

Figure 1. Growth curves for S. aureus ATCC 25923 at sub-MIC of the antimicrobial peptides (AMPs)
melimine and Mel4 or ciprofloxacin (Cipro). Melimine and Mel4 reduced the overall bacterial growth
over 24 h of experiments while ciprofloxacin and the positive control (without any antimicrobial)
had similar growth characteristics after 24 h experiment.

Of all the tested strains, only S. aureus ATCC 25923 was able to develop resistance
to ciprofloxacin. Changes in MICs of S. aureus ATCC 25923 after exposure to sub-MICs
of melimine, Mel4 or ciprofloxacin over 30 days are presented in Figure 2. The MICs of
melimine and Mel4 did not change over time, suggesting a limited potential of resistance
development to these peptides. Compared to the peptides, there was rapid development
of resistance to ciprofloxacin. Resistance developed to ciprofloxacin after 7 days of serial
passage with an initial 4-fold increase in MIC. The MIC increased 64-fold after 15 passages
and 128-fold by 30 passages (Figure 2).
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Figure 2. Increase in MIC values of ciprofloxacin, melimine or Mel4 against S. aureus ATCC 25923
after exposing bacteria at their sub-MIC for 30 consecutive days. The MIC values of melimine and
Mel4 did not change over time and overlap at the bottom of the figure.

2.3. Inhibition of Biofilm Formation by AMPs and Ciprofloxacin Alone or in Combination

Ciprofloxacin did not inhibit the biofilm formation of the ciprofloxacin-resistant cells
of S. aureus ATCC 25923 at any concentration tested (p > 0.999; Figure 3A). Melimine and
Mel4 inhibited biofilm formation at 0.5X MIC by 82% and 78%, respectively, compared to
the negative control (p < 0.001). There was similar biofilm inhibition with both the AMPs at
0.5X MIC (p > 0.999). However, combined use of melimine with ciprofloxacin at 0.5X MICs
resulted in 91% inhibition of biofilm, and this inhibition was significantly higher (p < 0.001)
than the 82% produced by melimine alone at 0.5X MICs (Figure 3A). Similarly, Mel4 and
ciprofloxacin in combination at 0.5X MIC produced 83% inhibition of biofilm which was
significantly higher (p = 0.036) than the 78% produced by Mel4 alone (Figure 3A). There
was no significant difference in biofilm inhibition between melimine and ciprofloxacin, and
Mel4 and ciprofloxacin combinations at 0.5X MIC (p > 0.999).

The biofilms produced by the ciprofloxacin-sensitive cells of ATCC 25923 were inhib-
ited by ≥86% by ciprofloxacin at ≥1X MIC (p < 0.001; Figure 3B). Melimine or Mel4 were
active at 0.5X MICs and produced 82% and 78% biofilms inhibition compared to negative
control, respectively (p < 0.001). The combinations of melimine or Mel4 with ciprofloxacin
at 0.5X MIC produced reductions that were significantly higher (97%) than those used
alone at 0.5X (p < 0.001). The combinations of either AMP with ciprofloxacin inhibited the
same amount of biofilm at 0.5X MICs (p > 0.999; Figure 3B).

2.4. Disruption of Pre-Formed Biofilms by AMPs and Ciprofloxacin Alone or in Combination

In comparison to the effect of the AMPs or the combination of AMPs with ciprofloxacin
on preventing the production of biofilms, all were less active in reducing pre-formed
biofilms. For melimine or Mel4 at 0.5X to 2X MIC, pre-formed biofilms of either the
ciprofloxacin-resistant or sensitive cells were 4–6 times more resistant than the biofilms
formed in the presence of melimine.

The ability of AMPs and ciprofloxacin alone or in combination to disrupt pre-formed
(24 h) biofilms of ciprofloxacin-resistant and sensitive isolates of S. aureus ATCC 25923 is
presented in Figure 4. Ciprofloxacin did not reduce pre-formed biofilms of the ciprofloxacin-
resistant isolate of S. aureus ATCC 25923 at any of the concentrations tested (p > 0.999;
Figure 4A). Both AMPs reduced the amount of pre-formed biofilms in a concentration-
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dependent manner except at 0.5X MIC. Melimine produced 42%, 69% and 100% while
Mel4 disrupted 38%, 64% and 97% at 1X, 2X and 4X MICs compared to negative control,
respectively (p < 0.001; Figure 4A). Disruption of biofilm by melimine and Mel4 was similar
at their corresponding MICs (p > 0.999). The combination of melimine and ciprofloxacin
resulted in 69% biofilm disruption and the combination of Mel4 and ciprofloxacin resulted
in 86% biofilm disruption at their corresponding 1X MIC compared to negative control
(p < 0.001). The combined treatment of either AMP with ciprofloxacin at 1X MIC resulted
in similar biofilm disruption (p > 0.999).

Figure 3. Inhibition of biofilm formation of S. aureus ATCC 25923. Biofilm formation of the ciprofloxacin-resistant (A) or
sensitive (B) cells of S. aureus ATCC was inhibited by various concentrations of melimine, Mel4 and ciprofloxacin alone
or in combination. The strain was made resistant to ciprofloxacin by sub-passage for 30 days at a sub-MIC concentration.
* represent significant (p < 0.001) decreases compared to the negative control (bacteria grown in the absence of antibiotics).
# indicates significant (p < 0.001) decrease for the combinations compared to melimine or Mel4 alone while ## indicates
p = 0.036 compared to Mel4 alone. Means (±SD) of three independent repeats in triplicate. Negative control = bacteria
grown in the absence of antimicrobials, Cipro = ciprofloxacin.

Figure 4. Disruption of pre-established biofilm of S. aureus ATCC. Biofilms of the ciprofloxacin-resistant (A) and sensitive
(B) cells of P. aeruginosa ATCC 27853 were disrupted at various concentrations by melimine, Mel4 and ciprofloxacin alone or
in combination. * represents significant (p < 0.001), ** indicates significant (p = 0.005), *** indicates significant (p = 0.022)
decrease compared to the negative control (biofilm treated with buffer). # indicates significant (p < 0.001) decrease for the
combinations compared to melimine or Mel4 alone. Error bars represent means (±SD) of three independent repeats in
triplicate. Negative control = bacteria grown in the absence of antimicrobials. Cipro = ciprofloxacin.
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Pre-formed biofilms of the ciprofloxacin-sensitive strain of S. aureus ATCC 25923 were
susceptible to the action of ciprofloxacin at 1X MIC or higher concentrations. Ciprofloxacin
disrupted pre-formed biofilms in a dose-dependent manner by producing 86%, 96%
and 100% disruption of biofilms at 1X, 2X and 4X MICs, respectively, compared to con-
trol (p < 0.001; Figure 4B). Melimine disrupted 11% (p = 0.005) and Mel4 disrupted 10%
(p = 0.022) of pre-formed biofilms compared to negative control at 0.5X MIC. At 1X MIC,
melimine eradicated 41% of biofilm while Mel4 eradicated 37% of biofilm compared to
buffer-treated negative controls (Figure 4B; p < 0.001). Interestingly, when AMPs were
used in combination with ciprofloxacin, these combinations resulted in higher pre-formed
biofilm disruption at concentrations lower than their MICs. The combination of melimine
with ciprofloxacin at 0.5X MIC produced significantly higher (68%) biofilm disruption
than when melimine (11%) was used alone at 0.5X (Figure 4B; p < 0.001). Similarly, the
combination of Mel4 with ciprofloxacin at 0.5X MIC produced significantly higher (63%)
biofilm disruption than when Mel4 (10%) was used alone at 0.5X (Figure 4B; p < 0.001).
The combined treatment of either AMP with ciprofloxacin at 0.5X MIC resulted in similar
biofilm disruption (p > 0.999). Similarly, at 1X MIC the combination of melimine with
ciprofloxacin disrupted more highly (91%) than by melimine alone (41%) and Mel4 and
ciprofloxacin disrupted more (89%) than by Mel4 alone (37%; p < 0.001). The combined
antibiofilm effect of either peptide with ciprofloxacin was similar at 1X MIC (p > 0.999).

2.5. Visualization of Biofilms

Biofilms of the ciprofloxacin-resistant cells treated with buffer (HEPES) or ciprofloxacin
alone had an overall dimension of 90 µm by 90 µm by 21 µm and the cells were mainly
green, indicating that they were alive (Figure 5). Biofilms treated with melimine or Mel4 at
4X their MICs had less biofilm mass with dimensions of 43 µm by 43 µm by 6 µm and the
cells were mainly stained red indicating many dead cells. No biofilms could be seen for the
melimine and ciprofloxacin or Mel4 and ciprofloxacin combinations at 4X MICs (Figure 5).

2.6. Mechanistic Studies

2.6.1. Cell Membrane Depolarization

Melimine and Mel4 depolarized the cell membrane of S. aureus in biofilms in a
concentration- and time-dependent manner (Figure 6A,B). Both peptides depolarized
the cell membrane of biofilm cells within 1 h of incubation at 1X, 2X and 4X MICs. The
fluorescence intensity produced as a result of the release of the DiSC3 (5) dye was higher
at 4X than at 2X and 1X MIC for both melimine and Mel4 (p ≤ 0.004). The rate of re-
lease of the dye increased up to 2 h and became constant thereafter for all concentrations.
There was no difference in release of dye between melimine and Mel4 at their correspond-
ing MICs (p ≥ 0.999). Ciprofloxacin did not depolarize the cell membrane at any of the
concentrations tested over the entire 6 h of the experiment. The combined membrane
depolarizing effect of melimine or Mel4 with ciprofloxacin was almost exactly equivalent
to the individual effects of melimine or Mel4 at their corresponding 1X, 2X, and 4X MICs
(p > 0.937; Figure 6A,B). There was no difference between the combinations at 1X and 2X
MICs (p > 0.999). However, at 4X MIC, the melimine and ciprofloxacin combination caused
higher membrane depolarization than the Mel4 and ciprofloxacin combination after 2 h of
incubation (p = 0.005). The positive control (DMSO 20%) gave maximum fluorescence at
2 h which became constant following this time point.
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Figure 5. Representative confocal laser scanning microscopy images of biofilms of the ciprofloxacin
resistant isolates of S. aureus ATCC 25923 after treatment with AMPs and ciprofloxacin alone or
in combination. The antibiofilm effects were evaluated at 4X the MIC of all antimicrobials after
incubation for 24 h. The biofilms of S. aureus were stained with SYTO-9 (excited at 488, green live
cells) and propidium iodide (excited at 514 mm, red dead cells). The cells exposed to ciprofloxacin
alone when excited at 514 nm had a reddish color indicating some of the cells had taken up the
propidium iodide.

