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Novel approaches for the design and discovery of quorum-sensing inhibitors
Sara Scutera, Mario Zucca & Dianella Savoiat

tUniversity of Torino, S. Luigi Gonzaga Hospitalkeartment of Clinical and Biological Sciences,
Orbassano (To), Italy

Abstract

Introduction: The spread of antibiotic resistance, together Whighlack of antibiotics based on
novel molecular scaffolds, mark the so-called "godibiotic era.” Among the potential strategies
to develop new anti-infective drugs, interferencthwacterial virulence is an attractive approach.
The discovery that virulence gene expression islgnosgulated by quorum sensing (QS) raised a
lot of interest and prompted a lot of research dimefinding inhibitors of this mechanism.

Areas covered: This paper deals with the most recent strategragaiat discovering new inhibitors
able to disrupt the different steps of the QS systargeting signal production, signal molecules
and signal receptors. We provide an overview ofliteeature including research papers, mostly
dealing with inhibitors of th&. aureusandP. aeruginosaS systems, and a number of
comprehensive reviews dealing with the applicatibthe newest technologies to the field.
Prospects and emerging concerns regarding thebp@sdinical applications are also discussed.
Expert opinion: QS inhibition is a promising strategy against itifats. However, despite the
discovery of a huge number of QS inhibitors, witloat 40 patents, the potential of QS inhibition is
still to be fully assessed. The current validatioethods of QS inhibitors must be optimized, and
the discovery that QS disruption may favour or ceteore virulent strains must be investigated in
depth. Given the current market-dependent situatienpossibility to develop hits into licensed
drugs is likely to be made possible by joint veatubetween private companies, academia and

public institutions.

Keywords. Antibodies; autoinducer®,. aeruginosaquorum sensing; receptofs, aureus

virulence factors.
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1. Introduction

Intercellular communication by means of secreteunome-like molecules (pheromones) is an
important natural feature, which in different baigtkespecies is involved in bioluminescence,
virulence, biofilm formation, antibiotic productipnpompetence, conjugation, swarming, motility,
and sporulatiom]. For most pathogenic bacteria, the ability to iempént this kind of multicellular
coordination is critical for disease pathogeness faost colonization. Quorum sensing (QS) is the
term used to describe a density-dependent intataeiommunication that allows a coordinated
multicellular behaviour in prokaryotes, based aadbnstitutive production and secretion of small
molecules defined quorum sensors or autoinducd)gZAWhen the Al concentration reaches a
critical detection threshold that depends uponds&dtpopulation density (quorum), the Al
interaction with species-specific receptors triggesignal transduction cascade leading to an
alteration in gene expression. The production mfimber of virulence factors involved in bacterial
pathogenesis and in the formation of bacterialisessmmunities called biofilms is based on this
mechanism. Biofilms account for more than 80% ahhno infection$3] and their treatment is
highly problematic, because sessile bacteria ate Adp00 times more resistant to antibiotics in
comparison to their planktonic counterparts, amdess exposed to the host immune sygtgm

Since the pioneering work on Al by Tomasz and Hkigd15] and Nealson and co-workers,
[6], several Al molecules have been identified, whiey be classified as follows: i) Al-1, or N-
acyl homoserine lactones (AHLS), which are produmgdver 70 species of Gram-negative
bacteria; ii) oligopeptides, consisting of 5-17 amacids, which are generally produced by Gram-
positive bacteria; iii) Al-2, a class of furanonased Al derived from 4,5-dihydroxy-2,3-
pentanedione (DPD), which can be produced by bo#m&ositive and Gram-negative bacteria
and may be considered universal interspecies siggaholecules; and iv) other small molecules
that include thé>seudomonaguinolone signal (PQS), thébrio choleraeautoinducer (S)-3-

hydroxytridecan-4-one, 3-hydroxypalmitic acid mdteaster, the Al-3 (a small Al with unknown
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structure, used by enterohemorrhdgicoli), bradyoxetin, and other molecules that do ndt fal
within one of the major groupg|.

QS inhibition, also called quorum quenching (Q®);ansidered an attractive modality of
therapeutic intervention for a series of reasonswould overcome the conventional mechanisms
of resistance to antibiotics; ii) a single inhibituld have multiple effects, being able to ireesf
with the production of a number of virulence fastand with biofilm formation; iii) in principle,
anti-virulence factors should not exert an evohaiy pressure on the targeted bacterial population,
avoiding the emergence of resistant strains; i@jdiag or limiting biofilm formation, QS
inhibitors could enhance the efficacy of existimgilaiotics; v) except Al-2 members, most Al are
species-specific. Consequently, the narrow spectiuactivity of inhibitors should avoid the
disruption of beneficial microbiota]. It is well known that both prokaryotic and eukatiy
organisms have evolved molecular mechanisms aldartg on QQ activity. The study of the
signal degradation systems enacted by differertebacplants, and mammals may lead to the
design of novel approaches for quenching bact®&b]. Ideally, a QS inhibitor should meet the
following criteria: it should be a small moleculeghly specific, non toxic for eukaryotic cells,can
chemically stablé10].

