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The	asocial	existence	of	the	bacterial	cell	has	been	a	major	paradigm	in	microbiology.	In	
the	 300	 years	 since	 van	 Leeuwenhoek’s	 descriptions	 of	 the	 microbial	 world,	 bacteria	
have	been	regarded	as	deaf	mute	 individual	cells	designed	to	proliferate	but	unable	to	
communicate	and	interact	with	each	other.	

“It	 is	 perfectly	 possible	 to	 imagine	 a	 rather	 boring	
universe	 without	 sex,	 without	 hormones	 and	 without	
nervous	 system;	 a	 universe	 peopled	 only	 by	 individual	
cells	 reproducing	 ad	 infinitum.	 This	 universe,	 in	 fact,	
exists.	It	is	the	one	formed	by	a	colture	of	bacteria.”		
	
François	Jacob,	1973	–	Nobel	Laureate	for	Medicine	in	1965.	
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Actually,	 in	 1965,	 Alexander	 Tomasz	 reported	 that	 the	 ability	 of	 a	 Streptococcus	
pneumoniae	 population	 to	 acquire	 exogenous	 DNA,	 i.e.	 the	 entry	 into	 the	 competent	
state,	is	governed	by	an	extracellular	factor	that	is	manufactured	by	Streptococcus	itself.	
This	competence	factor,	which	was	later	shown	to	be	a	modified	peptide,	was	described	
as	 a	 “hormone-like	 activator”	 that	 synchronizes	 the	 behaviour	 of	 the	 bacterial	
population.	

Alexander		Tomasz	
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“Since	 the	activator	 -	 a	 cell-produced	 chemical	 -	 seems	 to	
impose	 a	 high	 degree	 of	 physiological	 homogeneity	 in	 a	
pneumococcal	population	with	respect	to	competence,	one	
is	forced	to	conclude	that	in	this	case	a	bacterial	population	
can	 behave	 as	 a	 biological	 unit	 with	 considerable	
coordination	 among	 its	 members.	 One	 wonders	 whether	
this	 kind	 of	 control	 may	 not	 be	 operative	 in	 some	 other	
microbial	phenomena	also.”	
	
	
Tomasz	A	(1965)	Nature	208:155-159.	



Five	 years	 later,	 Hastings	 and	 co-workers	 noticed	 that	 light	 production	 in	 the	
bioluminescent	marine	bacterium	Allivibrio	fischeri	(previously	known	as	Vibrio	fischeri),	
occurred	at	high	cell	density	but	not	in	diluted	bacterial	suspensions.	
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NEALSON, PLATT, AND HASTINGS

during the first few hours. Thus, electron channel-
ing does occur during this period, and it can be
redirected, presumably by cyanide inhibition of
respiration.
At the same time, the stimulation by cyanide

never results in an in vivo activity exceeding that
which was present at the time of inoculation,
thereby supporting the thesis that there is no in-
crease in the quantity of the luciferease during
the eclipse period. Actually, cyanide alone fails
to restore the original in vivo activity, but if alde-
hyde (n-decanal) is added after the cyanide stimu-
lation has come to a steady state (about 1 min),
an increase occurs to a level of light emission
comparable to that which the cells exhibited at
the time of inoculation (Fig. 1 and 3).

In summary, the decrease in the in vivo ac-
tivity during the eclipse period is not due to the
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FIG. 3. Details of the in vivo luminescence of the
experiment ofFig. I during the first few hours, showing
the stimulation by cyanide and aldehyde, individually
and together. The luminescence of 1-ml samples of the
cells was measured at the times indicated, and then 0.1
ml of either 0.015 M KCN in sea water or a saturated
decanal solution was injected. When both were added,
the cyanide was added first, and after the maximal
response (-1 min) the aldehyde was added. The re-
sponse to aldehyde was rapid and the luminescence
then declined rather quickly (inset, Fig. 1).

loss of luciferase, but to a combination of two
other factors: (i) substrate (electron) deficiency
which can be restored by cyanide, and (ii) the
loss or dilution out of the endogenous cellular
aldehyde or aldehyde factor. With regard to the
phenomenon under consideration, namely the
apparent delay in the synthesis of new luciferase,
the fact that there is no increase in luminescence
(either in vivo or in vitro) during the first few
hours cannot be attributed to substrate control.
The second possibility is that luciferase syn-

thesis actually does accompany cell growth, but
that the enzyme is produced in an inactive form
requiring only some specific activation step. On
the assumption that the hypothetical zymogen
is antigenically reactive with antiluciferase, this
hypothesis predicts that antigenically CRM
would be produced during the early phases of
growth and that its quantity would be propor-
tional to cell mass. The titer of CRM (as deter-
mined by activity inhibition with anti-luciferase)
closely parallels the extractable activity (Fig. 4).
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FIG. 4. The kinetics of the appearance of anti-
genically cross-reacting material (CRM) to antibody
prepared against highly purified MAV luciferase (8),
showing that it closely parallels the activity ofextracta-
ble luciferase. Culture and growth conditions similar
to those of the experiment ofFig. 1. Values ofordinates
also the same as in Fig. 1; the CRM values were
normalized.
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culture	of	V.	fischeri	
	