2.6.2. Release of Cellular Contents

Incubation of the AMPs with pre-formed biofilms of S. aureus ATCC 25923 released a
substantial amount of ATP in a concentration-dependent manner (Figure 7). Melimine at
1X, 2X and 4X MIC induced leakage of 143 ± 15 nM, 167 ± 15 nM and 227 ± 21 nM ATP,
respectively, compared to buffer-treated negative controls (p < 0.001). Mel4 at 1X, 2X and 4X
MICs released 107 ± 25 nM, 142 ± 13 nM and 197 ± 21 nM extracellular ATP, respectively,
compared to negative control (p ≤ 0.003). The amount of ATP released by melimine and
Mel4 at their corresponding MICs was similar (p ≥ 0.999). The addition of ciprofloxacin
alone to pre-formed biofilms did not result in the significant release of extracellular ATP at
any of the concentrations tested (p > 0.999; Figure 7). However, the combination of melimine
or Mel4 with ciprofloxacin resulted in the release of higher amounts of ATP than the AMPs
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alone. At 2X MIC, the melimine and ciprofloxacin combination released significantly higher
amounts of ATP (233 ± 38 nM; p = 0.005) than released by melimine alone (167 ± 15 nM).
There was similar effect on ATP leakage of the combination at 2X and 4X MICs. The
combination of Mel4 and ciprofloxacin at 1X, 2X and 4X concentrations induced leakage
of 152 ± 24 nM, 203 ± 32 nM and 267 ± 12 nM ATP, respectively (Figure 7). At 2X MIC,
the combination of Mel4 and ciprofloxacin released significantly higher amounts of ATP
(p = 0.002) than was released by Mel4 alone at 1X MIC. Both the melimine and ciprofloxacin
or Mel4 and ciprofloxacin combination had similar effects at their corresponding MICs
(p > 0.999).

The release of nucleic acids (260 nm absorbing material) after incubation for 4 h with
the antimicrobials from pre-formed biofilms of S. aureus ATCC 25923 is shown in Figure 8A.
Melimine released a significantly higher amount of DNA/RNA at 2X MIC (7 ± 1 times;
p = 0.043) and 4X MIC (13 ± 1 times; p < 0.001) compared to control. Ciprofloxacin did not
cause significant DNA/RNA leakage from the pre-formed biofilms at any concentration
tested (p > 0.999; Figure 8A). The combination of melimine and ciprofloxacin released
10 ± 2 times (p = 0.047) more DNA/RNA compared to negative control at 2X MIC. Melim-
ine and ciprofloxacin in combination released significantly higher (p = 0.022; Figure 8A)
amounts of DNA/RNA than melimine alone at 2X MIC. The combination of Mel4 and
ciprofloxacin did not release significant amounts of DNA/RNA at any concentration tested
(p ≥ 0.480). Melimine either alone or in combination with ciprofloxacin produced higher
fluorescence at 2X and 4X MICs than other concentrations (p ≤ 0.034; Figure 8B). Mel4
either alone or in combination with ciprofloxacin did not produce significant fluorescence
at any concentration tested (p > 0.999; Figure 8B).

≤
≥

Figure 6. Cell membrane depolarization of pre-formed (24 h) biofilm cells. Cell membrane depolarization of S. aureus ATCC
25923 (became resistant to ciprofloxacin after 30 days of serial passages at sub-MIC) (A) by melimine and ciprofloxacin
alone or in combination, and (B) by Mel4 and ciprofloxacin alone or in combination against pre-formed (24 h) biofilms.
Error bars are means (±SD) of three independent repeats in triplicate. Cipro = ciprofloxacin, DMSO = dimethyl sulfoxide.
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≥
≤

Figure 7. Leakage of ATP from pre-formed biofilm cells of S. aureus ATCC 25923. Leakage of ATP
following treatment for 3 h with either of the two peptides and ciprofloxacin alone or in combination.
The strain was made resistant to ciprofloxacin by passage for 30 days at a sub-MIC. * represents
significant (p < 0.001) increases in the amount of extracellular at inhibitory concentrations of peptides
ATP compared to the negative control. # represents significant (p < 0.001) increase in the release of
ATP of the combination of melimine or Mel4 with ciprofloxacin compared to melimine or Mel4 alone.

≤

Figure 8. Increase in OD260nm after release of DNA/RNA (A) and increase in fluorescence after interaction of Sytox green
with released DNA/RNA (B) from pre-formed biofilm cells of S. aureus ATCC 25923. Leakage of nucleic acid from pre-
formed (24 h) biofilms of S. aureus ATCC 25923 following treatments for 3 h with either of the two peptides and ciprofloxacin
alone or in combination. The strain was made resistant to ciprofloxacin by passage of 30 days at a sub-MIC concentration.
* represents significance (p = 0.043) and ** indicates (p ≤ 0.034) release of nucleic acid compared to the negative control.
# represents significant (p = 0.022) increase in the release of nucleic acid by the combination of melimine and ciprofloxacin
compared to melimine alone.
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3. Discussion

Exposure of bacteria to sub-inhibitory concentrations of antimicrobials can result in
generation of resistant mutants [26,27]. The current study demonstrated that the AMPs
melimine and Mel4 at sub-MICs did not induce resistance in S. aureus ATCC 25923. We and
others [28–31] have tested several broad-spectrum antibiotics such as gentamicin (data not
shown in the current study) and ciprofloxacin to determine whether strains such as S. aureus
ATCC 6538, ATCC 25923, 31 and 38 can develop resistance to gentamycin and ciprofloxacin.
Resistance to gentamicin or ciprofloxacin was not induced in any strain except S. aureus
ATCC 25923 which developed resistance against ciprofloxacin. Therefore, ciprofloxacin
was selected to determine its activity alone or in combination with antimicrobial peptides
against this strain. Biofilms of the resistance cells of S. aureus ATCC 25923 could be reduced
by treatment with combinations of melimine or Mel4 with ciprofloxacin whilst the biofilm
was forming or once it had developed.

S. aureus ATCC 25923 developed resistances to ciprofloxacin similar to P. aeruginosa
ATCC 27853 [13], in a step-wise manner to full resistance (>120X MIC) after 25 days of
passage. Resistance to ciprofloxacin in S. aureus can occur due to mutations in grlA/grlB
and gyrA/gyrB genes, which encode the subunits of topoisomerase IV and DNA gyrase,
respectively [32,33], or over expression of the membrane-associated protein NorA efflux
pump which leads to increased transport of ciprofloxacin out of the bacterial cell [34].
Changes in these genes may occur randomly during exposure to ciprofloxacin and this may
be why the resistance occurs sporadically during exposure to the antibiotic. In contrast to
S. aureus ATCC 25923, all other S. aureus strains (31, 38 and ATCC 6538) did not mutate and
develop resistance against ciprofloxacin. None of the S. aureus strains was able to develop
resistance against melimine and Mel4. The inability of S. aureus to develop resistance
against melimine and Mel4 may be due to the rapid killing kinetics of these peptides and
action on cell membranes [23]. Bacteria appear to rarely gain resistance to AMPs that
target bacterial membranes [23,35]. However, like other Gram-positive bacteria, S. aureus
can develop resistance to AMPs by reducing the negative charge on teichoic acid and
production of proteases that fragment AMPs [36,37], but these mechanisms appear not to
have been activated during growth in sub-MICs of melimine or Mel4.

Another mechanism whereby bacteria can protect themselves from the action of
antimicrobials is formation of biofilms [38]. Melimine and Mel4 prevented biofilm for-
mation of S. aureus at a concentration lower than their MICs. A similar effect has been
shown with the cathelicidin-derived peptide NA-CATH:ATRA1-ATRA1 against S. aureus
biofilm [39]. The AMPs esculentin-3, Tet-213 and 1010 peptides prevent biofilm forma-
tion [40,41] by stimulating twitching motility, influencing quorum sensing or degrading
signaling molecules such as ppGpp which lead to changes in the expression of genes related
to biofilm assembly [42–44].

Melimine and Mel4 killed biofilm cells and dispersed pre-formed biofilms. Similarly,
AMPs such as LL37, DL-K6L9, Seg5L, Seg5D, Seg6L, and Seg6D killed the biofilm cells and
reduced the biofilm mass by dispersing the biofilm matrix [45,46]. Both our AMPs followed
a similar mechanism, as treating biofilms of ciprofloxacin-resistant cells with either AMP
resulted in a high proportion of PI positive (stained red = dead cells) with a reduced biofilm
mass compared to buffer-treated negative controls. Disruption of pre-formed biofilm
by these two AMPs was similar to disruption of pre-formed biofilm of P. aeruginosa [13].
Like the case with P. aeruginosa, the anti-biofilm effects of melimine and Mel4 against
S. aureus were similar to their mode of action on S. aureus cells in suspension [23]; this is
depolarization of membranes and release of intracellular contents.
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However, the speed of the effects of melimine and Mel4 was decreased compared
to their effects on planktonic cells [13], which may be due to the complex structure of
S. aureus biofilms hindering the antimicrobial action of AMPs. Membrane depolarization
of biofilm cells caused by melimine and Mel4 was slower and happened after one hour
compared to only 30 s against planktonic bacteria [23]. Similarly, membrane depolarization
of S. aureus cells in biofilms occurred after 1 h with the AMPs nisin A and lacticin Q [47].
The time required to depolarize the membrane of S. aureus biofilm cells was similar to
P. aeruginosa biofilm cells [13]. Slower membrane depolarization of biofilm cells compared
to planktonic bacteria might be due to higher viscosity of biofilm which can affect the
penetration of AMPs in biofilm [47–49]. Moreover, negatively charged polymers of biofilms
may interact with the positively charged AMPs and limit penetration and diffusion of
AMPs in biofilm matrix.

Both AMPs killed the biofilm cells by damaging the membranes followed by leakage
of cellular ATP. Leakage of ATP from biofilm cells was slower and occurred after 3 h
compared to after 2 min from planktonic bacteria [23]. As discussed above, this change
in timing of events may be due to the charge of biofilm polymers or viscosity within
biofilms. Higher concentrations of AMPs above their MICs may disrupt the membrane of
biofilm cells to a greater extent and start to release larger molecules [48,50–52]. Melimine
released DNA/RNA from biofilm cells at 4X MIC. On the other hand, Mel4 alone or in
combination with ciprofloxacin did not result in release of DNA/RNA even at 4X its MIC.
The mechanism of action of Mel4 against biofilm cells seems to be similar to planktonic
cells which are independent of the release of DNA/RNA [23].

The combination of AMPs and ciprofloxacin inhibited greater biofilm formation at
0.5X than alone, suggesting that both the peptides may have additive or synergistic effects
against S. aureus. The AMPs indolicidin, cecropin (1–7) and nisin in combination with
ciprofloxacin inhibited the S. aureus biofilm at concentrations lower than their MICs [38].
The fractional inhibitory concentrations of these AMPs with ciprofloxacin were above
synergistic levels, showing additive effects instead, against planktonic S. aureus [24]. The
combination of AMPs with ciprofloxacin resulted in more biofilm disruption at 1X MIC
than alone. These results coincide with the previous study which reported that the AMPs
indolicidin, cecropin (1–7)–melittin A (2–9) and nisin in combination with teicoplanin or
ciprofloxacin disrupted the biofilm of methicillin-resistant S. aureus at 1X MIC [53]. Smaller
differences in biofilms inhibition/disruption may be due to sensitivity of the strain towards
antibiotics, maturation of biofilms and concentration of antimicrobials used. Several
peptides in combination with antibiotics have been tested against biofilms formed for 2 h to
4 h, at concentrations 2–4 times lower than their MICs. Table 2 compares these combinations
with melimine or Mel4 with ciprofloxacin tested at their 0.5X MICs against biofilms formed
for 24 h in the present study. The slightly higher effects of the combination of Citropin1.1
+ Minocycline [54] or LL37 + Teicoplanin [20] may be due to the fact the biofilms were
only produced for 4 h, whereas the current study used biofilms formed over 24 h and
these longer times might produce more robust biofilms. The effect of both the peptides
with ciprofloxacin against S. aureus biofilm is summarized in Figure 9. The ability of the
AMP-ciprofloxacin combinations to disrupt greater amounts of pre-formed biofilms might
be related to AMPs’ facilitating higher intracellular uptake of ciprofloxacin [55]. The AMPs
WR12, SAAP-148, SAAP-276 and TC84 allowed greater cellular uptake of ciprofloxacin and
teicoplanin by permeabilizing the cell membrane of S. aureus in biofilms [20,55]. Another
possible mechanism of AMP-antibiotic combinations is disrupting the biofilm matrix to
allow AMPs to target the bacterial cells in the biofilm and cause dispersion of cells in the
biofilm [56].
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Table 2. Effect of antimicrobial peptides and antibiotics at 0.5X MIC in combination against
S. aureus biofilm.

