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Introduction

Bacteria were thought to live a simple
existence lacking the cell-to-cell com-
munication that highly evolved organ-
isms possess. Theirs was deemed an

The global rise of anti-microbial resistance, combined with the rapid rate of
microbial evolution, and the slower development of novel antibiotics, underscores
the urgent need for innovative therapeutics. We are facing a post-antibiotic era with
a decreased armamentarium to combat infectious diseases. Development of novel
drugs will rely on basic research aimed to increase our understanding of bacterial
pathogenesis and the inter-cellular chemical signalling among bacterial cells. Such
basic science, when combined with contemporary drug discovery technologies, may
be translated into therapeutic applications to combat bacterial infections. In this
review, we discuss many strategies aimed to interfere with bacterial cell-to-cell
signalling via the quorum-sensing (QS) pathway to inhibit bacterial virulence and/or
the development of microbial communities (known as biofilms), which are refractory
to antibiotic treatment. QS antagonists should be viewed as blockers of pathogen-
icity rather than as anti-microbials and because QS is not involved in bacterial
growth, inhibition of QS should not yield a strong selective pressure for development
of resistance. QS inhibitors (QSlIs) hold great expectations and we look forward to
their application in fighting bacterial infections.

uncomplicated repetition of cellular replication. But in the last
three decades this concept has been challenged as bacteria were
recognized to be equipped with the ability to sense chemical
signals from other organisms in their surroundings, and capable
of forming communities whose members interact with each
other. This interaction can be intra- and/or inter-species or inter-
kingdoms. Although most of these interactions probably
evolved to allow co-existence of a bacterium and its host,
pathogens seem to have ‘hijacked’ these communication
systems to control their virulence traits.
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Communication among bacteria is achieved by the release of
chemical signals called autoinducers. These autoinducers allow
bacteria to assess the density of the local bacterial population
and coordinate critical gene expression. This mechanism,
termed QS, was first observed in Vibrio fischeri, a biolumines-
cent bacterium that lives in the photophore, the light producing
organ of the bobtail squid with which it has a symbiotic
relationship (Eberhard, 1972; Eberhard et al, 1981; Kempner &
Hanson, 1968; Stevens & Greenberg, 1997). By sensing
autoinducers released by the continually growing bacterial
population within the photophore, V. fischeri is able to discern
when its density is high enough to trigger the transcription of
luciferase, and the subsequent emission of light. Since this first
discovery, many pathogens have been shown to utilize QS to
determine the right time to express virulence related genes.
Production of proteins and other gene products necessary for
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pathogenesis is an expensive endeavour that requires the
bacteria to exert a lot of energy. Thus by releasing and/or
sensing autoinducers, pathogens are able to optimally time the
expression of their virulence factors, conserving energy and
maximizing their survival, at the detriment of their host.
Although bacteria are capable of existing in a planktonic
form, i.e. as single organisms floating in their fluid environment,
there are instances in which it is advantageous for bacteria to
live within a biofilm. These communities or biofilms are
established when groups of bacteria synthesize hydrated
polymeric matrices, within which they aggregate, and which
they use for adhering to living or inert surfaces (Costerton et al,
1999). Biofilm development is coordinated by QS, and QS
signalling has been shown to play a key role in the development

Glossary

Antibiotics
Drugs used to kill or prevent bacterial growth.

Autoinducers
Small organic compounds used by bacteria to achieve cell-to-cell
signal. They can be seen as the bacterial version of hormones.

Biofilms

Bacterial communities encased within a polysaccharide matrix. These
communities are refractory to antibiotics and anti-bacterial treat-
ments.

Cellular replication
Mechanism by which one cell generates two daughter cells.

Chemokines and cytokines
Soluble proteins that regulate the immune response, by serving as, e.g.
chemoattractants or activators of immune cells.

Cystic fibrosis
Inherited disease often accompanied by high susceptibility to
bacterial infections in the lung.

Enteric bacteria
Bacteria that inhabit the gastrointestinal tract of humans.

Exotoxins
Toxins produced by bacteria that are excreted from the bacterial cell.

