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Pseudomonas aeruginosa and microbial keratitis
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Abstract

Pseudomonas aeruginosa, a versatile Gram-negative pathogen that can cause a wide range of infections, is the most common
causative agent in cases of bacterial keratitis associated with contact-lens use. Corneal infections with P aeruginosa often have
poor clinical outcomes and can result in long and costly treatments. During the infection process, the pathogen exploits its large
genome, encoding complex regulatory networks and a wide range of virulence factors, including motility and the secretion of
various proteases and toxins. Although antibiotic resistance levels in the UK are low, higher levels have been seen in some other
countries. In the face of increasing antibiotic resistance, alternative therapeutic approaches such as antivirulence strategies
and phage therapy are being developed. There is increasing evidence to suggest that keratitis infections are associated with a
phylogenetic subgroup of P aeruginosa isolates carrying the gene encoding the potent cytotoxin exotoxin U, one of two mutu-
ally exclusive exotoxins secreted via the type Ill secretion system. The mechanisms behind this association are unclear, but
understanding the genetic differences that predispose P aeruginosa to cause corneal infections may allow for the development
of targeted and more effective future treatments to reduce the morbidity of P aeruginosa keratitis. In order to minimize the risk
of severe P aeruginosa eye infections, a wide range of contact-lens disinfection solutions are available. Constant exposure to
biocides at a range of concentrations, from sub-inhibitory to inhibitory, could contribute to the development of resistance to

both antibiotics and disinfectants.

MICROBIAL KERATITIS

Keratitis is an ophthalmological disease in which the cornea
becomes inflamed and it can result in partial or total loss of
vision in severe cases. The disease can result from microbial
infection (e.g. bacteria, fungi, viruses or protozoans) or from
non-infectious damage, such as that caused by eye trauma
or exposure to chemicals or ultraviolet light [1]. Microbial
keratitis, however, usually involves ulceration of the cornea
with subsequent neovascularization, scarring and loss of
vision. The aetiology and occurrence of microbial keratitis
varies geographically, depending largely on climate and
level of industrialization. After cataracts, bacterial keratitis
is the second-largest cause of legal blindness worldwide [2].
Keratitis also incurs significant annual costs to healthcare
providers around the world. Data from the USA estimated
that 988 000 visits were made to doctors’ surgeries, outpa-
tient clinics and hospital emergency departments in 2010
for keratitis and contact-lens-related illnesses. In total,
these visits were estimated to cost $174.9 million and over

250 000 h of clinician time [1]. Quantification of the costs
incurred by admission and treatment of keratitis patients by
the National Health Service (NHS) in the UK was carried out
over a period of 12 months (January-December 2013) using
data collected from 101 patients with microbial keratitis
attending a tertiary referral centre. The total calculated cost
of admission for all patients was £382 473, with the total
income generated calculated as £267 028, giving a deficit of
£115445 per annum for this centre alone [3]. Length of stay
was determined to be the most critical factor in increasing
the cost deficit, with surgical intervention also driving up
the cost of care.

In cases of bacterial keratitis, the most common causative
agents are Staphylococcus aureus, Pseudomonas aeruginosa,
coagulase negative Staphylococcus, Streptococcus spp. and
Enterobacteriaceae [4]. In cases associated with contact-lens
use P, aeruginosa is consistently the most commonly isolated
microbe from corneal scrapings [5-7].
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Contact-lens-associated microbial keratitis

For more than 30years, the use of contact lenses has been
acknowledged as a predisposing factor in the development of
microbial keratitis [8], with the use of contact lenses increasing
at an annual rate of 5-15% [9]. The contribution of individual
factors, however, including lens material, duration of use,
cleaning and hygiene, and lens quality must also be taken
into consideration. Most recent figures estimate worldwide
contact-lens use at 140 million patients, with 10-12% of the
population in the USA and UK using contact lenses regularly
for vision correction [9]. Annually, contact-lens-associated
microbial keratitis is estimated to affect 1 in 2500 ‘daily use’
patients and 1 in 500 ‘overnight use’ patients [10-13]. Whilst
it is not the only causative agent of bacterial keratitis associ-
ated with contact-lens use, P. aeruginosa is responsible for the
majority of corneal ulcers associated with lens wear [8, 14].

P. AERUGINOSA

P aeruginosa is a versatile Gram-negative bacterium that can
occupy a wide range of environmental niches but also acts
as an opportunistic pathogen, causing numerous different
kinds of infection [15]. P, aeruginosa is an important pathogen
in worldwide healthcare and is included in the ESKAPE
pathogen group commonly associated with concerning
increases in antimicrobial resistance (AMR) [16]. It has also
recently been identified by the World Health Organization as
one of the top three priority 1 pathogens urgently requiring
development of new antibiotics for effective treatment of
infection [17]. P. aeruginosa is responsible for approximately
10% of nosocomial infections in the European Union [18]. It
frequently causes infections in severely immunocompromised
individuals (such as cancer patients) or neonates, people
with severe burns or wounds, patients subjected to invasive
procedures (such as the use of catheters or ventilators) or
individuals with debilitating disorders such as cystic fibrosis.
It is also the leading cause of sight-threatening corneal disease
in otherwise healthy patients who use contact lenses [19, 20].
The versatility of P. aeruginosa and its ability to cause a wide
range of human diseases is attributed to its large genome [21],
which confers metabolic flexibility and adaptability.

Variation in the pathogenicity of P. aeruginosa is driven
largely by diversity among the global population. Not only is
the P. aeruginosa genome large (generally >6 Mbp), but it is
composed of a core genome of well-conserved genes carried
by all strains interspersed with regions of genomic plasticity
(RGP) at specific sites on the genome, which contain acces-
sory genes [22]. These accessory genome regions can vary
significantly between strains and contribute to pathogenicity.
A recent study using a dataset from 1311 strains reported
a pangenome (total genomic content of the population)
of 54272 genes, with only 665 representing the strict core
genome (present in all strains). However, 26420 of these
genes were assigned to the ‘flexible genome’ (present in some
strains but not others), with 27187 being unique (present in
only one strain) [23]. The P. aeruginosa genome has a high
G+C content (approximately 67%), with genes acquired from

other species, often found as part of the accessory genome,
having a notably lower G+C content. Phylogenetic analyses
based on the core genomes of P. aeruginosa isolates has shown
that the vast majority of isolates can be sub-divided into two
major phylogenetic subgroups: group 1, which includes the
commonly studied strains PAO1, LESB58 and DK2; and
group 2, which includes strain PA14 [23].

P. aeruginosa virulence factors

Despite its status as an opportunistic pathogen that rarely
causes infections in healthy individuals, P. aeruginosa genomes
carry a multitude of virulence factors (Table 1) controlled by
complex regulatory circuits [24] that are capable of acting in a
combinatorial fashion to colonize and injure host tissue [25].

The vast and complicated global regulatory systems employed
by P. aeruginosa play an important role in regulating viru-
lence during infection. Quorum-sensing (QS) systems have
been shown to play a role in regulating the production of
numerous virulence factors, including pyocyanin, hydrogen
cyanide, elastases A and B, and alkaline protease [24]. P.
aeruginosa utilizes four distinct QS systems in order to
regulate gene expression [26]. Two acylhomoserine lactone
(AHL) systems, las and rhl, rely on feedback loops mediated
by N-(3-oxododecanoyl)-homoserine lactone (30-C12-HSL)
and N-butyrylhomoserine lactone (C4-HSL), respectively.
The quinolone-mediated PQS system relies on the compound
2-heptyl-3-hydroxy-4-quinolone. The IQS system is capable
of integrating stress cues from the environment with the QS
network via secretion and uptake of the molecule 2-(2-hyd
roxyphenyl)-thiazole-4-carbaldehyde [27]. Genes regulated
by AHL QS systems respond with varying specificity to
30-C12-HSL and C4-HSL, with some responding equally
well to both signals. The genes regulated by las and rhl make
up a large portion of the average P. aeruginosa genome
(~10%) [28]. There is evidence that both the PQS and IQS
systems interact with the AHL QS systems to form a complex
and multi-layered signalling system that regulates virulence
factors in P. aeruginosa [27].