Bioluminescence	is	
emitted	only	at	high	

cell	density	

Nealson	KH	et	al.	(1970)	J	Bacteriol	104:313-322.	
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Five	 years	 later,	 Hastings	 and	 co-workers	 noticed	 that	 light	 production	 in	 the	
bioluminescent	marine	bacterium	Allivibrio	fischeri	(previously	known	as	Vibrio	fischeri),	
occurred	at	high	cell	density	but	not	in	diluted	bacterial	suspensions.	
Light	production	could	be	induced	at	low	cell	density	by	the	exogenous	provision	of	cell-
free	supernatants	from	a	bacterial	culture	grown	to	high	cell	density.	
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Light	emission	in	controlled	by	a	signal	
molecule	produced	by	the	single	cells	and	
released	in	the	environment.		
	
At	a	certain	concentration,	corresponding	
to	the	quorum	cell	density,	the	signal	
molecule	binds	to	and	activates	a	
transcriptional	regulator,	that	in	turn	
activates	the	expression	of	genes	
required	for	light	emission.		
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A.	 fischeri	 is	 a	marine	 bacterium	 that	 colonizes	 the	 light	 organ	 of	 the	 squid	Euprymna	
scolopes,	 an	 ecological	 niche	 rich	 in	 nutrients	 that	 allows	 the	 growth	 of	 the	 bacterial	
population	to	high	cell	density.		
The	emission	of	 light	 by	 A.	 fischeri	 is	 exploited	by	 the	 squid	 to	mask	 its	 shadow	when	
hunting	at	night,	allowing	it	to	escape	predation	by	animals	living	on	the	seabed.		

Euprymna	scolopes	
	

Light	organ	colonized	by	
A.	fischeri	
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Many	bacterial	pathogens	control	the	expression	of	virulence	factors	via	quorum	sensing	
(QS).	 It	 is	 believed	 that	 single	 bacterial	 cells	 producing	 extracellular	 virulence	 factors	
would	be	easily	defeated	by	the	immune	system.	So,	single	bacterial	cell	inside	the	host	
dedicate	 their	 energy	 to	 increase	 their	 population	 size	 before	 producing	 extracellular	
virulence	factors	aimed	to	damage	the	host	cell	and	activate	the	immune	system.	
Since	 in	 many	 bacterial	 pathogens	 key	 QS-controlled	 phenotypes	 are	 extracellular	
virulence	 factors,	 some	 researchers	 proposed	 that	 QS	 did	 not	 evolve	 to	 sense	 the	
population	desnity,	 rather	 the	diffusion	of	 secreated	molecules	 far	 from	 the	producers	
(mass	transfer).		
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In	 this	 perspective,	 it	 has	 been	 proposed	 to	 rename	 QS	 as	 Diffusion	 Sensing,	 i.e.	 the	
ability	 to	monitor	mass	 transfer	via	 the	secretion	of	small	molecules	whose	production	
has	a	limited	metabolic	cost.	Only	if	the	small	molecules	accumulate	in	the	surrounding	
of	 the	producer	cells,	 they	activate	the	metabolically	expensive	 	expression	of	multiple	
secreated	virulence	factors.	
The	Diffusion	Sensing	idea	is	supported	by	the	evidence	that,	if	confined	in	a	small	space,	
single	cells	can	activate	the	QS	response!	
Now	 it	 is	 believed	 that	 QS	 and	 Diffusion	 Sensing	 both	 contribute	 to	 the	 same	
phenomenon,	 that	 is	 the	 ability	 of	 bacterial	 cells	 to	 produce	 extracellular	 virulence	
factors	once	the	signalling	molecules	reach	a	treshold	concentration.	

From	the	asocial	existence	of	bacteria	to	socio-microbiology	
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This	intercellular	communication	system,	know	as	quorum	sensing	(QS),		
controls	group-behaviours	in	many	bacteria.		

Biofilm	 Differentiation	

Collective	movements	 Interaction	with	the	host	

Bioluminescence	 Secondary	metabolites	
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2.2 Sistemi di quorum sensing 

Come è stato già accennato nel Capitolo 1, molti batteri possiedono sistemi di QS. 

