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Staphylococci are commensal bacteria that colonize the epi-
thelial surfaces of humans and many other mammals. These
bacteria can also attach to implanted medical devices and
develop surface-associated biofilm communities that resist
clearance by host defenses and available chemotherapies. These
communities are often associated with persistent staphylococ-
cal infections that place a tremendous burden on the healthcare
system. Understanding the regulatory program that controls
staphylococcal biofilm development, as well as the environmen-
tal conditions that modulate this program, has been a focal point
of research in recent years. A central regulator controlling bio-
film development is a peptide quorum-sensing system, also
called the accessory gene regulator or agr system. In the oppor-
tunistic pathogen Staphylococcus aureus, the agr system con-
trols production of exo-toxins and exo-enzymes essential for
causing infections, and simultaneously, it modulates the ability
of this pathogen to attach to surfaces and develop a biofilm, or
to disperse from the biofilm state. In this review, we explore
advances on the interconnections between the agr quorum-
sensing system and biofilm mechanisms, and topics covered
include recent findings on how different environmental condi-
tions influence quorum sensing, the impact on biofilm develop-
ment, and ongoing questions and challenges in the field. As our
understanding of the quorum sensing and biofilm interconnec-
tion advances, there are growing opportunities to take advan-
tage of this knowledge and develop therapeutic approaches to
control staphylococcal infections.

The staphylococci are a large genus of Gram-positive bacte-
ria that live as commensals of mammals (1). These bacteria
colonize the skin or mucous membranes and thrive in an
asymptomatic relationship with the host. The most notorious
species of the genus is Staphylococcus aureus, which persis-

tently colonizes �20% of the human adult population, prefera-
bly in the anterior nares and secondarily on the skin (2). Despite
being a commensal, S. aureus can cause a tremendous range of
disease, from simple skin infections to life-threatening ail-
ments, such as sepsis, endocarditis, and osteomyelitis (3). Cou-
pled with this infection diversity, antibiotic resistance levels are
rising, with methicillin-resistant S. aureus (MRSA) becoming
epidemic in many hospital settings, limiting available treatment
options (4, 5). Adding to the challenge is the constant emer-
gence of new strain lineages, such as the USA300 strains that
have clonally expanded across the United States (6), making it
difficult to keep up with the rapidly evolving nature of this
pathogen.

The fact that S. aureus can colonize without harming the
host is somewhat surprising considering the depth of secreted
virulence factors produced by this pathogen (3, 7, 8). These
include an impressive array of pore-forming toxins, degradative
enzymes, superantigens, and other immunostimulatory exo-
proteins. Indeed, many of these virulence factors are being pro-
duced at some level during colonization based on the presence
of antibody responses (9). To tailor the virulence factor arsenal,
S. aureus relies on intricate layers of regulation that control
when and where these weapons are released. One of these reg-
ulatory circuits is a cell-to-cell communication system that
responds to a peptide signal. When the cell density of S. aureus
reaches a critical threshold (e.g. a quorum of cells), the concen-
tration of this signal accumulates and activates a regulatory
cascade referred to as “quorum sensing.” This cascade induces
the production of exo-enzymes and many of the toxins that
make S. aureus a more invasive pathogen (10, 11).

The quorum-sensing system of the staphylococci is called the
accessory gene regulator or “agr” system. The central machin-
ery of the system is encoded within the four-gene agrBDCA
operon on the chromosome (Fig. 1). The first two genes encode
proteins that build the quorum-sensing signal, also called an
autoinducing peptide or AIP.2 AgrD is the peptide precursor of
the AIP signal, and AgrB is an integral membrane endopepti-
dase that processes AgrD into the final structure (12, 13), with
assistance from the housekeeping type I signal peptidase (14).
Outside the cell, the AIP signal accumulates to levels as high as
10 �M (15), and once it overcomes the activation threshold for
the AgrC receptor, the signal transduction cascade is activated.
The AgrC histidine kinase self-phosphorylates upon activation,
and this phosphate is transferred to the response regulator
AgrA, which in turn binds four promoters on the chromosome
(16). The primary output is the P3 promoter that drives RNAIII
expression. The RNAIII transcript is the major effector of the
system (10), and higher levels of RNAIII lead to up-regulation of
exo-toxins and exo-enzymes. Some of this regulation occurs
directly through RNA-protein interactions that promote trans-
lation of selected virulence factors (17), and other regulation

* This work was supported by National Institutes of Health Grant AI083211 (to
A. R. H.) and U.S. Department of Veterans Affairs Grant I01 BX002711 (to
A. R. H.). This is the fourth article in the Thematic Minireview series “Bio-
films.” The authors declare that they have no conflicts of interest with the
contents of this article. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

1 To whom correspondence should be addressed: University of Iowa, Carver
College of Medicine, Dept. of Microbiology, 540F EMRB, Iowa City, IA
52242. Tel.: 319-335-7783; Fax: 319-335-8228; E-mail: alex-horswill@
uiowa.edu.