Generally, P. aeruginosa isolates can be sorted into two groups
(pathotypes) based on mode of toxicity via secreted toxins
of the type III secretion system (T3SS); those which secrete
exotoxin S (ExoS) and act to cause invasive infections, and
those which secrete exotoxin U (ExoU) and cause acute cyto-
toxicity in host cells [29]. For the most part, those genomes
encoding exoS fall into phylogenetic group 1 and those
encoding exoU are in phylogenetic group 2. Most isolates have
a copy of only one of these two genes although presence of
the gene does not guarantee secretion in vitro [30]. Strains of
P, aeruginosa carrying both or neither of the exoS and exoU
genes are far less common than those containing one or the
other and are often considered atypical [31].

ExoS acts with dual functional enzymatic activity to affect
two host Ras-related GTP binding proteins. Host cell Ras
is inactivated through ADP ribosylation, whilst GTPase
activating protein (GAP) activity at the N-terminus of ExoS
inactivates Rho proteins [32]. Meanwhile, ExoU has acute
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Table 1. Important P aeruginosa virulence factors and their role in pathogenicity

Virulence factor

Secretion system

Host target

Role in pathogenicity

Alginate

Alkaline protease

Elastase A
(LasA)

Elastase B
(LasB)

ExoA

ExoS

ExoT

ExoU

ExoY

Flagella

Hydrogen
cyanide

Nucleoside
diphosphate
kinase (NDK)

Phospholipase C

Protease IV

P. aeruginosa
small protease
(PASP)

Pyocyanin

Typel

Type IT

Type I

Type IT

Type IIT

Type III

Type III

Type III

Typel

Type I

Type II

Type I

Complement proteins

Matrix proteins

Matrix proteins

Cell structure

Cell structure

Cell structure

Cell structure

Cell structure

Cell surface

Mitochondria

Macrophages

Cell membranes

Complement proteins

Structural proteins

Widespread toxicity

Extracellular polysaccharide. Overproduced in mucoid strains often isolated from chronic
pulmonary infections. Participates in the production of biofilms. Treatment with imipenem
has been shown to induce expression of alginate and leads to thickening of biofilms [89].
Other polysaccharides (Pel and Psl) can also contribute to biofilm formation [90].

50.4kDa zinc-dependent metalloprotease. Type I secretion of alkaline protease requires the
products of aprD, aprE and aprF. aprl is believed to cause intracellular alkaline protease
inhibition in order to avoid intracellular toxicity [91].

20kDa metallopeptidase, also known as staphylolysin is secreted as a proenzyme before
becoming activated extracellularly. LasA acts with restricted specificity, predominantly at
glycine-glycine peptide bonds, but also increases the elastinolytic activity of LasB [92].

33kDa zinc-metalloprotease derived from lasB-encoded 52 kDa precursor protein, which
undergoes autocatalytic cleavage. The 18 kDa propeptide remains associated with the
mature protease to prevent premature proteolytic activity of the enzyme whilst in the cell’s
periplasm [91].

66kDa protein member of the AB toxin family formed of two domains. Domain A
providies enzymatic activity and domain B acts as a cell binding subunit. In host cell
cytosol, elongation factor 2 undergoes catalytic ADP-ribosylation by ExoA which inhibits
protein synthesis and induces apoptosis [93].

49kDa bi-functional cytotoxin. The N-terminal encodes a RhoGAP domain and the C-
terminal an ADP-ribosylation domain [94].

Bifunctional toxin. GTP-ase activating protein activity and ADP ribosyl transferase activity.
Ribosylates CT10 regulator of kinase (CRK) I and CRKII adaptor proteins [95].

74kDa hydrophilic protein with broad-range lipase activity. Injected into the host cell via
T3SS leads to rapid damage to the cell membrane and organelles with cell lysis [33].

Secreted adenyl cyclase. Increases concentration of intracellular cAMP in host cells, with
disruption of actin cytoskeleton and increased endothelial permeability [95].

Major surface adhesion. Elicits strong NFkB-mediated inflammatory response via
signalling through toll-like receptor (TLR) 5 and a caspase-1-mediated response through
Nod-like receptor, Ipaf. Provides bacterium with swimming motility in liquid [96].

Effects of hydrogen cyanide (HCN) on host cells varies depending on cell type and
oxidative stress; leading to either apoptosis or necrosis. HCN acts to increase generation of
cellular reactive oxygen species in host cells. HCN is produced from glycine in a reaction
catalysed by HCN synthase under low oxygen conditions [97].

Catalyses the exchange of phosphate groups between nucleoside diphosphates. NDK
induces expression of IL-1a and IL-1p in combination with signals initiated by bacterial
flagellin [98].

Haemolytic phospholipase C cause vascular permeability, end organ damage, and death
when administered to mice in high doses. Production is induced by phosphate starvation
and may act in phosphate-scavenging pathways in Gram-negative infections in humans in
which circulating phosphate levels are sub-optimal for bacterial growth [99].

Lysine-specific endoprotease. Protease IV is capable of inactivating a range of host defences
including fibrinogen, plasminogen, immunoglobulin G, and complement proteinso

Clq and C3[100]. Initially protease IV is expressed in the cytoplasm as a 48 kDa pre-
proenzyme, then cleaved to a 45kDa proenzyme, and finally cleaved to a 26kDa mature
protease upon secretion. Transcription of the piv gene which encodes protease IV is
strongly induced by quorum sensing [101].

18.5kDa protein capable of cleaving type I and IV collagens. Exists in an inactive form in
the cytoplasm and periplasm but becomes active after secretion. PASP has been shown to
induce PMN migration in the corneal stroma [42].

Redox-active phenazine inhibits host cell respiration, ciliary function, and epidermal
growth; disrupts calcium homeostasis and induces apoptosis in neutrophils. Production
is partly controlled by oxidative stress response regulator, OxyR and is thought to play a
protective role against phagocytic cells [102].

Continued
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Table 1. Continued

Virulence factor Secretion system Host target

Role in pathogenicity

Pyoverdine Cellular iron
Rhamnolipid
T3SS Cell surface
translocation
apparatus
[95].
Type IV pili Cell surface

Siderphore. Little free iron is available in the host environment so pyoverdine acts to
sequester iron from host depots [103]. Iron-bound pyoverdine acts as a signalling molecule
and interacts with Pseudomonas cell receptor FpvA, causing upregulation of exotoxin A,
endoprotease and pyoverdine itself [104].

Surfactant. Participates in the maintenance of uninhabited channels surrounding biofilm
communities which serve to provide nutrients and oxygen to the colonies of bacteria [105].
Biofilms can form on implants and on dead or living tissue and are inherently difficult

to eradicate with antibiotics due to the inability of antibiotic molecules to penetrate the
extracellular matrix.

P. aeruginosa utilizes three proteins for translocation; PopB, PopD and PcrV. All three
proteins are required for pore formation but PopB also plays a role in P. aeruginosa
pathogenicity independently from effector proteins. PcrV is located at the end of the T3SS
needle complex and acts as a platform for PopB and PopD to form the translocation pore

Major surface adhesion molecules providing twitching motility over moist surfaces. Signal
transduction mechanism requires attachment of type IV pili to solid surface, retraction of
pilus, and signal transduction through the Chp chemo-sensory system (activates cAMP

production and transcription of hundreds of genes, including key virulence factors) [106].

cytolytic activity, which involves targeting of the host cell
membrane via phospholipase [33]. Lysis mediated by ExoU is
rapid and has been shown to affect mammalian macrophages,
epithelial cells and fibroblasts in vitro [34-37]. In a previous
study utilizing a small panel of isolates it was concluded
that there was no significant association between carriage
of either exoS or exoU and isolates collected from keratitis
cases [38]. However, in later studies it has been shown that
a higher proportion of keratitis infections are caused by
isolates carrying the exoU gene encoding cytotoxic ExoU,
when compared to other kinds of infections [39-41]. In the
large-scale Steroids for Corneal Ulcers Trial (SCUT) there was
shown to be a significant difference in mean infiltrate/scar
sizes between patients infected with invasive (4.66 mm) and
cytotoxic (3.61 mm) P. aeruginosa. Further analysis of patients
in the trial also showed differences in clinical outcomes
3 months after treatment; patients infected with genotypically
invasive strains (exoS-positive) were shown to present with
better visual acuity than those patients infected with cyto-
toxic strains (exoU-positive) but showed less improvement
in visual acuity at 3months. The trial's main purpose was
to investigate the potential clinical use of adjunctive topical
corticosteroids for the treatment of bacterial keratitis. Further
investigation revealed that the corticosteroid treatment had
differential effects on ulcers caused by cytotoxic and invasive
P aeruginosa [31].