Tenendo presente che nell’ambiente le differenti specie batteriche si trovano spesso a 

condividere la stessa nicchia ecologica, risulta immediatamente chiara l’importanza di 

comunicare mediante molecole che siano specie-specifiche al fine di mantenere un chiaro 

significato ed una specificità del messaggio scambiato tra batteri appartenenti alla stessa 

specie. Negli anni sono state identificate, infatti, molecole segnale del QS appartenenti a 

diverse classi chimiche nei vari batteri. Alcuni esempi sono i 2-alchil-4-chinoloni, i γ-

butirrolattoni, i metilesteri di acidi grassi, i derivati a catena lunga degli acidi grassi, gli 

autoinduttori di classe 3, i peptidi lineari o ciclici, i furanoni e gli acil-omoserina lattoni 

(Figura 2.2; Winzer et al., 2002; Sperandio et al., 2003; Winzer & Williams, 2003; 

Vendeville et al., 2005; Williams, 2007). Nei seguenti paragrafi verranno discusse più 

approfonditamente solo le molecole più diffuse e studiate: gli acil-omoserina lattoni, 

particolarmente diffusi nei batteri Gram-negativi, i peptidi, prodotti da molti batteri Gram-

positivi, ed i furanoni, prodotti sia dai batteri Gram-negativi, sia da quelli Gram-positivi 

(Waters & Bassler, 2005; Atkinson & Williams, 2009). 

 

 

 

Figura 2.2: Esempi di alcune tra le più importanti molecole segnale del QS (Stano et al., 2012a). 



This	intercellular	communication	system,	know	as	quorum	sensing	(QS),		
controls	group-behaviours	in	many	bacteria.		

Signal	molecule	

Biofilm	 Differentiation	

Collective	movements	 Interaction	with	the	host	

Bioluminescence	 Secondary	metabolites	
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Exploitation	of	QS	for	new	therapeutic	approaches		

The	study	of	QS	elucidates	the	mechanisms	controlling	collective	behaviours	and	the	
evolution	of	social	traits	in	individual	cells.	

	
	In	the	last	decade	QS	has	been	exploited	for	many	biotechnological	applications,	

including	the	development	of	new	therapeutic	approaches.	
	
	
	
	

1)  Inhibition	of	QS	in	bacterial	pathogens	(anti-virulence	approach).	

2)  Use	 of	 QS	 signal	 molecules	 as	 molecular	 markers	 to	 detect	 pathogens	 (biotic	
antibacterials).	

3)  Generation	 of	 engineered	 bacteria	 able	 to	 synchronize	 their	 activities	 at	 the	
population	level	(biotic	antitumor	agents).	
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We	are	clearly	facing	the	possibility	of	a	
FUTURE	WITHOUT	EFFECTIVE	ANTIBIOTICS	

(WHO/EDM/PAR/2004.7.	Priority	Medicines	Europe	and	the	World)	

Antibiotic	resistance	
increases	

The	antibiotic	pipeline	
is	running	dry	

BUT	



Antivirulence	drugs	disarm	bacteria	without	affecting	growth		
	

– 	prevent/inhibit	the	establishment	of	the	infection	

– 	reduce	the	capability	of	pathogens	to	cause	damage	to	the	host	

– 	should	have	less	adverse	effects	on	host	microbiota	(?)	

– 	should	impose	weaker	selective	pressure	for	drug	resistance	

Inhibition	of	virulence	as	an		
alternative	antibacterial	strategy	

Rasko and Sperandio (2010) Nat Rev Drug Discov  9:117-128; Rampioni et al. (2017) Emerg Top Life Sci doi:10.1042/EBC20170018 
It is well established that our current prac-
tices of antibiotic use are unsustainable 
owing to the spread of antibiotic-resistant 
pathogens1. Resistance mechanisms are 
readily acquired both by de novo mutation2 
and by horizontal gene transfer from envi-
ronmental reservoirs3,4. Viable resistance 
mechanisms have even been shown for ther-
apeutics such as vancomycin and cationic 
antimicrobial peptides, for which resistance 
was once thought to be impossible4,5.

If an antibiotic kills or inhibits the growth 
of sensitive strains, this will enable any 
resistant strains to grow in a competitor-
free environment, creating strong selec-
tion for antibiotic resistance mechanisms6. 
Although resistance is often initially ‘costly’ 
to the pathogen, secondary mutations that 
ameliorate this cost quickly spread so that 
the frequency of resistance does not decline 
when antibiotic use is reduced7. For example, 
mutations in rspL (which encodes ribosomal 
protein S12) that confer streptomycin resist-
ance in Escherichia coli impose costs by slow-
ing peptide elongation8. However, secondary 
mutations in rpsD and rpsE (which encode 
ribosomal proteins S4 and S5, respectively) 
increase the rate of elongation, removing 
the cost of resistance8,9. The rapid spread of 
resistance means that the clinical lifespans of 
antibiotics are short, which reduces profits, 
and therefore incentives for the development 
of novel antibiotics, thus compounding the 
issue of resistance10.

