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Abstract: Staphylococcus aureus is a Gram-positive pathogen capable of infecting nearly every
vertebrate organ. Among these tissues, invasive infection of bone (osteomyelitis) is particularly
common and induces high morbidity. Treatment of osteomyelitis is notoriously difficult and often
requires debridement of diseased bone in conjunction with prolonged antibiotic treatment to resolve
infection. During osteomyelitis, S. aureus forms characteristic multicellular microcolonies in distinct
niches within bone. Virulence and metabolic responses within these multicellular microcolonies are
coordinated, in part, by quorum sensing via the accessory gene regulator (agr) locus, which allows
staphylococcal populations to produce toxins and adapt in response to bacterial density. During
osteomyelitis, the Agr system significantly contributes to dysregulation of skeletal homeostasis and
disease severity but may also paradoxically inhibit persistence in the host. Moreover, the Agr system
is subject to complex crosstalk with other S. aureus regulatory systems, including SaeRS and SrrAB,
which can significantly impact the progression of osteomyelitis. The objective of this review is to
highlight Agr regulation, its implications on toxin production, factors that affect Agr activation, and the
potential paradoxical influences of Agr regulation on disease progression during osteomyelitis.

Keywords: osteomyelitis; Staphylococcus aureus; toxin; accessory gene regulator; quorum; virulence;
infectious; pathogenesis; bone

Key Contribution: This review highlights the important and diverse roles of quorum-regulated
toxins in infection establishment, persistence, and clearance during S. aureus osteomyelitis.

1. Introduction

Osteomyelitis, or inflammation of bone, most frequently occurs as a result of bacterial infection.
Staphylococcus aureus is the most commonly isolated bacterium from infectious osteomyelitis and
can result in acute or chronic disease [1]. While osteomyelitis infections most frequently manifest in
children from hematogenous spread of organisms colonizing the skin or nares, contiguous spread from
trauma or surgery is more common in adults [1,2]. The ability of S. aureus to spread to bone from other
tissues is in part dependent upon the ability to express toxins that mediate dissemination [3]. The study
of human disease and the development of animal models are both important for understanding the
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pathogenesis of S. aureus osteomyelitis [4—7]. In bone, S. aureus can reside in a number of different
microenvironments including necrotic bone fragments (known as sequestra), within bone marrow
abscesses, under the periosteum of intact bone, or within the canalicular system of cortical bone [1,8,9].
Regardless of the precise niche within skeletal tissues, S. aureus often exists in multicellular structures,
known as microcolonies. Within these microcolonies, S. aureus is able to adapt and respond to resource
fluctuations and bacterial density.

The capability of S. aureus to grow in a multitude of host tissues, including bone, suggests
remarkable flexibility in responding to heterogeneous host immune responses and local nutrient
availability. S. aureus responds to immune and nutrient stress in part by secreting virulence factors,
including enzymes that degrade host tissues, cytolytic toxins that target host cells, and molecules that
incapacitate immune defenses [10]. For the purposes of this review, toxins are broadly characterized as
proteins produced by S. aureus and secreted into the extracellular matrix or presented on the bacterial
surface that have detrimental effects on host cellular function or physiology. Importantly, the production
of bacterial toxins has less favorable tradeoffs, including an increased energy requirement and the
potential to incite host immune defenses and increase inflammation [11,12]. Accordingly, S. aureus
senses a combination of bacterial- and host-derived environmental cues to regulate the production
of toxins that are essential for full S. aureus pathogenicity during osteomyelitis [13]. The accessory
gene regulator (Agr) system is a key mediator of bacterial responses to environmental stimuli and
regulates the production of many S. aureus factors to promote bacterial survival and dissemination [3].
This review serves to summarize the recent and historic findings regarding the regulation and function
of S. aureus toxins, with a particular emphasis on those influenced by quorum sensing via Agr
during osteomyelitis.

2. Conserved Mechanisms of Two-Component Systems Apply to Quorum-Mediated Virulence
Regulation in S. aureus

Gram-positive and Gram-negative bacteria have the ability to sense and respond to the environment
through two-component regulatory systems, which classically consist of a histidine kinase and a
response regulator [14]. Depending on the two-component system, response regulators can be
activated in their de-phosphorylated and/or phosphorylated state in response to stimuli recognized
by the histidine kinase. Response regulators typically function as transcription factors that bind to
bacterial DNA to alter transcriptional responses to intra- or extracellular stimuli [13,15]. Interestingly,
some activated response regulators can cross-regulate transcription of genes associated with other
two-component systems [16,17].

Many bacterial species, including S. aureus, possess specialized two-component systems to survey
and respond to the density of genetically similar cells. This process, known as quorum sensing,
allows S. aureus to detect the cellular density in a given niche via production of an autoinducing
peptide (AIP). S. aureus AIP activates the Agr two-component system when it reaches a threshold
concentration [18,19]. The Agr two-component system is responsible for controlling critical toxin
genes involved in S. aureus pathogenesis, including hemolysins and phenol-soluble modulins (PSMs),
while also repressing production of proteins involved in bacterial adherence and aggregation, such as
coagulase (Coa) and von Willebrand factor-binding protein (vWbp) [7,13,20]. The complexity of S. aureus
toxin production is compounded by the effects of the Agr quorum system, including toxin activation
and decreased adherence, which might be counterproductive for S. aureus pathogenicity during chronic
infection. For example, mutations within the agr locus result in repression of bacterial toxin production
that can lead to evasion of immune recognition during persistent S. aureus infection [18,21].