Nosocomial infections
Hospital-acquired infections.

Proteases
Enzymes that degrade proteins.

Quorum sensing

The term used to depict bacteria cell-to-cell communication. This
term was initially coined because the first bacterial signalling systems
described were associated with bacterial density.

Toxic shock syndrome
An overwhelming immune activation response caused by a bacterium
toxin that leads to shock and in many cases death.

Type lll secretion system
Specialized bacterial secretion system that is used by bacteria to
inject toxins (normally referred to as effectors) into the host cell.

Virulence traits
Specific traits expressed by bacteria that render them virulent and
able to cause disease.
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of these living structures (Davies et al, 1998). Biofilms provide
protection for the bacteria in a hostile environment while
retaining nutrients for their inhabitants. These well protected,
sessile communities endow bacteria with protection from the
immune response, and an inherent antibiotic resistance that
would not be present in their planktonic form (de Kievit, 2009).
This resistance is responsible for many persistent and chronic
bacterial infections.

Today QS signalling and biofilm formation have been
identified in a growing list of medically relevant pathogens.
These include Pseudomonas aeruginosa, the cause of several
types of nosocomial infection and cystic fibrosis related lung
infections, Staphylococcus aureus which causes a wide range of
diseases from minor skin infections to toxic shock syndrome
(TSS) and enteric bacteria. The last is a group of microbes that
cause gut related infections as well as other complications
including urinary tract infection (UTI) and haemolytic uraemic
syndrome (HUS). The severity of disease caused by these
pathogens, and the economic burden associated with preven-
tion, treatment and control of infection, have compelled
scientists and clinicians to invest substantial time and effort
to not only understand how these mechanisms work, but also
how they can interfere with them. In this review, we discuss
several of these microbes’ mechanisms that link their commu-
nication to human infections with emphasis on possible
strategies that can be used to target them.

Pseudomonas aeruginosa

P. aeruginosa, is a Gram-negative, motile, ubiquitous bacillus
found in soil, fresh and sea water. It is highly versatile, able to
tolerate low oxygen conditions, grow at a wide range of
temperatures (4-42°C) and survive with minimal nutrients. It
is this adaptability that allows the pathogen to adhere and survive
on medical equipment and other hospital surfaces initiating
outbreaks of nosocomial infections characterized by general
inflammation and sepsis. These infections normally occur in
compromised patients including burn victims and those with
neoplasia or HIV. This opportunistic pathogen is also the
major cause of chronic lung infections in cystic fibrosis patients
and microbial keratitis (MK) in users of extended-wear contact
lenses. Though unlikely to cross-healthy, intact anatomical
barriers, Pseudomonas bacteria from poorly maintained com-
munity hot tubs and swimming pools have been linked to
rashes, UTIs and external ear infections in immune-competent
individuals.

Research on P. aeruginosa has yielded much information on
QS and biofilm formation. It uses several QS mechanisms to
survive the harsh conditions on surfaces and within the host, as
well as to circumvent the host immune system to cause disease.
Figure 1 depicts several of these mechanisms. QS in P.
aeruginosa depends on the release of a number of diffusible
autoinducers which are divided into two groups based on their
chemistry. The first group, the acyl homoserine lactones (AHLs)
includes N-3-oxo-dodecanoyl-L-homoserine lactone (OdHL) and
N-butanoyl-L.-homoserine lactone (BHL), while the second group,
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Figure 1. The relationship between QS and virulence in P. aeruginosa. The blue symbols indicate potential therapeutic targets. The green letters correspond to

the targeted mechanisms in Table 1.