So, what can be done when the very 
action of antibiotics strongly selects for 

resistance? Rather than kill or halt bacte-
rial growth, one emerging strategy is to 
‘disarm’ pathogens11,12 by directly targeting 
virulence using antivirulence drugs (BOX 1). 
As antivirulence drugs are not designed to 
directly harm their targets, several papers 
have argued that they will have little effect 
on the fitness (that is, the net growth rate) 
of the pathogen in the host11,12 and therefore 
approach the ideal of an ‘evolution-proof ’ 
drug that does not impose selection for 
resistance. Resistance to antibiotics is 
commonly defined and quantified as the 
recovery of population growth following 
antibiotic exposure4. However, as we show 
below, there is often a considerable discon-
nect between bacterial growth and the 
expression of virulence factors (FIG. 1), and 
therefore, a definition of resistance that is 
expressed purely in terms of growth recov-
ery will not suffice for resistance to anti-
virulence drugs. Therefore, in this Opinion 
article, we define resistance to an antiviru-
lence drug as the recovery of virulence  
factor expression following antivirulence 
drug treatment.

On first examination, the hypothesis 
that antivirulence drugs are evolution-proof 
clearly seems to be false, as resistance has 
already been reported in several cases. 
Resistant strains have been isolated in clini-
cal settings13,14 and have been generated in 
laboratory systems14–16. For example, the 
inhibitory effect of the salicylidene acyl-
hydrazide drug B81-2 (BOX 1) on type IV 
secretion system formation was diminished 

in several mutants that were identified by 
directed mutagenesis of the target protein 
VirB8, showing that mechanisms of resist-
ance are available to selection16. This and 
the other examples that are discussed below 
have led to suggestions that resistance will 
hinder the clinical efficacy of antivirulence 
drugs17,18. However, the existence of mecha-
nisms of resistance does not necessarily 
mean that this resistance will spread and 
become a clinical problem19.

In this Opinion article, we highlight a 
crucial distinction between whether poten-
tial mechanisms of resistance exist (a ques-
tion of mechanism) and whether potential 
mechanisms of resistance will spread to a 
high frequency in treated populations (a 
question of selection). The observed ubiquity 
of resistance mechanisms in natural popula-
tions13,14,17,20 suggests that it is the question of 
selection that is most crucial, as it is selection 
that governs the persistence and spread of 
any potential resistance mechanism. Given 
the inevitability of resistance mechanisms, 
will they spread in the event of the wide-
spread use of antivirulence drugs? What can 
we do to mitigate the spread of resistance to 
antivirulence drugs? To understand these 
questions, we must first consider the conse-
quences of virulence-factor expression for 
pathogen fitness or, more colloquially, ask: 
what is virulence for?

Why be virulent?
The evolution of virulence (that is, patho-
gen-induced host damage) is a major puz-
zle in evolutionary biology and has gener-
ated a range of responses to the underlying 
theoretical question: why harm the source 
of your livelihood — your host21? The 
dominant hypothesis states that virulence 
is an unavoidable cost or side effect of 
growing within a host and transmitting 
to the next host, and is maintained as the 
result of a trade-off between the costs of 
host pathology and the benefits of trans-
mission to a new host21,22. Other hypotheses 
highlight the importance of selection in 
non-disease settings, where alternative 
functions of virulence factors can coinci-
dentally select for virulence factor-induced 
damage to human hosts23,24 (FIG. 1; and  
discussed in the following section).

We argue that uncovering the selective 
forces that maintain the carriage and expres-
sion of a virulence factor is vital to under-
standing the selective pressures that affect 
resistance to an antivirulence drug targeting 
that virulence factor. The identification 
of virulence factors classically involves a 
simple screen for non-essential genes that 
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Targeting virulence: can we make 
evolution-proof drugs?
Richard C. Allen, Roman Popat, Stephen P. Diggle and Sam P. Brown

Abstract | Antivirulence drugs are a new type of therapeutic drug that target 
virulence factors, potentially revitalising the drug-development pipeline with new 
targets. As antivirulence drugs disarm the pathogen, rather than kill or halt 
pathogen growth, it has been hypothesized that they will generate much weaker 
selection for resistance than traditional antibiotics. However, recent studies have 
shown that mechanisms of resistance to antivirulence drugs exist, seemingly 
damaging the ‘evolution-proof’ claim. In this Opinion article, we highlight a 
crucial distinction between whether resistance can emerge and whether it will 
spread to a high frequency under drug selection. We argue that selection for 
resistance can be reduced, or even reversed, using appropriate combinations of 
target and treatment environment, opening a path towards the development of 
evolutionarily robust novel therapeutics. 
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evolutionarily robust novel therapeutics. 
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cannot be exploited, regardless of structur-
ing, and resistance will always be positively 
selected14,57. Furanone inhibitors of quorum 
sensing can select for resistance in P. aer-
uginosa grown on adenosine even in a well-
mixed environment, as quorum sensing-
dependent adenosine catabolism is intracel-
lular (that is, private) and therefore cannot be 
socially exploited by neighbouring cells14.