Alongside exotoxins, P. aeruginosa produces a range of
proteases (Table 1), which cause damage to host cells and
aid in immune evasion. Protease IV and P. aeruginosa small
protease (PASP) have been shown to be present and well
conserved in the genomes of several isolates from varying
clinical sources, with PASP also being identified as a keratitis-
associated virulence factor [42-44].

A study of P. aeruginosa strains isolated from cases of keratitis
infections in the UK, identified the dominant serotypes as O1

and Ol1 in addition to common genetic features that may
confer an advantage to P. aeruginosa during an ocular infec-
tion [39]. There has been shown to be a significant correlation
between serotype O11 and carriage of the exoU gene (Table 1)
[30, 39, 45]. Twitching motility, attributed to the type IV pili
(Table 1), is implicated in corneal virulence; mutants of P
aeruginosa that do not exhibit twitching motility have been
shown to have a reduced ability to colonize the cornea of
mice vs. strains with unaffected twitching motility [46]. In
a further study of UK keratitis P. aeruginosa, a large number
of isolates were shown to carry an uncommon group II pilA
gene, suggesting that carriage of particular alleles of pilA
may be advantageous during keratitis infections [40]. Some
of these and other virulence factors have been associated with
poorer clinical outcomes in patients [47].

P. aeruginosa keratitis — host response

Corneal infection caused by P. aeruginosa has been shown
to be associated with significantly worse visual acuities than
infection with other bacterial pathogens [48]. A major hall-
mark of P. aeruginosa keratitis is presentation of a ring abscess
(Fig. 1), in which a ring-shaped accumulation of polymor-
phonuclear neutrophils (PMN) surround the central lesion;
serrated and satellite lesions are also associated with P, aerugi-
nosa keratitis, although the former can appear at first glance to
be as a result of a fungal infection [47]. Much of the damage
caused to the eye during microbial keratitis is due to the
overstimulation of the host immune system by foreign cells
in the eye. The cornea exhibits a certain amount of immune
privilege; there must still be a system in place by which
the eye can detect and defend against potentially harmful
microbes. In the cornea, macrophages and dendritic cells play
an important role in initiating the innate immune response.
The expression of pattern recognition receptors (PRRs),
such as toll-like receptors (TLRs) and NOD-like receptors
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Fig. 1. P aeruginosa keratitis. Note ring shaped abscess and hypopyon
(presence of inflammatory cells in the anterior chamber of the eye).

(nucleotide-binding oligomerization domains; NLRs), allows
host recognition of conserved pathogen structures known
as pathogen-associated molecular patterns (PAMPs). Activa-
tion of PRRs results in production of a cascade of inflamma-
tory cytokines such as IL-1, IL-6 and IL-8 via NF-kB [49].
TLR4 and TLR5 on macrophages recognize the flagellin
and lipopolysaccharide (LPS) of P. aeruginosa and initiate a
myeloid differentiation primary response gene 88 (MyD88)
mediated pro-inflammatory pathway [50]. Pre-treatment
with flagellin has been shown to act protectively in mouse
models of keratitis infection by dampening the upregulation
of IL-24, which suppresses early mucosal immune responses
and leads to increased disease severity [51]. Stimulation of the
immune inflammatory response leads to corneal damage and
subsequent scarring and vision loss. Prolonged recruitment
of PMN and other white blood cells [52] is associated with
corneal scarring and there is evidence in mice that a reduction
in the recruitment of PMN to the cornea leads to a signifi-
cant reduction in tissue damage [53]. It is unclear, however,
whether a reduction in the PMN response is associated with
greater tissue invasion and pathogen retention in the cornea.

As well as the initial inflammatory cascade, there are several
factors protecting the eye as an integral part of the innate immune
system. These include chemical compounds, which are always
present in the tear fluid and aid in generalized protection from
microbial pathogens. Iron is an essential nutrient for microbes
and so lactoferrin present in the tear fluid sequesters iron away
from any potential pathogens. Peptidoglycan in the bacterial cell
wall can be cleaved by the enzyme lysozyme, and membrane
lipids present in certain bacteria can be cleaved by secretory phos-
pholipase A2(70). Other factors are also produced by cells of the
ocular surface upon detection of bacteria, including defensins,
which create holes in bacterial cell membranes, and arachidonic
acid metabolites, which can further help recruitment of white
blood cells.

Because there are limits to the understanding of molecular
and cellular reactions in the eye that can be achieved by the

study of human subjects, in vitro cell line and in vivo animal
models have been developed, albeit with limitations that
reduce their relevance to human infections. To study the
pathogenesis of contact-lens-associated microbial keratitis,
contact-lens models have been developed in mice [54], rats
[55, 56], rabbits [57] and guinea pigs [58]. The supply of
contact lenses for such models is often limited, reducing the
numbers available for experimentation. Models using larger
animals, such as rabbits, often involve surgery on the subject
to close the eyelid in order to hold the lens in place on the
eye. In models using guinea pigs it was demonstrated that
inflammatory events occurred in the eye but did not lead to
the development of microbial keratitis [54].

Membrane-localized reporters were used in the mouse
contact-lens model to investigate the cellular structural
changes that occur in the cornea as a result of extended
contact-lens use [54]. After 14days of continuous wear,
vesicles were observed in the external layers of the corneal
epithelium. Keratocytes in the stroma were shown to have an
altered morphology, with jagged edges, compared to smooth
appearance of those in the controls. The presence of highly
motile cells moving throughout the stroma was also observed
as early as 5days after the implementation of the contact
lenses. As well as the cellular morphology changes observed
following extended contact lens wear, there was also shown to
be increased neutrophil recruitment into the corneal stroma
associated with interleukin 1R (IL-1R) and MyD88 [54].
Long-term, continuous contact-lens use is a known risk factor
for complications in humans, so it is important to ascertain if
behaviours such as removing contact lenses for a short period
of time would be likely to reduce neutrophil recruitment and
thus reduce the potential for damage to be caused to the eye
by a prolonged inflammatory response.

ANTIBIOTIC RESISTANCE

Advice for the treatment of bacterial keratitis from The Royal
College of Ophthalmologists states that initial treatment
should be with a broad-spectrum antibiotic that is active
against both Gram-positive and Gram-negative bacteria
[59]. However, in recent years it has been observed that to
improve clinical outcomes a more targeted treatment is often
required [60]. It has been shown that there is a relationship
between the MIC of the antimicrobial and the healing time
of the corneal ulcer. The lower the MIC, the better the clinical
outcome [60]. Rapid identification of the likely causative
bacteria combined with clinical acumen enables selection
of the appropriate antimicrobial. Isolation of the bacteria
allows the MIC to be determined for selected and available
antibiotics. In the UK, first-line treatment is generally with a
topical fluoroquinolone such as ciprofloxacin, ofloxacin, levo-
floxacin or moxifloxacin. Prolonged use of aminoglycosides
such as gentamicin results in host cell toxicity and potential
damage to the corneal epithelium, which may prolong healing
time [59]. In cases where first-line treatment is not optimum
or fails, or if drug resistance is identified, either switching
to an alternative antibiotic or combination therapy may be
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required. In cases where combination therapy is required it is
important to ensure that additional antibiotic combinations
provide additive or synergistic effects.