the 4-quinolones (4Q) is represented by the Pseudomonas
quinolone signal (PQS) (Brint & Ohman, 1995; Pearson et al,
1994, 1997; Pesci et al, 1999; Wilson et al, 1988). For these signals
to be produced and sensed, the following QS systems are
required: LasR-Lasl and RhIR-RhII for the AHLs, and PgsR/
DPgsABCDE for the PQS signal (Brint & Ohman, 1995; Farrow et al,
2008; Pearson et al, 1994; Pesci et al, 1999; Wade et al, 2005). Lasl
and RhII synthesize OdHL and BHL, respectively, while the
presence of pgsABCD is necessary for the synthesis of the PQS
signal (Pesci et al, 1999; Wade et al, 2005). These signals bind to
transcription regulators, and induce the expression of virulence
genes such as exotoxins and proteases. OdHL binds to the LasR
receptor, BHL binds to the RhIR receptor, and PQS to the PgsR
(MvfR) LysR-like receptor (Brint & Ohman, 1995; Farrow et al,
2008; Pearson et al, 1994; Pesci et al, 1999; Wade et al, 2005). The
activities of these QSIs are summarized in Fig 1 and Table 1.
The development of Pseudomonas biofilms relies on some of
the QS signals described (Davies et al, 1998). The biofilm matrix
provides a physical barrier that binds to or neutralizes host anti-
microbials. Within the biofilm, Pseudomonas has a higher
tolerance to heavy metals such as zinc, copper and lead than it
would in its planktonic form (Whiteley et al, 2001). This
tolerance prevents metal-based drugs from being able to clear
chronic infections. The microenvironment in the biofilm is
markedly different from that of the surrounding environment;
low oxygen levels and low metabolic activity within the biofilm
contribute to the disruption of the efficacy of anti-microbial
drugs like tetracycline (Walters et al, 2003; Whiteley et al, 2001).
Pseudomonas is capable of causing chronic (CF lung) and acute
(ventilator associated/invasive) infections. Biofilms have been
associated with chronic infections, while a mechanism relying
on type III secretion (TSS) has been associated with acute
infections. The type III secretion system (TTSS) provides
bacterial pathogens, with a structure that channels effector
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proteins into the cytoplasm of eukaryotic host cells (Tampakaki
etal, 2004). AHL-dependent QS has been reported to activate the
expression of genes necessary for biofilm formation and repress
genes encoding the TTSS (Bleves et al, 2005). However, a recent
report by Mikkelsen et al (2009) showed that the type III effector
exoenzyme S (ExoS) can also be detected in biofilm effluents but
not in a planktonic cell supernatant. These results indicate that
biofilms can also express the TTSS releasing effectors, in this
case ExoS which is responsible for ocular damage in MK. The
perceived contradictory reports by Bleeves and Mikkelsen could
be reconciled by the possibility that while AHL-dependent QS
may repress TTSS expression, it may not completely obliterate
it, and other QS signals involved in biofilm formation could
modulate the TTSS expression within biofilms.

In addition to being regulators of virulence genes and biofilm
formation, the pathogen’s QS signals can also modulate the host
immune response. PQS and OdHL have been shown to induce
apoptosis in neutrophils and macrophages during MK infections
(Hoiby et al, 2001; Willcox et al, 2008; Zhu et al, 2002). Recent
research into the effects of P. aeruginosa QS signals has also
identified a role in the modulation of dendritic cell (DC) activity
(Skindersoe et al, 2009). Skindersoe et al showed that PQS and
OdHL divert TH1 cell differentiation towards TH2 cell
differentiation ex vivo using cultured DCs.

Targeting QS and biofilm formation in P. aeruginosa

Conventional antibiotics work by either preventing bacterial cell
division (bacteriostatic) or Kkilling the cell (bacteridicial).
However, this may increase the selective pressure towards
antibiotic resistance. Targeting QS and biofilms provides an
alternative that, in theory, applies a gentler evolutionary
pressure towards development of drug resistance, given that
QS does not control processes essential for cellular survival
and/or growth. Although conventional antibiotics are used as
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Table 1. QS targeting and anti-biofilm compounds for P. aeruginosa

Compound Target

Qs LasR
signal antagonists:

PD12, V-06-018,

C30, B7, 30x0-C1,-D10,

30x0-C,,-acHone,

30x0-C4,-acPol

Mechanism of action

Bind to OdHL receptors and prevent
their activation

Reference

Hentzer et al (2003),
Mubh et al (2006),
Smith et al (2003b)