2 The abbreviations used are: AIP, autoinducing peptide; PSM, phenol-soluble
modulin; ROS, reactive oxygen species; MOI, multiplicity of infection; PMN,
polymorphonuclear neutrophil; ApoB, apolipoprotein B; oxLDL, oxidized
LDL; CcpA, catabolite control protein A.

crossmark

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 24, pp. 12556 –12564, June 10, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

12556 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 24 • JUNE 10, 2016

MINIREVIEW

mailto:alex-horswill@uiowa.edu
mailto:alex-horswill@uiowa.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.R116.722710&domain=pdf&date_stamp=2016-4-21


occurs through RNAIII-dependent inhibition of the translation
of the Rot repressor (18, 19). For the other three promoters,
AgrA activates the expression of the P2 promoter for the agrB-
DCA operon (Fig. 1), leading to the autoinduction loop, and
AgrA also activates expression of transcripts for the �- and
�-phenol-soluble modulins (PSMs) (16).

Adding to the complexity of the agr quorum-sensing system
is the fact that many species within the Staphylococcus genus
contain multiple variants of the system. In a S. aureus clinical
isolate, only one copy of the agr system will be present on the
chromosome, but the system can be any one of four types, each
with the same basic components. The variation is that each
system will make a unique AIP signal (e.g. AIP-I, AIP-II, AIP-III,
and AIP-IV), and there will be corresponding changes in AgrB
and AgrC to build and detect this signal, sometimes called the
variable region (Fig. 1). Staphylococcus epidermidis has three
different types of the agr system (20), whereas other Staphylo-

coccal species have variable numbers of the system (10). Intras-
pecies and interspecies signaling with all the AIP types occurs
and has been investigated for S. aureus and S. epidermidis
(20 –22).

The agr system has been the target of multiple comprehen-
sive reviews (10, 11, 23, 24), and for more details not covered
herein, the interested reader is referred to these articles. In this
minireview, we will focus on the variety of environmental cues that
have been demonstrated to impact quorum signaling in the staph-
ylococci. Many of these are cues that are found in the host during
colonization or infection, such as the impact of serum proteins and
reactive oxygen species on agr function. How some of these agr
regulatory changes modulate biofilm development will also be
covered. The majority of the studies presented have been per-
formed with S. aureus, and wherever possible, examples with
other staphylococci will be included. Finally, some challenges to be
overcome and future perspectives are included.

FIGURE 1. Schematic of the agr system in S. aureus including host and environmental factors that have been shown to modulate agr activity. The
locus consists of divergent transcripts called RNAII and RNAIII, driven by the P2 and P3 promoters, respectively. The RNAII transcript encodes the core
machinery of the system. AgrD is the peptide precursor of the AIP that is processed by and exported through AgrB (and the housekeeping type I signal
peptidase SpsB) at the cytoplasmic membrane. Outside the cell, AIP binds to the AgrC receptor, a membrane-bound histidine kinase, which activates
AgrC, causing it to auto-phosphorylate, and in turn phosphorylate the AgrA response regulator through a phosphotransfer reaction. Phosphorylated
AgrA binds to the P2 and P3 promoters as well as the �-PSM and �-PSM promoters (not shown), resulting in increased transcription. The RNAIII transcript
encodes �-toxin and serves as the primary effector of the agr system by post-transcriptionally regulating the expression of numerous virulence factors.
Host (hemoglobin, neutrophil ROS, and lipoproteins) and environmental factors (acid, oxygen and ROS, and nutrients) that can enhance or inhibit agr
activity are indicated.
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Impact of Environmental Cues on Quorum Sensing