P aeruginosa is considered a major global health concern due
to increasing levels of resistance to disinfectants and anti-
biotics. Multidrug-resistant (MDR) strains of P. aeruginosa
are responsible for approximately 13% of P. aeruginosa infec-
tions (n=6700) and cause more than 400 deaths in the USA
annually [61]. P. aeruginosa regularly forms biofilms during
infection, which confers drastically increased resistance to
antibiotics, even if the strains are susceptible when grown
planktonically [62]. Antibiotics that are clinically useful, such
as carbapenems, fluoroquinolones and aminoglycosides, have
been shown to effectively kill P. aeruginosa in planktonic
growth but can induce more severe biofilm production when
the bacteria are exposed at sub-inhibitory concentrations [63].
As bacteria living in a biofilm community are often exposed to
sub-inhibitory concentrations of antibiotics when treatments
are administered, this may contribute to the exacerbation of
chronic infections by increasing the robustness of existing
biofilms or encouraging the spread of the infection. Much of
the intrinsic resistance conferred to P. aeruginosa is due to
low membrane permeability and a range of multidrug eftlux
pumps, particularly the MexAB-OprM and MexXY-OprM
systems [64, 65].

In work carried out to investigate antibiotic susceptibility and
effects of treatment in keratitis isolates, antibiotic resistance
has been shown to be relatively uncommon. In 158 Pseu-
domonas spp. isolates collected from clinics in the UK, mean
MIC,, for commonly used topical antibiotics were all equal to
or lower than the systemic breakpoints (Table 2) [60]. A large-
scale review was also carried out to determine the reported
rates of resistance to those antibiotics most commonly used
in the treatment of microbial keratitis (ciprofloxacin, f-lactam
group cephalosporins and gentamicin) among bacterial
isolates from microbial keratitis cases in Australia. It showed
that rates of resistance in ocular isolates of P. aeruginosa
and S. aureus were low [66]. Higher rates of resistance have
been reported in the USA and India [66]. It is possible that
increased resistance occurs in these countries as they impose
fewer regulations on the use of antibiotics in livestock, which
may contribute to increasing incidence of antibiotic resist-
ance in bacteria in environmental reservoirs, from which it is

Table 2. Mean MIC,, values for Pseudomonas spp. isolated in the UK
from Kaye et al. [60] alongside systemic breakpoints taken from
EUCAST guidelines [107]. Breakpoint data for Pseudomonas spp. and
ofloxacin were not available in the EUCAST document

Antibiotic Breakpoint (mg1™') MIC,, (mg1)
Ceftazidime 8 2
Gentamicin 4 2
Amikacin 8 4
Ciprofloxacin 0.5 0.5
Ofloxacin Not available 1.5

believed that many of the bacteria that infect eyes are derived.
In India, there are also concerns about the availability of
antibiotics without prescription (‘over the counter’) and their
inappropriate prophylactic use, which may also contribute to
increased antibiotic resistance [66]. In general, resistance to
the most commonly used drugs in the treatment of microbial
keratitis is uncommon in both P, aeruginosa and S. aureus.

Antibiotic resistance in P. aeruginosa is often conferred by
mutations leading to, for example, up-regulation of resistance-
related genes (efflux pumps, B-lactamases) or reduced entry
(porins, such as OprD). However, mobile genetic elements
(MGEs) are often associated with MDR strains of P. aerugi-
nosa, especially in hospital settings [67]. The three most
commonly used antibiotic classes in the treatment of ocular
infections are beta-lactams, aminoglycosides and fluroqui-
nolones, and genes conferring resistance to all antibiotics
from all three of these classes have been shown to be trans-
missible by MGE between bacterial strains [67]. P. aeruginosa
isolates from keratitis infections in India were shown to have
additional resistance genes, including qacEA1, a quaternary
ammonium compound (QAC) resistance gene [68]. Earlier
research showed that MDR strains of P. aeruginosa sometimes
carry qac resistance genes but that these genes do not always
confer increased resistance to QACs, even in isolates with
increased antibiotic resistance [69].

Treatment of microbial eye infections most commonly utilizes
a combinatorial approach, with clinicians most commonly
prescribing dual therapy targeting both Gram-negative and
Gram-positive pathogens. This treatment usually consists of
a B-lactam and an aminoglycoside as a first course of action
upon the patient presenting to their health practitioner [66].
As such, the effects of combinatorial treatments against kera-
titis P. aeruginosa isolates have also been investigated. Meas-
uring the fractional inhibitory concentration (FIC) allowed
classification of combinations of antibiotics as synergistic,
additive or antagonistic. No consistent antagonistic effects
were found, and the only synergistic effect was detected during
combinatorial treatment with meropenem and ciprofloxacin.
This is in comparison to treatment of S. aureus isolates, for
which synergistic or additive effects were demonstrated for
four combinations of antibiotics in 60-80% of isolates [70].

Resistance to disinfectants and preservatives

Patient hygiene and compliance also plays a major role in
the development of contact-lens-associated keratitis infec-
tions, and the importance of effective cleaning solutions for
non-daily contact lenses cannot be understated. There are a
wide range of commercially available contact lens disinfecting
solutions, both branded and generic, that utilize different
active ingredients (Table 3) in order to prevent microbial
contamination of contact lenses.

QAC:s are among the most commonly used active ingredi-
ents in contact-lens disinfecting solutions, primarily chosen
for their effectiveness and ease of use, but are also used in a
range of household products including shampoo, sun creams
and lotions, make-up remover and hand sanitizer [71].
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Table 3. Commonly used, commercially available contact-lens
disinfecting solutions and their active antimicrobial ingredients.
Ingredients and information sourced from work by Lin et al. [76] and
Johnston et al. [108]. All ingredient concentrations listed refer to % (v/v)

Disinfecting Active ingredients
solution
Boston Simplus Chlorhexidine gluconate (0.003%), * 4+
(Bausch and Lomb)  polyaminopropyl biguanide

(0.0005%)
Boston Advance Chlorhexidine gluconate (0.003%) *
(Bausch and Lomb)  Polyaminopropyl biguanide

(0.0005%)

Ethylenediaminetetraacetic acid

(0.05%)
Opti-Free GP Polyquarternium-1 (0.0011%) *
(Alcon) Ethylenediaminetetraacetic acid

(0.01%)
Opti-Free Propylene glycol +
RepleniSH (Alcon) Polyquarternium-1 (0.001%)

Aldox (0.0005%)
Menicare GP Benzyl alcohol (0.3%) *
(Menicon) Ethylenediaminetetraacetic acid

(0.5%)
Lobob (Lobob Benzyl alcohol (0.25%) *
Labs) Benzalkonium chloride (0.01%)
AQuify (Ciba Polyhexanide (0.0001%) +
Vision)

*solutions used by Lin et al. [76].
+solutions used by Johnston et al. [108].

Traditionally, disinfection of contact lenses used hydrogen
peroxide-based solutions that required two steps to be carried
out by the user: disinfection using hydrogen peroxide, followed
by neutralization of the active ingredient with a separate solu-
tion before applying the contact lens. Multipurpose ‘no rinse’
solutions (Table 3) have become increasingly popular with
consumers due to ease of use. Many contact-lens practitioners
and opticians tend to recommend solutions that are easier
to use to maximize user compliance and therefore reduce
the chance of infections and other contact-lens-associated
complications. The method of use for no rinse multipurpose
solutions, many of which are also ‘no rub’ (i.e. the contact
lens does not need to be rubbed between the fingers in order
to ensure removal of any possible attached microbes), means
that micro-organisms, bacteria in particular, may be exposed
to sub-inhibitory concentrations of the active ingredient
for an extended period of time. This allows for selection of
those remaining bacteria with increased MIC values and
an increased likelihood of development of resistance to the
disinfectant. Similarly it has also been shown that use of
QACs can lead to increased fixation of novel genetic elements,
which can lead to the acquisition and spread of resistance to
antibiotics [72]. The gac family of genes (qacC, qacG, qacH
and gac]), named for their role in resistance to QACs, are
found across several bacterial genera and have been shown
to play a role in resistance to a range of cationic compounds,
including intercalating dyes, diamidines and biguanides

[73-75]. The proteins encoded by the gac genes are involved
in low-specificity multidrug efflux pumps [75].