PPARS agonists PPARS, Bind to PPARS and prevent the Jahoor et al (2008)
OdHL activation of NF-kB dependent
pro-inflammatory genes
lonic silver Biofilms High concentrations of ionic silver Bjarnsholt et al (2007)

disperses biofilms

Ga and DFO-Ga Biofilms Ga and DFO-Ga compete out Fe, Patriquin et al (2008),
an important cue for initiation Yamamoto et al (1994)
of biofilm formation
NO-releasing Biofilms Silica nanoparticles provide a Hetrick et al (2008, 2009)
silica means for rapid diffusion of toxic

nanoparticles

NO for better biofilm dispersion

anti-microbial drugs, some believe their function in nature at
physiologically lower levels (subinhibitority anti-microbial
levels) may be able to induce or interfere with QS signalling
and even promote biofilm formation (Hoffman et al, 2005).
Subinhibitory levels of aminoglicosides have been shown to
promote biofilm development by Pseudomonas and Escherichia
coli (Hoffman et al, 2005). Azithromycin (AZM) is an inhibitor
of protein synthesis and is one of the few antibiotics that
improves the clinical outcome of CF patients chronically infected
with P. aeruginosa. Skindersoe et al showed that AZM and two
other antibiotics, ceftazidime and ciprofloxacin also affect QS,
possibly by altering the membrane permeability and affecting the
OdHL flux. However, these antibiotics still have bacteridicial and
bacteriostatic activities which may lead to the same problem of
selective pressure and antibiotic resistance (Tramper-Stranders
etal, 2007). These reports suggest that antibiotics may play a role
in signalling in nature, as well as ‘killing’, and it will be
advantageous to identify QSIs that while attenuating virulence
do not affect essential bacterial processes.

Research into P. aeruginosa has provided vast information on
QS and biofilms but also on potential drugs or molecules that
could target these mechanisms (see Table 1). In 2006, Muh et al
performed a high-throughput screening (HTS) on a library of
200,000 small compounds and identified two that were general
inhibitors of QS (Muh et al, 2006). The compounds, PD12, a
tetrazole with a 12-carbon alkyl tail and V-06-018, a phenyl ring
with a 12-carbon alkyl tail, also inhibited the expression of the QS
regulated virulence factor pyocyanin, by antagonizing LasR (the
OdHL receptor). These QSIs added to the library of compounds
previously identified by Smith et al (2003a, b; Suga & Smith, 2003)
who showed that 2-aminocyclohexanone and 2-aminocyclopen-
tanone are potent LasR antagonists. These QSIs and the QS signal
OdHL share a chemical backbone but the QSIs have antagonistic
activity on the OdHL receptor preventing the activation of
downstream virulence factors. Another QSI, C-30, a derivative of
a natural furanone was shown to inhibit QS and cause
Pseudomonas biofilms to be susceptible to clearance by detergent
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and antibiotics when the biofilms were grown in its presence
(Hentzer et al, 2003; Manefield et al, 2002). Although these
molecules were shown to work in vitro to prevent pathogenesis,
their activity in vivo in animal models remains to be addressed.
As discussed previously, QS signals can interfere with the
host immune response, OdHL was shown to induce apoptosis of
several cell types including macrophages and neutrophils by
upregulating pro-inflammatory cytokines and chemokines
(Shiner et al, 2006; Smith et al, 2001). However, how the
bacterial signals were affecting the mammalian cells was
unknown until 2008 when Jahoor showed that OdHL acted as an
agonist to peroxisome proliferator-activated receptor 3 (PPARR)
and PPARS while acting as a PPAR+y antagonist. PPARYy is a trans
acting repressor of the cytokine genes’ transcription factor
NF-kB (Pascual et al, 2005) and, by antagonizing PPARy
activity, OhDL was able to relieve the NF-«kB transrepression,
thus activating an inflammatory response and consequently
causing tissue damage. The identification of the AHL mamma-
lian receptors PPARB/8/y also provided researchers and
clinicians with potential therapeutic targets. Rosiglitazone, a
PPARy agonist was shown to block the pro-inflammatory effect
of OdHL in lung epithelial cells (Jahoor et al, 2008).
Identification of other PPARy agonists may provide additional
anti-inflammatory therapeutics for P. aeruginosa infections.
While targeting QS signalling is expected to have an impact on
biofilm formation, several metals have direct anti-biofilm
activity. Ionic silver has long been known to have anti-bacterial
activity and when used in wound dressing clears planktonic
P. aeruginosa infections (Melaiye et al, 2005). Chronically
infected wounds, however, harbour mature biofilms that
require higher silver concentrations than planktonic cells
(Bjarnsholt et al, 2007). Therefore, it would be advisable that
clinicians assess wounds to identify the form of colonizing
Pseudomonas. If colonized by biofilms, dressing with higher
ionic silver concentration should be used and chronic wounds
should have their dressings frequently changed to allow for
maximum silver dependent anti-microbial activity. Another