Signal-supply inhibitors. Inhibitors of signal 
supply (which target either signal produc-
tion or environmental persistence via signal-
degrading enzymes) will reduce signal 
levels in susceptible populations74, therefore 
attenuating the expression of quorum sens-
ing-controlled virulence factors75. If resist-
ance mechanisms arise, then active signal 
in the environment will be produced only 
by resistant individuals but will be acces-
sible to all individuals at equal (initially low) 

concentrations in a mixed environment. All 
individuals will express quorum sensing-
controlled virulence factors to an equal 
extent (if at all), meaning that the benefits 
and costs of the virulence factors will not 
affect selection for resistance, so resistance 
may be neutral and subject to genetic drift. 
For example, genetic knockouts of P. aerugi-
nosa that are unable to synthesize signal do 
not outcompete strains that can synthesize 
signal when competed in a well-mixed envi-
ronment in which protease is required for 
growth76. If individuals are resistant because 
they express more signal than susceptible 
bacteria (rather than signal being insensitive 
to degradation), the cost of signal produc-
tion in nutrient-poor environments may 
still select against resistance. By contrast, if a 
population is structured, signal will be pref-
erentially detected by resistant individuals, 
meaning that only these cells will produce 

and benefit from virulence factors, select-
ing for resistance if quorum sensing has any 
benefit in the environment (BOX 2; TABLE 1).

Multiple targets. Quorum sensing influ-
ences the expression of a large proportion 
of the genome (approximately 5–10% for 
P. aeruginosa72,77), including multiple viru-
lence factors. This broad-based influence on 
virulence-factor expression is a major part 
of the attraction of quorum-sensing inhibi-
tion; however, it also raises the concern that 
such a large perturbation of cell function will 
promote selection for resistance18. We argue 
that, despite the large expression footprint 
of quorum-sensing inhibition, selection for 
resistance is not inevitable and is environ-
mentally determined. Given that approxi-
mately 90% of the quorum-sensing regulon 
is upregulated in response to signal78, resist-
ance to quorum-sensing inhibition will incur 
a substantial cost in simple environments in 
which the quorum-sensing regulon is redun-
dant60, driving selection for sensitivity. When 
one, or a few, quorum sensing-controlled 
traits confer individual or collective advan-
tages, these benefits must be titrated against 
the simultaneously incurred costs of expres-
sion of other, redundant traits. In a defined 
environment, conferring both individual 
and collective advantages to quorum sensing 
(specifically, protein plus adenosine media), 
the individual benefit of quorum sensing-
mediated adenosine catabolism was gener-
ally sufficient to drive selection for quorum 
sensing (and by inference, resistance to 
quorum-sensing inhibition), overcoming the 
costs of redundant gene expression as well as 
the social costs of collective protein degrada-
tion73. The complex and highly interactive 
nature of quorum-sensing regulation in 
P. aeruginosa also introduces the prospect 
of more nuanced strategies of interference 
with quorum sensing. Recent work has 
shown that a combination of partial receptor 
antagonism and agonism produces the most 
effective net reduction of crucial virulence 
phenotypes79.

Changes in intrinsic virulence
We have discussed the selective fate of 
mutants that are resistant to antivirulence 
drugs (that is, mutants that are able to 
express the targeted virulence factors in 
the presence of the drug) but are otherwise 
identical to their susceptible ancestor. Resist-
ance is an important factor in the potential 
evolution of a pathogen in response to anti-
virulence drugs, but it is not the only way in 
which an evolving pathogen might respond. 
In the following section, we briefly discuss 

Figure 3 | 6JG�OGEJCPKUVKE�VCTIGV�QH�VJG�SWQTWO�UGPUKPI�KPJKDKVQT�KPȯWGPEGU�VJG�UVTGPIVJ�QH�
selection for resistance. a | If the inhibitor targets signal response (for example, by receptor block-
ing ), only a resistant mutant can sense the signal and produce virulence factors; collectively benefi-
cial virulence factors can be exploited by neighbours. b | If the inhibitor targets signal supply (for 
example, signal-cleaving enzymes), only resistant mutants will produce signal, inducing virulence-
factor production in neighbours. For signal-supply inhibitors, the costs of virulence-factor production 
are shared and resistant individuals are neither favoured nor disfavoured compared with neighbour-
KPI�UWUEGRVKDNG�RCVJQIGPU�|
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Rasko and Sperandio (2010) Nat Rev Drug Discov  9:117-128;  Hauser and Ozer (2011) Nat Rev Micobiol Poster 

In	many	bacterial	pathogens	QS	controls	secreted	virulence	factors,	
hence	QS	is	an	ideal	target	for	anti-virulence	drugs	



The	 Australian	 red	 algae	Delisea	 pulchra	 shows	 reduced	 bacterial	 colonization	 on	 its	
surface.	 This	 inhibition	 was	 found	 to	 be	 mediated	 by	 some	 secondary	 metabolites,	
called	furanones.		

mantenuto un equilibrio tra segnale e inibitore che consente una coesistenza vantaggiosa per 

entrambe le specie coinvolte. 