Numerous environmental and metabolic factors such as pH,
reactive oxygen species (ROS), and nutrient availability, can
modulate agr quorum sensing in S. aureus (all listed in Table 1).
The mechanisms by which these factors impact quorum sens-
ing are diverse (Fig. 1), but can be organized roughly into three
broad categories: (i) suppression of quorum sensing through
the action of ROS, generated by innate immunity cells, upon
components of the agr system; (ii) transcriptional up- or down-
regulation of agr expression as a consequence of various non-
agr regulatory proteins binding within the agr P2-P3 promoter
region; and (iii) the up- or down-regulation of agr expression by
environmental factors for which the mechanism of action is yet
to be determined. It should be noted that there is a burgeoning
field of “quorum-quenching” research aimed at identifying
small molecule natural products capable of inhibiting quorum
sensing, and this area of research has recently been subject of
several recent reviews (25–27). This review will focus on the
impact of host factors, nutrients, and metabolic state on quo-
rum-sensing function, and the interconnection with biofilm
development.

Direct Action of Serum and ROS on agr Components

Studies of global changes in S. aureus gene expression have
noted that reduced transcription of agr RNAIII is among the
most pronounced effects of growth in fresh serum (28, 29),
suggesting that serum contains at least one quorum-sensing
inhibitory factor. Multiple lines of evidence (30 –33) suggest
that ROS generated by innate immunity cells are largely, if not
entirely (34), responsible for this quorum-quenching activity.

There is evidence that both AgrA and AIP are sensitive to
oxidative stress associated with ROS. In the case of AgrA, oxi-
dative stress induces disulfide bond formation (between Cys-
199 and Cys-228) that adversely impacts the ability of AgrA to
bind to P2-P3 promoter (33). In the case of AIP, ROS can inter-
fere with quorum sensing through two distinct mechanisms,
one specific to AIP types I and IV and the other (see next sec-
tion) applicable to all four AIP types. Exposure, either in vitro or
in vivo, of AIPs I or IV to phagocyte-derived ROS can oxidize
the side chain of the C-terminal methionine (32), rendering the
pheromones unable to activate AgrC. However, the fact that agr
expression has been detected, either by quantitative real-time-
PCR measurement of RNAIII levels in an agr type I strain (35)

or by GFP expression under control of the PSM promoter in an
agr type III strain (36), would imply that ROS inhibition of AgrA
or AIP for bacteria located within PMN phagosomes is of lim-
ited importance. It should be noted that expression of RNAIII,
relative to that of GAPDH reference gene, increased in a mul-
tiplicity of infection (MOI)-dependent manner (35), suggesting
that at higher MOIs the bacteria may overcome the ability of
NADPH oxidase to generate sufficient ROS. More importantly,
when NADPH oxidase was inhibited by pretreating PMNs with
diphenylene iodonium, the increases in expression of RNAIII,
relative to expression in post-opsonized S. aureus control bac-
teria, were 8 –37-fold greater than the increases observed for
untreated PMNs at similar time points and MOIs (35). This
suggests that inhibition of AgrA and/or AIP activities by ROS
may make, at least in part, a genuine contribution to the agr-
inhibiting activity of serum.

The other serum inhibitory mechanism involves sequestra-
tion of AIP by lipoproteins. The details of this mechanism have
been unveiled through a series of studies (30, 31, 37). Initially, it
was observed that pooled human serum, but not lipoprotein-
deficient serum, could inhibit quorum sensing by an agr type I
reporter strain during in vitro growth (31). Additional reporter
assays narrowed the source of inhibition to LDL and VLDL, and
ultimately to the apolipoprotein B (ApoB) component of the
lipoproteins. SPR confirmed direct binding of purified ApoB to
immobilized AIP-I, indicating that sequestration of AIP-I con-
tributes to the quorum-sensing inhibition by serum. Impor-
tantly, soluble AIP-II and AIP-IV were found to inhibit binding
of ApoB to immobilized AIP-I, as measured by SPR, suggesting
that sequestration of AIP by ApoB may be generally applicable
to all four AIP types. A role for ROS generated by NADPH
oxidase (Nox2) in the AIP sequestration mechanism was dis-
covered during a follow-up study that investigated the applica-
bility of this mechanism to AIP-III based quorum sensing (30).
It was observed that LDL inhibited quorum sensing in an agr
type III strain to a lesser extent than purified ApoB, implying
that structural differences between free ApoB and ApoB in LDL
may impact the ability of ApoB to bind AIP-III. Because oxida-
tion of the lipid component of LDL was known to alter the
conformation of ApoB in the LDL, the ability of oxidized LDL
(oxLDL) to inhibit AIP-III based quorum sensing was measured
and found to be equal to that of purified ApoB. Subsequently, it
was demonstrated that reducing the amount of oxLDL in the