EMBO Mol Med 1, 201-210 www.embomolmed.org
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metal, gallium (Ga), has also been shown to prevent the
formation of biofilms that are characteristic of chronic infections
(Yamamoto et al, 1994). Ga works by competing out iron (Fe)
that is necessary for bacterial metabolism and also serves as a
cue for biofilm formation (Banin et al, 2005, 2006). Recently,
Banin et al showed that by coupling Ga to the siderophore
desferrioxamine (DFO) they could form a complex (DFO-Ga)
that acted like a Trojan horse (Banin et al, 2008; Patriquin et al,
2008). DFO-Ga is taken up by the bacterial cell and, once inside,
it interferes with Fe metabolism and consequently biofilm
formation.

Another anti-biofilm compound is nitric oxide (NO). NO is a
reactive-free radical normally produced by phagocytes as part of
the immune response to bacteria (Ghaffari et al, 2006). It has
been shown that small molecules that release NO have anti-
microbial properties and are capable of degrading biofilms
(Barraud et al, 2006; De Groote & Fang, 1995). Recent studies
presented a delivery system that provides a means to fine-tune
the distribution of NO into biofilms (Hetrick et al, 2008, 2009).
The authors use NO releasing silica nanoparticles to create a
rapid diffusion that Kkills cells within established biofilms more
effectively than a slow prolonged delivery.

Staphylococcus aureus

S. aureus is a Gram positive, coagulase and catalase positive
coccus. It is responsible for a wide range of diseases from minor
skin conditions like impetigo and abscesses to more serious
conditions such as food poisoning, meningitis, endocarditis,
pneumonia, septicaemia and TSS (Massey & Mangiafico, 1974). It
is also one of the most common causes of nosocomial infections
where it manifests itself as chronic wound infections. S. aureus
colonizes approximately 30% of the population persistently, and
close to 60% transiently. Most of the people with a healthy
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immune system, however, do not get infected, probably due to
intact barriers that prevent invasive infection (Peterson et al,
2008). A major problem associated with S. aureus infections is
the rise of methicillin resistant S. aureus (MRSA) as well as
multidrug resistant strains (MDR) (Venter et al, 2004; Weinstein,
2001). New antibiotics such as linezolid and daptomycin are
now being used to treat MRSA strains but some strains are
already resistant to these drugs (Meka & Gold, 2004). It is
therefore important to look for alternatives that would not
engender the selective pressure to further increase drug
resistance. One such alternative is to target QS cell-to-cell
communication systems.