QQ compounds could be used in many fields, su¢tuasan and veterinary medicine,
agriculture, and aquaculture. The therapy of clorarfections, which are often due to multiresistant
bacterial strains, could benefit particularly fréime use of antivirulence dru@g]. By means oin
vitro andin vivo experiments, it has been shown tRatieruginosa@S blockage restores the
immune response efficiency favouring the cleararideacterial biofilmg12].

QS systems generally offer three points of att#uk:signal generation process, the signal
molecule, and the signal recept]. During the last three decades, many natural gntthetic
agents belonging to the categories of small norigepnolecules, peptides, and enzymes, have
been identified as QS inhibitopst]. A very comprehensive review on QS inhibitors texently

been published by Kaliao]. The field is rapidly evolving, and many inhibiscaire being
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discovered. However, clinical applications ard H&itking. To the best of our knowledge, only two
clinical trials on QS inhibitors have been perfodnim the first one (ClinicalTrials.gov Identifier:
NCT00610623), the effect of azithromycin, used §Sablocker at subinhibitory doses for the
prevention ofP. aeruginosaventilator-associated pneumonia was evaluatedatti®rs of the
study concluded that the major effect of QS iniitwas the selection of more virulent strains.
The second trial (ClinicalTrials.gov Identifier: NG1201577), completed but with no study results
posted, was aimed at studying the effect of ordlyninistered combinations of prebiotics,
probiotics and antibiotics on QS signalling molesuand on innate and adaptive immunity in
humans.

In this article, we focus on modern approacheshierdevelopment and validation of QS
inhibitors, providing the reader with a compreheasiverview of the recent literature on the

subject.

2. Strategiestargeting QS signal production

The studies aimed to hit at targeting this stepelaively few, and the field is open for further
investigation. Compounds affecting the AHL biosydis or efflux pumps are likely to behave as
QQ. Substrate analogues of Al, like butyryl-S-adstrmethionine, holo-acyl carrier protein,
sinefungin and L/D-S-adenosylhomocysteine can biidk productionin vitro. However,in vivo
experiments have not been performed, because tlbesalogues are likely to affect the central
pathways of amino acid and fatty acid metabolissh Small-molecule inhibitors of the AHL
synthase have been identified by Chung €téll. The involvement of multidrug efflux pumps in
the QS oBurkholderia pseudomalldias been established, suggesting that this patbewdg also
be exploited17].

Methylthioadenosine/S-adenosyl homocysteine nuiass (MTAN) is the product of the
pfsgene, which is highly conserved across bactepeties. This enzyme is present in bacteria but
not in mammals, in which its activity is performiegltwo different enzymes: methylthioadenosine

5
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phosphorylase and purine nucleotide phosphorylaseBeyond playing a crucial role in
maintaining homeostasis, MTAN is directly involviedthe biosynthesis of Al-1 and Al{29]. For
this reason, QS inhibitors belonging to the cldd86AN transition state analogues could be used
to block both Al-1 and Al-2 production in bactevighout interfering with host cell metabolism.
This approach has been explored by Gutieetes [19], and Longshawet al [20], who found that
both sulphur-containing and sulphur-free MTAN tiitina state analogues are potent inhibitors of
E. coliQS. Recently, the Schramm laboratory patenteddifferent types of transition state
analogues and a pharmaceutically acceptable céoritneating bacterial infectiong1]. These
developments indicate the interest that MTAN hasised as a possible target for bacterial anti-
infective drug desigrw].

It has been demonstrated that anthraniliguf e 1, 1) is a precursor of the PQBi¢ure 1,
3), which is a secondary metabolite maximally praatlduring the late stationary phase of growth.
An anthranilate analogue (methyl anthranilgiyure 1, 2) inhibits the production of PQS, with a
negative effect on the production of elastas® bgteruginosa22]. These data suggest that
pseudomonas PQS targeting may have a therapeuig Yait it must be taken into account tRat
aeruginosahas two other QS systems, based on N-(3-oxododghdn-homoserine lactone (3-
0x0-C12-HSL) Figure 2, 4) and N-butyryl-L-homoserine lactone (C4-HSEjdure 2, 5),
respectively. In this regard, it has recently bsieown that eugenoF{gure 3, 6), the major
constituent of clove extract, affed®s aeruginosa)S decreasing the transcriptional activation of
bothlas andpgssystems, which together regulate the expressiomiwferous virulence-related
geneqd23]. Further studies are needed to assess the relapoetance of each system on the
virulence ofP. aeruginosaand to examine the possibility of simultaneousiying off all three

systems.

3. Strategiestargeting QS signal
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Neutralization of QS signals has been extensivelgstigated24]. Biological inactivation of AHLs

can be achieved by enzymatic degradation or angiooediated inactivation of the signal molecule.

3.1 Enzymes

QQ enzymes can be grouped in two classes: clastuldies the enzymes that break the AHL
molecule, i.e. AHL-lactonase, AHL-acylase and paomase, whereas class Il includes enzymes
that reduce carbonyl to hydroxyl, i.e. oxidoredsets).