The antibacterial activities of five major multipurpose contact-
lens disinfecting solutions were tested against P. aeruginosa
PAO1 and methicillin-resistant S. aureus (MRSA) TCH1516
using the Clinical and Laboratory Standards Institute (CLSI)
broth microdilution method. The solutions that were most
active were not the same for P. aeruginosa and S. aureus; Boston
Simplus (Bausch and Lomb, USA) was the most antistaphylo-
coccal of the solutions, whilst Menicare GP (Menicon, Japan)
was shown to have the highest antipseudomonal activity [76].
Further to this, the MIC for Boston Simplus against MRSA was
1.5% whereas the MIC for Menicare GP against P. aeruginosa
was 23%. All of the disinfecting solutions were shown to be
more effective against MRSA than P, aeruginosa, and the same
results were observed when MIC testing was repeated with
three S. aureus and three P. aeruginosa clinical isolates [76].
When tested alone, the most effective preservative against P
aeruginosa was shown to be ethylenediaminetetraacetic acid
(EDTA), with an MIC of 2500 p.pm (vs. 300 ppm against S.
aureus), but EDTA was shown to act synergistically against
P aeruginosa with chlorhexidine gluconate (CHD). When
combined, a solution containing 4 ppm CHD (~1/4 MIC)
and 300 ppm EDTA (~1/8 MIC) was sufficient to eradicate P.
aeruginosa, reducing bacterial numbers by >4 log, in quan-
titative 2 h killing assays [76].

It has been suggested that constant exposure to biocides
across domestic, healthcare and industrial environments at
a range of concentrations, from sub-inhibitory to inhibitory,
also contributes to the development of resistance to both
antibiotics and disinfectants among bacterial populations
[77]. However, there is conflicting evidence, which indicates
that this type of co-adaptation to increased survival in the
presence of both antibiotics and disinfectants is uncommon
and of little clinical significance [78, 79].

FUTURE TREATMENTS AND DEVELOPMENTS

With growing concerns about the rise of antibiotic resistance
in bacterial species, particularly in P. aeruginosa, the need
for new or improved treatments for all manner of bacterial
infections is greater than ever. Bacteriophages were first
identified in the early twentieth century, but research into
the potential therapeutic uses of phage did not start in earnest
until the 1920s and was largely abandoned as a treatment
option following the discovery of penicillin and the dawn of
the antibiotic era. Driven by the emergence of MDR strains
of pathogenic bacteria, research into phage therapy has expe-
rienced a resurgence in recent years. Phage have been shown
to effectively kill bacteria and improve disease outcomes in
a range of animal models and infections [80]. Of particular
interest is the topical application of phage preparations for
the treatment of keratitis. Fukuda et al. [81] infected the
corneas of mice with a clinical P, aeruginosa strain via topical
administration following damage to the cornea. Mice subse-
quently treated with KPP12 phage were shown to undergo a
drastically less severe disease course than those mice treated



Hilliam et al., Journal of Medical Microbiology 2020;69:3-13

with the vehicle (mock-treated). Histopathological examina-
tion of corneas from treated and mock-treated mice revealed
structural differences within the eye following infection and
subsequent treatment, with mock-treated mice suffering
more severe structural damage. Further examination showed
that bacteria were present in almost undetectable loads in
treated mouse corneas, whereas P. aeruginosa was shown to
be present in high numbers in the abscesses of mock-treated
mice. The improvements in disease severity elicited by this
phage treatment against severe P. aeruginosa keratitis infec-
tion show promise for the future of topical phage therapy as
an alternative to current antibiotics.

There has been increasing interest in the development of
substances with antipathogenic (or anti-virulence) properties
in both healthcare-associated and industrial settings which,
by definition, do not kill bacterial pathogens but instead act to
reduce damage to both products and human health [82-86].
In combination with antibiotics, these substances may offer
an alternative way to reduce the morbidity associated with
P aeruginosa keratitis. By investigating antipathogenic treat-
ments, focus can be shifted away from the struggle to develop
new and effective ways to kill bacteria and can instead focus on
reducing harm by any means possible. Some such treatments
under development target the inflammasomes of the immune
system, which play an important role in inflammation of the
eye during infection, leading to destruction of tissue [87]. In
particular, nod-like receptors (NLR) P1, NLRP3, NLRC4 and
the AIM2 (absent in melanoma 2) protein have been shown
to play a role in increased severity in eye diseases. NLRP3
generally plays a protective role in fighting infection in other
parts of the body, particularly during lung infection, but in
the eye it acts to recruit cytokines and chemokines, which
increase inflammation [87]. Drugs that inhibit caspase-1 have
been used as an effective adjuvant therapy in a mouse model
of keratitis infection to reduce disease severity. Caspase-1 acts
to cleave prointerleukin-1p (IL-1p) and prointerleukin-18
(IL-18) to their active forms, which go on to contribute to
inflammation. A caspase-1 inhibitor can be effectively used
as an adjuvant therapy alongside ciprofloxacin to reduce the
severity of corneal inflammation during infection, as well as
a significant reduction in recruitment of PMNs. Mice in this
study were also infected with a ciprofloxacin-resistant strain
of P. aeruginosa and improved clinical scores were observed
following treatment with the caspase-1 inhibitor and cipro-
floxacin combined treatment [88].

The antipathogenic effects of essential oils are also of interest,
commonly derived from foodstuffs, and their effects on QS
systems and biofilm formation. The non-volatile essential oil
6-Gingerol, derived from ginger root, has been reported to have
anti-QS and anti-biofilm effects comparable to the synthetic
compound furanone C-30 against P. aeruginosa, as well as anti-
cancer, anti-inflammatory and analgesic effects in humans [82].
Flavonoids are naturally produced plant metabolites that have
been shown to reduce P, aeruginosa biofilm formation by inhibi-
tion of the LasR QS system [85]. The molecules act by binding
to the LasR ligand binding domain and preventing binding of
the protein to DNA. In vivo the flavonoids were shown to inhibit
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transcription of rhlA and reduce pyocyanin production [86].
Whilst antipathogenic substances are unlikely to offer a single
solution to the problem of antibiotic resistance, there is potential
for development of antipathogenic substances as adjuvants to
antibiotic treatment, both to reduce morbidity to patients and
reduce the burden of antibiotic resistance on healthcare systems
worldwide.

Funding information

We would like to acknowledge funding by Fight for Sight to support the
PhD of Y.H. via the award of a grant (Reference 1748/1749) to C.W. and
S.K. Nobody employed by the funders played a role in the study or the
preparation of this article.

Conflicts of interest
The authors declare that there is no conflicts of interest.

References
1. Collier SA, Gronostaj MP, MacGurn AK, Cope JR, Awsumb KL
et al. Estimated Burden of Keratitis - United States, 2010. Morb
Mortal Wkly Rep 2014;63:1027-1030.

2. Al-Mujaini A, Al-Kharusi N, Thakral A, Wali UK. Bacterial kera-
titis: perspective on epidemiology, clinico-pathogenesis, diag-
nosis and treatment. Sultan Qaboos Univ Med J 2009;9:184-195.

3. Virdee J, Moussa G, Gooch N, Kigozi J, Penaloza C et al. Calcu-
lating the health economic burden of microbial keratitis (MK)
admission in a tertiary referral centre in the UK. Invest Ophthalmol
Vis Sci 2016;57:3883.

4. Eltis M. Contact-lens-related microbial keratitis: case report and
review. J Optom 2011;4:122-127.

5. Saeed A, DArcy F, Stack J, Collum LM, Power W et al. Risk
factors, microbiological findings, and clinical outcomes in cases
of microbial keratitis admitted to a tertiary referral center in
Ireland. Cornea 2009;28:285-292.

6. Hoddenbach JG, Boekhoorn SS, Wubbels R, Vreugdenhil W, Van
Rooij J et al. Clinical presentation and morbidity of contact lens—
associated microbial keratitis: a retrospective study. Graefes Arch
Clin Exp Ophthalmol 2014;252:299-306.