S. aureus has two phenotypes, an adhesive colonizer
phenotype that is tolerated by the host, and a severe, invasive,
infective phenotype that has high tissue damaging capabilities
and is responsible for most of the manifestations of the disease
(George & Muir, 2007). The switch in phenotypes is mediated by
the agr QS system, the key regulator of gene expression in
S. aureus and a vital determinant of species evolutionary
diversification (Novick & Geisinger, 2008; Wright et al, 2005b).
The agr QS system is depicted in Fig 2 and consists of a four gene
operon (agrB, agrD, agrC, agrA) that synthesizes and secretes
autoinducing cyclic thiolactone peptides (AIPs) (Novick et al,
1995). AIPs are produced and secreted by AgrBD and sensed
through AgrC. AIPs bind to and activate AgrC, a membrane-
bound histidine sensor kinase (the major environmental sensory
system in prokaryotic cells), which in turn phosphorylates and
activates AgrA, a transcriptional factor that regulates the
production of the effector molecule RNAII. RNAII down-
regulates the expression of surface adhesins while upregulating
the expression of invasive virulence factors such as proteases,
secreted toxins and lipases (George & Muir, 2007; Peterson et al,
2008). There are four different types of AIPs with AIP1 being the
most widespread signal (George & Muir, 2007; Peterson et al,
2008).

Motility
AE lesions

Shiga toxin production — Hypertension
Hemorragic colitis

}—- Bloody diarrhea

Figure 2. The relationship between QS and virulence in S. aureus. The blue symbols indicate potential therapeutic targets. The green letters correspond to the

targeted mechanisms in Table 2.
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Table 2. QS targeting and anti-biofilm compounds for S. aureus

Stabilize an inhibitory receptor

Sequesters AIP1 inhibiting switch to

Reference
Geisinger et al (2009)

Peterson et al (2008)

Compound Target Mechanism of action
Non-cognate AlPs Cognate AIP

conformation
Apolipoprotein B AIP

invasive phenotype
RIP and RNAIII, biofilms

hamamelitannin
(non-peptide RIP homologue)

Inhibits TRAP phosphorylation and agr
expression

Gov et al (2001), Kiran et al (2008)

A study by Peterson et al (2008) recently identified an innate
barrier that prevents the switch from the adhesive to the
invasive phenotype. These authors showed that Apolipoprotein
B, the major structural protein of lipoproteins, sequesters the QS
signal AIP1, consequently inhibiting Agr-dependent virulence in
MRSA isolates. In addition to Apolipoprotein B, another way to
interfere with AIP AgrC signalling is the use of non-cognate
AlPs. The four AIPs identified in S. aureus vary due to slight
sequence differences, and have been shown to selectively
bind to their cognate AgrC receptors with a natural QS inhibition
occurring when AIPs bind to non-cognate receptors (Wright
et al, 2005a). AIP4 differs from AIP1 by only a single amino acid
but functions as an antagonist to AIP1 (Carmody & Otto, 2004;
Chan et al, 2004). It has been proposed that identifying
compounds with close sequence similarity to AIPs with
antagonizing properties may provide an alternative way of
treating S. aureus infections. Such compounds are summarized
in Table 2.

bacterial cell membrane

S. aureus survival in biofilms also depends on genes regulated
by a second QS system RAP/TRAP, although its designation as a
QS system is controversial (Balaban et al, 2001; Novick, 2003).
The proposed autoinducer RNAIIl-activating protein (RAP) is
believed to be secreted and by an as yet unknown mechanism
reenters the cell and activates the Target of RAP (TRAP).
Activated TRAP up-regulates agr expression and promotes
cellular adherence, an integral part of biofilm formation
(Harraghy et al, 2007; Kiran et al, 2008; Korem et al, 2005).
This system can be exploited as another alternative to
antibiotics, e.g. by the use of a heptapeptide that inhibits TRAP
activity (Gov et al, 2001; Kiran et al, 2008). The heptapeptide
RNAIII-inhibiting peptide (RIP) has been shown to inhibit TRAP
phosphorylation and agr expression. Kiran et al (2008) showed
that RIP is effective against some strains of MRSA and identified
a RIP non-peptide analogue, hamamelitannin, that prevents
device-associated MRSA infections in a concentration-depen-
dent manner (Kiran et al, 2008).

Qs signals
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Induction of apoptosis
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Inhibition of DC production of IL-12
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Figure 3. The relationship between QS and virulence in EHEC. The red shows the effect of antibiotics on virulence and disease. The blue symbols indicate
potential therapeutic targets. The green letters correspond to the targeted mechanisms in Table 3.
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Table 3. QS targeting compound for EHEC

Compound Target
LED209? QseC

Mechanism of action

Binds to QseC and prevents
activation

Reference
Rasko et al (2008)

®This QSI is effective in animal models of infection.