Antimicrobial Agents Biofilm Inhibition (%) Biofilm Eradication (%)

Melimine + Ciprofloxacin 91% 69%

Mel4 + Ciprofloxacin 83% 86%

Citropin1.1 + Minocycline [54] >99% ND

Indolicidin + Daptomycin [53] 44% ND

Nisin + Ciprofloxacin [53] 50% ND

LL37 + Teicoplanin [20] ND >99%

Temporin A +Gentamycin [57] ND 90%

Indolicidin + Ciprofloxacin [38] ND 47%

≥
 

Figure 9. Effect of ciprofloxacin and peptides on the pre-formed biofilm of S. aureus. Ciprofloxacin alone did not disrupt the
biofilm while when in combination with melimine or Mel4 it destroys the biofilm matrix following release of DNA/RNA
(with melimine only) and ATP from biofilm cells.

4. Materials and Methods

4.1. Synthesis of Peptides and Bacteria

Melimine and Mel4 were synthesized by conventional solid-phase peptide proto-
col [58,59] and were procured from the Auspep Peptide Company (Tullamarine, Victoria,
Australia). The purity of the peptides was ≥90%. Ciprofloxacin was purchased from
Sigma-Aldrich (St Louis, MO, USA). Ciprofloxacin stock solution (5120 µg/mL) in milli
Q water was prepared and stored at −30 ◦C. Bacterial strains such as S. aureus 31 (mecA
positive) and S. aureus 38 (mecA negative; both microbial keratitis isolates) [60] and two
reference strains S. aureus ATCC 6538 (mecA negative; a human lesion isolate) and S. aureus
ATCC 25923 were used in the current study.

4.2. Minimal Inhibitory Concentration and Minimal Bactericidal Concentration

The minimum inhibitory and minimum bactericidal concentrations of ciprofloxacin
were determined using a standard broth microdilution method of the Clinical Laboratory
and Standard Institute (CLSI) and a modified version of the CLSI broth microdilution
method was used to determine the MIC of antimicrobial peptides [61]. The MIC was
set as the lowest concentration that reduced bacterial growth by ≥90% while the MBC
was set as the lowest concentration that reduced bacterial growth by >99.99% following
enumeration of live bacteria by plate counts compared to bacteria grown in the absence of
any antimicrobial.
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4.3. Growth Curve and Resistance Development at Sub-MIC of Antimicrobials

An aliquot (100 µL) of an overnight culture (1 × 106 CFU/mL) of bacteria was added
to an equal volume of each antimicrobial to achieve a sub-MIC (0.5X MIC) in MHB and
was incubated at 37 ◦C with shaking at 120 rpm for 24 h. The turbidity of the bacterial
suspensions was determined at OD660nm over time for 24 h. Bacteria grown in wells without
antimicrobials served as positive controls for maximum bacterial growth. Serial passages
of S. aureus ATCC 25923 were performed in the presence of each antimicrobial at 0.5X MIC.
After incubation for 18–24 h, cells were repassaged into fresh media containing sub-MICs
of the antimicrobials. After every passage, the MIC for each antimicrobial was determined,
and a new sub-MIC was adjusted if any increase in MIC was observed. This repassaging
lasted for 30 consecutive days. S. aureus 31, S. aureus 38, S. aureus ATCC 6538 and S. aureus
ATCC 25923 strains were exposed to AMPs and ciprofloxacin at sub-MIC (one-fold below
the MIC) for their ability to develop resistance against these antimicrobials. Of all the tested
strains, only S. aureus ATCC 25923 was able to develop resistance to ciprofloxacin using
this method. This strain has been shown to be able to develop resistance to ciprofloxacin
previously [28].

4.4. Inhibition of Biofilm Formation by AMPs and Ciprofloxacin Alone or in Combination

Inhibition of biofilm formation by AMPs alone or in combination with ciprofloxacin
was determined using S. aureus 25923 that had been passaged for one day (sensitive cells) or
thirty days (resistant cells). First, 100 µL of S. aureus (1 × 106 CFU/mL) was dispensed into
round-bottom 96-well microtiter plates containing serial dilutions (0.5X to 4X MIC) of me-
limine, Mel4 or ciprofloxacin. Then plates were incubated at 37 ◦C with shaking at 120 rpm
for 24 h. The combined effect of melimine or Mel4 with ciprofloxacin was determined
after adding equal volumes of each at their corresponding MICs. Wells containing bacteria
and MHB and treated with buffer served as negative controls. Following incubation, the
media were removed, and wells were then carefully washed two times with HEPES buffer
to remove non-adherent cells. Subsequently, biofilms were fixed with 200 µL of 99% v/v
methanol for 15 min and then plates were air dried. Finally, biofilms were stained with
200 µL of 1% w/v crystal violet dissolved in water for 5 min. Unbound crystal violet was
rinsed off with tap water and plates were inverted to air dry. The crystal violet absorbed
in biofilms was solubilized in 200 µL glacial acetic acid (33%, v/v), the released dye was
moved to new well and the amount of dye released was determined spectroscopically at
OD600nm. The degree of biofilm inhibition was determined as a percentage of the biofilm
produced by the negative controls (bacteria with no antimicrobials) using the following
formulae [62].

% biofilm of single or combined antimicrobial

= (OD600nm of negative control) − (OD600nm of individual or (combined) antimicrobials)
(OD600nm of negative control) × 100

(1)

4.5. Disruption of Pre-Formed Biofilms by AMPs and Ciprofloxacin Alone or in Combination

Biofilms were formed by adding 100 µL of S. aureus ATCC 25923 (1 × 106 CFU/mL)
ciprofloxacin-sensitive or resistant cells into round-bottom 96-well microtiter plates con-
taining 100 µL of MHB. Plates were incubated at 37 ◦C in static condition. After incubation,
biofilms were treated with serially diluted peptides or ciprofloxacin or their combination at
their corresponding MICs and the plates were incubated for a further 24 h at 37 ◦C in static
condition. Wells containing bacteria and MHB and treated with buffer served as negative
controls. Following incubation, the media were removed, and wells were then carefully
washed two times with HEPES buffer to remove non-adherent cells and the amount of
biofilm was determined as outlined in the previous experiment.

The ability of each antimicrobial to disrupt pre-formed biofilms formed by resistant
(30-day ciprofloxacin-passaged) S. aureus ATCC 25923 was visualized with confocal laser
scanning microscopy (FV 1200, Olympus, Tokyo, Japan). A 24 h pre-formed biofilm on
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sterile round glass coverslips in polystyrene plates was treated with 200 µL of 4X-MIC
of melimine, Mel4 or ciprofloxacin alone or in combination at 37 ◦C for 24 h. Thereafter,
biofilms were stained with Live/Dead BacLight bacterial viability kit (Invitrogen, Eugene,
OR, USA) and examined with confocal microscopy. The resulting data were processed
using the Image J software version 8 (Bethesda, MD, USA).

4.6. Mechanistic Studies

As both AMPs had similar antibiofilm effects against either 1-day or 30-day ciprofloxacin-
passaged strains of S. aureus ATCC 25923, the 30-day ciprofloxacin-passaged cells were selected
to evaluate the mechanism of action of both the AMPs and ciprofloxacin towards bacterial cells
in biofilms.

4.7. Effect on Cell Membranes

The depolarizing effect on the cell membranes of biofilm-embedded cells was deter-
mined as described previously [48].

Briefly, 24 h formed biofilms were washed with 5 mM HEPES (pH 7.2) containing
20 mM glucose and 100 mM KCl at pH 7.2. Then, biofilm cells were loaded with the
membrane potential sensitive dye DiSC3 (5) (4 µM; Sigma Aldrich, St Louis, MO, USA)) in
HEPES for 1 h in dark. Release of DiSC3 (5) following addition of serially diluted melimine,
Mel4 or ciprofloxacin alone or in combination at 1X, 2X and 4X their respective MICs was
recorded at regular intervals up to 6 h. DMSO (20%; Merck, Billerica, MA, USA) was used
as a positive control to achieve maximum membrane depolarization.

4.8. Release of Cellular Contents

The biofilm cells were incubated with serially diluted melimine, Mel4 or ciprofloxacin
alone or in combination at 1X, 2X and 4X their corresponding MICs. The supernatants
were removed after 3 h and filtered through 0.22 µm pore membranes (Merck, Tullagreen,
Ireland). Subsequently, the amount of extracellular of ATP was measured using a biolu-
minescence kit (Invitrogen, Eugene, OR, USA) according to manufacturer’s instructions.
Buffer (HEPES)-treated samples were used as negative controls [47].

Similarly, supernatant was also analyzed for release of nucleic acids (DNA/RNA) [26].
The supernatants were centrifuged at 1300× g for 10 min and then filtered through 0.22 µm
pore membranes (Merck). The OD260nm of the filtrate was measured, and the results were
expressed relative to the initial OD260nm of biofilms taken at 0 min. Furthermore, the
presence of nucleic acids in the supernatants was also confirmed with Sytox green (5 µM
Invitrogen, Eugene, OR, USA) as final concentration. An increase in fluorescence due to
the interaction of Sytox green with nucleic acid was measured spectrophotometrically at
an excitation wavelength of 480 nm and an emission wavelength of 523 nm.

4.9. Statistical Analysis

All experiments were performed in three independent assays. One-way analysis
of variance (ANOVA) with Bonferroni’s corrections for multiple comparisons was used
to compare differences between control and antimicrobial-treated cells. The data of cell
membrane depolarization were analyzed using two-way ANOVA with Tukey’s test. A
probability value of p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, S. aureus in suspension could not become resistant to melimine or Mel4
following repeated exposure in sub-inhibitory concentrations of these AMPs. Whilst both
AMPs inhibited biofilm formation, once S. aureus had produced a biofilm, the cells became
more resistant to melimine or Mel4, although they could still act against the biofilms at 4X
their MICs. Moreover, the combination of the AMPs and ciprofloxacin produced greater
effects, possibly as a result of the AMPs damaging the cell membrane of biofilm cells which
resulted in increased or facilitated uptake of ciprofloxacin. Future research should be
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conducted, using, for example, fluorescently labelled ciprofloxacin to examine whether the
combination results in greater uptake of ciprofloxacin.
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Abstract: The purpose of the study was to assess the antimicrobial activity of an ultraviolet-C
(UVC) device against microorganisms implicated in contact lens related adverse events. An UVC
device with an emitting 4.5 mm diameter Light Emitting Diode (LED; 265 nm; 1.93 mJ/cm2) was
used. Pseudomonas aeruginosa, Staphylococcus aureus, Fusarium solani, and Candida albicans agar plate
lawns were exposed to the device beams for 15 and 30 s at 8 mm distance. Following the exposure,
the diameter of the growth inhibition zone was recorded. Contact lenses made of Delfilicon-A,
Senofilicon-A, Comfilicon-A, Balafilicon-A, Samfilicon-A and Omafilicon-A and a commercially
available contact storage case was used. They were exposed to bacterial and fungal strains for 18 h
at 37 ◦C and 25 ◦C respectively. After this, the samples were exposed to UVC for 30 s at 8 mm
distance to determine the antimicrobial efficacy. Samples were then gently washed and plated on
appropriate agar for enumeration of colonies. The UVC exposure reduced microbial growth by 100%
in agar lawns, and significantly (p < 0.05) reduced microbial contamination to contact lenses and
cases, ranging between 0.90 to 4.6 log. Very short UVC exposure has high antimicrobial efficacy
against most of the predominant causative microorganisms implicated in contact lens related keratitis.
UVC could be readily used as a broad-spectrum antimicrobial treatment for lens disinfection.