7. Stapleton F, Naduvilath T, Keay L, Radford C, Dart J et al. Risk
factors and causative organisms in microbial keratitis in daily
disposable contact lens wear. PLoS One 2017;12:e0181343.

8. Stapleton F, Carnt N. Contact lens-related microbial keratitis:
how have epidemiology and genetics helped us with pathogen-
esis and prophylaxis. Eye 2012;26:185-193.

9. Cavanagh HD, Robertson DM, Petroll WM, Jester JV. Castroviejo
lecture 2009: 40 years in search of the perfect contact lens.
Cornea 2010;29:1075-1085.

10. Poggio EC, Glynn RJ, Schein 0D, Seddon JM, Shannon MJ et al.
The incidence of ulcerative keratitis among users of daily-
wear and extended-wear soft contact lenses. N Engl J Med
1989;321:779-783.

11. Schein 0D, Glynn RJ, Poggio EC, Seddon JM, Kenyon KR et al.
The relative risk of ulcerative keratitis among users of daily-
wear and extended-wear soft contact lenses. N Engl J Med
1989;321:773-778.

12. Cheng KH, Leung SL, Hoekman HW, Beekhuis WH, Mulder PGH
et al. Incidence of contact-lens-associated microbial keratitis and
its related morbidity. The Lancet 1999;354:181-185.

13. Stapleton F, Keay L, Edwards K, Naduvilath T, Dart JKG et al. The
incidence of contact lens-related microbial keratitis in Australia.
Ophthalmology 2008;115:1655-1662.

14. Green M, Apel A, Stapleton F. Risk factors and causative organ-
isms in microbial keratitis. Cornea 2008;27:22-27.

15. Lyczak JB, Cannon CL, Pier GB. Establishment of Pseudomonas

aeruginosa infection: lessons from a versatile opportunist.
Microbes Infect 2000;2:1051-1060.



Hilliam et al., Journal of Medical Microbiology 2020;69:3-13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pendleton JN, Gorman SP, Gilmore BF. Clinical relevance of the
ESKAPE pathogens. Expert Rev Anti Infect Ther 2013;11:297-308.

World Health Organization. 2017. WHO publishes list of bacteria
for which new antibiotics are urgently needed [Internet]. http://
www.who.int/news-room/detail/27-02-2017-who-publishes-
list-of-bacteria-for-which-new-antibiotics-are-urgently-
needed

de Bentzmann S, Plésiat P. The Pseudomonas aeruginosa
opportunistic pathogen and human infections. Environ Microbiol
2011;13:1655-1665.

Yildiz EH, Airiani S, Hammersmith KM, Rapuano CJ, Laibson PR
et al. Trends in contact lens-related corneal ulcers at a tertiary
referral center. Cornea 2012;31:1097-1102.

AL N, KK T, Choi CC, Yuen LH, Yim S et al. Predisposing factors,
microbial characteristics, and clinical outcome of microbial kera-
titis in a tertiary centre in Hong Kong: a 10-year experience. J
Ophthalmol 2015;769436.

Silby MW, Winstanley C, Godfrey SAC, Levy SB, Jackson RW.
Pseudomonas genomes: diverse and adaptable. FEMS Microbiol
Rev 2011;35:652-680.

Valot B, Guyeux C, Rolland JY, Mazouzi K, Bertrand X et al. What it
takes to be a Pseudomonas aeruginosa? the core genome of the
opportunistic pathogen updated. PLoS One 2015;10:e0126468.

Freschi L, Vincent AT, Jeukens J, Emond-Rheault J-G,
Kukavica-lbrulj | et al. The Pseudomonas aeruginosa Pan-
Genome Provides New Insights on Its Population Structure,
Horizontal Gene Transfer, and Pathogenicity. Genome Biol Evol
2019;11:109-120.

Balasubramanian D, Schneper L, Kumari H, Mathee K. A dynamic
and intricate regulatory network determines Pseudomonas
aeruginosa virulence. Nucleic Acids Res 2013;41:1-20.

Lee DG, Urbach JM, Wu G, Liberati NT, Feinbaum RL et al.
Genomic analysis reveals that Pseudomonas aeruginosa viru-
lence is combinatorial. Genome Biol 2006;7:R%0.

Lee J, Zhang L. The hierarchy quorum sensing network in Pseu-
domonas aeruginosa. Protein Cell 2015;6:26—-41.

Lee J, Wu J, Deng Y, Wang J, Wang C et al. A cell-cell communica-
tion signal integrates quorum sensing and stress response. Nat
Chem Biol 2013;9:339-343.

Schuster M, Greenberg EP. A network of networks: quorum-
sensing gene regulation in Pseudomonas aeruginosa. Int J Med
Microbiol 2006;296:73-81.

Lakkis C, Fleiszig SM. Resistance of Pseudomonas aeruginosa
isolates to hydrogel contact lens disinfection correlates with
cytotoxic activity. J Clin Microbiol 2001;39:1477-1486.

Zhu H, Conibear TCR, Bandara R, Aliwarga Y, Stapleton F et al.
Type Il secretion system-associated toxins, proteases, sero-
types, and antibiotic resistance of Pseudomonas aeruginosa
isolates associated with keratitis. Curr Eye Res 2006;31:297-306.

Borkar DS, Fleiszig SMJ, Leong C, Lalitha P, Srinivasan M et al.
Association between cytotoxic and invasive Pseudomonas
aeruginosa and clinical outcomes in bacterial keratitis. JAMA
Ophthalmol 2013;131:147.

Wiirtele M, Wolf E, Pederson KJ, Buchwald G, Ahmadian MR et al.
How the Pseudomonas aeruginosa ExoS toxin downregulates
Rac. Nat Struct Biol 2001;8:23-26.

Sato H, Frank DW, Hillard CJ, Feix JB, Pankhaniya RR et al. The
mechanism of action of the Pseudomonas aeruginosa-encoded
type Il cytotoxin, ExoU. Embo J 2003;22:2959-2969.

Finck-Barbangcon V, Goranson J, Zhu L, Sawa T, Wiener-
Kronish JP et al. ExoU expression by Pseudomonas aeruginosa
correlates with acute cytotoxicity and epithelial injury. Mol Micro-
biol 1997;25:547-557.

Fleiszig SM, Wiener-Kronish JP, Miyazaki H, Vallas V, Mostov KE
et al. Pseudomonas aeruginosa-mediated cytotoxicity and inva-
sion correlate with distinct genotypes at the loci encoding exoen-
zyme S. Infect Immun 1997;65:579-586.

11

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hauser AR, Kang PJ, Engel JN, PepA EJN. PepA, a secreted
protein of Pseudomonas aeruginosa, is necessary for cytotoxicity
and virulence. Mol Microbiol 1998;27:807-818.

Coburn J, Frank DW. Macrophages and epithelial cells respond
differently to the Pseudomonas aeruginosa type Ill secretion
system. Infect Immun 1999,67:3151-3154.

Lomholt JA, Poulsen K, Kilian M. Epidemic population structure
of Pseudomonas aeruginosa: evidence for a clone that is patho-
genic to the eye and that has a distinct combination of virulence
factors. Infect Immun 2001;69:6284-6295.

Winstanley C, Kaye SB, Neal TJ, Chilton HJ, Miksch S et al. Geno-
typic and phenotypic characteristics of Pseudomonas aerugi-
nosa isolates associated with ulcerative keratitis. J Med Microbiol
2005;54:519-526.

Stewart RMK, Wiehlmann L, Ashelford KE, Preston SJ, Frim-
mersdorf E et al. Genetic characterization indicates that a
specific subpopulation of Pseudomonas aeruginosa is associ-
ated with keratitis infections. J Clin Microbiol 2011;49:993-1003.

Shankar J, Sueke H, Wiehlmann L, Horsburgh MJ, Tuft S et al.
Genotypic analysis of UK keratitis-associated Pseudomonas
aeruginosa suggests adaptation to environmental water as a key
component in the development of eye infections. FEMS Microbiol
Lett 2012;334:79-86.

Tang A Marquart ME, Fratkin JD, McCormick CC, Cabal-
lero AR et al. Properties of PASP: a Pseudomonas protease
capable of mediating corneal erosions. Invest Ophthalmol Vis Sci
2009;50:3794.

