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Abstract

Background—Staphylococcus aureus is a major bacterial pathogen capable of causing a range
of infections in humans from gastrointestinal disease, skin and soft tissue infections, to severe
outcomes such as sepsis. Staphylococcal infections in humans can be frequent and recurring, with
treatments becoming less effective due to the growing persistence of antibiotic resistant S. aureus
strains. Due to the prevalence of antibiotic resistance, and the current limitations on antibiotic
development, an active and highly promising avenue of research has been to develop strategies to
specifically inhibit the activity of virulence factors produced S. aureus as an alternative means to
treat disease.

Objective—In this review we specifically highlight several major virulence factors produced by
S. aureus for which recent advances in antivirulence approaches may hold promise as an
alternative means to treating diseases caused by this pathogen. Strategies to inhibit virulence
factors can range from small molecule inhibitors, to antibodies, to mutant and toxoid forms of the
virulence proteins.

Conclusion—The major prevalence of antibiotic resistant strains of S. aureus combined with the
lack of new antibiotic discoveries highlight the need for vigorous research into alternative
strategies to combat diseases caused by this highly successful pathogen. Current efforts to develop
specific antivirulence strategies, vaccine approaches, and alternative therapies for treating severe
disease caused by S. aureus have the potential to stem the tide against the limitations that we face
in the post-antibiotic era.

Keywords
Staphylococcus aureus, virulence; antivirulence; MRSA; review; pathogenesis

"Address correspondence to this author at the Department of Biological Sciences, University of Notre Dame, Notre Dame, IN 46556,
USA,; Tel: 574 631 7197; lee.310@nd.edu.

CONSENT FOR PUBLICATION

Not applicable.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or otherwise.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kane et al.

Page 2

1. INTRODUCTION

Staphylococcus aureus (S. aureus) is a Gram-positive, non-motile bacterium that can reside
as a common carrier in humans, although its host range can extend to animals such as dogs,
cats, sheep, cattle, and poultry (Fig. 1) [1, 2]. It is estimated that up to 30% of the human
population can be colonized with S. aureus strains, with resident sites being the nares, skin,
and the gastrointestinal (GI) tract [3]. Skin and soft tissue pathology comprise one of the
most common manifestations of S. aureus infections, which include folliculitis, impetigo,
and scalded skin syndrome [4-6]. More invasive infections can lead to outcomes such as
endocarditis, bone and joint infections, bacteremia, and toxic shock syndrome. Gl infections
have also been widely reported, and have been associated with outbreaks of food poisoning
[7-11]. Additionally, infections due to surgery wounds or prostheses have been reported,
which are often associated with catheters, medical implantation, dialysis, and other
procedures [12]. In addition to patients undergoing surgical procedures, other high risk
groups for S. aureus infection include individuals undergoing immunosuppressive or cancer
therapy, along with low birth weight infants and young children.

Prior to the development of antibiotics, S. aureus mortality exceeded 80% in bacteremia
cases [13]. The use of penicillin in the 1940s dramatically decreased infection mortality;
however, resistant strains were observed as early as 1941 [14]. The improved pB-lactam
antibiotic Methicillin (trade name Celbenin) was developed and first used in 1959, but was
rapidly followed by reports of resistance occurring in individuals [15]. This report first
heralded the rise of what has now become known as MRSA, or methicillin-resistant S.
aureus. MRSA strains are now prevalent worldwide, with estimates of over 50 million
people colonized with MRSA strains at any given time, making efforts to limit bacterial
spread difficult [16].

Currently, MRSA has become an inclusive common term used to describe S. aureus strains
that are typified by resistance to most p-lactam antibiotics, with the exception of some
modern cephalosporin classes of B-lactam compounds [17, 18]. Mechanisms of B-lactam
resistance by MRSA have been extensively studied, with 1. acquisition of a penicillin-
binding protein (MecA) that exhibits lower affinity for p-lactam compounds (methicillin-
resistance), and 2. proteolytic inactivation of B-lactams by the expression of specific 8-
lactamase, being the prevalent means of resistance in MRSA strains [19, 20]. MRSA strains
can also be classified as multiply resistant, with resistance to Vancomycin being a particular
recent concern [21, 22]. MRSA is listed by the World Health Organization (WHO) as one of
the nine bacteria of international concern due to its high level of antibiotic resistance (WHO
2014). 20-80% of all S. aureus infections worldwide can be attributed to MRSA strains,
depending on the country reporting (WHO 2014). The WHO further notes that MRSA
infections in general result in more hospital days to resolve the infection, an increase in
sepsis outcomes and increased duration in intensive care units (WHO 2014).

MRSA strains have been historically separated on the basis of where the infection was
acquired, with MRSA infections originating in community settings, such as daycares,
prisons, dorm rooms, or locker rooms, termed community-acquired MRSA (CA-MRSA).
Infections acquired in health care settings, including in-patient hospital stays, surgical
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procedures, dialysis, or catheters, are termed hospital acquired infections (HA-MRSA).
These MRSA distinctions are becoming blurred as strains that are traditionally acquired in
the community (such as USA300) are starting to gain footholds in health care settings [23—
25]. In the last twenty years, particularly virulent strains of CA-MRSA have emerged in
hospital settings and healthcare facilities [12, 26-28]. In the United States alone, present
MRSA infections number around 75,000 per year, with over 20,000 deaths [29].

Along with evolving several mechanisms which confer resistance to antibiotic compounds,
S. aureus produces a myriad array of individual virulence factors that manipulate host cell
responses for its overall survival [30-33]. Virulence factors produced by S. aureus are
manifold, and have the ability to not only cause lysis of host cells, and promote tissue
invasion and destruction, but many specific virulence factors produced by S. aureus have the
ability to specifically manipulate both innate and adaptive immune responses, including
inhibition of complement activation, prevention of neutrophil function and recruitment, and
inhibition of phagocyte function [34-42]. Excellent reviews have summarized recent
scientific findings on virulence factors produced by S. aureus and host cell manipulation by
S. aureus in the context of human disease [41, 43—-46]. In light of vigorous research into
mechanisms of S. aureus virulence, important avenues have been investigated with regard to
emerging alternative therapies for treating S. aureus infections. In spite of the fact that
antibiotic research and development has steadily decreased in the last twenty years, with
only seven new antibiotics launched from 2009-2012, a range of approved antibiotics to
treat MRSA infections have been implemented only recently [47—-49]. These include
established classes such as fluoroquinolones and cephalosporins, but also novel compound
classes such as peptide mimics, oxadiazoles, and diaminopyrimidines [49-51]. Additionally,
owing to the widespread knowledge of multi-drug resistance in global rates of S. aureus
infections, efforts to develop non-drug alternatives to combat MRSA have been emerging. In
particular, anti-virulence strategies have been heavily investigated not only for bacterial
pathogens such as MRSA, but for many pathogens for which there are clear mechanistic
links between the virulence mechanism and pathogenesis. Quorum molecule mimics,
pilicides, active site inhibitors of specific toxins, secretion system inhibitors, and phage
therapies, have all been extensively investigated as antivirulence strategies to combat
mechanisms of bacterial pathogenesis by specific microbes [52-56]. In this review, we
specifically highlight several major virulence factors produced by S. aureus for which recent
advances in antivirulence approaches may hold promise as an alternative means to treating
diseases caused by this pathogen (Fig. 2 and Table 1).

We also highlight recent developments in vaccine research into MRSA, along with
alternative anti-MRSA approaches such as phage-based treatment. Given the widespread
rates of antibiotic resistant strains of S. aureus, active research into alternative strategies to
combat diseases caused by this highly successful pathogen remains a paramount priority.