TABLE 1
List of environmental cues impacting agr function

Host/Environmental factor Effect Mechanism References

Hemoglobin Inhibit Unknown 60, 61
Serum lipoproteins Inhibit Sequestration of all 4 AIP types 30, 31, 33, 34
SrrAB Inhibit SrrA binds agrP2P3 at low O2 concentration 42, 43
AirRS Inhibit Reduced DNA binding activity of AirR at low O2 concentration inhibits agr by

unknown mechanism
41

CodY Inhibit CodY binds agrP2P3 under good nutrient availability 55, 58, 59
SarA Enhance Binds to agrP2P3 causing DNA bending that increases transcription 44–49
SarR, SarX Inhibit Compete with AgrA for binding to agrP2P3 44–49
MgrA, SarZ, and other SarA

family members
Inhibit or enhance Modulate expression of SarA, SarR, and SarX, as well as expression of one another 44–49

Glucose Inhibit May be due to decrease in pH due to catabolism 62–65
Acid pH Inhibit Unknown 62
ROS Inhibit Met oxidation of AIPs I and IV 31, 32
ROS Inhibit Oxidize lipid component of lipoproteins, resulting in increased AIP sequestration 30
ROS Inhibit Cys oxidation in AgrA inhibits DNA binding 33
ROS Inhibit or enhance Modification of conserved Cys in SarA family of regulators alters DNA binding activity 50, 51
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serum of Nox2 knock-out mice correlated with increased sus-
ceptibility to infection by an agr type III strain. The general
applicability of AIP sequestration was demonstrated by SPR
experiments that showed direct binding of oxLDL to immobi-
lized AIP-II or immobilized AIP-IV. Consistent with the gen-
erality of this mechanism, it was recently reported that apoli-
poprotein B100 in VLDL and apoB48 in chylomicrons also
inhibit quorum sensing by AIP sequestration (37). Most
recently, it was found that mice with hypolipidemia that
reduced ApoB levels in their lungs suffered from increased
morbidity and inflammation in an S. aureus pneumonia model
(38), highlighting the importance of sequestration of AIP by
serum lipoproteins as a mechanism of innate immunity.

In a separate study, James et al. (34) discovered that AgrC
point mutations that render AgrC constitutively active over-
came quorum-sensing inhibition by serum lipoproteins, lead-
ing them to conclude that “sequestration of the AIP is likely to
be the only mechanism by which the host innate immune
response limits agr expression at the transcriptional level.”
Although this finding provides compelling evidence that AIP
sequestration may be the dominant inhibitory mechanism,
including the fact that oxidation can inactivate AgrA and AIP
and that the activities of other regulatory proteins that bind to
the P2-P3 promoter region are also sensitive to oxidation (see
below), it is probably incorrect to conclude that AIP sequestra-
tion is the only innate immunity mechanism for quorum-sens-
ing inhibition. In this regard, it is interesting to note that a study
investigating the impact of serum on agr expression that failed
to find reduced agr transcription (and, as discussed below, actu-
ally found that serum increased agr expression) (39) differed
from the aforementioned studies (28, 29) in that the serum was
inactivated by heating at 56 °C for 30 min before it was added to
S. aureus cultures. Given that biochemical investigation of
ApoB thermal unfolding found that ApoB undergoes tempera-
ture-induced structural transitions near 56 °C (40), the possi-
bility is raised that Oogai et al. (39) failed to detect reduced agr
expression because the ApoB in heat-inactivated serum could
no longer bind AIP.

Impact of Oxygen and ROS through Non-agr Regulators

Oxygen availability and ROS generated by innate immunity
cells can modulate transcription from the agr P2 and P3 pro-
moters by altering the ability of non-agr regulatory proteins to
bind this promoter region. Redox modulation of agr expression
is achieved through the combined action of the AirSR (41) and
SrrAB (42, 43) two-component systems, both of which reduce
agr expression under conditions of low oxygen availability. In
the case of AirSR, prolonged exposure to oxygen or oxidative
stress destroys the [2Fe-2S] cluster in AirS that is essential for
its kinase activity, which in turn alters the phosphorylation, and
thus DNA binding activity, of AirR. In the case of SrrAB, the
activity of SrrB is sensitive to redox regulation, but the exact
mechanism by which kinase activity is modulated is not known.
Additional redox regulation of agr expression may be achieved
through the collective action of proteins in the SarA protein
family of regulators (44 – 49). All the members of the SarA fam-
ily share a winged helix structure and possess DNA binding
activity (48). Several of the SarA family proteins, SarA, SarR,