Although the Agr system strongly contributes to staphylococcal virulence, other two-component
systems and regulatory proteins, including staphylococcal accessory regulator A (SarA), catabolite
control protein A (CcpA), S. aureus exoprotein expression (SaeRS), and staphylococcal respiratory
response AB (SrrAB) also influence virulence factor regulation. Importantly, these two-component
systems can regulate virulence factors in both Agr-dependent and Agr-independent manners [22-25].
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While Agr only responds to AIP concentration, multiple environmental cues, including oxygen
concentration, oxidative stress, and nutrient availability, influence S. aureus toxin production. Therefore,
the local tissue environment of the infection alters S. aureus toxin production and is controlled at
multiple levels through the Agr system.

Bone has relatively lower physioxia than many tissues and becomes increasingly hypoxic over the
course of infection [26]. Oxygen availability is further restricted through the formation of S. aureus
abscesses and biofilms. Reduced oxygen tension promotes S. aureus cytotoxin production in a
SrrAB-dependent and -independent manner, thereby mediating pathogenesis [26]. In addition to
the ability to sense and respond to changes in oxygenation, S. aureus can also adapt based on amino
acid and metabolite availability with the regulatory proteins CodY and CcpA. SrrAB, CodY, and
CcpA all influence transcription from agr locus promoters, albeit through different mechanisms [27,28].
Finally, SaeRS responds to stress induced by neutrophils and other host immune cells to influence the
Agr network of virulence genes [7]. Thus, multiple two-component systems and regulatory proteins
facilitate S. aureus survival in bone and are intricately linked to Agr quorum sensing. These mechanisms
are discussed in more detail below.

3. Agr Signaling Mechanisms Regulate Toxin and Immunomodulatory Protein Production during
S. aureus Osteomyelitis

A number of staphylococcal virulence factors that are directly or indirectly regulated by the Agr
system contribute to the pathogenesis of osteomyelitis, including cytolytic and immunomodulatory
proteins. In the sections that follow, we highlight the regulatory architecture of the Agr system,
the mechanisms of regulation of toxins related to osteomyelitis, and the impact of other regulators and
two-component systems on Agr and Agr-regulated targets.

3.1. Agr Signaling Components Interact to Control Virulence Genes

The components of the Agr system are co-regulated through the cross-activation of divergent
promoters, P2 and P3, which generate RNAII and RNAIII, respectively (Figure 1). RNAII contains
the sequences for the translation of AgrD, the precursor for the extracellular quorum peptide, AIP,
and its maturation and export protein, AgrB. RNAIII also encodes AgrC, the sensor histidine kinase of
the two-component system and its cognate response regulator, AgrA. Activation of the P2 promoter
occurs in response to AgrC phosphorylation of AgrA when extracellular AIP is detected [29,30].
Therefore, a positive feedback exists for the translation of AgrC and AgrA to receive and transduce
the quorum-dependent signal. Phosphorylated AgrA has a high affinity for the P2 promoter, which
facilitates the continued transcription of agrA-D to produce extracellular AIP. AgrA also binds to the P3
promoter to initiate transcription of RNAIII, although the affinity for this promoter is lower, allowing
for AIP production prior to RNAIII transcription [30,31]. Downstream transcriptional and translational
regulation of toxin-related genes is mediated, in part, by the RNAIII transcript [32].

Phosphorylation of AgrA directly regulates several genes coding for toxins (e.g., PSMs) and
indirectly represses genes involved in cell wall surface attachment and biofilm formation (see
below) [33-35]. Additionally, Agr virulence factor regulation occurs at the transcriptional and
translational levels via binding of the regulatory RNAIII to virulence-related transcripts [35]. The RNAIII
regulatory RNA has a number of highly conserved domains between staphylococcal species that are
likely functional domains for these regulatory processes [36]. Surface-associated molecules that function
in bacterial aggregation, including coagulase (Coa), are negatively regulated at the transcriptional level
via RNAIII [20,37]. RNAIII controls the transcription of toxin and immunomodulatory genes including
alpha-hemolysin (hla), beta-hemolysin (hlb), toxic shock syndrome toxin-1 (tst), and staphylococcal
serine protease (sspA) by binding within the promoter regions of these genes [13,38,39]. While RNAIII
increases the transcription of hig, it also promotes translation of the trans-encoded hla mRNA by
binding to the untranslated region to resolve an intramolecular base pairing that typically blocks the
ribosomal binding site [33].
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Figure 1. Accessory gene regulator (Agr) signals through self-regulation and crosstalk with other
two-component systems. Quorum-mediated Agr signaling is influenced by regulatory proteins,
staphylococcal accessory regulator A (SarA), carbon catabolite control protein A (CcpA), and CodY
and two-component systems, staphylococcal respiratory response AB (SrrAB) and Staphylococcus aureus
exoprotein expression response regulator (SaeRS), which are responsive to oxygen (SrrAB) and nutrient
availability (SaeRS), as well as host immune stress. AgrB facilitates the formation of extracellular
AIP from the AgrD precursor. Agr signaling occurs through AIP-mediated signal transduction at
a threshold concentration that activates AgrC phosphotransferase activity to phosphorylate AgrA.
AgrA activates the transcription of RNAIII via P3 to produce virulence factors implicated in S. aureus
acute osteomyelitis. AgrA binding to P2 results in transcription of RNAII, leading to additional agrA,
agrC, agrD, and agrB mRNA. Phosphorylated AgrA also enhances the transcription of phenol-soluble
modulins (PSMs) directly. SarA and activated SaeR indirectly augment PSM production via inhibition
of the protease Aureolysin (Aur).

In addition to regulating toxin production, RNAIII also controls immune evasion proteins,
the second immunoglobulin-binding protein (Sbi), MHC class II analog protein (Map), and protein
A (SpA). RNAIII represses translation of sbi mRNA through direct interaction with the translation
initiation sequence [40]. Contrary to the effects of RNAIII base pairing with sbi, RNAIII increases Map
production, likely through RNAIII-promoted translation initiation, although the precise mechanism is
unknown [41]. RNAIII represses transcription as well as translation of SpA, but it also exerts a third
level of regulatory control by promoting the degradation of spa mRNA via double-strand specific
endoribonuclease activity. The mechanisms of SpA translational inhibition and arrest are both initiated
as the 3’ end domain of RNAIII binds to the complementary 5" domain of spa mRNA. This results in a
loop-loop interaction through annealing and prevents in vitro formation of the translation initiation
complex. Simultaneously, the loop—loop interaction also recruits RNase III to irreversibly arrest
translation [42].