2. agr OPERON

The accessory gene regulator system (agr) operon was first discovered in 1986 by Recsei et
al. using a transposon insertion [57]. They observed a large decrease in alpha, beta, and delta
hemolysins, but an increase in the protein A production, and they termed this gene cluster
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agrfor accessory gene regulator [57]. Decreases in hemolysins alpha, beta, and delta were
determined by growth on blood agar plates, while protein A production was verified by
western blot [57]. The agr cluster encodes two RNAs, RNAII and RNAIII [58, 59]. RNAII
codes for the AgrD precursor which is eventually converted to AgrD, the extracellular
signaling peptide [58]. The operon also encodes AgrB, the maturation and export protein for
AgrD, as well as a two-component regulatory system consisting of AgrC, a sensor histidine
kinase, and AgrA, the response regulator. Later in this review, two component systems will
be discussed in detail. AgrA is activated when a quorum sensing molecule binds to AgrC.
AgrA then binds to promoter regions in the ggroperon, resulting in a positive feedback loop
[58]. RNAIII serves as a transcription factor responsible for the change in gene expression
[60]. One of the primary functions upon the transcription of RNAIII is the binding of
RNAIII to the mRNA of the repressor of toxins (ROT) mRNA [61]. Antisense binding of the
RNAIII to the mRNA of ROT results in the cleavage of ROT mRNA by RNase |11 as shown
by northern blot [61, 62]. Specific roles of agrduring the course of infection are complicated
due to varying infections, disease models, and patient populations [63]. In acute mice
infection models including intracranial abscesses and necrotizing pneumonia, there is
positive evidence that agris important for the virulence [64—67]. In humans, there has been a
link between persistent colonization in nosocomial infections with S. aureus and agr
dysfunction [68-71]. Other studies have found no link between agr deficiency and poor
clinical outcomes [72]. In a case study of 75 patients with MRSA pneumonia, increased
death was associated with dysfunctional agr, however, these data lacked statistical
significance due to low sampling [72]. Further studies are needed to establish a clear link
between the agroperon and specific pathogenic outcomes, as current studies have shown
varied conclusions, which may be the result of strain-specific differences. There are at least
four alleles of agramong the various strains of S. aureus, and each group is inhibitory to the
other three agr[73-75]. Despite the differences in host pathologies implicated with agr
regulation, the agroperon has been shown to be responsible for upregulating a variety of
known virulence genes including SEs, hemolysins, capsular polysaccharides, and proteases
[57, 59]. Given the known virulence factors that agrhas been shown to regulate, strategies to
target agr may serve as an attractive target for antivirulence approaches. Experiments where
agrhas been knocked out have been shown to exhibit decreased virulence in murine models
of S. aureus pneumonia and dermonecrosis [67]. This decreased virulence was shown to
coincide with reduced transcription of Panton-Valentine leukocidin and a-toxin [67]. These
findings demonstrate that at least in the context of an acute infection mouse model, toxins
such as hemolysins or PVL, that are regulated by agrduring this type of infection, could
play an important role in the progression of disease [57, 67].

A study by Sully et al. was recently published where the researchers were able to identify a
small molecule inhibitor targeting AgrA of the agroperon they dubbed savirin (S. gureus
virulence inhibitor) [76]. Savirin was identified using a high throughput screen designed to
identify inhibitors of S. aureus agr, but not inhibitors of the closely related bacterium S.
epidermidis [76]. By using a mouse model of skin and soft tissue infection, the authors were
able to show that there was decreased tissue injury, and reduced bacterial burden upon
treatment of infections with savirin [76]. In order to address a common concern, resistance,
the authors also verified that resistance did not arise after serial passage of bacteria with
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savirin [76]. Using an Affymetrix GeneChip containing all open reading frames from S.
aureus strain USA300 LAC, they were also able to show that virulence associated genes
such as PVL, Hla, PSM, and serine proteases were down regulated upon treatment with
savirin [76]. Treatment with savirin did not disrupt quorum sensing in the related skin
commensal Staphylococcus epidermidis indicating that this could be a specific quorum
sensing inhibitor to S. aureus [76].

Using a naturally isolated cyclodepsipeptide from Photobacterium halotolerans named
Solonamide B, the Ingmer group was able to inhibit the action of the agr cluster [77]. Upon
application to cultures of USA300, bacterial growth was not impaired, but transcription of
PSMa and agrA were decreased as shown by Northern blot [77]. Decreases in hemolysis
and human neutrophil lysis were shown v7a rabbit hemolysis assays and LDH release assay,
respectively [77]. Follow up work regarding Solonamide B and derivatives examined
toxicity on eukaryotic immune cells [78]. The authors were able to show no increase in
cytotoxicity for human peripheral blood mononuclear cells, proliferated T-cells or murine
dendritic cells [78].

An additional inhibitor of the agrgene cluster has been developed and chronicled by Daly et
al. They have shown that w-hydroxyemodin (OHM), a small compound isolated from
Penicillium restrictum is able to inhibit the quorum sensing function of the agroperon by
binding to the AgrA promoter protein and preventing interaction with DNA [79]. During the
course of mouse infections with the LAC strain of S. aureus, treatment with OHM reduced
lesion size as well as reducing the CFU of the injected bacteria [79]. Importantly, using cell
culture systems they were also able to show effective agrinhibition using concentrations of
OHM that were not toxic to eukaryotic cells [79]. At a concentration of roughly 16 uM,
bacterial cell growth was uninhibited, while agrwas inhibited by ~40%, and human kidney;,
alveolar, and hepatocyte cells were unaffected [79].

Targeting a system such as agrcould prove to be very useful as it could disrupt a wide
variety of virulence factors, rather than targeting each virulence factor individually [80].
Targeting the virulence regulator as opposed to simply trying to Kill the microbe has several
advantages, including: 1. a wider variety of targets, 2. preservation of commensal bacteria,
and 3. less selective pressure towards resistance, as in most cases the virulence factor is not
required for the overall survival of the bacterium [81]. The findings by Sully et a/. emphasize
the key advantage of targeting a single, specific gene cluster in that inactivation of virulence
regulation genes such as ggrcan impact the expression of several virulence factors and thus
serve as an efficient means of reducing virulence in model systems.

3. a-TOXIN

a-toxin is a secreted 33 kDa protein that is able to lyse cells by forming pores on the
membrane of target host cells via interaction with the specific host component ADAM10
[82, 83]. ADAMLIO is a cellular metalloprotease responsible for a variety of functions
including E-cadherin shedding and endothelial permeability [84, 85]. a-toxin is repressed by
ROT (Repressor of Toxins) and stimulated by the agrsystem [57, 86]. A recent study by
Caballero et al. examined the role this toxin plays in rabbit models of Staphylococcal ocular
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infections. The authors note that S. aureus is the primary cause of eye infections in North
America [82, 87, 88]. The researchers attempted to limit the damage caused in the course of
infection to the eye by utilizing a high affinity monoclonal Fab fragment antibody to a.-
toxin. Fragment antibodies were used due to concerns that the full antibody could have
limited penetration into the corneal tissue and thus would be unable to effectively neutralize
a-toxin [82]. Using the LTM14 Fab antibody alone resulted in a significant decrease in
corneal erosion in the rabbit infection model. Erosion areas without LTM14 Fab treatment
averaged ~30 mm2, with LTM14 Fab treatment averaged ~17 mm2, and combination
treatment with LTM14 Fab and BAK (a compound used to increase ocular permeability to
drugs), resulted in average erosion size of ~11 mm? [82].