About 20 AHL lactonases have been discovered t®, dabst of which are supposedly
valuable for the biocontrol of plant diseases. RdgeMigiyama et al. reported the effect of the
AiiM lactonase on a mouse model of acute pneumoyR. aeruginosdze]. The study supports
the therapeutic potential of AHL lactonases in &pgr demonstrating that AiiM is a potent inhibitor
of P. aeruginosd&)S and reduces bacterial virulence. The use sftlmlecule could represent a
new strategy to cure chronic pulmonary infectiopsrultiresistant strains. However, the
problematic issue is the way of administrationthieir experiments, the authors used lactonase-
overexpressing plasmid vector-transforniederuginosdo infect mice. This technique can be a
good experimental tool, but, of course, it is niohwy use for therapeutic purposes. The authors
suggest two possible solutions to this impassegémetic modification of probiotics, or the local
administration of the purified AiiM protein. In dotases, the authors agree that further studies are
needed to evaluate the possibility of developind/lAactonase into a drug molecule.

One of the best studied acylases is the PvdQ praanember of the N-terminal
nucleophile hydrolase superfamily. This enzymereglpced by thé. aeruginosd?AOL1 strain,
suggesting that it may participate to the regutatbits own QS-dependent pathogenic potential.
PvdQ behaved as a QQVvitro in a number of phenotypic assays in whichpheQgene was
overexpressed iR. aeruginosaand its activity was demonstratiedvivo in aCaenorhabditis

elegansnodel[27]. The development of the molecule has reachedi#ige ®f the production of a
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stable and inhalable powder formulation for thatmeent ofP. aeruginosgulmonary infection
[28].

Paraoxonases (PON) are a group of @ependent esterases with AHL lactonase activity
widely conserved in mammals, but not present iokdm and fish29]. In humans, the family
comprises three members, whose genes are locatddamosome 7: PON1 and PON3, mainly
expressed in liver and kidney, and PON2, expressedrious tissues but not present in plasma
[30]. These enzymes are supposed to play an impodigninrthe defence against the formation of
bacterial biofilms. The protective effect of PONjaastP. aeruginosanfection has been
demonstrated in an experimental model of transgerosophila melanogastezxpressing human
PON1[31]. Recently, byn vitro andin vivo experiments Devarajian et al. demonstrated thidPO
plays an important role in the mouse innate imnmaseons¢s2).

Oxidoreductases catalyze the functional inactivabAHLs by oxidating or reducing their
acyl side chain. Two oxidoreductases have beeatewfrom cultivated bacteria, one fra@acillus
megateriumCYP102A1 and the other froRhodococcus erythropoli&/2 [33, 34] Recently, a novel
oxidoreductase named BpiB09, able to inactivateStb&o-C12-homoserine lactone, was obtained
by screening a soil metagenomic library. The exgoesof this molecule i. aeruginosdPAO1
significantly reduced pyocyanin production, ba@kemotility, and biofilm formation. In addition,
transformed bacteria resulted non pathogenicGn elegansnodel of infectiori3s]. The possibility
to screen metagenomic libraries opens wide horifomihe discovery of new active QQ enzymes.
However, their value for clinical purposes needsd@ssessed. It can be expected that they will
find application in the treatment of skin and aipwafections, and in the inhibition of bacterial

biofilm formation on catheters and prosthetic desic

3.2 Antibodies
Most AHLs exert potent biochemical effects, suclmnasiction of apoptosis and modulation of NF-

KB activity, behaving as small-molecule toxins ormmnaalian cells. Consequently, specific
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antibodies can achieve the dual purpose of nezinglboth the QS activity and the toxic effect.
The immunological approach includes the inductibardgibodies by vaccination, and the
administration of preformed mono- or poly-clonatibadies.

Following the first demonstration of the efficadyvaccination with a homoserinelactone-
carrier protein conjugate in a mouse moddPoheruginosdung infection by Miyairi et al36], the
possibility to produce protective antibodies hasrbextensively investigated, especially by the
Janda laboratory at The Scripps Research Insi#ut®)]. The attractivity of this approach is based
on the high evolutionary conservation of Al, thextracellular distribution, and the established
knowledge of antibody pharmacodynamic and kinetopprties. The chemical structure and the
low molecular weight make the Al poor antigens, ahihtould be more properly defined haptgms
The efficacy of the immunopharmacotherapeutic aggndo the inhibition of QS has been
demonstratech vitro andin vivo againstS. aureusandP. aeruginosaPark et al. reported the
production of a monoclonal antibody, AP4-24H1 1giedid against the autoinducing peptide AlP-4
produced bys. aureusRN4850. The antibody was able to inhibit @Sitro, suppresse8. aureus
pathogenicity in an abscess formation mouse mpdeVjded complete protection against a lethal
S. aureughallengg3s], and its structure was subsequently further ingattd in detaif40].

Very recently, Palliyil et al. reported the devetognt of monoclonal antibodies against
homoserine lactones producedmyaeruginosaThese antibodies were produced by using a
combination of sheep immunisation and phage amilolegplay library construction/selection, and
were characterized by high sensitivity (100-1008es higher than that of any published antibodies
raised to the same target). Their protective effiexg assessed in a slow-killing modelCof
elegansand in a mouse model Bf aeruginosanfection[41]. These findings provide a strong
foundation for further investigations of the potahof AHL monoclonal antibodies in the

immunopharmacotherapy of antibiotic resistant sgafP. aeruginosa
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4. Strategiestargeting autoinducer -receptor interaction and/or receptor -

mediated signal.