Keywords: contact lenses; ultraviolet C; keratitis; Pseudomonas; Staphylococcus; Fusarium; Candida;
antibiotic resistance

1. Introduction

Contact lenses are an increasingly popular option for refractive correction with current
estimates of more than 140 million wearers worldwide [1]. In addition, contact lenses are
indispensable for patients with high astigmatism, high refractive error, irregular astigma-
tism, myopia control and are regularly used for post-surgical therapeutic use. However,
contact lenses can be associated with various microbial adverse events such as microbial
keratitis (MK), contact lens acute red eye (CLARE), contact lens peripheral ulcer (CLPU)
and infiltrative keratitis (IK) [2].

MK is a worldwide medical concern often noted as the most serious form of contact
lens infection, in the UK, 65% of all new cases of MK are contact lens-related [3]. The
incidence of contact lens related-MK is around 4 per 10,000 a year for daily wear and
20 per 10,000 a year for extended wear [4]. Other less severe conditions have an even higher
incidence whereby CLARE has been found to occur in up to 34% of those who regularly
wear hydrogel contact lenses [5]. Sixty-six percent of complications observed in contact lens
wearers are attributed to poor handling of lenses and lens cases [6]. Despite the introduction
of silicone hydrogel materials, advancement in care products and cleaning regimens, the
incidence of contact lens-related microbial adverse events remained unchanged [7]. The
emergence of antibiotic and preservative resistant opportunistic microorganisms has further
complicated the treatment options. It is well known that MK caused by antibiotic-resistant
microorganisms are associated with longer hospitalization and poorer visual outcome [8].
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There is a great need for an alternative antimicrobial strategy for millions of lens wearers
worldwide that may provide broad-spectrum antimicrobial activity bypassing our reliance
on preservatives and antibiotic use.

Ultraviolet light (UV) is part of the electromagnetic spectrum and can be divided
into four distinct spectral areas: UVA (wavelengths 315–400 nm); UVB (wavelengths
280–315 nm); UVC (wavelengths 200–280 nm); and vacuum UV (wavelengths 100–200 nm) [9].
Amongst these wavelength ranges, UVC has the highest capacity to inactivate microor-
ganisms because the peak germicidal wavelength is in the range of 250–270 nm and is
known as the germicidal spectrum [10]. UVC cause cellular damage by inducing changes
in the chemical structure of DNA chains [11]. The consequence is the production of cy-
clobutene pyrimidine dimers (CPDs) causing distortion of the DNA molecule, which may
cause malfunctions in cell replication and lead to cell death [9]. Effect of UVC treatment
on sterilization of contact lenses and cases have been reported before [12,13]. UVC has
been shown to have high efficacy in killing acanthamoeba cysts following exposure up to
24 minutes [14]. Attempts have been made to incorporate UVC within contact lens disin-
fection systems which showed statistically significant reduction in microbial load [15,16].

UVC irradiation is well known for its germicidal action, however, the use of UVC
irradiation for prevention and treatment of localized infections is still in the early stages
of development. Previous studies confirmed that UVC inactivation is equally effective to
antibiotic-resistant bacteria compared to their native counterparts [17].

This study aimed to investigate the antimicrobial activity of UVC against major mi-
croorganisms related to contact lens-related keratitis. A further aim was to determine the
potential application of UVC in reducing the microbial contamination of contact lenses and
lens cases.

2. Results

UVC device showed very high antimicrobial activity against all the microorganisms
tested. When tested with contact lenses and lens cases, the UVC device showed a significant
reduction in contamination most of the time.

Figure 1 shows inhibition zones of microbial agar lawns following exposure to UVC
for 15 and 30 s. The areas exposed to UVC showed inhibition zones, rest of the control areas
showed confluent bacterial growth. Both 15 and 30 s exposure were able to fully inhibit
microbial growth as identified by the arrow in Figure 1. The diameter of the inhibition zone
was slightly increased for 30 s compared to 15 s (Table 1).

Table 1. Inhibition zone diameter (mm) following UVC exposure.

Microorganisms 15 s Exposure 30 s Exposure

P. aeruginosa 6294 7.2 ± 0.3 7.5 ± 0.4

S. aureus 38 6.9 ± 0.3 7.1 ± 0.4

C. albicans ATCC 76615 5.5 ± 0.4 5.9 ± 0.2

F. solani ATCC 10696 5.0 ± 0.4 5.8 ± 0.5

The following Table 1 demonstrates that all the microorganisms showed complete
inhibition zones, and the area of inhibition varied between the microorganisms tested.
P. aeruginosa lawns had the largest inhibition zones compared to other microorganisms,
whereas F. solani had the smallest. Exposure of 30 s had a slightly larger inhibition zone
compared to 15 s exposure. This difference was highest with F. solani (0.8 ± 0.2 mm), and
lowest for S. aureus (0.2 ± 0.1 mm).

The antimicrobial efficacy of UVC treatment on various contact lens materials and lens
cases contaminated with P. aeruginosa is detailed in Figure 2. Significant (p < 0.001) reduction
of P. aeruginosa contamination was noted following exposure to UVC for all contact lens
materials. Reduction of contamination for lens case was 36.2 ± 13.3% (0.28 ± 0.09 log;
p = 0.194).
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Figure 1. Representative photographs of the agar plates following 15 and 30 s of exposure to UVC
device. The photographs demonstrate that 15 and 30 s exposure areas of complete growth inhibition
of (A,B) P. aeruginosa, (C,D) S. aureus, (E,F) C. albicans, (G,H) F. solani.
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Figure 2. Reduction of P. aeruginosa contamination after UVC treatment. Exposure to UVC statistically
significant (p < 0.001) reduced P. aeruginosa contamination of contact lenses. The reduction in
contamination observed with lens case showed no significant difference (p = 0.194).

The efficacy of UVC treatment on various contact lens materials and lens cases contami-
nated with S. aureus is detailed in Figure 3. Significant (p < 0.001) reduction in contamination
was observed against all the tested contact lens materials and the lens case.
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Figure 3. Reduction of S. aureus contamination following UVC treatment. Exposure to UVC statisti-
cally significant (p < 0.001) reduced S. aureus contamination of contact lenses and lens cases.

Reduction of C. albicans contamination in contact lenses and lens case following
exposure to UVC is detailed in Figure 4. Significant (p < 0.001) reduction in contamination
was observed against all the tested contact lens materials and the lens case.
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Figure 4. Reduction of C. albicans contamination after UVC treatment. Exposure to UVC statistically
significant (p < 0.001) reduced C. albicans contamination of all contact lenses and lens cases.

The efficacy of UVC exposure to F. solani contaminated lenses and lens cases are
demonstrated in Figure 5. Overall high efficacy in reduction of contamination was ob-
served for all contact lens materials except for Balafilcon-A (0.55 ± 0.13 log; p = 0.189) and
Samfilcon-A (0.70 ± 0.26 log; p = 0.110). The antimicrobial efficacy with lens case was
90.4 ± 3.3% (1.02 ± 0.39 log) which was statistically significant (p = 0.001).
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Figure 5. Reduction of F. solani contamination after UVC treatment. Exposure to UVC statistically
significant (p < 0.05) reduced F. solani contamination of Delefilcon-A, Senofilcon-A, Comfilcon-A, and
Samfilcon-A contact lens materials and lens cases.

The following Table 2. summarizes the reduction of the percentage of contact lens
contamination implicated by UVC treatment.
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Table 2. Percent of reduction in contact lens microbial contamination (mean ± SD) following UVC
treatment. Asterix (*) indicates statistically significant difference.

Contact Lenses P. aeruginosa S. aureus C. albicans F. solani

Delefilcon A 99.9 ± 5.2 * 99.6 ± 10.3 * 98.4 ± 26.7 * 76.0 ± 5.3 *

Senofilcon A 93.2 ± 4.3 * 97.5 ± 8.9 * 91.5 ± 13.3 * 68.3 ± 7.3 *

Comfilcon A 98.5 ± 14.3 * 91.2 ± 5.8 * 99.6 ± 4.2 * 80.5 ± 13.1 *

Omafilcon A 97.6 ± 15.5 * 98.0 ± 8.5 * 98.4 ± 17.8 * 73.7 ± 8.6 *

Balafilcon A 89.0 ± 7.8 * 88.8 ± 13.3 * 94.3 ± 3.4 * 71.5 ± 10.3

Samfilcon A 98.7 ± 7.1 * 95.9 ± 7.8 * 99.5 ± 10.3 * 79.9 ± 26.3

Lens Case 36.7 ± 13.3 44.7 ± 12.6 * 61.2 ± 3.4 * 90.4 ± 3.3 *

3. Discussion

The current study found that a very short 15–30 s exposure of UVC can provide
high antimicrobial action against most of the predominant microorganisms responsible
for contact lens keratitis. In addition, this treatment can substantially reduce contact lens
and lens case contamination, with a real potential to reduce these types of keratitis in a
clinical setting.

The UVC device showed total efficacy against P. aeruginosa, S. aureus, F. solani, and
C. albicans when exposed directly to agar lawns. The 4.5 mm UVC exposure to the microbial
lawns showed 5.0 to 5.9 mm inhibition against the fungal strains and 6.9 mm to 7.5 mm
inhibition zone against the bacterial strains. Inhibition zones were bigger with bacterial
strains compared to fungal strains, which may be because the bacteria at the edges of
the inhibition zones were more sensitive to UVC compared to fungal strains, which is
supported by the contact lens contamination study where inhibition on bacterial strains
was higher compared to fungal strains. The results reported in the current study are slightly
higher than previously reported by Dean et al. [18], which showed 3.50 mm to 5.50 mm
inhibition zone against bacterial strains, however they did not check against fungal strains.
Thai et al. used 254 nm UVC and showed that 180 s of exposure can significantly reduce
bacterial load on chronic wounds [19]. Guridi et al. used varying doses (840–3360 mJ/cm2)
of UVC (253.7 nm) against P. aeruginosa, S. aureus, and C. albicans and found >99.99%
efficacy when exposed directly on different biomaterial surfaces [20]. This is in agreement
with our results on direct exposure, including on bacteria on contact lens surfaces which
often showed >99% reduction in bacterial viability. Umezawa et al. investigated the
efficacy of pulsed UVC light (photon peaks spread across 240–400 nm), which showed
more than 2 log growth inhibition against similar microorganisms such as P. aeruginosa
and S. aureus [21]. The efficacy of UVC (254 nm) against similar microorganisms on textile
surfaces are reported to be more than 90% [22], which is also in line with our reports with
high antimicrobial efficacy.