An additional method of disrupting a.-toxin activity is to prevent the formation of the toxin
pore complex on the surface of the host cell. Baicalin (BAI), a naturally occurring
compound from Scutellaria baicalensis georgi, a traditional Chinese medicinal herb, has
been shown to be effective in disrupting a-toxin activity [89]. BAI was predicted to disrupt
the formation of pores using molecular dynamics simulation studies [89]. The inability of
the toxin to form pores was confirmed in biochemical studies using purified a-toxin treated
with increasing levels of BAI. Upon treatment with BAI, the appearance of higher molecular
weight bands of a-toxin corresponding to the pore complex were decreased in a dose-
dependent manner, suggesting BAI treatment could disrupt the oligomerization of a-toxin
[89]. Disruption of the pore assembly was also shown to reduce in vitro hemolysis, and
treatment with BAI increased overall mice survival using a S. aureus pneumonia model [89].

In a very similar vein as the Caballero paper, a study was published by Hua et a/. using a.-
toxin antibody LC10 in a mouse pneumonia model. Hua and collaborators were able to show
that mice were better able to survive when given the LC10 a-toxin antibody [90]. In
combination with LC10 and vancomycin or linezolid treatment, the mice had improved
survival rates as compared to treatment with either treatment alone [90]. Data generated by
Hua suggest that combination treatments incorporating virulence targeting and traditional
antibiotics could both increase survival and reduce the duration of antibiotic treatment, thus
possibly reducing antibiotic resistance [90]. LC10 is in clinical trials under the name
MEDI4893 for high risk nosocomial pneumonia patients [91]. As patients facing S. aureus
pneumonia may be immunocompromised, the ability of the LC10 to be efficacious in this
patient population is important. In this manner, Hua et a/. showed similar results of increased
mice survival with LC10 using immunocompromised mice [91].

A study by Kennedy et a/. was able to show that immunization to a-toxin using antisera or a
non-toxic form of a-toxin (Hlayss, ) resulted in a reduction of skin lesions and
dermonecrosis in a murine model of S. aureus infection [92]. Hlayss was demonstrated to
reduce a-toxin oligomerization as shown by liposomal-membrane binding study [93, 94].
The Nagy group was able to develop a cross-reactive antibody that was capable of binding
conserved conformational epitopes of a-toxin, -y-hemolysin, and Panton-Valentine
leucocidin [95]. They were able to use this antibody to increase survival in murine
challenges both intranasally and intravenously delivered MRSA strain USA300 [95].
Targeting multiple virulence factors using a single antibody may be a very effective and
promising means of treatment with further development. Currently, there is at least one
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antibody targeting a.-toxin in current phase two clinical trials, AstraZeneca compound
MEDI4893. It is a modified form of the LC10 antibody from the Hua et a/. studies above
[48, 91, 96].

a-toxin is an extremely important virulence factor for S. aureus, and recent research has
shown that inhibitors of this toxin could result in improved outcomes during the course of
bacterial infection. Hyperexpression of a-toxin has been shown to be correlated to the
increased virulence of the CA-MRSA strain ST93, underscoring the importance of
approaches to inhibit this virulence factor for therapies against S. aureus infection [97].

4. PHENOL-SOLUBLE MODULINS

Phenol-soluble modulins (PSMs) comprise a family of amphipathic, a-helical peptides with
diverse roles in Staphylococcal pathogenesis [98]. The peptides were named for their ability
to be soluble in the phenol layer rather than the aqueous layer during hot phenol extraction, a
characteristic attributed to the presence of the amphipathic a-helix, and were originally
isolated from the concentrated supernatant of Staphylococcus epidermidrs. Three forms of
PSMs were identified during the course of the S. epidermidis study: PSMa, PSMB, and
PSMy. PSMa and PSMp did not exhibit strong homology to known staphylococcal toxins,
but PSM+y was identified as the delta toxin of S. epidermidis [99]. PSMs were identified in
S. aureus using a combination of reversed-phase HPLC/electrospray mass spectrometry and
N-terminal peptide sequencing, which resulted in a total of seven PSMs: PSMa 1-4,
PSMP1-2, and S. aureus &-toxin, related to PSMa [100]. PSMa and PSMP are grouped by
size and charge; a-PSMs are shorter, 20-25 amino acids long and primarily have a net
neutral or positive charge, while the B-PSMs are larger, with 43-45 amino acids, and
primarily have a negative charge [98]. Unlike many of the virulence factors produced by S.
aureus which are encoded by mobile genetic elements, PSMs are encoded in the core
genome and so are present in nearly all strains of S. aureus [97]. One exception is the
recently characterized PSM-mec, encoded on the mobile genetic element (MGE)
staphylococcal cassette chromosome mec (SCCmec). This MGE also encodes resistance to
methicillin, and may contribute to horizontal gene transfer of both virulence factors and
antibiotic resistance in S. aureus strains [101]. Nevertheless, the ubiquitous nature of PSMa
and PSMP in S. aureus strains makes them suitable potential targets for anti-virulence
therapy.

In addition to different size and charge, the two general categories of PSMs have differing
roles in both S. aureus pathogenicity and initial colonization of human epithelial surfaces.
PSMa peptides are cytolytic, with the ability to lyse a variety of human cells, including
leukocytes and erythrocytes. Interestingly, while PSMas have been show to lyse neutrophils,
they can also trigger inflammatory responses through recruitment and activation of
neutrophils prior to lysis [100]. This highlights the importance of stringent PSM regulation
by bacteria to maintain a balance between immune evasion and immune cell recruitment.
PSMP peptides have been implicated in the spread of biofilms but have less cytolytic activity
[100, 102, 103]. This alternative role of PSMs has been more thoroughly studied in S.
epidermidis, where PSMpBs were found at higher levels relative to other PSM peptides in
biofilms compared to planktonic growth [104]. In S. aureus, all PSM classes have been
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implicated in both biofilm formation and detachment, including structuring of channels and
dissemination from biofilms in an /n vivo infection model [105]. With respect to overall
virulence, it has been proposed that the increased virulence exhibited by CA-MRSA can be
attributed at least in part to higher PSM expression levels in CA-MRSA strains compared to
HA-MRSA strains [100, 106]. In a murine skin infection model of S. aureus, the Kahlenberg
group showed that infection the wild type LAC strain resulted in massive lesions on mice,
while the strain with both PSMa and PSMp genes knocked out did not result in any
significant lesion [107]. Additional deletion studies further underscore the differences
between PSMa and PSM contributions to virulence. A study of the USA300 LAC strain
with knockouts for either PSMa or B genes showed significant reduction in mice skin
lesions only when the a-PSMs were knocked out. When applied directly to human
neutrophils, a similar trend was confirmed, with a-PSMs demonstrating greater cytotoxicity
than the B-PSM [100]. In particular, the PSMa3 was shown to be the most virulent, as a
plasmid containing only PSMa.3 was able to restore near wild type lysis levels in a global a.-
PSM knockout background [100].

Studies by Kaito et al. reported that the differences in PSM expression, and therefore
virulence, between HA-MRSA and CA-MRSA could also be attributed to the mobile genetic
element SCCmec mentioned previously [108, 109]. While SCCmec is present in both HA-
and CA-MRSA, HA-MRSA alone contains the F-region. This region encodes the psm-mec
and fudoh genes. It was found that transformation of the F-region into CA-MRSA strains
that previously lacked the region resulted in suppression of PSMa. production, reduction of
colony spreading activity, and decreased virulence in murine models [108]. Interestingly,
presence of the F-region also promoted the formation of biofilms, which helps explain the
presence of HA-MRSA biofilms on medical equipment such as catheters. In a later study,
the authors found that psm-mec RNA, acting as a regulatory RNA form, directly inhibited
translation of agrA, interrupting the agrfeedback loop and reducing overall PSMa
expression. Additionally, HA-MRSA isolates with mutated or absent psm-mec had higher
PSMa levels and increased virulence [109].