and SarX, have been shown to bind to the agr P2-P3 promoter
region where they either inhibit transcription (SarR and SarX)
by competing with AgrA or enhance transcription (SarA) by
altering the structure of the agr P2-P3 promoter region. Other
members of the family (SarZ and MgrA) either promote or
inhibit agr expression by modulating the expression of the SarA
family regulators that bind to the promoter region. Collectively,
the SarA family of proteins constitutes a complex intercon-
nected regulatory network, the details of which are yet to be
fully worked out. Importantly, all the members of the family
contain a conserved cysteine that is susceptible to both oxida-
tion and nitrosylation that alters DNA binding activity (50, 51).
Thus, the SarA family of proteins provides an additional mech-
anism by which oxidative or nitrosyl stress, originating either
from an innate immune response or from nutritional metabolic
conditions, can modulate agr expression. It has further been
suggested that this cysteine can be phosphorylated, by kinase
Stk1, and that this may represent a mechanism by which cell
wall-targeting antibiotics may modulate agr expression (50),
because the kinase activity of Stk1 is inhibited by these
antibiotics.

Impact of Nutrients through Non-agr Regulators

Nutrient and growth phase regulation of agr expression
appears to occur primarily through the pleotropic CodY repres-
sor (52–58). CodY provides a mechanism for Gram-positive
bacteria to adapt to conditions of starvation (54). Under condi-
tions of good nutrient availability, branched chain amino acids
and GTP are bound by CodY, which promotes binding of CodY
to DNA, where it inhibits transcription by competing with RNA
polymerase or preventing transcriptional elongation. When
nutrients are depleted, branched chain amino acids and GTP
are not available for binding to CodY, and in turn, CodY no
longer binds DNA and repression of transcription is relieved
(54). In the case of the agr locus, deletion of CodY has been
shown to result in enhanced transcription (58, 59), and overex-
pression of CodY has been shown to result in decreased expres-
sion, as would be expected from a CodY-regulated locus. Con-
sistent with these findings, a CodY binding sequence was
identified within the agr P2-P3 promoter region (55). Taken
together, CodY is likely important for growth phase regulation
of agr expression.

Impact of Miscellaneous Factors by Unknown Mechanisms

There are a number of environmental factors whose pres-
ence reduces transcription of the agr locus through unknown or
not well understood mechanisms. Among these factors are iron
(39), hemoglobin (60, 61), and glucose (62– 65). In the afore-
mentioned study that failed to detect repression of agr in the
presence of serum (39), the addition of heat-inactivated serum
actually resulted in increased agr transcription. Interestingly,
inclusion of FeCl3 in the medium eliminated the increase in
transcription, suggesting that (in the absence of AIP sequestra-
tion by serum lipoproteins) the normally low iron concentra-
tion of serum may actually be permissive toward agr transcrip-
tion and that the addition of iron somehow suppresses agr
transcription. If this inference is true, the mechanism by which
iron would inhibit agr transcription is unknown. In the case of
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hemoglobin (60, 61), it was found that the addition of hemoglo-
bin, globin chains, or even peptides derived from globin chains
could reduce agr transcription. The underlying mechanism by
which globin-derived peptides inhibit agr expression is
unknown. In the case of glucose, it has long been known that the
addition of glucose suppresses agr transcription (62), but inter-
estingly, inhibition was not relieved (63) by deletion of catabo-
lite control protein A (CcpA), which is consistent with the lack
of a catabolite-responsive element at the agr locus. It appears
that the decrease in pH that is associated with the catabolism of
glucose may be responsible for glucose-associated inhibition,
because inhibition could be reduced by buffering the growth
media or by growing the bacteria in a fermenter in which pH
and glucose concentration could be held constant (62). More-
over, it was found that lowering the pH of the growth media in
the absence of glucose could mimic the inhibition observed in
the presence of glucose (65). Exactly how reduced pH inhibits
agr transcription remains unclear. Perhaps even more mysteri-
ous was the finding that there was no transcription of agr in the
ccpA knock-out mutant (63), implying the possible existence of
an agr transcriptional repressor whose own expression is
repressed by CcpA. Whether such a repressor, if it exists, is
among the known repressors of agr transcription, or is a novel
protein, is unknown. Given that serum contains thousands of
proteins (66) and small molecule metabolites (67) that can
interact with S. aureus, it seems highly likely that other factors
capable of modulating agr expression will be found.