RNAIII further regulates the production of transcription factors that subsequently control toxin
and adherence genes. For example, RNAIII stabilizes and increases the production of mgrA, which
encodes a global transcription regulator and, in turn, controls over 350 genes involved in virulence,
antibiotic resistance, autolysis, and biofilm formation [43]. RNAIII also acts as an anti-repressor by
binding the mRNA of the repressor of toxins (Rot) protein at the ribosome-binding site. Rot typically
inhibits translation of many toxins and surface proteins and positively regulates multiple virulence
factors implicated in osteomyelitis, including SpA and SarA family proteins [44,45].

Finally, while RNAIII is the primary effector involved in virulence regulation, activated AgrA
can also directly influence the toxin gene expression. In particular, the transcription of PSMs are
upregulated by AgrA binding to the promoter region, and Agr-mediated PSM production contributes
to bone loss during osteomyelitis [35]. Thus, the Agr regulatory system can control the production
of toxins and other virulence factors through direct gene activation/repression by AgrA or RNAIIIL,
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translational control through RNAIII base pairing with mRNA, and via RNAIII mRNA duplex formation
that promotes endonuclease activity for mRNA degradation. Importantly, while Agr promotes toxin
production, it also inhibits factors associated with bacterial persistence [21,46]. Agr-mediated regulation
of bacterial toxins and factors associated with persistence has been implicated in the pathogenesis
of S. aureus osteomyelitis in a number of studies (Table 1). The following sections will highlight
Agr-regulated toxins implicated in osteomyelitis.

Table 1. Critical publications in the field of Staphylococcus aureus Agr-regulated toxin production as it
relates to osteomyelitis.

Publication Year Model Critical Finding

Agr increases osteomyelitis incidence and
Gillaspy, A.F. et al. [46] 1995 Rabbit severity, but inactivation of agr does not inhibit S.
aureus colonization of bone.

Agr mutation decreases osteomyelitis pathology
Blevins, J.S. et al. [47] 2003 Mouse scores, including number of abscesses, physis
destruction, and histological inflammation.

Inactivation of agr decreases bone destruction,
and Agr-regulated o-type PSM production

Cassat, JE. etal. [7] 2013 Mouse contributes to bone destruction during S. aureus
infection.
Hendrix, A.S. et al. [48] 2016 Motuse Pharmacologic blockgde of Agr ﬁgn&}hng reduces
osteomyelitis pathogenesis.
Agr-regulated PSM production is influenced by
Wilde, A.D. etal. [26] 2015 Mouse hypoxia and signaling through SrrAB during
osteomyelitis.
Clinical pediatric methicillin resistant S. aureus
Bouras, D. et al. [49] 2018 Human (MRSA) isolates primarily contained agr-III
systems.
Krishna Mannala, G. 2018 Human A low-virulent clinical S. aureus bone isolate
etal. [50] harbors frameshift mutations in the agrC gene.

Lack of Agr-dependent factors decrease S. aureus
Suligoy, C.M. et al. [21] 2018 Mouse virulence during chronic osteomyelitis while
permitting adaptation for persistence.

Murine and A S. aureus agr mutant retains its ability to invade
Masters, E.A. et al. [51] 2019 in vitro the osteocyte lacuno-canalicular network of
cortical bone.

Kwiecinski, J.M. et al. S. aureus agr type from clinical invasive infections
[52] 2019 Human correlates with biofilm formation.

3.2. S. aureus Cytolytic Toxins Regulated by Agr

3.2.1. Phenol-Soluble Modulins (PSMs)

PSMs are key virulence factors produced by S. aureus that have cytotoxic effects on many cell
types, including bone cells, and contribute to the pathogenesis of osteomyelitis. The genes encoding
PSMs are located in three distinct chromosomal locations, which encode PSM«, PSMf3, and 8-toxin
(HId). HId is co-transcribed from the same promoter as RNAIII, while psma and psmf are produced
through AgrA-mediated transcription [53]. At high concentrations, these small peptides destabilize
lipid bilayers due to their amphipathic nature, thereby dysregulating ion flux and initiating host
cell lysis when exported through the phenol-soluble modulin transporter (Pmt) [54]. While PSMs
are able to induce cytotoxicity in host cells through receptor-independent pore formation, they also
activate neutrophils through formyl-peptide receptor 2 (FRP2) to induce proinflammatory cytokine
production [55-57]. This is particularly relevant to osteomyelitis, as proinflammatory cytokines
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increase bone degradation via enhanced production and activity of bone resorbing cells, known as
osteoclasts [58]. PSM production from phagocytosed, intracellular S. aureus is necessary and sufficient
to induce neutrophil death [57]. Intracellular production of S. aureus PSMoc 14 also facilitates bacterial
escape from osteoblasts, which could promote dissemination during osteomyelitis [7,55]. S. aureus
a-type PSMs have deleterious effects on osteoblasts that result in dramatic changes in bone remodeling
in addition to promoting the intracellular survival of the bacteria [7,55]. Furthermore, our laboratory has
demonstrated the role of SrrAB in the regulation of PSMs during oxygen-limited growth, as well as the
role of the Sae-regulated protease aureolysin (Aur) in degrading these peptides [7,26]. At this point, it is
unclear whether 3-type PSMs contribute to osteomyelitis. Nevertheless, many community-acquired
strains of S. aureus, including those frequently isolated from patients suffering from osteomyelitis,
express PSMs at a high level and are consequently highly cytotoxic.