The possibility to inhibit the expression of QSre&greceptors by means of antisense RNAs has
been demonstrated by Hirakawa ef{4]. For a comprehensive review on the inhibitionighal
detection, the reader is referred4gy. In the following paragraphs, we will discuss sameent
insights on the QS @&. aureusandP. aeruginosahat may suggest the possibility of interfering
with the receptor side of the system.

The clarification of the QS system in Gram-positbaeteria allowed the identification of
molecules inhibiting different steps of the meckami The QS system &. aureuswhich is the
most studied, consists of thecassory gne_egulator (agr) locus, which is composed of two
transcripts called RNAIlI and RNAIII, driven by tiR2 and P3 promoters, respectively. The RNAIII
transcript is the effector of the agr response cWhip-regulates a number of toxins and multiple
exoenzymes (proteases, lipases, and nucleasegjpamdregulates the expression of numerous
surface protein genes. The RNAII transcript is paron of four genesgrBDCA AgrD is the 46
aminoacid precursor of the secreted Al, a cyclicl#ittone peptide (AIP) of 7-9 aminoacids, which
is processed, cyclized and exported through tmestn@mbrane protein AgrB. The extracellular Al
binds to AgrC, the transmembrane receptor, whi@hhsstidine kinase that following the binding
phosphorylates the AgrA cytoplasmic response réguylactivating the P2 and P3 promoters. More
advanced strategies targetiBgaureuwirulence gene regulation make use of inhibitdrhe
sensor kinase AgrC, of the transcriptional activétgrA, or of the RNAIII[44].

Due to allelic variations within the agr gene syst8. aureusan be subdivided into four
agr specific groups, agr I-1V, each secreting &rtis AIP with different primary amino acid
sequence. Most cross-group AIP-AgrC interactioesiatnibitory, with AIPs activating their
cognate receptors and competitively inhibiting mognate receptors. The competitive AlIP

inhibition constitutes a promising therapeutic agwh for attenuating. aureusnfections.

10
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Recently, it has been demonstratedrbyitro experiments that oxidized low-density lipoproteins
bind all fourS. aureusagr AlIPs and antagonize agr signalling by eachaligle[45].

Molecules interfering with th8. aureusagr system have been obtained by a marine
PhotobacteriumDue to the structural similarity of these mol@sjlicalled solonamides, to the agr
Al, the proposed mechanism of action is competitivebition [46]. The solonamides are the first
reported natural antagonists with a structure résiemthat of natives. aureusil. Another natural
product, hamamelitannin, obtained frétamamelis virginiangwitch hazel), was identified as an
inhibitor of RNAIII andd-hemolysin production is. aureusy Kiran et af47].

Two of the thred. aeruginosa@S systems consist of tlesRlandrhIRI genes, where
LasR and RhIR belong to the LuxR family of trangtianal regulators that specifically bindXb
(3-oxododecanoylhomoserine lactone (3-oxo-C12-H81gN-butanoylhomoserine lactone (C4-
HSL), respectively48]. Thelas andrhl systems regulate over 10% of fheaeruginosggenome
and are hierarchically organized. The 3-oxo-C12-K88jnal is the key factor that exerts
transcriptional control ovdasl, rhiIR, rhil and the genes of the third system, the PQS system.
Despite the positive auto-regulationlasl, levels of 3-oxo-C12-HSL reach a steady level long
before cultures reach the stationary phase, dtletmtervention of the transcriptional repressor
Rsal, whose activity was originally reported in @9; 50]. It is now known that the QS systems
are controlled by a complex regulatory network@htthe transcriptional and post-transcriptional
level, and RsaLl is just one of over 15 QS regusatibat have been identified so faa]. Rsal is a
DNA binding protein that competes against LasRedly repressing both lasl and rsaL
transcription by binding to the bi-directiorrasbL—laslpromoter. In addition, Rampioni et al.
observed that, independently of its effects orpttegluction of QS signal molecules, RsaL directly
represses 120 genes, many of which code for vicelamd antibiotic resistance, and activates 10
genes (undefinedjo].

A recently identified novel LasR-specific antiaetior is QslA, which binds to LasR and

prevents it from binding to its target promad#&]. The investigation of bacterial autoregulation of

11
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QS may open new horizons for the therapeutic etgilon of QS control. Studying the interaction
between QsIA and the LasR ligand-binding domaim, €taal. elucidated the crystal structure of
QslA and demonstrated that its mechanism of acoorsists in the disruption of LasR dimers by
occupying the LasR dimerization interface, which greviously unknown mechanism of QS
inactivation[53].

Other QS negative regulators producedPbgeruginosare QscR, which is an “orphan”
receptor activated by the 3-oxo-C12-HSL signal, and QteE, which reduces LasR protein
stability without affecting LasR transcription eamslations5]. It has been shown that negative
regulation of QS by QteE and QscR has a major itlnpathe absolute and relative fithesgof
aeruginosgse]. The possibility to interact with these regulatgstems for therapeutic purposes is
currently being investigated. In a recent paperngy\Vet al. report on a novel QS inhibitor, called
C2, which causes a 375.4% upregulation of gdeRgene, resulting in the attenuation of elastase
and protease activity, swarming motility and biofiformation in theé®. aeruginosastrain
PAO157].