Caballero A Thibodeaux B, Marquart M, Traidej M, O'Callaghan R.
Pseudomonas keratitis: protease IV gene conservation, distribu-
tion, and production relative to virulence and other Pseudomonas
proteases. Invest Ophthalmol Vis Sci 2004;45:522-530.

Tang A, Caballero AR, Marquart ME, O'Callaghan RJ. Pseu-
domonas aeruginosa small protease (PASP), a keratitis virulence
factor. Invest Ophthalmol Vis Sci 2013;54:2821.

Berthelot P, Attrée |, Plésiat P, Chabert J, de Bentzmann S et al.
Genotypic and phenotypic analysis of type Ill secretion system
in a cohort of Pseudomonas aeruginosa bacteremia isolates:
evidence for a possible association between O serotypes and exo
genes. J Infect Dis 2003;188:512-518.

Zolfaghar |, Evans DJ, Fleiszig SMJ. Twitching motility contrib-
utes to the role of pili in corneal infection caused by Pseu-
domonas aeruginosa. Infect Immun 2003;71:5389-5393.

Oka N, Suzuki T, Ishikawa E, Yamaguchi S, Hayashi N et al. Rela-
tionship of Virulence Factors and Clinical Features in Keratitis
Caused by Pseudomonas aeruginosa. Invest Ophthalmol Vis Sci
2015;56:6892.

Sy A, Srinivasan M, Mascarenhas J, Lalitha P, Rajaraman R et al.
Pseudomonas aeruginosa keratitis: outcomes and response to
corticosteroid treatment. Invest Ophthalmol Vis Sci 2012;53:267.

Taube M-A, del Mar Cendra M, Elsahn A, Christodoulides M,
Hossain P. Pattern recognition receptors in microbial keratitis.
Eye 2015;29:1399-1415.

Sun 'Y, Karmakar M, Roy S, Ramadan RT, Williams SR et al. Tlr4
and TLR5 on corneal macrophages regulate Pseudomonas aerug-
inosa keratitis by signaling through MyD88-dependent and -inde-
pendent pathways. J Immunol 2010;185:4272-4283.

Ross BX, Gao N, Cui X, Standiford TJ, Xu J et al. IL-24 Promotes
Pseudomonas aeruginosa Keratitis in C57BL/6 Mouse Corneas. J
Immunol 2017;198:3536-3547.

Willcox MDP. Pseudomonas aeruginosa infection and inflam-
mation during contact lens wear: a review. Optom Vis Sci
2007;84:273-278.

Hazlett LD, Zucker M, Berk RS. Distribution and kinetics of the
inflammatory cell response to ocular challenge with Pseu-

domonas aeruginosa in susceptible versus resistant mice.
Ophthalmic Res 1992;24:32-39.

Metruccio MME, Wan SJ, Horneman H, Kroken AR,
Sullivan AB et al. A novel murine model for contact lens wear


http://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
http://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
http://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
http://www.who.int/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed

Hilliam et al., Journal of Medical Microbiology 2020;69:3-13

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

reveals clandestine IL-1R dependent corneal parainflammation
and susceptibility to microbial keratitis upon inoculation with
Pseudomonas aeruginosa. Ocul Surf 2019;17:119-133.

ZhangY, Gabriel MM, Mowrey-McKee MF, Barrett RP, McClellan S
et al. Rat silicone hydrogel contact lens model: effects of high-
versus low-Dk lens wear. Eye Contact Lens 2008;34:306-311.

Tam C, Mun JJ, Evans DJ, Fleiszig SMJ. The impact of inoculation
parameters on the pathogenesis of contact lens-related infec-
tious keratitis. Invest Ophthalmol Vis Sci 2010;51:3100.

Wei C, Zhu M, Petroll WM, Robertson DM. Pseudomonas
aeruginosa infectious keratitis in a high oxygen transmis-
sible rigid contact lens rabbit model. Invest Ophthalmol Vis Sci
2014;55:5890.

Vijay AK, Sankaridurg P, Zhu H, Willcox MDP. Guinea pig models
of acute keratitis responses. Cornea 2009;28:1153-1159.

Tuft S, Burton M2013. Microbial keratitis. The Royal College of
Ophthalmologists Focus [Internet]. https://rcophth.ac.uk/wp-
content/uploads/2014/08/Focus-Autumn-2013.pdf

Kaye S, Tuft S, Neal T, Tole D, Leeming J et al. Bacterial suscep-
tibility to topical antimicrobials and clinical outcome in bacterial
keratitis. Invest Ophthalmol Vis Sci 2010;51:362.

Centers for Disease Control and Prevention. Antibiotic resist-
ance threats in the United States 2013;69.

Stewart PS, William Costerton J, Costerton WJ. Antibiotic resist-
ance of bacteria in biofilms. The Lancet 2001;358:135-138.

Morita Y, Tomida J, Kawamura Y. Responses of Pseudomonas
aeruginosa. Front Microbiol 2014;4:30-37.

Llanes C, Hocquet D, Vogne C, Benali-Baitich D, Neuwirth C et al.
Clinical strains of Pseudomonas aeruginosa overproducing
MexAB-OprM and MexXY efflux pumps simultaneously. Antimi-
crob Agents Chemother 2004;48:1797-1802.

Munita JM, Arias CA. Mechanisms of antibiotic resistance. Micro-
biol Spectr 2016;4.

Willcox MDP. Review of resistance of ocular isolates of Pseu-
domonas aeruginosa and staphylococci from keratitis to
ciprofloxacin, gentamicin and cephalosporins. Clin Exp Optom
2011;94:161-168.

Subedi D, Vijay AK, Willcox M. Overview of mechanisms of anti-
biotic resistance in Pseudomonas aeruginosa: an ocular perspec-
tive. Clin Exp Optom 2018;101:162-171.

Subedi D, Vijay AK, Kohli GS, Rice SA, Willcox M. Comparative
genomics of clinical strains of Pseudomonas aeruginosa strains
isolated from different geographic sites. Sci Rep 2018;8.

Kiicken D, Feucht H, Kaulfers P. Association of gacE and gacE-
Deltal with multiple resistance to antibiotics and antiseptics in
clinical isolates of gram-negative bacteria. FEMS Microbiol Lett
2000;183:95-98.

Sueke H, Kaye SB, Neal T, Hall A, Tuft S et al. An in vitro investiga-
tion of synergy or antagonism between antimicrobial combina-
tions against isolates from bacterial keratitis. Invest Ophthalmol
Vis Sci 2010;51:4151.

Buffet-Bataillon S, Tattevin P, Maillard JY, Bonnaure-Mallet M,
Jolivet-Gougeon A. Efflux pump induction by quaternary ammo-
nium compounds and fluoroquinolone resistance in bacteria.
Future Microbiol 2016;11:81-92.

Hegstad K, Mikalsen T, Coque TM, Werner G, Sundsfjord A.
Mobile genetic elements and their contribution to the emergence
of antimicrobial resistant Enterococcus faecalis and Entero-
coccus faecium. Clin Microbiol Infect 2010;16:541-554.

Smith K, Gemmell CG, Hunter IS. The association between biocide
tolerance and the presence or absence of QAC genes among
hospital-acquired and community-acquired MRSA isolates. J
Antimicrob Chemother 2008;61:78-84.

Bischoff M, Bauer J, Preikschat P, Schwaiger K, Mdlle G et al.
First detection of the antiseptic resistance gene gacA/B in Ente-
rococcus faecalis. Microb Drug Resist 2012;18:7-12.

12

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Jaglic Z, Cervinkova D. Genetic basis of resistance to quaternary
ammonium compounds — the QAC genes and their role: a review.
Vet Med 2012;57:275-281.

Lin L, Kim J, Chen H, Kowalski R, Nizet V. Component analysis of
multipurpose contact lens solutions to enhance activity against
Pseudomonas aeruginosa and Staphylococcus aureus. Antimi-
crob Agents Chemother 2016;60:4259-4263.