3.2.2. Alpha-Hemolysin (Hla)

Hla is a polypeptide translated by S. aureus as a soluble monomer, which assembles upon contact
with the host lipid bilayer [59]. Hla oligomers are produced in a RNAIII-dependent manner. RNAIII
inhibits formation of a stem-loop structure within the hla mRNA, as described above [34]. When
a central glycine-rich loop becomes occluded from the hexameric structure, Hla forms oligomers
that assemble to form a pore and induce host cell cytotoxicity [60,61]. In order to bind to host cell
membranes and oligomerize, Hla engages the disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) receptor [62,63]. ADAM10 is responsible for proteolytically processing a number
of biologically active signaling molecules and physiological functions in host cells [63]. Thus, targeting
ADAMI10 remains a therapeutic strategy of continued development to prevent host cell cytotoxicity
during S. aureus infection [11].

Exposure of monocytic and epithelial cells to Hla results in nuclear factor kappa B (NF-«B) and
nucleotide-binding domain leucine-rich repeat and pyrin domain containing receptor 3 (NLRP3)
inflammasome activation and induction of interleukin 1 (IL-1) and 18 (IL-18) [64,65]. Based on
these in vitro studies, we hypothesize that the production of these pro-inflammatory cytokines may
contribute to tissue damage in bone and muscle tissue, although further studies are necessary to
confirm. Additionally, during septic S. aureus infections, there is a Hla-dependent systemic increase in
interleukin 6 (IL-6), a known contributor to osteoclast activation. IL-6 may therefore result in greater
amounts of degradative bone resorption due to the inflammatory environment induced by Hla [66].
Within the musculoskeletal system, Hla has been implicated as a potent chondrocyte toxin and causes
rapid death of these cells within cartilage. Chondrocyte cytotoxicity is a particular concern during
septic arthritis, where it significantly impacts joint destruction [67].

3.2.3. Panton—Valentine Leukocidin (PVL)

Another S. aureus toxin with tissue-specific implications during infection is PVL, a virulence
factor strongly associated with community-acquired MRSA [68]. PVL is composed of a S component,
encoded by [ukS, and a F component, encoded by IukF. Once translated, these polypeptides form pores
within host cell membranes by oligomerizing [69]. The stem domains of both subunits insert into the
membrane, forming a beta barrel pore and resulting in osmotic lysis [70]. Using this pore-forming
mechanism, PVL induces neutrophil apoptosis or necrosis, depending on the concentration of toxin,
preventing bactericidal killing by these innate immune cells [71]. PVL also binds to monocytes and
macrophages and activates the NLRP3 inflammasome, which leads to production of proinflammatory
cytokines [72].

PVL expression correlates with the prevalence, duration, and severity of osteomyelitis, as well as
the extent of inflammation in clinical isolates [73-75]. Additionally, clinical studies link PVL-positive
S. aureus bone and joint infections with severe sepsis and muscular tissue inflammation in pediatric
patients [74,76]. In a rabbit model of osteomyelitis, PVL facilitated bacterial spread to musculoskeletal
tissues [71]. In contrast, models of S. aureus skin and lung infection do not exhibit significant
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increases in pathogenesis with PVL-positive strains in BALB/c mice [77]. Species-specific effects
of PVL on S. aureus infection severity result from S component binding to C5aR coupled with F
component CD45 receptor-specificity. However, the PVL F component binds murine CD45 with
10-fold lower affinity [78,79]. Thus, based on the limited number of studies with humanized animal
models, we hypothesize that PVL expression may increase S. aureus osteomyelitis disease severity
and dissemination in human clinical disease, and this phenotype is partially recapitulated in rabbit
models. However, the species-specific receptor of PVL reveals a limitation in animal models of S. aureus
infection and complicates virulence studies.

3.3. S. aureus Immunomodulatory Molecules Regulated by Agr

3.3.1. Protein A (SpA)

SpA is an immunoglobulin (Ig)-binding protein that is both secreted into the extracellular
environment and presented on the surface of S. aureus [36]. RNAIII represses SpA through a number
of mechanisms, as described above [40]. The immunomodulatory functions of SpA affect both innate
and adaptive responses to invasive S. aureus. SpA binds the Fc region of antibodies, thereby inhibiting
Fc-mediated effector functions [80]. However, SpA also binds B cell receptors, thereby inducing B cell
death and preventing the production of S. aureus specific antibodies [81,82]. The superantigen effects of
SpA against B cells significantly alter the breadth of the humoral immune response by disrupting the
proliferation of plasmablasts, promoting short-lived B cells, and decreasing titers of antigen-specific
antibodies [83]. In addition to these well-characterized immunomodulatory functions, SpA may
have direct effects on skeletal homeostasis in the context of S. aureus infection. SpA binds directly to
bone forming osteoblasts via Tumor Necrosis Factor Receptor 1 (TNFR-1) to prevent proliferation,
induce apoptosis, and inhibit the mineralization capacity of osteoblasts in vitro [75,84]. Binding of
TNEFR-1 also triggers activation of NF-kB, which leads to an increase in the osteoclastogenic cytokine
IL-6 [85]. Osteoblast receptor activator of nuclear factor kappa-B ligand (RANKL) production increases
in a partially SpA-dependent manner, thereby stimulating osteoclastogenesis and subsequent bone
resorption [84,86]. Another mechanism by which SpA may augment osteoclastogenesis is through
increasing the rate of pre-osteoclast migration toward RANKL expressing osteoblasts [86]. Finally,
SpA directly induces osteoclastogenesis by binding TNFR-1 and Epidermal Growth Factor Receptor
(EGFR) on osteoclast precursor cells [87]. In summary, SpA has numerous immunomodulatory roles
that dampen innate and adaptive immune responses while increasing inflammatory bone resorption
during S. aureus osteomyelitis.