Uno degli esempi meglio caratterizzati è quello dell’alga rossa australiana Delisea 

pulchra la quale mostra una ridotta colonizzazione batterica sulla propria superficie (Fig. 6a).  

 Figura 6 a – Delisea pulchra. 

(a) 

Tale inibizione è risultata essere mediata da alcuni metaboliti secondari, chiamati 

furanoni. Le molecole dei furanoni sono composte da un anello eterociclico penta-atomico, 

furano, con una catena acilica sul carbonio 3, un atomo di bromo sul carbonio 4 e una catena 

laterale variabile sul carbonio 5 (Fig. 6b).  

 

Figura 6b – Furanoni naturali (modificata da
Suga e Smith, 2003). 

D. pulchra produce almeno 30 diversi furanoni che sono contenuti in speciali vescicole e 

rilasciati a livello della superficie del tallo. La concentrazione dei furanoni è inversamente 

proporzionale al grado di colonizzazione batterica (Hentzer e Givskov, 2003). Il meccanismo 

d’azione dei furanoni non è noto, anche se hanno una certa omologia strutturale con gli acil-

HSL. Un meccanismo proposto, ma ancora non chiaramente dimostrato, è che i furanoni, 

legandosi ai recettori LuxR-like ne inducano una rapida degenerazione (Manefield et al., 2002). 

 

Nel laboratorio di Hentzer e coll. sono stati sintetizzati alcuni furanoni, con alcune 

modificazioni chimiche rispetto a quelli naturali, che mostrano un’incrementata attività inibitoria 

nei confronti del QS (Manefield et al., 2002).  

 

Uno di questi composti è oggetto del lavoro che verrà presentato in dettaglio nelle pagine 

seguenti.  
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Furanone	C-30,	the	first	QS	inhibitor	

D.	 pulchra	 produces	 at	 least	 30	 different	 furanones	 which	 are	 contained	 in	 special	
vesicles	and	released	at	the	surface	level	of	the	thallus.	The	concentration	of	furanones	
is	 inversely	proportional	 to	 the	degree	of	bacterial	 colonization.	Furanones	 inhibit	QS	
because,	by	binding	to	LuxR-like	receptors,	they	induce	their	rapid	degradation.		



Structural	 analogs	of	 furanones	produced	by	D.	pulchra,	 such	as	 furanone	C-30,	have	
been	synthesized	in	Prof.	Givskov's	laboratory	in	Denmark.	

Attività del furanone C-30 come inibitore del quorum sensing 

 

In questo lavoro, pubblicato da Hentzer 

e coll. (Hentzer et al., 2003), vengono riportati 

diversi esperimenti effettuati sia in vitro che in 

vivo che analizzano l’efficacia di una nuova 

molecola di sintesi, che prende il nome di 

furanone C-30 (Fig. 7b), come inibitore 

dell’espressione di geni QS dipendenti e della virulenza di P. aeruginosa. 

 Figura 7 – (A) Inibitori naturali estratti dall’alga Delisea pulchra. 
(B) Furanone C-30 sintetizzato da Hentzer e coll. (modificata da 
Suga e Smith, 2003). 

  

Inibizione dei fattori di virulenza 

In primo luogo è stato testato l’effetto del furanone C-30 sulla produzione di esoproteasi, 

pioverdina e chitinasi fattori di virulenza di P. aeruginosa noti per essere regolati dal QS.  

 

Curva di crescita Attività esoproteasi 

Attività pioverdina Attività chitinasi 

Figura 8 – Influenza del furanone C-30 sulla crescita e la produzione di fattori di virulenza di P. aeruginosa PAO1. La 
linea continua indica colture cresciute in assenza di inibitore, la linea tratteggiata quelle cresciute con 1 PM e quella 
punteggiata colture cresciute con 10 PM di furanone (modificata da Hentzer et al., 2003). 
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Furanone	C-30	reduces	the	
production	of	virulence	
factors	in	P.	aeruginosa	
without	affecting	its	growth.	