Contamination of contact lenses and lens cases have been directly implicated in the
development of corneal infiltrative events, particularly in various types of keratitis [2,23].
Several antimicrobial strategies have been adopted to reduce contamination of causative mi-
croorganisms such as Gram-negative and Gram-positive bacteria and fungal strains [2,24].
Preservatives and disinfectants are the first-line antimicrobial agents used in contact lens
care solutions. However more than 50% of lens cases from asymptomatic lens wearers were
found to be contaminated, and more than 10% were with opportunistic Gram-negative
bacteria [25]. Silver, selenium, Salicylic acid, Fimbrolides and antimicrobial peptides are
some of the common strategies that were investigated as additional antimicrobials in the
past [2,24,26,27]. The current study indicated that combining UVC treatment with existing
care regimes is likely to significantly reduce contamination levels.

Previous studies have shown that the rate of microbial contamination can significantly
vary based on the type of contact lens material used, while 2nd generation silicone hydrogel
lenses may attract more microorganisms compared to hydrogel lenses [28]. However, the
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current study found bacterial contamination to the variety of control lenses are comparable.
UVC exposure was able to significantly reduce contamination of both P. aeruginosa and
S. aureus for silicone hydrogel and hydrogel lenses. The inhibition against P. aeruginosa
ranged between 89% to more than 99% whereas against S. aureus inhibition ranged between
88% to 99%. There was no particular pattern found between different types of silicone
hydrogel lenses, whereas Delefilcon A lenses were associated with the highest antimicrobial
efficacy; more than 2.5 log inhibition with UVC against P. aeruginosa. Similar results were
observed with S. aureus.

Depending on the geographical location, contact lens wear is often the most common
risk factor for the development of fungal keratitis. This can often exceed 50% of the cases.
Fusarium and Candida are the most common types of fungal strains implicated in contact
lens-related keratitis, isolated from 41% and 14% of culture-positive tests [29]. The current
study showed that UVC irradiation can significantly reduce C. albicans contamination
ranging between 1.07 to 2.43 log inhibition based on the type of contact lens material used.
A similar trend was observed against F. solani, where UVC showed inhibition ranging
between 0.90 to 0.71 log. Although UVC showed 71% and 79% inhibition against F. solani in
Balafilcon-A and Samfilcon-A lens materials, the differences were not statistically significant.
The current study is one of the few studies that has used Balafilcon-A and it is the first
study to have used Samfilcon-A for investigation with fungal strains, thus requiring
further investigation with these lens materials. The overall, high antifungal efficacy of
UVC irradiation coupled with the existing contact lens care regimen would certainly
provide high and comprehensive fungicidal activity, protective towards contact lens-related
fungal keratitis.

This study found that microbial contamination of contact lens cases was higher com-
pared to lenses, which is likely due to the formation of biofilms of lens cases. Various
enzymes, antibiofilm peptides, and other dispersion molecules have been investigated
for medical-biofilm dispersion [30]. A limited number of agents including antimicrobial
peptides, furanones, silver and passive dispersion agents have been tested on contact lens
cases [2]. Contact lens cases are known to harbour microbial biofilms and have been directly
associated with keratitis events [31]. The current study showed that UVC irradiation can
significantly reduce S.aureus (44%), C. albicans (61%) and F. solani (90%), however, only 36%
inhibition against P. aeruginosa was achieved.

This study did not investigate the safety of the UVC which was reported earlier [18].
Dean et al. reported that up to 30 s of exposure to UVC did not stimulate the death of human
corneal epithelium [18]. Although the current study did not expose human cells to UVC, it
is important to note that UVC has very little penetration on the cornea and is unlikely to
impact the corneal endothelium. UV rays are known to cause photokeratitis which is also
called ultraviolet photokeratitis. However, the ocular tissue damage threshold for UV rays
is 5 mJ/cm2, and the LED used for irradiation in this study emits less than 2 mJ/cm2. Given
that the UVC exposure is aimed to decontaminate contact lenses and lens cases, accidental
exposure to the eye is unlikely to cause any major harm. This study did not examine any
detrimental effect of direct UVC exposure to contact lenses. Polymerization of contact lens
monomer include exposure to UVC, hence we assumed that the short exposure of UVC to
contact lens materials unlikely to have any significant change in the key parameters such
as base curve, diameter, refractive index and oxygen transmissibility.

4. Materials and Methods

4.1. Ultraviolet C device:

The prototype device comprises a 265-nm (Figure 6) (Photon Therapeutics; Oldsmar,
UK) detailed earlier [18]. Briefly, it contains a hemispheric ball lens, which is protected by a
rubber sheath 8 mm length, projecting a spot size of 4.5 mm, resulting in an intensity of
1.93 mJ/cm2 at the target distance, as confirmed with a calibrated UVC light meter (Solar
meter Model 8.0 UVC, Solartech Inc, Harrison Twp, MI, USA). Power was supplied by a
9 V DC regulated adapter with an additional current limiting circuit [18].
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Figure 6. UVC device in this study.

Bacterial lawns were freshly prepared on Nutrient Agar (NA; Sigma Aldrich, St. louis,
MO, USA) and fungal lawns were made on Potato Dextrose Agar (PDA: Merck Ga A,
Damstadt, Germany) plates from the previously prepared suspensions. The plates were
exposed to 4.5 mm diameter UVC beam for 15 and 30 s at an 8 mm distance. After 24 h
incubation at 37 ◦C for bacteria or 2 days incubation at 37 ◦C for C. albicans and 4 days
incubation at 25 ◦C for F. solani, the efficacy of the UVC beam was examined by investigating
the diameter of the treatment zone, using a digital colony counter (Stuart Company, London,
UK). A total of three horizontal and three vertical measurement of the inhibition zone were
made and the average and standard deviation was reported.

4.2. Contact lenses and Lens cases

Widely used and most popular contact lenses were used in this study, their parameters,
materials and other properties are described in Table 3. Bausch and Lomb contact lens
cases (Bausch and Lomb UK Ltd., Kingston, UK) were used in this study.

Table 3. Properties of contact lens materials used in the study.

Proprietary Name Total Dailes1 Acuvue Oasys Biofinity Proclear Purevision2 Ultra

United States Adopted
Name (USAN) Delfilicon A Senofilicon A Comfilicon A Omafilicon A Balafilicon A Samfilicon A

Lens material Silicone hydrogel Silicone hydrogel Silicone hydrogel Hydrogel Silicone Hydrogel Silicone Hydrogel

Manufacturer Alcon Johnson & Johnson Cooper vision Cooper vision Bausch & Lomb Bausch & Lomb

Water content (%) Gradient 38 48 62 36 46

Oxygen transmissibility
(DK/t) 156 147 160 37 130 163

Centre thickness (mm)
-3.00DS 0.09 mm 0.07 mm 0.08 mm 0.09 mm 0.07 mm 0.07 mm

4.3. Strains and microbial conditions

Pseudomonas aeruginosa strain 6294 and Staphylococcus aureus strain 38 isolated from
MK cases were used in this study. Fusarium solani ATCC 10696 isolated from soil and
Candida albicans ATCC 76615, a clinical isolate were used in this study. Bacteria were
grown overnight in TSB (Melfold, UK) at 37 ◦C with aeration. The harvested bacterial
cells were centrifuged for 10 minutes at 3000 rpm and the cells were washed three times
with phosphate-buffered saline (PBS; pH 7.4; NaCl 8 g L−1, KCl 0.2 g L−1, Na2HPO4
1.15 g L−1, KH2PO4 0.2 g L−1). P. aeruginosa were then resuspended in PBS and S. aureus
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were resuspended in 10% TSB to an OD660nm of 0.1 (1 × 108 CFU mL−1). The bacterial cell
suspensions were then diluted to 1 × 106 CFU mL−1. C. albicans strains were grown on
PDA plates by incubating for 24 h at 37 ◦C, then suspended in sterile PBS to an OD660nm of
1.5 (1 × 108 CFU mL−1) and the suspensions were serially diluted to 1.0 × 106 CFU mL−1

and used for adhesion assays. F. solani were grown on PDA plates by incubating for 7
to 10 days at 25 ◦C followed by filtering through sterile 70 µm filters to remove hyphal
fragments and finally resuspended to an OD660nm of 2.6 (1 × 108 CFU mL−1).

Microbial assays with contact lenses and lens cases have been detailed earlier [32].
Briefly, contact lenses were washed two times in PBS and transferred to 1ml of bacterial or
fungal suspensions in wells of 24-well tissue culture plates (CELESTAR®, Greiner bio-one,
Frickenhausen, Germany), keeping concave side up. To allow contamination, lenses were
incubated with 1mL bacterial suspension for 18 h at 37 ◦C and for fungal strains 18 h at
25 ◦C with shaking (120 rpm). Lens cases were incubated similarly but with 2 mL microbial
suspensions in the lens case cup. After this, lenses were aseptically removed from the
microbial suspensions and washed twice with 1ml PBS in a 24 well plate by shaking at
120 rpm for 30 s to remove non-adherent cells. Lens cases were washed with 1 mL PBS
twice by shaking 120 rpm for 30 s.

Following exposure to microorganisms, each contact lens was cut into equal 4 samples
with a sterile scalpel, one piece used as control and the rest three pieces were placed
8 mm beneath a 265 nm UVC lamp for 30 s. Four 4 mm non-overlapping UVC beams were
exposed to both sides of the lens. Similarly, each lens case was exposed to 9 non-overlapping
30 s spots.

After this, all lens samples were placed in a 2 mL sterile plastic vial containing 2 mL
PBS with a sterile magnetic bar and vortexed for at least one minute. Control and UVC-
exposed lens cases were filled with 2 mL PBS and a sterile magnetic bar and vortexed for at
least one minute. For bacterial and C. albicans strains, following log serial dilutions in PBS,
three 50 micro-litre droplets of each dilution were plated on NA and PDA plates for recovery
of cells respectively. For F. solani, following log serial dilutions in PBS, 100 micro-litre were
plated onto PDA for recovery of viable cells. After 24 h incubation at 37 ◦C for bacteria
or 2 days incubation at 37 ◦C for C. albicans and 4 days incubation at 25 ◦C for F. solani,
the viable micro-organisms were enumerated as colony-forming units (CFU). Results are
expressed as the reduction in viable bacteria or fungi (compared with the untreated control
samples). Three samples were used for each experiment and were repeated for at least
three separate occasions.

The adhesion data were log10 (x + 1) transformed prior to data analysis where x is
the adherent bacteria or fungi in colony-forming units. The reuction of adhesion data
was presented as mean ± standard deviation. Differences in the microbial load were
analyzed using the Wilcoxon-Signed ranked test. Differences between the groups were
analyzed using linear mixed model ANOVA, which adjusts the correlation due to repeated
observations. Post hoc multiple comparisons were done using Bonferroni correction.
Statistical significance was set at 5%.