PSMs are tightly regulated by the quorum sensing agroperon described previously in this
review, and it is therefore important to note for targeting purposes that PSM production is
highly dependent on cell density. PSMa1-4 and PSMa-like 6-toxin are encoded in the psma
and RNAIII loci respectively (8-toxin is encoded by the A/d gene within RNAIII), and the
two PSMp peptides are encoded in the psmg locus [100, 110]. Interestingly, PSM regulation
involves direct binding of the agrresponse regulator AgrA to the psma and psmg promoters,
and is independent of the agrtranscription factor RNAIII [58]. Recent work has supported
an additional role of PSMs: to aid S. aureus escape after phagocytosis by leukocytes [111].
Upon addition of 1% human serum to neutrophils, the authors discovered that the bacterial
supernatant or purified PSMs were unable to activate, attract, or lyse neutrophils. This PSM
inhibition was attributed to lipoproteins in the serum, which can sequester both PSM and
components of the agr quorum sensing system to reduce production and pro-inflammatory
activities of PSM. The authors conclude that based on these data, the PSMs are more likely
to function intracellularly rather than extracellularly [111]. Another study examined the
stringent response, a bacterial stress response characterized by the production of the alar-
mone (p)ppGpp, as this response was found to be induced in S. aureus following

Curr Drug Targets. Author manuscript; available in PMC 2018 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kane et al.

Page 9

phagocytosis by polymorphonuclear neutrophils (PMNs) [112]. Genes encoding PSMs were
found to be positively regulated during the stringent response, thought to contribute to
survival of the pathogen post-phagocytosis [112]. Interestingly, activation of the stringent
response was found to be independent of AgrA, and the mechanism by which (p)ppGpp
activates PSM production is unknown. These data suggest that both agrlocus regulation and
responses to intracellular environments may contribute to PSM production and bacterial
survival in the phagosome prior to escape [98].

The conserved nature of PSMs makes them advantageous targets in anti-toxin therapy for S.
aureus infections. It has been previously established that PSMs are immunogenic, and
patients with lower antibody levels to S. aureustoxins, including &-toxin and PSMa3, had
higher incidence of sepsis in invasive infection [113]. To that end, it has been proposed that a
targeting strategy for S. aureus disease would be the use of antibodies against PSMs. In a
murine model of S. epidermidis infection, PSMB1 and 2 were highly immunogenic and
elicited a strong 1gG response. In animals treated with anti-PSM, the researchers found
reduced dissemination to organs including the liver, spleen, and lymph nodes from a biofilm-
associated infection on a catheter [104]. However, immunization against the more cytolytic
PSMa-type, which may be more protective in acute infection, requires further investigation.
PSMa-like &-toxin has long been established as immunogenic, but a study in rabbits and
guinea pigs found that immunization with &-toxin required Freund adjuvant for successful
antibody production as opposed to the toxin alone, and that the induced antibody did not
neutralize the hemolytic activity of the toxin [114]. A second targeting strategy involves
blocking PSM export through the phenol-soluble modulin transporter, or Pmt, an ABC
transporter. This strategy is advantageous for broad PSM inhibition, as Pmt is the dedicated
transporter for all PSM types and is encoded in the core genome [115]. Importantly,
functional Pmt is necessary for S. aureus growth. In the absence of Pmt, blocked export of
PSMs results in their accumulation in the cytosol, causing cytoplasmic membrane damage
and abnormal cell division thus inhibiting growth of the bacterium. Another reason to target
Pmtin S. aureusis its ability to protect the organism from self-produced PSMs as well as
non-self PSMs of S. epidermidis [115]. Finally, PSMs are under the control of the agr
system, so inhibiting the agroperon as discussed above would result in reduced levels of
PSM associated virulence. There may be opportunities to take advantage of the agrA
suppression properties of psm-mec as an indirect method of inhibition for aPSMs.

To conclude, the core genome-encoded phenol-soluble modulins contribute to S. aureus
pathogenesis in multiple ways including host cell lysis, biofilm formation, and the triggering
of inflammatory responses. Inhibition of these proteins could help to increase survivability
of MRSA infections. There are several promising avenues for targeting PSMs, both directly
through the use of antibodies and indirectly through targeting of export and regulatory
pathways. Due to their complex and varied nature, successful inhibition of PSM-associated
virulence will likely occur through a multi-faceted approach.

5. PROTEIN A

Protein A (SpA) is a cell wall anchored protein with a mass of approximately 42kDa,
released during bacterial growth and encoded by the spa gene [116-119]. As with many S.
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aureus virulence factors, protein A is regulated by the agrsystem, and expression of protein
A is specifically repressed by RNAIIIL. The 3" end of RNAIII binds to the complementary
portion of the 5" end of spa mRNA. This binding both blocks the the mRNA from
translational machinery and allows for recruitment of double strand specific RNase I11 to
degrade the mRNA [120]. Protein A is composed of two regions with clear structural and
functional differences: Region X and the immunoglobulin binding domains. Region X
contains two parts: the repetitive region (X,) consisting of repeating octapeptide units, and
the C-terminal domain (X;) with a unique amino acid sequence. Region X is responsible for
the cell wall attachment function of protein A [117]. The N-terminal region of protein A
contains five immunoglobulin-binding domains (E, D, A, B, C) that can bind the Fc of IgG
antibodies and the Fab of Variable Heavy 3 (VH3) idiotype B-cell receptors [121-123]. In
fact, protein A binds to human IgG at these five sites so effectively that it is used as a
column substrate to purify antibodies [124-126]. Production of protein A contributes to S.
aureus pathogenesis by evasion and suppression of host immune system components. 1gG
binding activity protects the pathogen from opsonophagocytic killing [127, 128], and the
protein acts as a superantigen against B-cells, inducing rapid activation and expansion
followed by apoptotic death [129].

There have been several recent studies on developing therapeutics to S. aureus infection
based on targeting protein A. It was established by Kim et a/. that infection with a spa
deletion mutant of S. aureus reduced mortality from 60% to 25% in a mouse model. The
researchers then introduced amino acid substitutions into the immunoglobulin-binding
domain (IgBD) D, forming the mutant SpA-Dkkaa. This mutant had reduced
immunoglobulin binding activity and B cell superantigen activity. Additionally, antibodies
generated against this mutant had a protective effect against MRSA infections in mice [130].
The investigators then generated SpAkkaa that included all five IgBDs with four amino
acid substitutions in each domain, and in which interactions between the Fcy and Fab
domains were disrupted [29]. The Fab domain is the part of the antibody responsible for
binding to antigens and FC-y is the receptor on the leukocyte responsible for recognizing the
constant Fc domain of the antibody. Immunization with this mutant, referred to as
nontoxigenic SpA, promoted an antibody response against S. aureus USA300 and clearing
of staphylococci [130]. Multiple studies used this mutated protein A to purify mice and
human monoclonal antibodies [130-132]. Falugi et a/. attempted to parse out the role that
protein A plays using a mouse model of abscess formation. The researchers were able to
show that the SpAkkana Vvariant of protein A was similar in virulence by renal abscess and
total CFU load after infection to the spa knockout mutant [29]. Notably, pretreating mice
with the SpAkkaa strain prior to infection with wild type USA300 led to a marked increase
in 1gG antibodies against clumping factor A, fibronectin-binding protein B, iron-regulated
surface determinant B, coagulase, a-toxin, and SpA [29]. Survival was also significantly
increased upon challenging the mice with lethal dose of USA300 following pretreatment
with this IgG antibody [29]. Use of this antibody was also able to confer protection in a
murine neonate model of S. aureus infection [131]. Kim et a/. were able to raise an antibody
specifically to one of the five 1IgG domains of protein A (domain E), but antibody to this
domain alone failed to provide increased protection to the murine host [133]. Overall, these
findings demonstrate promising results using an immunization strategy with nontoxigenic
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SpAkkaa. One potential caveat with any such vaccine approach is the difficulty in
translating results in animal models to meaningful human outcomes [134-136].