Furanone	C-30,	the	first	QS	inhibitor	



 
Figura 9 – Effetto del furanone C-30 sul profilo d’espressione del genoma di P. aeruginosa. Nell’asse delle ordinate è riportato il rapporto dei 
livelli d’espressione nel ceppo cresciuto in presenza di furanone e nel controllo cresciuto in sua assenza. Quindi valori positivi indicano i geni 
indotti dal C-30 e valori negativi indicano i geni repressi da C-30. Le linee tratteggiate contengono i geni attivati o repressi di almeno 5 volte
rispetto al controllo. I geni indicati sono quelli la cui espressione è significativamente influenzata dall’inibitore. In blu sono riportati i geni 
controllati solo da LasR; in grigio quelli attivati sia da LasR che RhlR; in giallo quelli controllati solo da RhlR. In bianco i geni la cui
espressione è significativamente influenzata dal C-30, ma non controllati da QS (modificata da Hentzer et al., 2003). 

Il 30% degli 85 geni repressi dal furanone era già stato identificato come geni controllati 

dal QS e codificanti per alcuni fattori di virulenza di P. aeruginosa. Questi geni includono il 

gene lasB per l’elastasi, lasA per la proteasi-LasA, gli operoni rhlAB per la produzione del 

ramnolipide, phzA-G per la biosintesi della fenazina e hcnABC per la produzione di idrogeno 

cianide e il gene chiC per la chitinasi. Altri geni controllati da QS vengono repressi 

drasticamente, come ad esempio i geni fabH1 e fabH2 che codificano per la 3-oxo-ACP (Acyl 

Carrier Protein) sintasi III coinvolta nella sintesi degli acil-HSL. La trascrizione dell’operone 

phnAB, codificante per la antranilato sintasi, è repressa dal furanone. Tale promotore sembra 

essere coinvolto nella biosintesi del PQS (Pseudomonas quinolone signal) un sistema di quorum 

sensing alternativo a quello degli acil-HSL ma ad esso strettamente correlato. Il sistema PQS 

regola la produzione di fattori di virulenza quali fenazina, piocianina e idrogeno cianide e 

l’autolisi delle colonie di P. aeruginosa (Gallagher et al., 2002). Tra i geni invece attivati dal 

furanone C-30 sono riportati diversi geni coinvolti in sistemi di trasporto di antibiotici e 

metaboliti secondari. 
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Furanone	C-30,	the	first	QS	inhibitor	
Microarray	analyses	showed	that	furanone	C-30	represses	the	transcription	of	about	90	
genes	in	P.	aeruginosa.	



Microarray	analyses	showed	that	furanone	C-30	represses	the	transcription	of	about	90	
genes	in	P.	aeruginosa.	
About	80%	of	these	genes	are	known	to	be	activated	by	QS.	

Confrontando i geni attivati da QS con quelli repressi da C-30, si evince che circa l’80% 

dei geni repressi dal furanone sono anche regolati positivamente dal QS. Esiste quindi una forte 

corrispondenza tra geni repressi dal C-30 e i geni indotti dagli acil-HSL.  

Nella figura 10 è illustrato un confronto fra la percentuale di geni attivati dal QS (barre 

blu) e repressi dal furanone C-30 (barre rosse), divisi per gruppi funzionali. È evidente come 

l’inibizione mediata dal furanone interessi la maggior parte dei geni controllati dal QS. 

 Figura 10 – Percentuale dei geni attivati da QS (blu) e repressi da C-30 (rosso) suddivisi in  gruppi funzionali (Hentzer et al., 2003 - suppl. data). 

Effetto del C-30 sul biofilm di Pseudomonas aeruginosa 

Come già accennato le terapie a base di antibiotici risultano inefficaci qualora si 

presentino popolazioni batteriche che vivono in biofilms. La matrice del biofilm è impermeabile 

agli antibiotici e protegge le cellule dalla risposta immunitaria dell’ospite. I ricercatori del 

gruppo di Hentzer hanno voluto testare se il loro composto fosse attivo verso i biofilms di P. 

aeruginosa. Nell’esperimento riportato in figura 11 il biofilm di P. aeruginosa è stato mantenuto 

per tre giorni in assenza o in presenza di furanone 4 PM e poi sottoposto a trattamento con il 
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Furanone	C-30,	the	first	QS	inhibitor	



planctoniche di P. aeruginosa mostrando una sensibilità all’antibiotico maggiore di due o tre 

ordini di grandezza (dati non riportati).  