TheP. aeruginos@QS system may be inhibited by anthranilic aciddenated analogues,
whose development, however, has not been pufsaegth]. However, novel insights on the
structure of PgsE, a product of thgsoperon, could lay the foundations for the compaided
design of PgsE inhibitofs0]. Antagonists of the PqsR were reported for thet fime in 201261,
and a peculiar mechanism of functional inversioa &fgsR antagonist has been recently described
by Lu et al[59]. These authors observed that compouriéidu¢ e 4, 7), which behaves as a pure
PgsR antagonist in & colireporter gene assay, displayed a dose-dependamsag activity
when tested in B. aeruginosdunctional assay. This unusual behaviour can Ipéaged by the
transformation of compound 1 into compoundrRy(re 4, 8). A product of thgogsoperon, the
enzyme PqsH, which is presentdnaeruginosanly, carries out the transformation. The analysis
of the molecular structure of the antagonist anthefchemical modification that turns it into an

agonist allowed the synthesis of a small librargubstituted compounds, among which compound

12
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3 (Figure 4, 9) showed high potency in the coli reporter gene assay, but retained its antagonistic
activity in P. aeruginosawithout displaying any agonistic activify9]. In a recent paper, llangovan
et al. report the determination of the PgsR crystaicture, which allowed the visualization of the
shape of the PQS-binding site. This work in confiomcwith the chemical synthesis of PQS
analogues resulted in the discovery of potent quulvaone inhibitors of PgsR. These novel insights
into the structure of PqsR provide further oppaittes for targeting?. aeruginosa)S[62).

Farnesol Figure 5, 10) is a sesquiterpene alcohol producedilaydida albicansand
present in the essential oils of citrus fruits. ey its activity as fungal QS molecués), it affects
PQS production by inhibiting the transcription & tpgs operon. According to the proposed model,
farnesol stimulates PqsR interaction withggApromoter fragment in the region of the PgsR
binding site, causing a non-productive interactioth thepgsApromoter that does not lead to
transcriptional activation of theqsA-Eoperon64]. The result is the impairment of production of
pyocyanin, a pseudomonas QS-controlled virulenc®faFarnesol is an interesting molecule,
because it is devoid of toxic effects, non mutagesund affects biofilm formation b®. albicans
Streptococcus mutanandStaphylococcus aureyss). For an interesting discussion on the
interactions betwee@. albicansandP. aeruginosathe reader is referred [@s]. However, farnesol
use is hampered by its low solubility in wateralmery recent paper, Bhattacharyya et al. deseribe
new efficient strategy for the local simultaneoe$iery of farnesol and vancomycin in the
treatment of multi-resistai®. aureugMRSA) infectiong67]. Following the observation that
sufficient quantities of vancomycin and farnesal ba incorporated into sol-gel silica applied as
thin films on an implant surface, they demonstratgubtent adjuvant effect of farnesol on
vancomycin in the inhibition ah vitro MRSA experimental infection. Although in this cake
mechanism of action proposed for farnesol doesrmvolve the inhibition of QS, the technique is
attractive and could be used to prevent or linetftrmation of bacterial biofilms on the surfacés o

catheter and joint implants.
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5. M odern approaches based on innovative technologies.

Innovative technologies are being tested in thd fi¢ QS control, opening up possibilities that

were unthinkable a few years ago.

5.1 Chemical methods.

Following the original discovery of the anti-QSiaity of natural halogenated furanones
(fimbrolides) isolated fronDelisea pulchramany analogues have been and are produced by
chemical synthesigsg]. Traditional synthetic approaches usually yieldabpanels of synthetic Al
analogues, some of which have proved potent QS katmds. A significant improvement of the QS
disrupting activity has been recently obtainedhsy¢ombination of fimbrolides with NO-donor
molecules in hybrid compoundBi@ure 6, 11, 12) [69]. The combination, which represents the first
example of dual-acting molecules with high actiagainst QS and biofilm formation, is worth of
further development. The chemical process typiaatyires different steps such as individual
isolation, purification, and reaction optimizatiavhich for large sets of analogues can rapidly
become cumbersome. On the other hand, it usuddiywslthe establishment of correlations between
structure and activity. In this regard, Tsuchikashal. recently reported the synthesis of a pahel o
analogues of (4S)-4,5-dihydroxy-2,3-pentanedioneR called C4-alkoxy-HPDs, which are more
potent than natural Al-2 molecules. These findihigihlight how manipulation of the DPD scaffold
can provide valuable tools for in-depth studiethefligand-receptor interactions involved in Al-2-
mediated QS, and lay the foundation for future doahstructure-based studies aimed at
identifying and developing antagonistic analogueg For a comprehensive review focused on
chemical methods including combinatorial synthesifnity chromatography, and electrochemical

sensing of QS signals, the reader is referrgtito

5.2 Computer-aided investigations.
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Among modern approaches, high throughput screenaigtains its validity yielding hit molecules
often based on new molecular scaffdits 73], butin silico investigations are considered more
convenient in terms of cost, speed of executiod,@tency, being able to screen up to millions of
compounds. Examples of results obtained by theftiseucture-based virtual screening are the
recent identification of inhibitors d&?. aeruginosaS from a natural-derivative databgsg, and
from the ChemBridge librarlys]. Thein silico approach has been used not only for screening
purposes, but also for studying QS dynarnieg and to identify bacterial species that contained
both QS and aromatics degrading systems, in oodgcduire information for developing novel bio-
processing techniquésr].