Interference with inter-kingdom signalling:
enterohemorrhagic Escherichia coli (EHEC)
0157:H7: a case study

Ingestion of food and water contaminated by EHEC leads to
gastroenteritis of varying severity, and also other non-gastro
related symptoms including fever, meningitis and septicaemia.
EHEC is a Gram negative, rod-shaped, facultative anaerobe
whose infection in humans is characterized by a usually self-
resolving bloody diarrhoea (Kaper et al, 2004). It colonizes the
large intestine and forms attaching and effacing (AE) lesions on
intestinal epithelial cells. Most of the genes required to form this
lesion are encoded on a chromosomal pathogenicity island
termed the locus of enterocyte effacement, LEE. EHEC expresses
Shiga toxin (Stx) in the intestine and this potent inhibitor of
protein synthesis can be absorbed systemically where it binds to
receptors found in the kidneys and central nervous system
(CNS), causing HUS, seizures, cerebral oedema and/or coma.
The genes encoding Stx are located within the late genes of a A
bacteriophage, and are transcribed only when the phage enters its
lytic cycle upon induction of an SOS response in EHEC (Wagner
et al, 2001). There are few, if any, good treatment options for
HUS. Antibiotics and anti-motility agents are contraindicated for
EHEC infections. In fact, antibiotics promote the expression and
release of Stxs, thereby increasing the occurrence and severity of
HUS and CNS involvement (Kimmitt et al, 1999, 2000).
Consequently, innovative, cost-effective EHEC treatments are
urgently needed to address a significant unmet healthcare need.

As shown in Fig 3, EHEC senses three signals to activate
transcription of virulence genes: a bacterial aromatic auto-
inducer (AI-3) produced by the normal GI flora, and two
hormones (epinephrine/norepinephrine) produced by the host
(Sperandio et al, 2003). Any of these signalling molecules can
trigger the QseC membrane bound sensor kinase thereby
relaying the presence of these chemical signals to a complex
regulatory cascade leading to transcription of key virulence
genes (Clarke et al, 2006; Walters & Sperandio, 2006). QseC will
also activate expression of yet a second sensor, QseE, which
discriminates between AI-3 and epinephrine/NE, further fine-
tuning this signalling cascade (Reading et al, 2009). These
transcription events ultimately enable the organism to form AE
lesions and to produce Stx, thereby leading to the clinical
manifestations of infection. These observations suggest that an
inhibitor of the AI-3/epi/NE-induced pathogenesis could be a
valuable treatment for EHEC infections. Strictly speaking, such
an inhibitor would be a ‘pathogenesis blocker’ rather than an
anti-microbial, which causes bacterial stasis or death. This
signalling cascade and its interference strategies are summar-
ized in Fig 3 and Table 3.

www.embomolmed.org EMBO Mol Med 1, 201-210

Rasko et al (2008) carried out a HTS using a library of 150,000
small organic compounds to identify a lead structure (N-phenyl-
4-[[(phenylamino)thioxomethyl]amino]-benzenesulfonamide)
LED209 which selectively blocked binding of signals (AI-3/
epinephrine and NE) to QseC, preventing QseC’s autopho-
sphorylation, and consequently inhibiting QseC-mediated activa-
tion of virulence gene expression, LED209 inhibited EHEC
pathogenesis but did not block transcription generally nor kill
EHEC cells. These properties are critical since cell damage could
initiate Stx production. In addition, LED209 was not toxic to host
cells, but inhibited expression of key virulence traits of EHEC
pathogenesis (AE lesions and Stx production) (Rasko et al, 2008).