As protein A is a cell wall anchored protein, using an antibody targeting protein A and
containing a gold nanorod, the Zanjani group was able to target S. aureus for selective
killing by photothermal therapy [137]. The antibody with its conjugated nanoparticle targets
the bacterial cell, followed by irradiation of the gold nanorod. The subsequent energy
transfer introduces heat and other physical damage to the bacterial cell. While this method
had been used to Kill bacteria in previous /in vitro studies, Shokri et al. demonstrated its
promise in an /n vivo mouse model, and observed a 73% reduction in bacterial cell viability
in a MRSA infection [137]. This bacterial targeting approach is highly specific with the use
of conjugated antibodies to specific factors; here protein A, and the gold nanorods have low
levels of toxicity in mammalian systems [138]. This method may be used in conjunction
with or entirely replace antibiotics for bactericidal-based treatment of bacterial infections.
While resistance in the form of mutations to the binding site of the antibody is likely to
occur over time, the combination of the photothermal therapy and standard antibiotic
treatment could prove to be an innovative and novel approach to treat bacterial infections.

Current research demonstrates that protein A could be a viable vaccine candidate as well as
serving as a S. aureus specific marker for potential selective photothermal killing of the
bacterium. Antibody approaches to neutralize virulence factors in S. aureus have reached
phase two clinical trials in the case of a-toxin, so similar success could be seen with SpA
antibodies in the future.

6. PANTON-VALENTINE LEUKOCIDIN

Panton-Valentine Leukocidin was first described by Van deVelde in 1894 when he noticed its
ability to lyse leukocytes [139, 140]. Later work on this toxin was done by Panton and
Valentine who were able to associate the toxin with skin and tissue infections, and show that
the hemolytic ability was distinct and not caused by the S. aureus leukocidin [139, 141].
Panton and Valentine were able to show that these phenotypes were distinct by isolating the
toxin from S. aureus, then subjecting the purified toxin to rabbit blood or leukocytes isolated
from human blood [141, 142]. The toxin consists of two distinct subunits that are both
needed for its function, named LukS-PV and LukF-PV, with sizes of 38kDa and 32 kDa
respectively [143, 144]. Upon column separation of the two subunits, macrophage lysis was
found to be abolished, but Iytic activity was restored upon combination of the two subunit
fractions [143, 144]. Binding of the LukS subunit of the toxin to the neutrophil occurs first,
and thus allows the binding of the LukF subunit to form the fully active toxin [145]. Binding
order was determined by using 12°I-labeled PVL subunits which were then incubated with
PMNs for a given time, then washed and counted in a gamma counter [145]. Binding of
LukF was only observed when PMNs were pretreated with LUkS [145]. LuksS binds to the
human complement receptors C5aR and C5L2 which are abundant on human neutrophils,
and protection is conferred using the C5aR inhibitor CHIPS [146]. Specific binding was
determined by allowing the proteins to bind to neutrophils, then western blotting for the
C5aR receptor [146]. An octamer of four LukF and four LuksS subunits then forms the open
pore in the cell [147]. In low concentrations, PVL localizes to the mitochondrial membrane
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and induces apoptosis [148]. Upon incubation of isolated mitochondria with rPVL, release
of apoptotic proteins cytochrome cand Smac/DIABLO can be observed via western blot
[148]. Genes encoding PVL are nearly universally found in strains of CA-MRSA, and thus
there is a strong link between severe infection outcomes and the PVL genes in S. aureus
strains [139, 149].

Despite this close correlation between severe disease outcomes and the presence of PVL
genes, establishing the role that PVL plays during the course of infection remains
controversial, with some studies stressing the importance of PVL, and others refuting the
notion that PVL is important [150-152]. Some of the dispute regarding the importance of
PVL is likely due to the differing susceptibilities of various eukaryotic cell types to PVL
toxin. PVL is active against human leukocytes and rabbit leukocytes [153, 154] but not
against mouse leukocytes [146, 153, 155].

Work by Tseng and others were able to generate humanized mice using CD24+ cells from
umbilical blood that require one-two log less inoculum of S. aureusto generate lesions
[156]. This decreased inoculum brings the CFU count of S. aureus down to the estimated
human range of infection of 10° or 108 CFU [156-158]. Using the humanized mice they
were also able to see significantly increased lesion size in wild type S. aureus infections as
compared to infection with an isogenic PVL knockout strain, indicating that humanized
mice models could more accurately represent the results observed in human cellular
phenotypes [156]. Interesting findings reported by Otto ef a/. showed that expression of PVL
and other virulence factors such as SpA could be inhibited by using sublethal concentrations
of antibiotics [159]. Although this is an interesting finding, using subinhibitory
concentrations of antibiotics for treatment might exacerbate antibiotic resistance and
therefore not be a suitable approach [160-163]. In a study by Laventie et a/., the class of
compounds known as SCns (p-sulfonato-calix [n]arenes) were shown to be able to prevent
the PVL LukS subunit from binding to the eukaryotic cell membrane using flow cytometry
studies [164]. In rabbit models of infection, treatment with SCns was shown to be effective
in decreasing ocular inflammation associated with purified PVL protein [164].

Further work is needed to clarify the importance of PVL in host pathogenesis by S. aureus,
with consideration to its variable activity against diverse eukaryotic cell types. Assuming
that PVVL does indeed play a significant role in human infection, blocking its activity viaa
receptor inhibitor such as CHIPS or antibody could confer important protection during
infection. The downside of using PVL inhibitors is that because the majority of HA-MRSA
strains lack this gene, inhibitors to PVL would be ineffective against many HA-MRSA
strains. Additionally, there are also virulent CA-MRSA strains that lack PVL genes [165].
Therefore, strain typing prior to treatment may be an approach with such selective
antivirulence therapeutics.

7. STAPHYLOCOCCAL ENTEROTOXINS

Staphylococcal enterotoxins (SE) are also dubbed ‘superantigens’ for their ability to bind to
human T-cells and induce hyperstimulation [166]. SEs specifically bind to MHC class Il T-
cell receptors [167, 168]. X-ray crystallography was used to image T-cell receptors coupled

Curr Drug Targets. Author manuscript; available in PMC 2018 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kane et al.

Page 13

to SE [167]. Staphylococcal enterotoxins are the primary cause of staphylococcal food
poisoning [169, 170]. SEs are very robust and are resistant to heating, and proteolysis [171,
172]. Biological activity of SE has been shown to be recalcitrant to heating to 60°C for up to
16 hours, or to digestion with trypsin, chymotrypsin, rennin, or papain [171]. Although SEs
are a member of the streptococcal superantigen family, only toxins that cause emesis in
primate models are designated SEs [173]. Currently there are twenty-one known SEs,
designated SE-A to SE-U [172, 174, 175]. Due to the expense of testing emesis in primates
and the limited number of labs capable of testing in primates, toxins similar to SEs but
unable to be validated in primate models are designated as staphylococcal enterotoxin-like
(SEls) [169, 173]. As little as 10 ug of SE-B administered intragastrically has been shown to
be sufficient to cause disease symptoms in primate models [176]. There are limited data
regarding human exposure to various purities of SEB as a result of lab accidents, and
symptoms such as ocular swelling and discharge can be observed upon exposure to as little
as 50 ug of toxin [177]. Due to the small quantity of protein needed for symptoms, the ease
of spread, and the robust nature of SEs, they are listed as a Category B select agent by the
CDC (CDC, [172]. Strains of S. aureus produce vastly different amounts of SE toxin,
ranging from more than 1 pug/mL culture to less than 10 ng/mL [178]. SEs do not appear to
be fully regulated using the agrsystem, and higher production of SE toxins appears to be
linked with prophage induction [178, 179]. Transposon insertions in the agrallele was not
found to affect overall levels of SE /in S. aureus strains [179]. In strains of S. aureus that
naturally produce high levels of SE-A (>1000 ng/mL measured via ELISA), induction of
prophages using mitomycin C resulted in further increases of up to 10 fold [178].