An innovative approach is the production by Schaadi. of a multi-level logical model
based on computational analysis of a combined atguyl and metabolic network for the thiee
aeruginosaQsS systems. The model may be used to analyse ihoyme inhibitors and receptor
antagonists affect the formation of Al and virulerfactors. In addition, it allows almost
guantitative predictions about the effect of intobs of Al biosynthesis and antagonists of their
corresponding receptor, and the investigation efatfiect of reviewed network topologies. In the
words of the authors, this approach can servebasia for further integrating the effect of random
mutations in various parts of the netwgrg].

In order to get a better insight into the regulatid S. aureu)S system, Audretsch et al
used an innovative approach to model the wholeesygb). Instead of creating a mathematical
model, these authors used a Boolean network ofsxcelered on the agr locus®faureusThein
silico node activation patterns were compared with getieadion patterns obtained from
microarray, northern blot, and transcriptome date network can easily be manipulated and
studied, and has two different steady states: epeesenting an invasive, toxic phenotype, and the
other representing a biofilm producing phenotypgnianipulating the nodes of the simulated
network, the model may be used to test theorieatabhatant strains and to predict the effects of

QS inhibitors.
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Sahner et al. have recently devised a novel approased on the combinationiofsilico and
biophysical methods (surface plasmon resonanchesual titration calorimetry, saturation
transfer difference, and nuclear magnetic resondnce¢he development &?. aeruginosaS
inhibitors. They demonstrated that the use of Wwerhethods in combination represents a powerful
complement to co-crystallography, and allows thedand efficient development of inhibitors. By
using this combination technique, these authonstifiled an irreversible inhibitor that covalently
binds to the active site of PgsD, which mediatesftihmation of the precursor of tRseudomonas

qguinolone signal (PQS$30].

5.3 Nano-and micro-technologies.

Nanotechnologies can be used to direct bactermahmanication, by means of “nanofactory”-loaded
biopolymer capsules placed at the midst of badtpdpulationgsi, 82] It can be expected that this
type of instruments, once developed, could be ts@dsist or replace the activity of the classic
antibiotics, and to extend our knowledge of thesp&ems and modulate them, so as to direct the
microbiome to operate in a host-friendly mannete Ppbssibility to modulate QS has also been
demonstrated by means of titanium dioxide beadecbaith AHL [83]. The implications of these
experiments include the production of medical dewvi(catheters, joint and cardiac prosthetic
devices) with coated surfaces able to interrups@8alling and to avoid biofilm formation.

The application of novel technologies derived frguite a different field like 3D printing to
study bacterial interactions opens new horizonsmggns of a microscopic three-dimensional (3D)
printing strategy that enables multiple populatiohbacteria to be organized within essentially any
3D geometry, including adjacent, nested, and flestihg colonies, it has been possible to obtain
the rapid growth of fully enclosed cellular popidat that release a number of biologically active
molecules, including polypeptides, antibiotics, &fd signals. Using this approach, Connell et al.
showed that picoliter-volume aggregateSoaureusan display substantial resistanc@dactam

antibiotics by enclosure within a shell compose® oheruginosas4]. The technique takes
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advantage of thermally set gelatine mixtures asagent for micro-3D printing, which provides the
ability to print enclosures around any bacteridll @einterest suspended within the hydrogel
matrix. In the words of the authors, this manufantystrategy provides a versatile base for
exploring the mechanisms involved in cell commuticg which allow bacterial adaptation to the
natural environment by means of social behaviohis Technology could perhaps be exploited at
its best if coupled with the use of bacteria pragraed to sense and destroy highly pathogenic

species.

5.4 Bacterial bio-engeneering

In a recent paper, Gupta et al. describe the eagimgeof sentinek. coli cells, capable of
specifically detecting the QS Al molecule 3QESL, produced by. aeruginosaand then to
synthesize and secrete the chimeric bacteriociryCspgecific for PAOIP. aeruginosass). The
engineering oE. coli consists of three interconnected modules: thecdetemodule, which is

activated by the PAO1 QS signal; the destructionlue which produces the toxin; and the

secretion module that allows the secretion of Cdme effectiveness of the system was assessed by

experiments in which the two bacterial species wereultured on semi-solid agar plates. The
system has two advantages: first, it is possibEhtnge the type of toxin produced; second, in the
absence of the pathogen, the system remains id-bigrbut the production starts immediately after
the detection of the pathogen.