Mc Cay PH, Ocampo-Sosa AA, Fleming GTA. Effect of subinhibi-
tory concentrations of benzalkonium chloride on the competi-
tiveness of Pseudomonas aeruginosa grown in continuous
culture. Microbiology 2010;156:30-38.

Anderson RL, Carr JH, Bond WW, Favero MS. Susceptibility of
vancomycin-resistant enterococci to environmental disinfect-
ants. Infect Control Hosp Epidemiol 1997;18:195-199.

Cole EC, Addison RM, Rubino JR, Leese KE, Dulaney PD et al.
Investigation of antibiotic and antibacterial agent cross-
resistance in target bacteria from homes of antibacterial
product users and nonusers. J Appl Microbiol 2003;95:664-676.

Jamal M, Bukhari SMAUS, Andleeb S, Ali M, Raza S et al.
Bacteriophages: an overview of the control strategies against
multiple bacterial infections in different fields. J Basic Microbiol
2019;59:123-133.

Fukuda K, Ishida W, Uchiyama J, Rashel M, Kato S-ichiro
et al. Pseudomonas aeruginosa keratitis in mice: effects
of topical bacteriophage KPP12 administration. PLoS One
2012;7:e47742.

Kim H-S, Lee S-H, Byun Y, Park H-D. 6-Gingerol reduces Pseu-
domonas aeruginosa biofilm formation and virulence via quorum
sensing inhibition. Sci Rep 2015;5:8656.

Kim YG, Lee JH, Kim SI, Baek KH, Lee J. Cinnamon bark oil and
its components inhibit biofilm formation and toxin production. Int
J Food Microbiol 2015;195:30-39.

Luciardi MC, Blazquez MA, Cartagena E, Bardén A, Arena ME.
Mandarin essential oils inhibit quorum sensing and virulence
factors of Pseudomonas aeruginosa. LWT - Food Science and
Technology 2016;68:373-380.

Ouyang J, Sun F, Feng W, Sun Y, Qiu X et al. Quercetin is an
effective inhibitor of quorum sensing, biofilm formation and
virulence factors in Pseudomonas aeruginosa. J Appl Microbiol
2016;120:966-974.

Paczkowski JE, Mukherjee S, McCready AR, Cong J-P, Aquino CJ
et al. Flavonoids Suppress Pseudomonas aeruginosa Virulence
through Allosteric Inhibition of Quorum-sensing Receptors. J Biol
Chem 2017;292:4064-4076.

Yerramothu P, Vijay AK, Inflammasomes WMDP. The eye and
anti-inflammasome therapy. Eye 2018;32:491-505.

Thakur A, Barrett RP, Hobden JA, Hazlett LD. Caspase-1 inhibitor
reduces severity of Pseudomonas aeruginosa keratitis in mice.
Invest Ophthalmol Vis Sci 2004,45:3177.

Bagge N, Schuster M, Hentzer M, Ciofu O, Givskov M et al.
Pseudomonas aeruginosa biofilms exposed to imipenem
exhibit changes in global gene expression and beta-lactamase
and alginate production. Antimicrob Agents Chemother
2004;48:1175-1187.

Maunders E, Welch M. Matrix exopolysaccharides; the sticky side
of biofilm formation. FEMS Microbiol Lett 2017;364.

Thibodeaux BA, Caballero AR, Marquart ME, Tommassen J,
O'Callaghan RJ. Corneal virulence of Pseudomonas aeruginosa
elastase B and alkaline protease produced by Pseudomonas
putida. Curr Eye Res 2007,32:373-386.

Spencer J, Murphy LM, Conners R, Sessions RB, Gamblin SJ.
Crystal structure of the LasA virulence factor from Pseudomonas
aeruginosa: substrate specificity and mechanism of M23 metal-
lopeptidases. J Mol Biol 2010;396:908-923.

Michalska M, Wolf P. Pseudomonas exotoxin A: optimized by
evolution for effective killing. Front Microbiol 2015;6:963.


https://rcophth.ac.uk/wp-content/uploads/2014/08/Focus-Autumn-2013.pdf
https://rcophth.ac.uk/wp-content/uploads/2014/08/Focus-Autumn-2013.pdf

Hilliam et al., Journal of Medical Microbiology 2020;69:3-13

94.

95.

96.

97.

98.

99.

100.

Barbieri JT, Sun J. Pseudomonas aeruginosa ExoS and ExoT.
Reviews of Physiology, Biochemistry and Pharmacology. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2004. pp. 79-92.

Galle M, Jin S, Bogaert P, Haegman M, Vandenabeele P et al.
The Pseudomonas aeruginosa type lll secretion system has an
exotoxin S/T/Y independent pathogenic role during acute lung
infection. PLoS One 2012;7:e41547.

Miao EA, Andersen-Nissen E, Warren SE, Aderem A. Tlr5 and
Ipaf: dual sensors of bacterial flagellin in the innate immune
system. Semin Immunopathol 2007;29:275-288.

Cody WL, Pritchett CL, Jones AK, Carterson AJ, Jackson D et al.
Pseudomonas aeruginosa AlgR controls cyanide production in
an AlgZ-dependent manner. J Bacteriol 2009;191:2993-3002.

Kim YJ, Lee JH, Lee Y, Jia J, Paek SH et al. Nucleoside diphos-
phate kinase and flagellin from Pseudomonas aeruginosa induce
interleukin 1 expression via the Akt/NF-kB signaling pathways.
Infect Immun 2014;82:3252-3260.

Terada LS, Johansen KA, Nowbar S, Vasil Al, Vasil ML. Pseu-
domonas aeruginosa hemolytic phospholipase C suppresses
neutrophil  respiratory  burst  activity.  Infect  Immun
1999,67:2371-2376.

Traidej M, Marquart ME, Caballero AR, Thibodeaux BA,
O'Callaghan RJ. Identification of the active site residues of Pseu-

domonas aeruginosa protease IV.Importance of enzyme activity in
autoprocessing and activation. J Biol Chem 2003;278:2549-2553.

101.

102.

103.

104.

105.

106.

107.

108.

Park SJ, Kim SK, YI' S, Park HY, XH L. Protease IV, a quorum
sensing-dependent protease of Pseudomonas aeruginosa
modulates insect innate immunity. Molecular 2014.

Lau GW, Ran H, Kong F, Hassett DJ, Mavrodi D. Pseudomonas
aeruginosa pyocyanin is critical for lung infection in mice. Infect
Immun 2004;72:4275-4278.

Gellatly SL, Hancock REW. Pseudomonas aeruginosa: new
insights into pathogenesis and host defenses. Pathog Dis
2013;67:159-173.

Jimenez PN, Koch G, Thompson JA, Xavier KB, Cool RH et al. The
multiple signaling systems regulating virulence in Pseudomonas
aeruginosa. Microbiol Mol Biol Rev 2012;76:46-65.

Davey ME, Caiazza NC, O'Toole GA. Rhamnolipid surfactant
production affects biofilm architecture in Pseudomonas aerugi-
nosa PAO1. J Bacteriol 2003;185:1027-1036.

Persat A, Inclan YF, Engel JN, Stone HA, Gitai Z. Type IV pili mech-
anochemically regulate virulence factors in Pseudomonas aerugi-
nosa. Proc Natl Acad Sci USA 2015;112:7563-7568.

European Committee on Antimicrobial Susceptibility. EUCAST:
Clinical breakpoints [Internet]. European Society of Clinical
Microbiology and Infectious Disease 2017.

Johnston SP, Sriram R, Qvarnstrom Y, Roy S, Verani J et al.

Resistance of Acanthamoeba cysts to disinfection in multiple
contact lens solutions. J Clin Microbiol 2009;47:2040-2045.

the world.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.




	﻿Pseudomonas aeruginosa﻿ and microbial keratitis
	Abstract
	Microbial keratitis
	Contact-lens-associated microbial keratitis

	﻿P. aeruginosa﻿
	﻿P. aeruginosa﻿ virulence factors
	﻿P. aeruginosa﻿ keratitis – host response

	Antibiotic resistance
	Resistance to disinfectants and preservatives

	Future treatments and developments
	References