5. Conclusions

In conclusion, this study showed that the ophthalmic device with a very short UVC
exposure has potent antimicrobial activity against a majority of the causative microor-
ganisms for contact lens-related keratitis. The device is particularly effective in reducing
contamination on contact lenses and lens cases.. This study further demonstrate that
UVC could be readily used as a preventative measure and inhibition of broad-spectrum
antimicrobial contamination.
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Abstract: (1) Purpose: This study aimed to investigate the effects of Mel4 antimicrobial contact lenses
(MACL) on the ocular surface and comfort during extended wear. (2) Methods: A prospective,
randomised, double-masked, contralateral clinical trial was conducted with 176 subjects to evaluate
the biocompatibility of contralateral wear of MACL. The wearing modality was 14-day extended
lens wear for three months. The participants were assessed at lens dispensing, after one night, two
weeks, one month and three months of extended wear and one month after study completion. (3)
Results: There were no significant differences (p > 0.05) in ocular redness or palpebral roughness
between Mel4 and control eyes at any of the study visits. There was no significant difference (p > 0.05)
in corneal staining between Mel4 and control eyes. There were no significant differences in front
surface wettability or deposits or back surface debris (p > 0.05). No statistically significant differences
(p > 0.05) were found in comfort, dryness, CLDEQ-8 scores lens or edge awareness. There was no
evidence for delayed reactions on the ocular surface after cessation of lens wear. (4) Conclusion: The
novel MACLs showed similar comfort to control lenses and were biocompatible during extended
wear. Thus, these lenses were compatible with the ocular surface.

Keywords: Mel4 peptide; antimicrobial contact lens; extended wear; biocompatibility; comfort;
clinical trail

1. Introduction

Contact lens wear can be associated with inflammatory and infective responses, trig-
gered by microbial colonisation of contact lenses. These are major concerns for contact
lens wearers and practitioners. The development of contact lenses with antimicrobial
activity may inhibit microbial adhesion and so reduce contact-lens-related inflammation
and infection. Several antimicrobial contact lenses have been developed and tested in labo-
ratory models. These include contact lenses containing silver [1–3], inhibitors of bacteria
quorum-sensing systems [4], poly-epsilon lysine [5] and nitric-oxide-releasing lenses [6]. A
cationic, peptide-coated (melimine) contact lens has also been developed that showed good
antimicrobial activity in vitro [7], prevented bacterially-driven adverse events associated
with contact lens wear in animal models [8,9] and was generally safe to wear in humans,
although it was associated in some wearers with low levels of corneal staining [10]. Due to
this latter issue, the cationic peptide melimine was shortened to make Mel4 [11].

Mel4, a small, cationic, antimicrobial peptide, has high antimicrobial activity against
Pseudomonas aeruginosa and Staphylococcus aureus in solution and when immobilised on
surfaces [12]. It has been successfully coated onto hydrogel and silicone hydrogel contact
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lenses [12–14] and shown to be active against other bacteria such as Stenotrophomonas
maltophilia and Delftia acidovorans. The Mel4-coated lenses were safe in a rabbit model of
daily contralateral wear [13,14]. In addition, a phase I, human clinical trial showed no corneal
fluorescein staining and no increase in ocular redness after one week of daily wear [13].

A phase II/III clinical trial on the Mel4-coated contact lenses was conducted at the
LV Prasad Eye Institute in Hyderabad, India, and the biocompatibility of the lenses is
addressed in the current manuscript. The main aim of this trial was to assess whether
the Mel4-coated lenses could reduce the incidence of corneal inflammatory events during
extended wear. These lenses resulted in a reduction in the incidence of corneal inflammatory
events by 69% [15]. These Mel4-coated lenses had similar levels and types of microbes
isolated from them and from eyes wearing them compared to the control lenses [16].

It is also valuable to investigate the biocompatibility and comfort of Mel4-coated
contact lenses on the extended wear modality. Thus, the aim of the current study was
to investigate the biocompatibility and comfort of Mel4-coated contact lenses during the
phase II/III, extended wear, human clinical trial. The hypotheses of this study were that
the Mel4-coated contact lenses are compatible and comfortable during extended wear.

2. Results

2.1. Assessment of Activity of Mel4-Coated Lenses Prior to Lens Wear

The data for the amount of Mel4 on contact lenses and the ability of lenses to inhibit
the adhesion of Pseudomonas aeruginosa and Staphylococcus aureus have been previously
published [15]. Briefly, randomly selected contact lenses from each batch that was produced
were selected for measurement. These Mel4-coated lenses contained 62.6 ± 26.4 µg of amino
acids per lens and significantly reduced the adhesion of P. aeruginosa and S. aureus by >1.8
log10 CFU/lens (p < 0.001) compared to control uncoated lenses [15]. This demonstrated
that the participants in the trial were prescribed with active Mel4-coated contact lenses.

2.2. Subject Demographics

The demographic and biometric data for the subjects who were dispensed with study
lenses are summarised in Table 1. Slightly more males (108/208; 52%) were enrolled and
were dispensed with study lenses (93/176; 53%) than females. Additionally, a greater
number of neophytes (160/208; 77%) were enrolled and were dispensed with study lenses
(128/176; 73%). There was no difference in the refractive errors, keratometry and contact
lens powers between the Mel4- and control-lens-wearing eyes in both enrolled (p > 0.05)
and study-lens-dispensed subjects (p > 0.05).

Table 1. Demographic and biometric data of subjects dispensed with study lenses.

Demographic and Biometric Details
Subjects Dispensed with Study Lenses (n = 176)

Mel4-Lens-Wearing Eye Control-Lens-Wearing Eye p-Value

Age (years): Mean ± SD
Range

22.6 ± 4.2
18 to 42

-

Gender (Male:Female) 93:83 -

Refractive error-Sphere (Ds) 1: Mean ± SD; Range
−2.82 ± 1.44
−0.50 to −6.50

−2.80 ± 1.46
−0.50 to −6.50

0.528

Refractive error-Cylinder (Dc): Mean ± SD; Range
−0.25 ± 0.35
−0.25 to −1.50

−0.22 ± 0.35
−0.25 to −1.50

0.249

Keratometry-Flat (D): Mean ± SD; Range
43.02 ± 1.44

37.50 to 47.25
43.01 ± 1.46

37.50 to 47.25
0.663

Keratometry-Steep (D): Mean ± SD; Range
43.76 ± 1.58

38.75 to 48.50
43.71 ± 1.58

38.75 to 48.50
0.105

Contact lens wearer (Neophyte:Experienced lens wearer) 128:48 -
Contact lens base curve (8.3:8.7) mm 106:70 -

Contact lens power (Ds): Mean ± SD; Range
−2.84 ± 1.36
−1.00 to −6.00

−2.84 ± 1.39
−1.00 to −6.00

0.869

1 D = diopter.
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2.3. Clinical Lens Surface Characteristics

The lens surface characteristics of Mel4 and control contact lenses are presented in
Table 2. There were no significant differences in front surface wettability between Mel4
and control lenses during all the visits (p > 0.05), with values ranging from 3.7 to 3.5 units.
The front surface wetting for both Mel4 and control lenses decreased by 0.1–0.2 units over
the course of the study, and this was significant (p = 0.001). There were no significant
differences seen either in front surface deposits (p > 0.05) or back surface debris (p > 0.05)
across all the study visits between both lens types. The front surface deposits for both lens
types increased over the course of the study by between 0.1 and 0.5 units (p = 0.001), and
the back surface debris significantly increased over the course of the study by between 0.1
and 0.3 units (p = 0.001).

Table 2. Surface characteristics of Mel4 and control contact lenses at various study visits.

Variables (Range,
Incremental Steps)

Visits with
Lens *

Number of
Samples

Mel4 Lens Control Lens Linear Mixed Model

(Mean ± SD) (Mean ± SD)
Lens (Mel4
vs. Control)

Visit
Lens vs.

Visit

Front surface wetting
(0–4, 0.1)

Lens
Dispensing

176 3.7 ± 0.6 3.7 ± 0.6

0.593 0.001 0.513
1N 165 3.6 ± 0.6 3.7 ± 0.5
2W 153 3.6 ± 0.3 3.6 ± 0.3
1M 144 3.6 ± 0.3 3.5 ± 0.3
3M 128 3.6 ± 0.3 3.5 ± 0.3

Front surface deposits
(0–4, 0.1)

Lens
Dispensing

176 0.2 ± 0.3 0.2 ± 0.3

0.896 0.001 0.996
1N 165 0.3 ± 0.4 0.3 ± 0.4
2W 153 0.6 ± 0.5 0.6 ± 0.5
1M 144 0.6 ± 0.6 0.6 ± 0.6
3M 128 0.7 ± 0.6 0.7 ± 0.6

Back surface debris
(0–4, 0.1)

Lens
Dispensing

176 0.1 ± 0.2 0.1 ± 0.2

0.715 0.001 0.857
1N 165 0.2 ± 0.2 0.2 ± 0.2
2W 153 0.3 ± 0.4 0.3 ± 0.4
1M 144 0.4 ± 0.5 0.4 ± 0.5
3M 128 0.4 ± 0.5 0.4 ± 0.5

* 1N = 1 night of lens wear, 2W = 2 weeks of lens wear, 1M = 1 month on lens wear, 3M = 3 months of lens wear.

2.4. Lens Fit Characteristics

The lens fit characteristics of Mel4 and control contact lenses are presented in Table 3.
There were no significant differences in any lens fit characteristics between Mel4 and
control contact lenses over the course of the study. The average overall lens acceptance
score for both the lens types at each visit was 3.8 which indicated good centration, complete
coverage, acceptable tightness of the lens and adequate lens movement and lens lag. No
lens was refitted during the study period because of any lens fit issues. There were small
but statistically significant differences between the visits for primary gaze movement, lag,
tightness and overall acceptance (p < 0.05). There was no significant difference between the
visits for lens centration (p ≥ 0.05). No mucin balls were seen with either of the lens types
at any of the visits.
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Table 3. Lens fit characteristics of Mel4 and control contact lenses at various study visits.

Variables (Range,
Incremental Steps)

Visits with
Lens *

Number of
Samples

Mel4 Lens Control Lens Linear Mixed Model

(Mean ± SD)/
(Median and Range)

(Mean ± SD)/
(Median and Range)

Lens Visit
Lens vs.

Visit

Centration
X-axis

(−1 to +1, 0.1 mm)

Lens Dispensing 176 0 (−0.3–0.2) 0 (−0.3–0.2)

0.589 0.409 0.950
1N 165 0 (−0.5–0.3) 0 (−0.5–0.3)

2W 153 0 (−0.3–0.2) 0 (−0.3–0.2)

1M 144 0 (−0.5–0.2) 0 (−0.5–0.0)

3M 128 0 (−0.3–0.2) 0 (−0.3–0.2)

Centration
Y-axis

(−1 to +1, 0.1 mm)

Lens Dispensing 176 0 (−0.3–0.5) 0 (−0.3–0.3)

0.595 0.118 0.266
1N 165 0 (−0.4–0.5) 0 (−0.3–0.5)

2W 153 0 (−0.3–0.5) 0 (−0.3–0.5)

1M 144 0 (−0.4–0.4) 0 (−0.3–0.4)

3M 128 0 (−0.2–0.3) 0 (−0.2–0.3)

Primary gaze movement
(0–10, 0.1)

Lens Dispensing 176 0.4 ± 0.1 0.4 ± 0.1

0.988 0.049 0.752
1N 165 0.4 ± 0.1 0.4 ± 0.1

2W 153 0.4 ± 0.1 0.4 ± 0.1

1M 144 0.4 ± 0.1 0.4 ± 0.1

3M 128 0.4 ± 0.1 0.4 ± 0.1

Primary gaze lag
(0–10, 0.1)

Lens Dispensing 176 0.1 ± 0.1 0.1 ± 0.1

1.000 0.005 -
1N 165 0.1 ± 0.1 0.1 ± 0.1

2W 153 0.1 ± 0.1 0.1 ± 0.1

1M 144 0.2 ± 0.1 0.2 ± 0.1

3M 128 0.2 ± 0.1 0.2 ± 0.1

Tightness
(0–100, 1)%

Lens Dispensing 176 41 ± 3 41 ± 3

0.817 0.001 0.968
1N 165 41 ± 3 41 ± 3

2W 153 42 ± 3 42 ± 3

1M 144 41 ± 3 41 ± 3

3M 128 42 ± 3 42 ± 3

Overall acceptance
(0–4, 0.1)

Lens Dispensing 176 3.8 ± 0.1 3.8 ± 0.1

0.410 0.001 0.380
1N 165 3.8 ± 0.1 3.8 ± 0.1

2W 153 3.8 ± 0.1 3.8 ± 0.1

1M 144 3.8 ± 0.1 3.8 ± 0.1

3M 128 3.8 ± 0.1 3.8 ± 0.1

* 1N = 1 night of lens wear, 2W = 2 weeks of lens wear, 1M = 1 month on lens wear, 3M = 3 months of lens wear.