QseC homologues are present in at least 25 important human
and plant pathogens (Rasko et al, 2008), and gseC mutants of
EHEC (Clarke et al, 2006), Salmonella typhimurim (Spector et al,
1999) and Francisella tularensis (Wagner et al, 2007) have been
shown to be attenuated in animal models of infection. These
studies suggested a central role of the AI-3/epinephrine/NE
QseC receptor signalling system in the virulence of several
important pathogens. In agreement with these studies, LED209
also inhibited virulence of Salmonella typhimurium and
F. tularensis in vitro and in vivo (animal models of infections)
(Rasko et al, 2008). This study revealed that inter-kingdom cell-
to-cell signalling pathways and QseC in particular provide an
attractive target for novel therapeutics. Since gseC is present in
many important animal and plant pathogens, drugs that target
this sensor kinase have the potential to be broad spectrum.
Furthermore, since the QseC-dependent inter-kingdom signal-
ling system does not directly influence bacterial growth,
inhibition of this signalling pathway may not exert strong
selective pressure towards development of drug resistance.
LED290 provides proof of principle that a strategy to develop
drugs that obscure inter-kingdom signalling is a feasible
approach towards development of novel therapeutics to combat
bacterial infections.

Pending issues

Need to evaluate the efficacy of most QSls identified so far in
animal models of infection.

comparison to conventional antibiotics are missing.

Critical analyses of spectrum, interference with normal microbial

I Detailed studies on how rapidly resistance arises to QSls in
I flora and cost/benefits of QSIs are needed.

We are still scratching the tip of the iceberg in terms of how many
classes of signals bacteria use to communicate. Expanding our
knowledge of the ‘bacterial language’ will also expand the
repertoire of drug targets.
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Conclusions

A great challenge of the 21st century is the identification of new
anti-microbial targets, and/or the development of novel anti-
microbial/anti-virulence drugs. We are facing a post-antibiotic
era with limited capability to combat microbial infections. The
rapid bacterial evolution combined with the slower process of
drug development leads to an unsettling post-antibiotic era.

The development of QSIs offers a promising strategy to tackle
the anti-microbial resistance issue. It is perceived that if one
targets non-essential bacterial processes, which do not com-
promise bacterial growth and/or survival, the evolutionary
pressure engendered towards development of drug resistance is
milder. Bacterial virulence can be controlled by many cell-to-cell
signalling systems and in this review we discussed and
highlighted the QS systems more prone to drug development.
The majority of these systems, specifically the ones targeting
AHLs and peptides, are very specific to certain bacterial species
(in some cases receptors), offering the possibility of developing
highly specific ‘designer’ drugs. This could be viewed as an
advantageous strategy, because one would infer that it may not
interfere with the normal microbial flora of the host. However,
the spectrum of such drugs would be smaller, making their
development more expensive and less profitable. Some
systems, such as the QseC system, are more broadly distributed
and therefore inhibitors of this system have an increased
spectrum but are likely to interfere with the normal microbial
flora.

It is also worth noting that most QSIs are still in the basic
science level of development. Although, some pharmaceutical
companies have been interested in developing these drugs
none are at the clinical stage. This may be due to the fact that
this is a young and growing field in biology, and also that
most of these inhibitors showed efficacy ‘in vitro’, but have not
been successfully tested ‘in vivo’ in animal models. The one
exception is LED209 (QseC inhibitor), which has been shown to
work in two different animal models of infection (Rasko et al,
2008).

Although it is assumed that anti-QS drugs will engender a
milder evolutionary pressure for bacterial anti-microbial
resistance, resistance may eventually develop overtime. The
rapid rate of bacterial evolution provides a strong driving force
for a pathogen to overcome the mechanisms of action of a drug.
Constant vigilance and basic research on the processes
associated with bacterial virulence and inter-cellular signalling
will continue to aid the development of novel and effective
therapeutics. This will likely remain an ongoing ‘battle’ between
microbes and their hosts in pathogenic associations. The anti-QS
strategies developed so far have not yet been applied in a broad
scale clinical trial and hence, it is difficult to assess their true
potential and drawbacks at this stage. It is however certain
that we need to expand our anti-microbial/anti-virulence targets
and strategies, and interference with inter-cellular signalling
appears as a viable and promising avenue to conduct drug
development.
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