3.3.2. MHC Class II Analog Protein (Map)

Map, also known as extracellular adherence protein (Eap), is a S. aureus immunomodulatory
protein with a secondary function in promoting bacterial adhesion. Map translation is mediated
through a similar Agr-dependent mechanism as Hla, whereby RNAIII binding to map mRNA alters
protein production [34,41]. However, rather than inhibiting translation, RNAIII anneals to map and
acts as an antisense RNA to form an RNA duplex, thereby facilitating translation initiation [41].
Once translated, Map interacts with intracellular adhesion molecule 1 (ICAM-1) to mediate adhesion
to endothelial cells [88]. However, this molecule also blocks the lymphocyte function-associated
(LFA-1) antigen on the surface of neutrophils and ICAM-1 on endothelial cells to prevent leukocyte
adhesion and extravasation to the infection site [88,89]. Additionally, in a mouse model of osteomyelitis
infection, Map alters T cell function to promote S. aureus persistence during infection [90]. In particular,
Map attenuates protective cellular immunity by decreasing the rates of T cell proliferation and reducing
delayed-type hypersensitivity in response to an antigen challenge [90].
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3.4. S. aureus Coagulases Regulated by Agr

3.4.1. Staphylocoagulase (Coa)

S. aureus is capable of producing three coagulases, clumping factor A (CIfA), Coa, and vWbp,
although only the latter two are regulated directly through Agr [91-93]. Coagulases are enzymes
that bind to and activate prothrombin to convert fibrinogen to fibrin and promote blood clotting.
S. aureus Coa is implicated in osteomyelitis and is repressed by the Agr system via RNAIII transcription
inhibition [20,37,94,95]. This process is necessary for S. aureus to colonize host tissue and influences
pseudocapsule formation around the staphylococcal abscess community for bacterial containment
and defense against invading innate immune cells. In bone, S. aureus Coa inhibits proliferation and
induces apoptosis of osteoblasts [75]. Coa leads to decreased bone formation, increased RANKL
expression, and ultimately, increased bone resorption via stimulation of osteoclasts [75]. Interestingly,
antibody-mediated neutralization of this antigen confers protection against future challenge with
S. aureus in a bacteremia model of infection, suggesting that targeting this molecule during invasive
infection could lead to beneficial clinical effects [96]. Additional studies are necessary to determine if
these findings can be extrapolated to osteomyelitis.

3.4.2. Von Willebrand Factor-Binding Protein (vWbp)

Similarly to Coa, S. aureus uses vWbp to assemble a fibrinogen/fibrin microcolony-associated
meshwork (MAM) during growth in host tissues [97]. This protective meshwork assists in bacterial
evasion of phagocytosis by innate immune cells by forming a dense fibrin structure beyond the
pseudocapsule. Despite their structural similarities, vWbp functions through a mechanism that
differs from Coa. Coa binds primarily to soluble fibrinogen, while vVWbp does not demonstrate
binding preference between soluble and surface-bound fibrinogen, resulting in a lack of competition
for binding [98]. While Agr quorum sensing is necessary for late-stage microcolony dispersal,
vWbp facilitates formation of a microcolony-associated meshwork for bacterial persistence [97].
The role of vWbp in osteomyelitis is unknown, and future research is necessary to determine the extent
of coagulase involvement in disease pathogenesis.

4. Regulatory Control of AIP Is Strain and Species Specific

Different strains of S. aureus produce distinct AIP molecules that can either activate or inhibit
the Agr system in other staphylococcal strains and species. The agr sequence homology between
Staphylococcus species is less than ten percent amino acid sequence conservation, but the resulting
lineages have remained stable through generations [99]. As such, S. aureus strains are classified into one
of four groups based on their cross-activation or -inhibition of the Agr pathway in response to AIP from
other strains [100]. Within these clonal groups, agrD and agrB have distinct nucleotide and amino acid
polymorphisms that confer specificity for processing of receptor-ligand interactions [100,101]. In fact,
in addition to agrD and agrB co-evolving within S. aureus groups, distinct segments are responsible for
AgrB processing of AgrD to AIP [102]. AgrC also evolved with each staphylococcal strain to receive
the proper AIP signal within the cytoplasmic membrane, while the signal transducing phosphorylation
site is highly conserved [13,100,101]. In vitro, activation of Agr occurs via AIP exposure from a
S. aureus strain within the same group, while members of other groups may be inhibited by this
exposure [101]. Therefore, bacterial interference in staphylococci is mediated, in part, by secreted
AIP molecules that suppress virulence factor production in strains or species of different agr types.
This unique form of interstrain virulence regulation has the ability to incite competition between
strains without the need to produce unique virulence factors. The agr type competition extends
to commensal coagulase-negative staphylococci species including Staphylococcus epidermidis [103].
In fact, commensal species with distinct agr types have the ability to attenuate virulence in pathogenic
species when co-colonizing mucosal surfaces, thereby protecting the host from S. aureus virulence
factors regulated by Agr [103,104]. Polymicrobial S. aureus infections are frequently characterized in



Toxins 2020, 12, 516 9 of 22

post-traumatic osteomyelitis and are associated with more severe patient outcomes [105]. In other
disease models, co-infecting bacterial species, including Pseudomonas aeruginosa, augment S. aureus agr
expression [106]. Cross-kingdom Agr interactions were also identified in polymicrobial infections with
S. aureus and fungal species, Candida albicans [107]. However, further studies are necessary to elucidate
the polymicrobial interactions that occur specifically during osteomyelitis and to determine how these
interactions impact disease pathogenesis.