Bacterial QS is also involved in extracellular ailath and in the action of antibiotics,
through its interference in a system also callettifetion module”, which can be found in many
different Gram-positive and -negative bacteria. $gem, which has mainly been studie&in
coli, consists of a pair of genes whose products atalde toxin and an unstable antitoxin, which
prevents the lethal action of the tof#e]. In this situation, bacterial survival dependsmufte
continuous production of the short-lived antitoxmwhich the cell is “addicted”. It has been

shown that irE. colithe effect of some antibiotics such as rifampicipramphenicol,
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spectinomycin, and nalidixic acid is due to thehition of the antitoxin production, and that this
action is dependent upon the presence in the euttiiinigh concentrations of a QS mediator called
“extracellular death factor” (EDH$7, 881 TheE.coli EDF is a linear pentapeptide with the amino
acid sequence Asn-Asn-Trp-Asn-Asn, which is abletluce programmed cell death also in
conditions of cell stress, like amino acid stamator DNA damage. Recently, it has been shown
that one hexapeptide producedBagcillus subtilisand three peptides, one nonapeptide and two
hexadecapeptides producedmyaeruginosahave the same effect of tke coli EDF onE. coli
cultures[s9]. These findings establish the existence of a grgamily of EDFs that behave as Al
and exert both intra- and inter-specific activitjhese molecules may provide a basis for the

development of a new class of antibacterials, whalid synergize with antibiotics.

6. Expert opinion

Despite the huge amount of molecules so far digeovinat inhibit the QS mechanisms, the
potential of QS inhibition as a future treatmenatggy has yet to be fully assessed. In addition,
there are obstacles, some obvious, others in tiweps of being recognized, which hinder the
transformation of QS inhibitors into real drugseTiost obvious roadblock, which QS inhibitors
share with antibiotics, is the lack of interespbirmaceutical companies to bear the costs retated
the development of hits into drugs that are indWtdound to have a very limited market. This
issue is critical to the future of the treatmenindéctious diseases in this so-called post-ariibio
era. In accordance with what has already been peapfor the development of new antibiotics and
drugs for neglected diseases, probably the bestavayercome the impasse is the union of skills
and funds from private companies, academia and@imstitutions. In the short term, the
knowledge gained so far, especially that concerplagt-derived inhibitors, could perhaps be used
in the field of dietary advice and food supplemeBisce the pioneering work of Givskov et[at]
reporting the inhibitory effect of brominated fucares from the Australian macroalDapulchra

on Serratia liquefacienS-mediated swarming, many plant-derived inhilsitoaive been
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identified. For a comprehensive review, the reasleeferred tgo1]. To improve the characteristics

of natural derivatives, a number of synthetic moles have also been developed, and more than 40

have been patentgep, 93, 15, 1] However, we are still far from having a licenskdg available on
the market, if we exclude some antibiotics, suchzihromycin, ceftazidime and ciprofloxacin,
which at subinhibitory concentrations block the mgsion of QS-regulated virulence factor®in
aeruginosgo4]. In this regard, we must stress the importanasistinguishing between the direct
toxic effect of a substance and its inhibiting atgion QS. To this aim, it is essential to vertife
effect of QS inhibitors on bacterial viability bging sensitive methods and appropriate controls. In
the case of pyrogallol, it has recently been shthvanits previously highlighted QS-disrupting
activity is a side effect of the peroxide productinduced by this compound rather than true QS
inhibition [95]. According to Defoirdt et al., many of the resutgained in experiments that make
use of QS signal molecule reporter strains mayusstipned, due to the possibility that the tested
compounds may be toxic to the reporter strggajs These authors suggest that toxicity tests more
stringent than those implemented so far shouldsieel on molecules proposed as QS inhibitors.

Another emerging problem is the possibility that iQisbitors can select more virulent
strains. Resistance to QS inhibitors has beenedunly means of mathematical modeis101}, and
of in vitro experiment$102-104] Bacterial resistance to brominated furanonesadiated by
increased efflux activities. As this kind of reaiste overlaps with resistance to antibiotics, the
treatments with antibiotics endowed with a stroelgative pressure may result in improved
resistance to antivirulence compounds (and periapsversa). The finding that some strains
isolated from cystic fibrosis patients are resistarQS inhibitors, corroborates this hypothesis.
Additional clinical evidence of the ability of baeia to evolve resistance to QQ compounds was
provided by studying the resistancePofaeruginosasolated from urine, blood, and catheter tip
specimens obtained from Mexican child(eov].

Otherin vivo andin vitro results reported by Kohler et al. demonstrate @fatnhibition

interferes with natural selection towards reducedlence, and therefore may increase the
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prevalence of more virulent genotygess). Some concerns about the widespread use of QQ
compounds as part of an antibacterial therapy baee raised by the possibility that targeting a
specific bacterial group may predispose the pat@ntfection by other groups. For exampleSin
aureus but not inS. epidermidisbiofilm production is under the agr system contirothis

situation, agr inhibition would favol8. epidermidissuggesting that agr antagonists would not be
indicated for the control of staphylococcal biofiinfections[106].