Quorum Sensing and Biofilm Interconnections

The interconnection between the agr quorum-sensing sys-
tem and staphylococcal biofilm development has been a focal
point of many studies. Through in vitro studies, there was some
early surprise in the field that inactivation of the agr system
either had little impact (68), or in fact enhanced adherence and
biofilm development in S. aureus and S. epidermidis (69, 70).
The prevailing view in the broader bacterial biofilm field is that
quorum sensing is required to build a biofilm (71), making these
observations somewhat of an anomaly. These early staphylo-
coccal studies were followed by a time course analysis by Yar-
wood et al. (72) that demonstrated that pockets of an S. aureus
biofilm would activate the agr system, and these regions of acti-
vated cells would leave the biofilm to seed a new site. When the
level of the AIP signal was controlled, the entire biofilm could
be dispersed and resensitized to antibiotics (64). This mecha-
nism was conserved across strains and even functions in the
emerging S. aureus USA300 isolates (64, 73). Similar observa-
tions of quorum-sensing control over dispersal of biofilm cells
was also demonstrated in S. epidermidis (74), indicating that
this is a conserved mechanism across the staphylococci.

Unraveling the agr-mediated biofilm dispersal mechanism
has drawn considerable attention (75, 76). The agr regulatory
system controls a myriad of secreted toxins and enzymes, and
identifying the exact agents responsible for dispersal has repre-
sented a challenge. Early studies suggested that surfactant
properties of �-toxin could be responsible (69), considering that
many bacterially produced surfactants have known anti-biofilm
effects (77). As it became evident that �-toxin was part of a
larger family of PSM peptides (78), further studies demon-

strated that multiple PSMs are important in modulating
S. aureus biofilm structure (79). These studies were extended in
S. epidermidis to demonstrate that the agr system and PSMs are
necessary to disperse from a biofilm and spread to new sites
during infection (74). In contrast, other studies have pointed to
the secreted proteases as being important mediators of the bio-
film inhibitory properties of quorum sensing (64). This obser-
vation stems from the fact that most clinical isolates of S. aureus
make biofilms that are protease-labile (45, 64, 73, 80), and
S. aureus secretes many extracellular proteases that are known
to self-cleave surface adhesins (81, 82). Biochemical and genetic
studies have narrowed the proteases responsible to the staph-
opains (83), which are two cysteine proteases secreted by
S. aureus. However, the target(s) of these enzymes have not yet
been identified, although it seems likely to be one of the many
surface proteins that have been linked to biofilm formation
(84). Taken together, it is known that both the PSMs and
secreted proteases are tightly regulated by the agr system (16,
18), and thus it seems probable that coordinated effort of these
factors is responsible for quorum sensing-mediated biofilm
dispersal.

Challenges in the Field and Future Perspectives

Staphylococcal quorum-sensing responses and the intercon-
nections with biofilm development have drawn considerable
interest from scientists and likely will continue to do so going
forward, given that these two social behaviors are almost uni-
versally linked among bacteria (71). Although extensive knowl-
edge regarding the dynamics of quorum sensing during in vitro
culture has been gained, how quorum sensing functions during
the natural commensal state of staphylococci remains almost
completely unknown. Considering that the predominant state
of these bacteria is not as a pathogen, it seems likely that the agr
system may have a role in colonization. Consistent with this
possibility, the agr system was recently found necessary for
effective colonization of the skin by S. epidermidis (20). In the
case of S. aureus, how quorum-sensing kinetics are controlled
in ways that best suit the commensal lifestyle is unclear, and
gaining insight into this dynamic may be particularly challeng-
ing given the profusion of inflammatory and tissue-damaging
secreted virulence factors made by this pathogen. Although
colonization studies (7, 85) demonstrate that agr is repressed in
this state, and as outlined above, many studies indicate that
numerous host factors (e.g. serum components, ROS, low pH)
are capable of repressing agr function, the reference state for
these studies was growth under idealized laboratory culture
conditions. Therefore the possibility remains that the reduced
level of agr function within the host is adequate for the needs of
the S. aureus cells during colonization. Although this possibil-
ity has not been examined during colonization, it has been
addressed in various infection studies, and indeed, time course
imaging studies have demonstrated that agr does activate in
waves above baseline within an abscess (86). Also, following
neutrophil influx to an infection, the first responders to
S. aureus, the neutrophils, phagocytose the invading pathogen,
and the agr system activates within the confined space of the
phagosome (35, 36). Adding another layer of complexity,
S. aureus can form intricate interactions with host proteins
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such as fibrinogen and agglutinate as an immune evasion strat-
egy (87, 88), and hyperactivation of the agr system has been
observed within these clumps (89), potentially due to the
increased local concentration of the AIP signal. Thus, there is a
tremendous amount of varying information concerning host
impact on quorum-sensing function and staphylococcal life-
style, and the context and questions being asked are important
to understanding of this complex behavior.