5. S. aureus Clinical Isolates with agr Mutations

5.1. Characteristic S. aureus agr Mutations Are Isolated from Patients with Chronic Infection and Have the
Ability to Revert to Wildtype

Agr mutants are frequently isolated from human infections [108,109]. This is important to consider,
as Agr-negative strains may have a particular fitness advantage in chronic diseases and are associated
with increased mortality in patients with bacteremia [110]. While Agr-negative strains are generally
associated with persistent infection, multiple genetic changes in the agr locus can increase virulence
during sepsis [111]. In 2019, Morikawa and colleagues discovered that a fraction of Agr-negative
S. aureus mutants revert their Agr activity to wildtype when serially passaged [112]. This finding
suggests that S. aureus is capable of obtaining the full fitness advantage of Agr-positive virulence
factor production, while also benefiting from an Agr-negative chronic infectious state. The agr locus is
genetically unstable, and two particular agr mutations are associated with mutation and reversion: (1) a
genetic duplication plus inversion and (2) a 3’ poly(A) tract genetic alteration [112]. Slipped-strand
mispairing frequently occurs in short sequence repeat regions such as the poly(A) tract and is a form
of phase variation within other virulence factor genes [113,114]. Mutations in the 3’ region of agrA
have been identified both in clinical isolates where the mutations are generated during the course of
infection as well as in non-hemolytic laboratory strains, including RN4220. Poly(A) tract mutations in
the agrA gene result in delayed RNAIII production and failure to translate hemolysins [114]. Mutations
that decrease agrA production likely have effects on S. aureus response to non-quorum mediated
environmental signals due to the complex and intertwined regulation of other two-component systems.
In contrast, frameshift insertions and deletions and non-synonymous single nucleotide polymorphisms
within agrA and agrC hotspots are more frequent mutations that permanently inhibit S. aureus from
utilizing the Agr regulatory system [114]. The instability of the agr locus promotes mutation but allows
for reversion of certain agr mutations back to wildtype.

5.2. Agr Expression Is Temporally Regulated to Promote S. aureus Adhesion and Toxin Production at Distinct
Phases of Infection

S. aureus abscess formation within host tissues, including bone, occurs in a number of phases that
expose the bacteria to altered nutrient concentrations and host-derived defenses [115]. As a result,
autoinduction of Agr classically occurs in vitro during late and stationary phases of S. aureus growth,
at a density that exceeds the AIP quorum sensing threshold [93]. In the face of immune cell insults and
within phagocytic compartments, Agr coordinates the production of toxins and immunomodulatory
factors. Phagocytosis is thought to induce Agr signaling, in part due to the physical containment of
S. aureus that allows for the accumulation of AIP within phagosomes [116]. Importantly, Agr-negative
planktonic S. aureus strains can revert to Agr-positive strains within phagosomes of neutrophils [112].
This suggests the bacteria may use Agr phase variation as a cryptic strategy for continued infection
while retaining the ability survive phagocytosis. A tradeoff for the expression of toxin genes is
the fitness cost of S. aureus to produce these factors [112]. Due to the energetic costs of expressing
Agr-regulated toxins and the inhibitory effects of Agr on adhesion protein production, chronic phases
of infection may favor functional Agr inactivation.
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5.3. The Agr System Has Paradoxical Effects during Infection

Agr controls expression of toxins that increase S. aureus pathogenicity and disease severity;
however, inactivating agr mutations often occur in S. aureus clinical isolates (Figure 2). While it is
clear that S. aureus Agr positively regulates many virulence factors, including toxins, that allow for
bacterial survival in the face of host immune cell defenses, activation of Agr also decreases the presence
of factors associated with chronic infection. Agr activation results in repression of many microbial
surface components recognizing adhesive matrix molecules (MSCRAMMs) involved in host tissue
modification that facilitate bacterial adherence. Agr also regulates production of proteases that degrade
adhesion proteins including MSCRAMMs, coagulases, and cytolytic factors such as PSMs [7,91,117].
On the other hand, Agr-negative strains exhibit a fitness advantage under antibiotic stress and have
been associated with greater rates of mortality and duration of bacteremia [110,118,119]. In 2019,
Gor et al. revealed that the evolutionary tradeoff of agr expression and inhibition can be maintained
via genetic mutation within the agr locus in a portion of the bacterial population that serves as a
“cryptic insurance strategy” [112]. Furthermore, an in vivo study found an infection-type dependence
on the benefits of quorum sensing dysfunction. Quorum sensing mutants formed more dense biofilms
that facilitated immune evasion and preventing phagocytic attack [120]. On the contrary, S. aureus
skin-colonizing strains with Agr activity were associated with skin disease, while Agr dysfunction
correlated with physiologic skin colonization [121]. These findings are consistent with the ability of
agr expressing S. aureus strains to disseminate from medical devices and distant sites to bone [21,122].
In this sense, temporal and spatial genetic variation may allow S. aureus to alter gene expression and
adapt to different environments in a way that is evolutionarily sustainable.