Work by Bavari et al. found that immunizing mice with an antibody towards one SE would
elicit cross-immunity against the other SE toxins [180]. Mice were challenged with
recombinant SEs, and mice that had been immunized with antibodies raised against one
particular SE received partial protection against challenge with a different SE isoform. This
promising finding demonstrates the potential of developing an antibody species that would
offer protection against many SE isoforms. Additional findings by Tiahun ef a/. showed that
a mouse antibody raised against SE-B was readily able to inhibit the T-cell activation
associated with SE-B, and this protective effect was found to extend to human PBMCs as
well [181]. Mice antibodies raised to SE-B were also shown to be effective in human donor
T-cells by Varsheny et al. 2011 [182]. T-cell activation from human donors treated with
antibodies created to SE-B was up 50% compared to those that did not receive treatment
[182]. The authors did not extend the test to other forms of SEs, but it would be interesting
to test with multiple SEs given the results from Bavari et a/. Similarly, human antibodies
developed against SE-B showed increased survival in mice models of SE-B induced toxic
shock syndrome [183]. Mice that were given antibodies raised to SE-B had a 68% increased
survival as compared to mice that did not receive any antibodies [183]. Use of a mutated SE-
B subunit as a vaccine approach also lead to increased immunity against SE-B toxicity
[184]. Piglets immunized with the non-toxic form of SE-B resulted in increased levels of
IgG and IgA levels that was shownt to cross react with wild type SE-B, indicating that this
method may be a viable immunization strategy [184]. Recently, Reddy and colleagues were
able to generate a recombinant peptide consisting of parts of SE-A and toxic shock
syndrome toxin 1 in order to generate an immune response to these native toxins [185].
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Immunization of the mice prior to cell-free toxin challenge resulted in a 50-80% survival
rate when confronted with a lethal dose of SE-A [185]. Aptamers have also been shown to
be effective in inhibiting SE function [186]. Aptamers created to bind specifically to SE-A
were used in a mouse challenge model, where a 60% survival increase was observed when
mice were pretreated with aptamers prior to toxin challenge (10 ug SE-A) vs. no
pretreatment.

Given the promising findings regarding immunity generated towards SEs using antibodies,
aptamers, or mutated forms of the SE protein itself, antivirulence and vaccine-based
approaches against these potent Staphylococcal enterotoxins may offer significant potential
for the treatment of severe S. aureus disease.

8. TWO-COMPONENT SYSTEMS

Bacterial two-component systems (TCS) are one of the primary means bacteria have to sense
their environment [187, 188]. As the name suggests, TCSs consist of two proteins, a sensor
kinase which responds to the signal and a response regulator that binds to DNA [187, 188].
In S. aureus, these TCS can affect the virulence of the bacterium. agris an important
regulator of virulence and is also a TCS consisting of the response regulator AgrA and the
kinase AgrC. The SaeR/S TCS in essential to the evasion of the innate immune system by
reducing reactive oxygen species, aiding survival in the face of host defense peptides,
reducing expression of IL-8, and increasing the expression of leukocidins [32, 40, 42, 189,
190]. SaeRS can also regulate the expression of virulence genes including A/a [191].

Work has shown that SaeRS can be inhibited chemically in order to reduce the expression of
virulence genes. Using a natural product isolated from Glycyrrhiza, dubbed 18-
Glycyrrhetinic acid (GRA), the Voyich group was able to show that at high concentrations
the compound was able to kill S. aureus, and at sub-lethal concentrations, virulence factor
genes including saeR were inhibited [192]. The authors determined that during the course of
an /n vivo infection where the mice were treated with MRSA and GRA, the CFUs recovered
were not significantly different [192]. While the CFUs were unchanged, the lesion size of
the mice were significantly reduced, implying that the GRA treatment was having an anti-
virulence effect as opposed to an antibiotic effect [192]. To further explore this phenomenon,
the authors measured the change in gene expression upon treatment with GRA. Of the five
genes examined, only sae/R was significantly different with a 14 fold reduction in
transcription [192]. This paper illustrates a possible ideal in treatment of bacterial infections.
At high doses the compound is able to kill the S. aureus, but even at lower doses, the
virulence of the bacteria is inhibited.

Using a small molecular inhibitor of staphylococcal type 2 fatty acid synthesis called
AFN-1252, Parsons et al. were able to show that in treatment of S. aureus with AFN-1252
led to a reduction in the expression of the sae genes [193]. Using an Affymetrix array, the
authors were able to observe a ~2 fold reduction in the saeSand saeR genes [193]. When
treatment was translated to an /n7 vivo model, there was a significant reduction in the amount
of recoverable CFUs of more than three log after 72 hours following a single dose of
AFN-1252 [193]. Upon multiple doses of AFN-1252, the recoverable CFU was reduced
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nearly 5 log [193]. The authors noted that the timing of treatment also had a significant
impact on the level of sae gene transcription as cells that were actively growing upon time of
treatment had a much more robust reduction in sae levels as compared to when the bacteria
were treated at stationary phase [193]. This paper has again reinforced the idea that targeting
these two component systems can have a positive impact on infections, however in this case
the bacterial growth dynamics can have a large effect on the efficacy of the treatment.

TCS inhibiton has also been shown to cause rapid bactericidal effects [194-196].
Specifically targeting the WalK/WalR (YycG/YycF) two component system which is
essential to cell wall metabolism in S. aureus results in death of the bacteria [194-196].
Work by Okada et a/. isolated a natural product from Streptomyces sp. MK632-100F11
dubbed walkmycin B which exhibited antibacterial activity against B. subtilis [195]. The
compound also exhibited antibacterial characteristics against both a MRSA strain and a
MSSA strain [195]. Walkmycin was determined to be active against the WalK TCS protein
component by observing a decrease in autophosphorylation of WalK when purified WalK
was exposed to the drug treatment [195]. This interaction between walkmycin B and the
TCS protein was confirmed by surface plasmon resonance using the B. subtilis WalK protein
[195].

Similar research was also undertaken by Igarashi et a/. The authors were also able to isolate
a novel species of Streptomyces dubbed MK844-mF10 that produced an active compound
against the WalK protein from B. subtilis [196]. The compound, dubbed waldiomycin bears
structural similarity to diozamycin and was also active against several strains of S. aureus
including two different MRSA strains with a MIC of 16 ug/mL [196]. Waldiomycin was
determined to prevent the autophosphorylation of WalK for both the B. subtilisand S. aureus
purified protein product [196].

Screening of targets to inhibit TCS can be done with high throughput fragment screening or
with structure-based virtual screening [197]. A recent publication utilized both approaches
in order to find new compounds to inhibit TCS. The authors used an /n sifico approach to
screen 600,000 compounds from a commercially available drug database, and 898
compound fragment library [197]. Ten final compounds from the /n silico approach were
tested experimentally, and 25 compounds from the fragment library were tested [197]. Of
the ten compounds selected from the fragment library, two hits yielded effective inhibition of
S. aureus, compounds F1 and F2 [197]. Along with F1 and F2, derivatives of one of the /n
silico compounds were tested against eight strains of S. aureus, with the /n silico derived
compound S1.13 able to inhibit all 8 strains between 8 pg/mL and 16 pg/mL [197]. This
paper was able to show the benefit of using /n silico and fragment based approaches to
rapidly screen large numbers of compounds to generate leads which can then be modified to
obtain very effective antibacterial agents.