Deciphering the role of quorum sensing during chronic bio-
film infections is also complicated by seemingly contradictory
observations between infection models and in vitro biofilm
experiments. In osteomyelitis, agr mutants display a decreased
ability to establish infection (90), and similar observations were
made with agr mutants using a model of infective endocarditis
(91). Time course imaging studies within an endocarditis veg-
etation show that the agr system does indeed activate during
the infection (92). Taken together, these animal studies suggest
that agr function is necessary for developing a chronic biofilm
infection. These findings seem in direct contrast to the in vitro
biofilm studies (outlined above) that demonstrate that biofilms
only form on abiotic materials when agr is inhibited, or disperse
when agr is activated. However, all of these in vitro biofilm
studies were done in the absence of host defenses, and many of
the critical toxins, superantigens, and exo-enzymes needed to
subvert these defenses are in fact regulated by the agr system
(10). Thus, there are conflicting forces at work within a biofilm
infection, with agr-regulated secreted virulence factors being
necessary for staphylococcal survival in the host, while some of
these same factors can inhibit biofilm structure. Going forward,
the function and dynamics of quorum sensing during a biofilm
infection are in clear need of further investigation, and the pre-
liminary observations suggest that the paradigms from in vitro
studies may not hold once in the host. Future progress in under-
standing the role of agr quorum sensing in chronic biofilm
infection models and colonization studies will benefit from
improved methodologies for quantifying agr quorum-sensing
kinetics in vivo (86, 93).

How does all of this knowledge help develop therapies for
treating staphylococcal infections? With the rising resistance
levels in S. aureus, there is a pressing need for innovative
approaches to treat this pathogen to maintain antibiotic stew-
ardship (94). The agr system represents a compelling target for
therapeutic development based on its critical nature during
infection (25–27), but complexities in the literature and the
early biofilm studies have led some to question this approach
(95). However, it is increasingly clear that in most types of infec-
tions, acute or chronic, the presence of a functional agr system
is important and that agr activity during infection can be
detected. It seems possible that the ability of S. aureus to agglu-
tinate with fibrinogen and other host components can protect
agr signaling and maintain a functional quorum-sensing system
during infection (87– 89), suggesting that the system evolved to
stay active in the host, likely to help staphylococci fight the
immune system. The anomaly to this condition is the presence
of a foreign body where staphylococcal biofilms can form and
the presence of agr-negative strains is frequent (70), implying
that quorum-sensing inhibition could actually enhance the bio-
film infection (95). Whether this is always true remains to be

determined, but it is well known that clearance of a foreign body
infection requires a more involved treatment approach than
other types of infections (96, 97). Considering that the majority
of S. aureus infections are treatable skin infections, and not on
implanted materials, it seems prudent to continue developing
alternative strategies to prevent or clear these infections and
preserve the most critical antibiotics for life-threatening ail-
ments (94).

Tremendous progress in our understanding of staphylococ-
cal quorum sensing and biofilm development has been made
in recent years, but important questions remain. Going for-
ward, studies will need to address how quorum sensing func-
tions in the colonization state and during chronic infections,
and the development of improved real-time animal imaging
approaches may be necessary to advance the field. How other
commensal flora impact staphylococcal quorum sensing and
biofilm development has also received little attention, expect
for some initial examples (98), despite the tremendous interest
in microbiome studies (99). More careful analysis of the con-
tribution of host components to these various mechanisms
will also be critical. Addressing these shortcomings in the
field, as well as limiting the current biases from in vitro stud-
ies, will be important in future studies to take the field fur-
ther and to use this information for improving treatment
options for antibiotic-resistant staphylococcal infections.
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