_ \ Pro-virulence
o Cytolytic toxins
S Dissemination

Pro-persistance
MSCRAMMs
Enhanced biofilm

V Innate and adaptive \(

immune response

Figure 2. Paradoxical benefits of agr expression and inhibition/mutation on S. aureus fitness during
osteomyelitis. S. aureus strains produce virulence factors including cytotoxic proteins, such as
phenol-soluble modulins (PSMs) and Panton—Valentine leucocidin (PVL) that insert into the membranes
of neutrophils and bone cells to induce cell death in an Agr-dependent manner. S. aureus strains with high
agr expression also produce alpha-toxin (Hla), which induces pro-inflammatory cytokine production
and enhances bone resorption. Additionally, the production of MHC class II analog protein (Map)
results in suppression of T cell immunity. S. aureus strains with mutations in agr are commonly isolated
from chronic infections, whereby the bacteria exhibit characteristics that enable persistent colonization.
Coagulase (Coa) and von Willebrand factor-binding protein (vWbp) contribute to formation of fibrin
matrices that facilitate bacterial attachment. Staphylococcal protein A (SpA) increases in abundance in
the absence of RNAIII as well and has a number of immunomodulatory functions.
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Given the important role of the Agr system in coordination of staphylococcal virulence, quenching
the ability of S. aureus to respond to AIP at quorum may provide a means to ameliorate S. aureus
disease [123,124]. Diflunisal is one such drug that functions by inhibiting AgrA from binding to DNA
as well as preventing phosphorylation of AgrA by AgrC [125]. Diflunisal inhibits PSM production,
thereby reducing cell death of osteoblasts exposed to staphylococcal supernatants in vitro [48,125].
When delivered locally or systemically during osteomyelitis, diflunisal decreases cortical bone
destruction [48,126]. The small molecule savirin also inhibits S. aureus AgrA and prevents host
tissue damage in a murine skin infection model [123]. The mechanism of savirin is distinct from
diflunisal in that it inhibits the DNA binding capacity of Agr [123]. Other compounds that affect
S. aureus quorum sensing include the fungal metabolite, ambuic acid, which inhibits AIP production,
as well as cyclized dipeptides secreted by Lactobacillus reuteri, which are thought to inhibit AgrC/A
two-component signaling [127,128]. Furthermore, coagulase-negative skin-resident Staphylococcus
simulans produce AIP molecules with potent anti-MRSA quorum sensing activity [129]. These studies
suggest synthetic and natural anti-Agr compounds might have potential to quench S. aureus virulence
during infection. However, unwanted side effects of quorum quenching therapies could include
increased bacterial binding to host tissues and biofilm formation [18,52,130]. Therefore, further studies
are necessary to understand the effects of quorum quenching therapies within infected tissues to
determine their effectiveness in altering bone loss observed during S. aureus osteomyelitis, a disease
classically involving biofilm formation and Agr-mediated toxins.

6. Environmental Factors Influence S. aureus Agr Regulation Through Crosstalk with
Global Regulators

6.1. Staphylococcal Respiratory Response AB (SrrAB) Senses and Responds to Changes in Cellular Redox

SrrAB is a S. aureus two-component system that becomes activated under conditions of hypoxia
and nitrosative stress [12,24,25]. SrrB is a transmembrane histidine kinase that contains domains
for dimerization, ATPase activity, and a phosphoacceptor [25]. The redox state of an intramolecular
disulfide bond in the ATP-binding domain dictates the autophosphorylation state of SrrB [131]. SrrA is
a cytoplasmic response regulator that can bind to DNA and influence transcriptional activity in
a SrrB-dependent or -independent mechanism [25]. SrrAB down-regulates RNAIII by binding to
the regulatory regions of the P2 and P3 promoters to prevent transcription, thus reducing host cell
cytotoxic factor expression in hypoxic conditions [25]. Due to the hypoxic nature of osteomyelitis,
SrrAB has a critical role in S. aureus stress responses during the process of abscess formation [26].
A srrAB mutant strain has a large survival defect during osteomyelitis, and this phenotype is partially
rescued by administration of an anti-Ly6G monoclonal antibody, suggesting that SrrAB may regulate
S. aureus response to stresses induced by neutrophils or abscess formation in vivo. SrrAB also
cross-regulates Agr-regulated psma 1-4. Alpha-type PSM production is suppressed through Agr
by SrrAB, thus limiting host cell destruction, including osteoblasts [26]. In parallel, activation of
SrrAB results in S. aureus central metabolism shifts for growth in the absence of respiratory terminal
electron receptors and can contribute to development of persistent small colony variants (SCVs)
during osteomyelitis [12]. S. aureus respiratory changes regulated by SrrAB also result in increased
expression of fibronectin-binding protein A (FnBPA), bacterial cell lysis, and release of cytosolic
DNA, which enhance biofilm formation [132,133]. Taken together, SrrAB decreases S. aureus virulence
factor production through cross-regulation of agr RNAIIl and PSMs but promotes persistence within
host tissues by facilitating metabolic adaptations in response to environmental changes in infected
host tissues.

6.2. Staphylococcal Accessory Regulator A (SarA) Is a Critical Global Regulator that Crosstalks with the Agr
System and Contributes to Osteomyelitis Pathogenesis

SarA is a crucial regulator of S. aureus biofilm formation that acts by repressing extracellular
protease and nuclease production [134,135]. One mechanism by which SarA functions is by binding to



Toxins 2020, 12, 516 12 of 22

and activating transcription of promoter regions, P2 and P3 to upregulate RNAII and RNAIII [136-138].
SarA stabilizes regulatory transcripts, agrA and saeS, as well as a number of virulence factor transcripts,
including hla («-hemolysin), hlb (3-hemolysin, and hIgCB (5-hemolysin) [23]. However, one of the most
notable roles of SarA is its ability to repress extracellular proteases, including aureolysin (Aur), which
in turn can degrade PSMs [139,140]. When SarA represses proteases that can degrade PSMs, the overall
increase in PSM abundance augments the death of both osteoblasts and osteoclasts. Conversely,
inactivation of SarA leads to de-repression of these proteases and a substantial reduction in S. aureus
virulence [141]. Protease-deficient S. aureus is hypervirulent, and mice infected with this mutant
in a sepsis model exhibit a drastic decrease in survival, irrespective of the presence of SarA [142].
Therefore, SarA stabilizes Agr-related toxins indirectly by inhibiting degradative proteases in addition
to increasing the stability of saeS and agr transcripts.