Two component systems remain a viable area of research to either inhibit the virulence of
the S. aureus bacterium in the case of SaeR and SaeS inhibition or as an antibacterial target.
Dual approaches to screening compounds in the form of /n silico or fragment library
screening can generate positive hits from an initially massive library, which will ideally
result in more rapid drug development times.
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9. STAPHYLOXANTHIN

Staphyloxanthin is the pigment that S. aureus produces that is primarily responsible for the
characteristic golden color that some strains of S. aureus exhibit [198]. This compound was
originally isolated from S. aureus by Marshall and Wilmoth in 1981. Using a warm
methanol extraction method followed by chromatography separation, they were able to
obtain four fractions, and fraction three contained the staphyloxanthin [198]. Subsequent
work using gene deletions in the staphyloxanthin biosynthesis pathway confirmed that
staphyloxanthin functions as a virulence factor by serving as an antioxidant protecting the
bacterium from neutrophil oxidative burst [199, 200].

The first step in the synthesis of staphyloxanthin is catalyzed by the dehydrosqualene
synthase (CrtM) enzyme [199-201]. Liu et al. noticed that the structure of dehydrosqualene
is similar to squalene in human cholesterol biosynthesis, and thus they hypothesized that
inhibitors to human cholesterol synthesis may be effective against S. aureus producing
staphyloxanthin [201]. Out of eight compounds tested, three phosphonosulfonates were
found to be effective against pigment formation /n vitro [201]. One of the compounds,
BPH-652, is a derivative of S-BPH-652 which is a compound in preclinical trials as a human
cholesterol lowering drug, and for these reasons, the authors chose to test BPH-652 against
eukaryotic cell toxicity, the ability of phagocytes to kill S. aureus, and /n vivo infections
[201]. Researchers found no evidence of eukaryotic toxicity, and upon treatment of S. aureus
with BPH-652, the bacteria were more susceptible to being killed in whole blood assays by a
factor of 4, and were more susceptible to killing by hydrogen peroxide [201]. During an /in
vivo mice infection, the number of colonies recovered from kidneys were reduced by ~98%
[201].

Follow up work from the same Oldfield group focused on synthesizing derivatives of
BHP-652 and characterizing the compounds [202-204]. They were able to develop a
computer model to more accurately predict compounds that were active against CrtM and
also compounds that would have low affinity for the human analogue SQS [202]. From this
paper the researchers found that two compounds had increased selectivity for CrtM as
compared to SQS while maintaining similar inhibitory kinetics on CrtM [202]. One of the
most potent inhibitors to CrtM the authors were able to obtain x-ray crystallographic
structures of the inhibitor bound to the CrtM enzyme [203]. Interestingly, they noted that the
inhibitor spanned both of the substrate biding sites on CrtM, unlike other compounds that
selectively bound either one or the other substrate sites [203]. Later work by the Oldfield
group naticed that inhibiting the SQS enzyme in neutrophils resulted in an increase in NET
production [204, 205]. Based on this observation, the authors decided to create a compound
that would be highly effective against both the human SQS and the bacterial CrtM [204].
Extensive /n sifico screening and crystallization with CrtM led the authors to finding a
compound dubbed 16, which stimulated NET production, and also inhibited S. aureus
growth [204].

Screening for staphyloxanthin inhibition can be accomplished by treating S. aureus with the
compound of interest, and then observing the decrease in golden color [206]. Recently Chen
and colleagues used that approach to screen 412 drugs to find drugs which inhibited
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staphyloxanthin biosynthesis [206]. They were able to find three compounds that resulted in
the loss of pigmentation in S. aureus Newman, ibandronate, terbinafine and naftifine the last
of which inhibited staphyloxanthin production most significantly [206]. Bacteria treated
with naftifine exhibited increased sensitivity to hydrogen peroxide, and were 20 fold
decreased in survival in human whole blood [206]. In a sepsis model of mice infection, 70%
of mice that received naftifine treatment survived 12 days where all the mock treated mice
were dead after 24 hours [206]. Using £. coli expression methods, the authors were able to
show that naftifine is able to inhibit the activity of CrtN [206]. While these results are very
promising, the authors do note that not all strains of S. aureus produce staphyloxanthin, and
thus the treatment may be of limited utility in non-staphyloxanthin producing strains [206].

Despite the fact that not all strains of S. aureus produce the staphyloxanthin pigment, in the
cases where it is present in the bacterium, inhibition of the molecule can be highly effective.
Taken together, these findings indicate that inhibiting the synthesis of staphyloxanthin could
be a viable anti-virulence strategy and that the use of computer inhibition models can help to
inform compound synthesis for the modification of existing compounds.

10. PHAGE THERAPY

Bacteriophages have also been explored as a possible treatment against MRSA infection. In
a recent case study, a woman who had been infected with a persistent vancomycin resistant
S. aureus infection exhibited colonization for over 11 years [207]. Despite constant and
varied treatment including cyclosporine, pristanamycine, and mupirocin, the infection never
successfully cleared [207]. The patent decided to seek treatment at the phage therapy center
in Thilisi Georgia. Upon treatment with a bacteriophage ATCC PTA-9476 over the course of
four weeks, the vancomyecin resistant S. aureus infection was successfully cleared [207].
Although such examples highlight the promise of phage therapies, bacterophages are
generally highly specific for bacterial strains and thus can exhibit lower efficiency within
strains of the same species. In one report where researchers attempted to isolate additional
strains of bacteriophage active against 12 different strains of MRSA using phage isolated
from sewage sources, livestock areas, a river, and a water lock from a room that treats
MRSA patients, only 5 different phages could be found to be active against MRSA strains
[208]. The isolated phages also exhibited very poor cross-reactivity against additional
MRSA strains [208]. Out of 12 tested MRSA strains, only two of the bacteriophages
exhibited activity in 5/12 MRSA strains, and the other 3 phage were limited to 1/12 tested
MRSA strains [208]. Using a commercially available S. aureus bacteriophage ATCC
PTA-9476, researchers tested the ability of a phage to inhibit three different strains of S.
aureus, USA300 LAC, USA100 71080, and USA100 626 [209]. The authors found that
while the bacteriophage was able to inhibit the growth of USA300 and the USA100 626
strain, it was ineffective against the USA100 71080 strain [209]. When used specifically
against the USA300 LAC strain, the phage highly effective in reducing the infection against
this S. aureus strain, and this protection was extended to several routes of infection [209].
Phage treatment has also been proposed to prevent infections during implanted medical
devices [210]. S. aureus has also been a major concern in causing hospital associated
infections especially during surgeries where devices are implanted [211-213]. Wires
impregnated with a biodegradable polymer containing a specific bacteriophage in
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combination with an antibiotic compound were implanted into mice, followed by infection
with the S. aureus MRSA strain 43300 [210]. Mice that were implanted with the wire
containing both the phage and antibiotic treatments exhibited significantly lower CFU
counts [210]. Using a functional measure of how well the mice healed post-surgery, mice
who received both bacteriophage and antibiotic treatment exhibited faster recovery than
mice who received untreated wires or mono phage or antibiotic treatment [210].

Bacteriophage treatment of bacterial infection remains a promising area of research in the
context of S. aureus pathogenesis. The studies highlighted above demonstrate the potential
that phage therapy may offer, especially as an alternative to classical antibiotic treatment or
in combination with available therapies to increase the effective of treatment strategies. One
limitation to phage therapy has been the high level of strain specificity of phages against
particular S. aureus isolates, making it difficult to develop a strain of phage that would act
broadly against all pathogenic strains. Regulatory approval will also likely remain an area of
challenge as there are currently no FDA approved phages for treatment of S. aureus
infections. Resistance to phage could be slower to arise as the phages are a biological system
and thus can co-evolve along with resistance by the susceptible bacteria.