2.5. Ocular Physiology

The conjunctival redness and roughness of the Mel4 and control lens wearing eye at
the 1N, 2W, 1M and 3M study visits are presented in Table 4. There was no significant
difference in bulbar redness (p > 0.7), limbal redness (p > 0.9), palpebral redness (p > 0.6) or
palpebral roughness (p > 0.3) between Mel4- and control-contact-lens-wearing eyes in any
of the study visits. All of these variables slightly but significantly (p = 0.001) increased by
between 0.1 and 0.2 units over the course of the study. Similarly, there were no significant
differences in lens-induced conjunctival staining (p = 1.0) or indentation (p > 0.1) between
the Mel4-lens-wearing eye and control-lens-wearing eye (Table 4). There were no significant
differences (p > 0.35) in central, nasal, temporal or superior corneal staining (extent, depth
or type) between Mel4- and control-contact-lens-wearing eyes (Table 5). None of these
corneal-staining characteristics changed during the study (p ≥ 0.2).
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Table 4. Conjunctival responses during contact lens wear.

Variables (Range,
Incremental Steps)

Visits with
Lens *

Number of
Samples

Mel4 Lens Control Lens Linear Mixed Model

(Mean ± SD) (Mean ± SD)
Lens (Mel4
vs. Control)

Visit
Lens vs.

Visit

Bulbar Redness
(0–4, 0.1)

1N 167 1.5 ± 0.2 1.5 ± 0.2

0.758 0.001 0.135
2W 153 1.5 ± 0.2 1.5 ± 0.2
1M 144 1.6 ± 0.2 1.6 ± 0.2
3M 129 1.6 ± 0.2 1.6 ± 0.2

Limbal Redness
(0–4, 0.1)

1N 167 1.2 ± 0.3 1.2 ± 0.3

0.961 0.001 0.660
2W 153 1.2 ± 0.2 1.2 ± 0.2
1M 144 1.3 ± 0.3 1.3 ± 0.3
3M 129 1.4 ± 0.2 1.4 ± 0.2

Palpebral Redness
(0–4, 0.1)

1N 167 1.5 ± 0.2 1.6 ± 0.2

0.610 0.001 0.053
2W 153 1.6 ± 0.3 1.6 ± 0.3
1M 144 1.6 ± 0.3 1.6 ± 0.3
3M 129 1.7 ± 0.3 1.7 ± 0.3

Palpebral Roughness
(0–4, 0.1)

1N 167 1.2 ± 0.3 1.3 ± 0.3

0.388 0.001 0.574
2W 153 1.3 ± 0.3 1.3 ± 0.3
1M 144 1.3 ± 0.3 1.3 ± 0.3
3M 129 1.4 ± 0.3 1.4 ± 0.3

Lens Induced
Conjunctival Staining

(0–4, 0.1)

1N 167 0.2 ± 0.2 0.2 ± 0.2

1.000 0.001 1.000
2W 153 0.2 ± 0.3 0.2 ± 0.2
1M 144 0.3 ± 0.3 0.3 ± 0.3
3M 129 0.3 ± 0.3 0.3 ± 0.3

Lens Induced
Conjunctival

Indentation (0–4, 0.1)

1N 167 0.1 ± 0.1 0.1 ± 0.1

0.112 0.001 0.041
2W 153 0.1 ± 0.2 0.1 ± 0.2
1M 144 0.1 ± 0.2 0.1 ± 0.2
3M 129 0.1 ± 0.2 0.1 ± 0.2

* 1N = 1 night of lens wear, 2W = 2 weeks of lens wear, 1M = 1 month on lens wear, 3M = 3 months of lens wear.

Table 5. Corneal staining during contact lens wear.

Variables (Type; Range,
Incremental Steps)

Visits with
Lens *

Number of
Samples

Mel4 Lens Control Lens Linear Mixed Model
(Median and

Range)
(Median and

Range)
Lens (Mel4
vs. Control)

Visit
Lens vs.

Visit

Centre
(Extent; 0–4, 1)

1N 162 0 (0–0) 0 (0–0)

0.674 0.200 0.632
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–0) 0 (0–1)
3M 129 0 (0–1) 0 (0–1)

Centre
(Depth; 0–4, 1)

1N 162 0 (0–0) 0 (0–0)

0.674 0.200 0.632
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–0) 0 (0–1)
3M 129 0 (0–1) 0 (0–1)

Centre
(Type; 0–4, 0.5)

1N 162 * 0 (0–0) 0 (0–0)

0.674 0.200 0.632
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–0) 0 (0–1)
3M 129 0 (0–1) 0 (0–1)

Nasal
(Extent; 0–4, 1)

1N 162 0 (0–1) 0 (0–1)

0.670 0.426 0.262
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–0) 0 (0–1)

Nasal
(Depth; 0–4, 1)

1N 162 0 (0–1) 0 (0–1)

0.869 0.421 0.254
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–0) 0 (0–1)
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Table 5. Cont.

Variables (Type; Range,
Incremental Steps)

Visits with
Lens *

Number of
Samples

Mel4 Lens Control Lens Linear Mixed Model
(Median and

Range)
(Median and

Range)
Lens (Mel4
vs. Control)

Visit
Lens vs.

Visit

Nasal
(Type; 0–4, 0.5)

1N 162 0 (0–1) 0 (0–1.5)

0.586 0.386 0.342
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–0) 0 (0–1)

Temporal
(Extent; 0–4, 1)

1N 162 0 (0–1) 0 (0–1)

0.856 0.437 0.457
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–0) 0 (0–1)
3M 129 0 (0–1) 0 (0–0)

Temporal
(Depth; 0–4, 1)

1N 162 0 (0–1) 0 (0–1)

0.856 0.437 0.457
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–0) 0 (0–1)
3M 129 0 (0–1) 0 (0–0)

Temporal
(Type; 0–4, 0.5)

1N 162 0 (0–1) 0 (0–1)

0.780 0.340 0.498
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–0) 0 (0–0.5)
3M 129 0 (0–1) 0 (0–0)

Superior
(Extent; 0–4, 1)

1N 162 0 (0–0) 0 (0–1)

0.368 0.242 0.362
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–1) 0 (0–1)

Superior
(Depth; 0–4, 1)

1N 162 0 (0–0) 0 (0–1)

0.368 0.242 0.362
2W 153 0 (0–1) 0 (0–1)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–1) 0 (0–1)

Superior
(Type; 0–4, 0.5)

1N 162 0 (0–0) 0 (0–1)

0.649 0.151 0.258
2W 153 0 (0–1) 0 (0–0.5)
1M 144 0 (0–1) 0 (0–1.5)
3M 129 0 (0–1) 0 (0–1)

Inferior
(Extent; 0–4, 1)

1N 162 0 (0–1) 0 (0–1)

0.119 0.238 0.337
2W 153 0 (0–1) 0 (0–2)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–2) 0 (0–2)

Inferior
(Depth; 0–4, 1)

1N 162 0 (0–1) 0 (0–1)

0.119 0.238 0.337
2W 153 0 (0–1) 0 (0–2)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–2) 0 (0–2)

Inferior
(Type; 0–4, 0.5)

1N 162 0 (0–1) 0 (0–1)

0.119 0.238 0.337
2W 153 0 (0–1) 0 (0–2)
1M 144 0 (0–1) 0 (0–2)
3M 129 0 (0–2) 0 (0–2)

* 1N = 1 night of lens wear, 2W = 2 weeks of lens wear, 1M = 1 month on lens wear, 3M = 3 months of lens wear.

2.6. Subjective Ratings

The subjective ratings of the comfort at each visit are presented in Table 6. There
was no significant difference (p > 0.1) in the subjective ratings of overall comfort, dryness
or lens edge awareness between Mel4- and control-lens-wearing eyes. Overall comfort
significantly (p = 0.001) decreased for both lens types from the 1N to the 3M visits, dropping
by 3–4 points, as did overall dryness (p = 0.001) which increased by 5 points.
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Table 6. Ocular comfort responses during contact lens wear.

Variables (Range,
Incremental Steps)

Visits with
Lens *

Number of
Samples

Mel4 Lens Control Lens Linear Mixed Model

(Mean ± SD) (Mean ± SD)
Lens (Mel4
vs. Control)

Visit
Lens vs.

Visit

Overall comfort
(1–100, 1)

1N 167 92 ± 8 92 ± 8

0.770 0.001 0.556
2W 153 91 ± 7 91 ± 8
1M 144 90 ± 7 91 ± 9
3M 129 88 ± 8 89 ± 7

Overall dryness
(1–100, 1)

1N 167 8 ± 5 8 ± 5

0.789 0.001 0.742
2W 153 11 ± 11 11 ± 11
1M 144 11 ± 11 12 ± 12
3M 129 13 ± 11 13 ± 11

Edge awareness
(0–10, 1)

1N 165 1 (1–2) 1 (1–2)

0.135 0.077 0.969
2W 153 1 (1–4) 1 (1–5)
1M 144 1 (1–3) 1 (1–3)
3M 128 1 (1–3) 1 (1–3)

Lens awareness
(0–10, 1)

1N 165 1 (1–2) 1 (1–2)

0.139 0.471 0.858
2W 153 1 (1–4) 1 (1–4)
1M 144 1 (1–3) 1 (1–3)
3M 128 1 (1–3) 1 (1–3)

* 1N = 1 night of lens wear, 2W = 2 weeks of lens wear, 1M = 1 month on lens wear, 3M = 3 months of lens wear.

All subjects were asked to score the modified CLDEQ-8 questionnaires at the one-
month and three-month visit. One hundred and thirty-nine subjects scored the question-
naires at the first month’s visit and 126 subjects scored the questionnaires at the three-month
visit. There were no significant differences in CLDEQ-8 scores between Mel4- and control-
lens-wearing eyes at either the one- (p = 0.5) or three-month visit (p = 0.9) (Figure 1).

Figure 1. Comfort of contact lenses during wear measured with the modified CLDEQ-8.