Interestingly, resistance to QQ compounds may bamred by the complex interplay of
bacteria with bacteriophages, and it seems thatd@Stitutes a significant, but so far overlooked,
determinant of bacterial susceptibility to phagaek[107]

The AHLs often exert toxin-like effects on mammalizells. Hence, neutralizing antibodies
would achieve the double goal of disrupting baat€dS and protecting the host from toxicity. As
discussed above, the disrupting efficacy of anik®@as demonstrated bothRnaeruginosaand
S. aureus)S systems. Based on these results, and takimg@abunt the evolutionary high
conservation and extracellular distribution of 8IS can be considered a good target for active and
passive immunotherapy approacifes. However, here again some caution is necessagyréoent
paper, Michael-Gayego et al. report that SIICR Sapg@ptidic Al produced by Group A (GAS) and
G streptococci, effectively decreases bacteriall@ircein vivo. The effect was also observed in
SilCR-vaccinated mice, which developed a more setlierease than non-vaccinated dnes. The
paradox is that SIICR is the product of a generglay to the streptococcal invasion locus, sil,
which is a virulence factor involved in GAS spreaglinto deeper tissues. This is perhaps the first
demonstration that antibodies directed againsttebal component increase the severity of the
disease. On the other hand, QS activation candxttosmprove the antigenicity and the efficacy
of anE. coli bacterin preparation to be used for vaccinatiop@ses, as reported by Sturbelle et al.
[109]. These examples underline both the potentialsEgploitation for therapeutic purposes and

the need to clarify all aspects of the involved heagsms.

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

In conclusion, QS inhibition can be considered@psing strategy against infections, especially
those associated with biofilm formation, and thecdvery of new inhibitory molecules is rapidly
progressing. However, to identify a new molecula gsire QS inhibitor, it is necessary to develop
more standardized methods of evaluation, with palgr attention to rule out direct toxicity that
may mimic a QQ effect. Moreover, concerns aboufpibesible emergence of resistance and
adverse effects resulting from the alteration efiticrobiome must be properly addressed in-depth.
In our view, the current challenge in the field@®$ research is not so much to find new inhibitory
molecules, but to refine and deepen our knowledgihe QS-based interactions between different
bacterial species and between bacteria and thelhgstrtant issues that need further investigation
are the impact of QS on the social evolution ottéaa, as well as the impact of bacterial social-
driven evolution on the infection of the host. S&sdperformed in mica10] and humangli1]
demonstrated that cultures containing mixturesisting of QS cooperators, i.e. autoinducer-
producing cells, and cheats, i.e. cells that dgpnotduce autoinducers but benefit of cooperator-
produced autoinducers, are less virulent than gtaontaining pure cooperators, suggesting that
asocial cheats could be exploited to exert a patiethierapeutic rolg€112]. An interesting discussion
on bacterial cooperation and its possible relevamtiee clinical field can be found gt3].

The last, but not least important aspect that rhegaken into account is that so far the
transformation of laboratory results into viablegs is almost non-existenti4]. This situation is

not expected to improve in the near future, begaases the case for antibiotics, market forces are
insufficient to drive the development of antibatkdrugs based on new scaffolds. The need for
long-term, huge investments, and the prospectdadhsenovel drug indications limited to small
number of cases, made many large pharmaceuticglaes to quit antibiotic discovery for more
profitable therapeutiga15s]. The political, medical and public concern abdgt tising innovation
gap in 2009 prompted the U.S. and European Comgnpresidencies to establish a Transatlantic
Task Force to address antimicrobial resistancetlamthfectious Diseases Society of America

called for a global commitment to develop 10 naimicrobials by 202Q116]. We can envisage
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that in the near future the synergy between nehnieal developments and public-private
industrial partnerships will bring into being a nbarvest of badly needed novel antimicrobials,

including antibiotics and antivirulence agents.

Article highlights:

The increased frequency of infections caused byiresistant strains indicates the need for new
antibacterial drugs with a low selection pressitlitee quenching of bacterial virulence by disrupting

QS-dependent intercellular communication is onthefbest options to achieve this goal.

Many natural and synthetic QS inhibitors have hidentified by means of modern methods that
include high throughput screenings andilico structure-function analysis. About 40 molecules

with QS inhibitory activity have been patented.

The possibility to interrupt QS by means of activgpassive immunologic interventions is being

evaluated and appears promising.

The most recent approaches in the field of QS rekespan from mathematical modelling of the
QS systems to the combinationinfsilico and biophysical methods, to the creation of hybrid
compounds by fusing fimbrolides with NO-donor malles, and to the exploitation of the 3D

printing technology to study short-distance intexgfic bacterial interactions.

The impact of the social behaviour of bacteriatmricrobiome and on the establishment of

infections needs further investigation. Some camcare emerging following the someway

unexpected discovery that QS inhibitors can exsdlective pressure favouring the establishment

22



of more virulent strains. This aspect should bedhghly investigated before any QS inhibitor is

licensed and put on the market.

None of the inhibitors identified to date have ezt the market yet. This can be attributed in part

to the necessity of further basic research andldpreent, and in part to the lack of interest of

pharmaceutical companies for the development ajsiwith limited market prospects.
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Figure legends

Figure 1

Chemical structures of anthranilate (1), methyheamilate (2), and PQS (3)

Figure 2

Chemical structures of N-(3-oxododecanoyl)-L-honmmimeelactone (3-oxo-C12-HSL) (4), and N-
butyryl-L-homoserine lactone (C4-HSL) (5)

Figure 3

Chemical structure of eugenol (6)

Figure 4

Chemical structures of two PgsR antagonists (7)(@pdnd of a PgsR agonist (8) (from Lu et al.,
2014)

Figure 5

Chemical structure of farnesol (10)

Figure 6

Chemical structures of examples of fimbrolides-N@har hybrid compounds (11), (12) (from

Kutty et al., 2013)
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