11. VACCINE DEVELOPMENT FOR S. AUREUS

Vaccine approaches to Staphylococcus aureus have been thus far proven unsuccessful when
progressed to clinical trials [135, 136]. As discussed in this review, S. aureus has a wide
range of potential vaccine targets, including capsular, cell wall anchored proteins, and
secreted factors, but a vaccine specific to only one of these factors would likely not elicit
total protective immunity [25]. Similar to many of the anti-virulence approaches discussed
herein, it may be more feasible to utilize vaccine-based strategies to limit the severity of
infection while administering other treatments such as antibiotics to reduce the severity and
duration of the overall infection [214]. Despite the current lack of a universal vaccine against
S. aureus, significant research into Staph-based vaccines are ongoing. A recent four-
component vaccine consisting of two capsular polysaccharides conjugated to tetanus toxoid,
mutated a-toxin, and clumping factor A has been developed for S. aureus[215, 216]. This
vaccine has recently completed phase one clinical trials with no safety concerns and with
humoral immune responses noted.

Methods of vaccine delivery also play a pivotal role in the efficacy of vaccine treatment.
Gomes and colleagues compared the efficiencies of a S. aureus whole antigen delivered
either intranasally or intramuscularly [217]. Mice vaccinated intranasally with the whole
antigen exhibited significantly increased production of IgG2a as compared to mice who
were vaccinated the intramuscular route as measured v7a serum ELISA [217]. Importantly,
the authors observed no detrimental effects on the mice during intranasal vaccination
whereas the mice vaccinated intramuscularly exhibited redness and lameness near the
injection site [217]. Upon challenge with 108 CFU of S. aureus intraperitoneally, mice who
had been vaccinated intranasally exhibited significantly increased survival (95% survival
after 72 hrs as compared to 60%) and significantly lower CFU counts in liver and spleen
[217]. In another study by Selle et al., the route of vaccination was shown to have a
significant effect on the disease outcome of S. aureus challenge [217]. When challenged
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with fluorescently labeled S. aureus the mice that were vaccinated 1.V. exhibited
significantly lowered luminescence and ~100 fold fewer CFUs than those vaccinated using
an intramuscular route [217]. Interestingly, the route of vaccine also affected the antibody
profiles of the mice, with I.V. vaccinated mice exhibiting greater levels of antibody to PVL,
gamma toxin, and beta hemolysin whereas mice vaccinated intramuscularly exhibited
greater antibody titers to intracellular antigens GreA and Tuf [218].

CONCLUSION

S. aureusis a versatile bacterial pathogen as demonstrated both by its ability to acquire rapid
resistance to new antibiotics as well as its use of a wide arsenal of virulence factors that have
evolved to specifically survive host immune responses for disease spread. Due to the
prevalence of MRSA, and the current limitations on antibiotic development, an active and
highly promising avenue of research has been to develop strategies to specifically inhibit the
activity of virulence factors produced S. aureus as an alternative means to treat disease. This
review has highlighted several virulence factors where mechanistic studies elucidating the
structural and functional properties of these virulence factors have paved the way for
exciting new strategies to inhibit or otherwise inactivate these virulence factors and
ameliorate pathogenic outcomes. Strategies to inhibit virulence factors can range from small
molecule inhibitors, to antibodies, to mutant and toxoid forms of the virulence proteins. Of
particular interest are those inhibitors that have been shown to have cross reactivity to
multiple virulence factor forms, as well as inhibitors that target global regulators such as the
agroperon, which have multi-target activities. Current efforts to develop specific
antivirulence strategies, vaccine approaches, and alternative therapies such as phages for
treating severe disease caused by S. aureus have the potential to stem the tide against the
limitations that we face in the post-antibiotic era.
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Fig. 1. Staphylococcus aureus on host keratinocytes
Scanning electron micrograph image of S. aureus on HaCat eukaryotic cells. /mage

colorized using Adobe Photoshop.
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Fig. 2. Depiction of virulence factors (tan box), mechanism of action (blue box) and strategies to
inhibit the virulence factors (green box) as discussed in this review

All of the virulence factors discussed in this review are secreted with the exception of the agr
system which serves as a regulator for many other virulence factors including a-toxin,
phenol soluble modulins, and protein A.
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Detailed list of the virulence factors discussed in this review including mechanism of action and inhibition
approaches. Summary of the virulence factors discussed in this review as well as details on virulence factor
mechanisms and specific inhibition approaches.

Virulence Factor

Mechanism of Action

Inhibition Mechanism

agrsystem

agris a quorum sensing system that is
dependent on cell density. AgrD binds
to AgrC, which results in activation of
AgrA the transcription factor. AgrA is
then able to increase transcription of
SE, hemolysins, proteases, and
capsular polysaccharides.

Savirin: Small molecule that down regulates
agrand subsequent downstream virulence
factors.

Solonamide B: Natural product. Reduced
expression of agrA.

w-hydroxyemodin: Natural product that binds
AgrA preventing binding to DNA.

a-toxin

Binds to ADAM10 on eukaryotic cells
and oligomerizes, forming pores and
lysing the cell.

Baicalin: Natural product that prevents the
oligomerization of a-toxin.

LC-10: Antibody specific to a-toxin,
increases murine survival in combination with
antibiotics. In clinical trials under name
MEDI4893.

HlaH35L: Mutated form of a-toxin. Used to
immunize prior to challenge with S. aureus
results in reduced lesions in murine model of
infection.

Phenol Soluble Modulins (PSM)

Family of 7 a helical peptides, split
into PSMa and PSMB. PSMa. are able
to lyse a variety of cells including
leukocytes and erythrocytes. PSMp are
implicated in the spread of biofilms.

Antibodies: PSMs tend to be very
immunogenic, and antibodies raised to them
can confer protection by reducing
dissemination during infection.

Block PMT transporter: PMT is responsible
for the transport of all types of PSM.

Protein A

Cell wall anchored protein that binds
to the FC region of 1gG antibodies and
to the Fab of Variable Heavy 3 (VH3)
idiotype B-cell receptors.

SpAKKAA: Mutated form of protein A which
when administered prior to challenge with S.
aureus resulted in increased survival and host
antibody production.

Photothermaltherapy: As protein A is cell wall
anchored, using antibodies specific to protein
A that contain gold rods, S. aureus can be
specifically targeted for photothermaltherapy.

Panton-Valentine Leukocidin (PVL)

PVL consists of two subunits, LuUkS
and LukF. LuksS binds to human
complement receptors C5aR and C5L2
and allows docking of LukF. The Luk
subunits oligomerizes and form a pore
lysing the cell.

CHIPS: Staphylococcal protein which has
specific binding to the C5aR. Similar effects
could be realized using antibodies.

Staphylococcal Enterotoxins (SE)

There are 21 known SEs. SEs bind
MHC class Il receptors on T-cells and
hyperstimulate the T-cells.

Antibodies: Immunizing mice against one
form of SE can provide protection against
other forms of SEs.

Toxoid: Use of mutated SEs can elicit immune
responses to the native SE.

Two-Component System (TCS)

Consist of a sensor kinase which
senses the environmental signal and
the response regulator which is
activated and is able to bind DNA to
affect transcription.

GRA: Natural product, acts on SaeR to inhibit
expression of virulence factors. Bacteriocidal
at high concentrations.

AFN-1252: Inhibitor of type 2 fatty acid
synthesis. Significantly reduces expression of
saeSand saeRr.
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Virulence Factor

Mechanism of Action

Inhibition Mechanism

Walkmycin: Natural product that inhibits
WalK and kills S. aureus.

Waldiomycin: Natural product that prevents
WalK autophosphorylation and Kills S. aureus.

Staphyloxanthin

Pigment responsible for some strains
of S. aureus golden color. Protects the
bacterium from oxidative stress.

BPH-652: Derived from human cholesterol
inhibitor drugs. Inhibits the CrtM enzyme
which is in staphyloxanthin biosynthesis
pathway.

Naftifine: Antifungal drug that inhibits CrtN
enzyme in staphyloxanthin biosynthesis
pathway.
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