6.3. The S. aureus Exoprotein Expression (SaeRS) Two-Component System Regulates Proteases that Influence
Osteomyelitis-Associated Bone Destruction

SaeRS is a two-component system, comprised of four open reading frames. SaeS and saeR encode
proteins that function as a sensor histidine kinase and a response regulator, and saeP and saeQ encode
proteins that form a complex to bind to SaeS and activate its phosphatase activity [143,144]. Signals
known to activate SaeRS include a number of neutrophil-derived antimicrobial defenses, such as
hydrogen peroxide associated with phagocytosis, human neutrophil peptides, and calprotectin-bound
zinc [145,146]. Conversely, low pH associated with acidic phagosomes has been suggested to inhibit
SaeRS in certain S. aureus strains [147,148]. Similarly to SarA, SaeRS reduces post-translational
degradation of PSMs by downregulating the expression of aur [7,139]. This regulation occurs through a
SarA-independent mechanism and is dependent on functional SaeS [139]. The effects of SaeRS on PSM
degradation were demonstrated in an ex vivo osteoblast culture system, whereby saeRS null S. aureus
exhibited a lack of host cell cytotoxicity. Furthermore, inactivation of saeRS decreases PSM-induced
cortical bone loss in vivo during osteomyelitis [7].

6.4. Metabolite-Responsive Transcription Factors Regulate S. aureus Metabolism and Virulence

CodY is a highly conserved regulatory protein that functions as a transcription factor
during stationary phase in Gram-positive pathogens. CodY senses metabolite effectors, including
branched-chain amino acids and GTP to regulate central metabolism and virulence gene
expression [28,149]. While CodY directly regulates numerous genes involved in amino acid biosynthesis
and virulence, it indirectly regulates other virulence genes via repression of the agr locus [150].
Several adherence-related genes are activated directly by CodY, including fnbA (which encodes the
fibronectin-binding protein A) and spa. Other virulence genes that are influenced by the Agr system
are regulated indirectly by CodY, such as coa [149]. Thus, CodY increases Agr-regulated virulence
genes associated with S. aureus adherence via inhibition of RNAIII transcription as well as directly
promoting virulence gene transcription.

A second well-conserved bacterial catabolite-responsive transcription factor is CcpA. CcpA is
responsible for controlling glucose metabolism and transcription of select virulence factors in the
presence of glucose. Deletion of ccpA in S. aureus leads to down-regulation of RNAIII, thereby resulting
in altered transcription patterns of hla and spa [151]. The influence of CcpA on virulence factor
production provides another crucial link between host metabolic state and S. aureus toxin production.
This interaction suggests that glucose concentration within the bacterial niche or organ system could
drastically alter the virulence profile of S. aureus. Glycolysis is a critical pathway that enables S. aureus
survival in bone, despite the highly glycolytic metabolism of resident bone cells [152-154]. The presence
of glucose results in preferential use of glycolysis over other pathways such as the tricarboxylic acid
(TCA) cycle, pentose phosphate pathway, and gluconeogenesis [154]. Due to the availability of glucose
in bone and characterized bacterial glycolytic metabolism during osteomyelitis, CcpA likely influences
the ability of S. aureus to infect bone, but this remains to be tested [155]. In addition to catabolite
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responsive regulators, there is also emerging evidence that specific metabolites, such as pyruvate, can
regulate Agr activity [156].

7. Conclusions

Agr quorum sensing clearly contributes to the pathogenesis of S. aureus disease [13,157]. However,
the importance of Agr in bone during S. aureus osteomyelitis is a subject of ongoing study. The toxins
regulated by Agr implicated in osteomyelitis also influence S. aureus pathogenesis through similar
mechanisms in a number of other tissues, and bone-specific virulence factors have yet to be identified.
Virulence regulation in response to Agr quorum sensing is influenced by a number of two-component
systems and other regulatory proteins, including those involved in sensing and responding to changes
in redox state, immune defenses, and nutrient alterations [12,26,158]. Therefore, in addition to
bacterial density, quorum-regulated toxin production is also influenced by the increasingly hypoxic
nature of skeletal S. aureus abscesses, neutrophilic infiltrate, and the relative abundance of nutrients
such as glucose. Select cytotoxins are produced by S. aureus in an Agr-dependent manner and
influence both bacterial fithess within bone and destruction of bone architecture [7,54,67,71,73,74].
Additionally, immunomodulatory proteins regulated by Agr influence bacterial microcolony formation,
adhesion, and defense against immune cells during osteomyelitis [75,88,89,97]. While other cytotoxins,
including Leukotoxin ED (LukED) and gamma-hemolysin CB (HIgCB), are positively regulated by
S. aureus Agr, these leukotoxins have not been studied in the context of S. aureus pathogenesis during
osteomyelitis [159].

Further research is needed to uncover novel toxins and regulatory mechanisms that facilitate
persistent osteomyelitis infections. In particular, while agr mutants have been isolated from clinical
S. aureus osteomyelitis cases, it is unclear when or where the bacteria acquire these genetic changes.
The role of Agr in osteomyelitis pathogenesis is likely dependent on the mechanism of disease origin.
For example, Agr may be essential for S. aureus hematogenous spread to bone, while Agr does not
influence bacterial burdens in a post-traumatic osteomyelitis model [7,26]. Additional studies to
elucidate the spatial and temporal importance of Agr-regulated genes would both advance the basic
science research on S. aureus adaptations within a host and inform therapeutic development for quorum
quenching therapies. Finally, cross-regulatory proteins, such as CodY and CcpA, have crucial roles
in regulating both the expression of central metabolism genes and RNAIII transcription, providing
a link between bacterial metabolism and virulence. By expanding our knowledge of metabolic
signals in bone during osteomyelitis, we may identify new stimuli that augment S. aureus toxin
production. Taken together, Agr-regulated genes increase S. aureus survival and virulence during
infection establishment via toxin production and metabolic adaptations, while inactivation of Agr
is associated with persistent infections, highlighting the paradoxical contribution of this regulatory
system to osteomyelitis pathogenesis. Further research will reveal additional environmental factors
that influence S. aureus fitness and toxin production within an infectious nidus during osteomyelitis.
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