2.7. Ocular Responses One Month after Cessation of Lens Wear

The ocular responses at the four-month visit, i.e., one month after cessation of lens
wear, are provided in Supplementary Table S2. There were no statistical differences between
the Mel4-lens-wearing eyes and the control-lens-wearing eyes for any of the clinical or
subjective variables. There were some small but significant differences between the study
visits for conjunctival bulbar, limbal and palpebral redness (p = 0.001), which had increased
by 0.1 to 0.2 units, and palpebral roughness (p = 0.001), which had increased by 0.1 unit.
There was also a very small but significant change in inferior corneal staining (extent,
depth and type; p ≤ 0.016), which had increased by less than a unit interval. Overall,
ocular comfort was slightly but significantly (p = 0.001) decreased at the four-month visit
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by 3 units. As each of these differences were not different between lenses and there were
no lens/visit interactions in the statistical analyses, these changes were likely the result of
lens wear rather than the result of wearing either Mel4-coated or control lenses.

2.8. Ocular Responses of Participants Who Dropped out of Lens Wear during the Study Compared
to Those Who Completed the Study

The ocular and subjective responses of the participants who dropped out of lens wear
during the study compared to those who completed the study at different study visits are
provided in Supplementary Table S3. The responses collected from four participants at
the 1N visit that had dropped out by the 2W visit were compared to the participants who
remained wearing lenses at the 2W visit (153). Similarly, two participants at the 2W visit
that had dropped out by the 1M visit and their responses were compared to the participants
who remained wearing lenses at the 1M visit (144), and two participants at the 1M visit that
had dropped out by the 3M visit were compared to the participants who remained wearing
lenses at the 3M visit (129). There were no clinical differences in ocular and subjective
responses between dropouts and those who remained in Mel4 or control lenses. The lens
surface characteristics and lens fit characteristics of the participants who dropped out of
lens wearing during the study compared to those who completed the study at different
study visits are provided in Supplementary Table S4. There were no clinical differences
in lens surface characteristics and lens fit characteristics between dropouts and those who
remained in Mel4 or control lenses.

3. Discussion

This study investigated the biocompatibility and comfort of Mel4-coated contact lenses
in a human, three-month, extended wear clinical trial. Overall, in comparison to the eyes
wearing control, uncoated, etafilcon A lenses, Mel4-coated lenses had no worse effect on the
biocompatibility and comfort during lens wear than the uncoated lenses. This indicates that
Mel4-coated lenses are not prone to forming more deposits, wet as well as control lenses,
do not affect lens parameters that could influence centration, movement or tightness and
do not induce inflammation as measured by changes in redness or conjunctival or corneal
staining or comfort during lens wear. This is in agreement with a one-week study of daily
wear with Mel4-coated lenses [13] and is similar to results reported for other antimicrobial
lenses that had been made using a fimbrolide [4] or another cationic, antimicrobial peptide
(a forerunner of Mel4), melimine [10]. Wearing Mel4-coated contact lenses over a three-
month period did not result in any delayed ocular reactions as the data from the 4M visit,
at which time the participants had been not wearing Mel4-coated lenses for one month
(but had returned to their habitual method for correcting their refractive error), were not
different between the Mel4- or control-lens-wearing eyes.

This study found no significant fluorescein staining (extent, depth and type) of the
cornea following lens wear of Mel4-coated lenses, which is similar to the study on Mel4-
coated lenses worn on a daily-wear basis for a week [13] and fimbrolide-coated lenses after
20 to 22 h of lens wear [4]. However, this does contrast with a study of melimine-coated
contact lenses which were associated with corneal staining [10]. The current study confirms
that the change in amino acid sequence between melimine (TLISWIKNKRKQRPRVSR-
RRRRRGGRRRR) and Mel4 (KNKRKRRRRRRGGRRRR) eliminated the corneal punctate
staining that occurred with melimine-coated lenses. The change from melimine to Mel4
removed several amino acids. Tryptophan (W) is present in the amino acid sequence of
melimine at position five. Also present in melimine, are other hydrophobic amino acids
such as isoleucine (I, two residues at positions 3 and 6), glycine (G, two residues at posi-
tions 24 and 25), valine (V, one residue at position 16), leucine (L, one residue at position 2)
and proline (P, one residue at position 14). None of these amino acids are in Mel4. It is
possible that one or more of these might have been involved in interactions with human
corneal cells. The amino acid tryptophan (W) is often present in proteins that reside within
membranes [17,18] which indicates its potential to interact with membranes. Additionally,
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tryptophan in arginine-rich peptides facilitates the translocation of these peptides through
membranes [19].

Similar to melimine coating [7], the Mel4 coating (22.7◦ ± 5.0) has previously been
shown to significantly improve the wettability of etafilcon A lenses (69.3◦ ± 14.6) when
measured using the advancing contact angle technique in the laboratory [13]. This reinforces
previous findings that wettability measured in the laboratory does not translate to improved
comfort responses [20] as there was no difference in comfort between Mel4-coated and
control lenses. Fimbrolide-coated lenses [4] have been associated with increased dryness,
lens edge and lens awareness and were slightly less comfortable to wear. In the current
study, also there was no significant difference in dryness, lens edge and lens awareness
between Mel4-coated and control lenses, similar to the study of Mel4-coated lenses [13]
used on a daily-wear basis for a week or melimine-coated lenses [10] when worn for a
day. The reason for the improved comfort response with Mel4-coated lenses compared to
fimbrolide lenses may be due to the different antimicrobial compounds themselves, the
different chemistries used to attach fimbrolide and Mel4 to lenses or the different lenses
used (hydrogel etafilcon A vs. silicone hydrogel lotrafilcon A).

To understand whether dropout from this clinical trial at any stage was associated
with differences in the ocular surface or lens characteristics of the people who dropped
out compared to those that completed the trial, variables of those who dropped out were
compared to those who remained in the trial at each visit and at the final 3-month visit. This
demonstrated that the people who dropped out did not have any significant differences
in ocular surface responses, lens characteristics or comfort. This further reinforces the
biocompatibility of Mel4 during lens wear.

4. Materials and Methods

4.1. Study Design and Participants

The study design, inclusion and exclusion criteria were identical to a previous study [16].
Briefly, a total of 176 participants who met the inclusion/exclusion criteria were dispensed
with study lenses. Participants were randomly assigned to wear a Mel4 antimicrobial
contact lens (MACL) in one eye and a control lens (uncoated etafilcon A) in the contralateral
eye. All the participants were instructed to replace lenses every two weeks during three
months of extended wear. To reduce the possibility of participants mixing right- and
left-eye lenses, the right-eye and left-eye lens vials were affixed with green and white labels,
respectively. If the participants needed to remove their lenses temporarily, they were given
Biotrue contact lens care solution (Bausch and Lomb, Rochester, NY, USA) and a case only
for temporary storage.

4.2. Production and Quantification of Mel4 Peptide Attached to Contact Lenses

Etafilcon A contact lenses (Acuvue2®, Johnson and Johnson Vision Care Inc., Jack-
sonville, FL, USA) were used for this study. Mel4 peptide (amino acid sequence: KNKRKR-
RRRRRGGRRRR; American Peptide Company, Sunnyvale, CA, USA) was synthesised by
conventional solid-phase peptide synthesis with >95% purity. The procedure for cova-
lently attaching Mel4 to contact lenses has been reported elsewhere [10,13,16]. Control,
uncoated (etafilcon A) lenses were removed from their packs, washed and autoclaved prior
to use. Mel4-coated lenses for the clinical trial were produced in different batches. After
the production of each batch and prior to the lens dispensing visit, two Mel4-coated lenses
from each batch were assessed by amino acid analysis to confirm the presence and amount
of peptide on to the lens surface [12,13,21]. The sum of all the amino acids derived from
each contact lens was regarded as the total amount of peptide attachment to a contact lens.
Similarly, two Mel4-coated and control lenses from each batch were assessed for adhesion
of P. aeruginosa (ATCC 27853) and S. aureus (L2260/15). The bacterial adhesion protocol has
been reported previously [7,12].
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4.3. Clinical Procedures

A total of seven visits were undertaken; baseline (visit 1), lens dispensing (visit 2),
after one night (visit 3), 2 weeks, (visit 4), 1 month (visit 5) and 3 months of lens wear (visit
6), followed by a 1-month follow-up visit after study lens discontinuation (visit 7). The
seventh follow-up visit at the end of 3 months’ extended wear included no assigned contact
lens wear, and the subjects were free to wear their glasses if desired to test for any delayed
responses to the investigational product. At each scheduled visit, the ocular characteristics
and subjective responses of each participant were assessed. Slit-lamp biomicroscopy was
performed for anterior eye assessment including contact lens fit, lens surface characteristics,
ocular redness (bulbar, limbal and palpebral), palpebral roughness, conjunctival and corneal
staining. Contact lens fitting (assessed using the push-up test) and contact lens deposits
during wear were measured according to previously described methods [22,23] All of the
clinical grading was conducted using the Cornea and Contact Lens Research Unit grading
scales [24] (0 to 4 units) interpolated into 0.1 increments, except for corneal staining which
was graded in 1.0 steps for extent and depth and 0.5 steps for type. Concordance training
for the optometrists was conducted before study commencement, and concordance was
measured every 6 months during the study. All optometrists were allowed to examine study
participants if they scored more than 70% concordance for each grading scale, and they were
retrained if concordance dropped below this level. All optometrists were masked to which
eye of each participant was wearing which contact lenses. The CLDEQ-8 questionnaire was
modified for monocular lens wear (see Supplementary Table S1).

4.4. Statistical Analysis

Data were analysed using Microsoft® Office Excel®, Graph Pad Prism 7.02 (Graph
Pad Software Inc., San Diego, CA, USA) and IBM SPSS (Package for the Social Sciences
software) for Windows software v24.0 (SPSS, Inc., Chicago, IL, USA). According to central
limit theorem, [25] this study, with its large sample collection of ordinal variables, can be
assumed to have a normal distribution; thus, the means of the variables were reported
with standard deviation. Non-ordinal variables were described as median and range. The
comparisons of clinical and lens variables at each visit between Mel4- and control-lens-
wearing eyes were examined using linear mixed models (LMM). As some subjects dropped
out of lens wear during the study and there were some other cases of missing data, the
sample size varied among the study visits and so LMM analyses were conducted. Post
hoc t-tests with Bonferroni correction were used to assess significant changes over time
and between both lens-wear types. For the subjects who dropped out of the study, where
data had been collected, this was compared to the subjects who remained in the study
to determine whether changes to ocular surface physiology or comfort during wear may
have influenced the decision to drop out of the study. For all tests, the level of statistical
significance was maintained at p < 0.05.

5. Conclusions

In conclusion, wearing Mel4-coated contact lenses did not affect the ocular responses,
contact lens deposition or other characteristics or comfort during lens wear. These data,
combined with the fact that the Mel4-coated lenses did not affect the normal ocular micro-
biota during wear [16] and could reduce the number of corneal infiltrative events during
extended contact lens wear [15], indicate that Mel4 coatings are biocompatible and useful
to control microbially-driven adverse events.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11010058/s1, Table S1: Modified CLDEQ-8 questionnaire
for monocular lens wear, Table S2: Ocular and subjective responses at baseline visit prior to lens
wear and at the 4M study visit, one month after cessation of contact lens wear, Table S3: Ocular and
subjective responses at dropouts and completed visits, Table S4: Lens surface characteristics and fit
characteristics of Mel4 and control contact lenses at dropouts and completed visits.
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