 Figura 12 – Sensibilità alla tobramicina del biofilm di PAO1. Dopo 3 giorni di crescita i biofims vengono esposti a 100 Pg/ml di tobramicina per 
24 ore. La vitalità delle cellule è stata rilevata usando un LIVE/DEAD BacLight Bacterial Viability Kit: le aree rosse sono cellule morte e le aree 
verdi sono cellule vive. (A) 100 Pg/ml di tobramicina, (B) furanone 10P0�e tobramicina 100 Pg/ml, (C) assenza di furanone e tobramicina e (D) 
furanone 10PM. Immagini ottenute al SCLM, vedi testo (modificata da Hentzer et al., 2003) 

Inibizione del quorum sensing in vivo 

Al fine di valutare l’efficacia del furanone C-30 in vivo, è stato utilizzato un ceppo di 

Escherichia coli opportunamente costruito per fungere da biosensore del 3OC6-HSL in vivo. 

Queste cellule esprimono costitutivamente una proteina che emette una fluorescenza rossa (RFP) 

che consente il loro rilevamento nei tessuti, inoltre e esprimono il gene luxR e recano la fusione 

tra il promotore del gene luxI e la GFP (fluorescenza verde). E’ stato dimostrato che inoculando 

questo ceppo ad alta densità cellulare nei polmoni di topo, e iniettando 3OC6-HSL nel flusso 
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Furanone	C-30	increases	the	sensitive	to	antibiotics	of	P.	aeruginosa	biofilma	
	(live	cells,	green	–	dead	cells,	red).	

Furanone	C-30,	the	first	QS	inhibitor	



 Figura 13 – Inibizione del QS in P. aeruginosa nei polmoni di topo. Topi infettati con P. aeruginosa recante un sistema reporter GFP-
dipendente per la rilevazione di geni controllati da QS vengono trattati dopo due giorni dall’infezione con furanone C-30. Le cellule 
batteriche sono colorate in rosso. L’espressione di geni regolati da QS conferisce invece una colorazione verde. In seguito alla
somministrazione di furanone C-30 al tempo zero (0hrs) l’espressione di GFP viene ridotta (5.5hrs) fino a che essa riprende dopo 8 ore 
dal trattamento (8hrs) (modificata da Hentzer et al., 2003). 

Questi due esperimenti forniscono importanti informazioni sulla molecola in esame. Il 

furanone C-30 è in grado di reprimere l’espressione dei geni QS dipendenti in vivo, il suo effetto 

è dipendente dalla concentrazione e dura circa 6 ore nel modello animale utilizzato. 

 Figura 15 – Persistenza di P. aeruginosa nei polmoni 
di topi trattati con diverse concentrazioni di furanone 
C-30 (barre grigie) e gruppi di topi non trattati (barre 
bianche). PC= peso corporeo (modificata da Hentzer 
et al., 2003). 

Il modello murino utilizzato negli esperimenti 

sopra esposti è stato anche impiegato per valutare 

l’effetto del furanone C-30 sulla persistenza dei batteri 

nei polmoni. Venti topi sono stati infettati con P. 

aeruginosa PAO1 al giorno zero e suddivisi in due 

gruppi da dieci individui. I due gruppi di topi sono stati 

trattati con iniezioni di C-30 (~0.7 Pg/g PC) o di 

soluzione salina (placebo), rispettivamente, ad intervalli di 8 ore per i tre giorni successivi. Sette 

giorni dopo l’infezione i polmoni sono stati rimossi, omogeneizzati e piastrati per la 

determinazione delle CFU. Gli animali trattati con il C-30 mostrano una riduzione del numero di 

batteri pari a tre ordini di grandezza rispetto ai controlli. L’efficacia del trattamento è 
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Twenty	mice	were	infected	with	P.	aeruginosa	PAO1	at	day	zero	and	divided	into	two	
groups	 of	 ten	 individuals.	 The	 two	 groups	 of	 mice	 were	 treated	 with	 injections	 of	
furanone	C-30	 (~	0.7	μg/g	PC)	or	saline	 (placebo),	 respectively,	at	8-hour	 intervals	 for	
the	next	three	days.	Seven	days	after	infection,	the	lungs	were	removed,	homogenized	
and	plated	for	CFU	determination.	Animals	treated	with	furanone	C-30	showed	a	three	
orders	of	magnitude	reduction	in	the	bacterial	load	relative	to	the	controls.	The	efficacy	
of	the	treatment	was	directly	related	to	the	concentration	of	the	inhibitor,	as	shown	by	
two	other	similar	experiments	perfoermd	with	~0.4	μg/g	PC	and	~0.2	μg/g	PC	furanone	
C-30.		

Furanone	C-30,	the	first	QS	inhibitor	



More	than	100	papers/year	published	on	QS	inhibition	
since	2012,	most	of	which	focused	on	inhibition	of	QS	in		

P.	aeruginosa	
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Rampioni et al. (2014) Biorg Chem 55:60-68 

Many	QS	inhibitors	have	been	described	so	far	

Unfortunately,	most	of	them	have	unfavourable		
pharmacological	properties	



Ashburn	and	Thor	(2004)	Nat	Rev	Drug	Discov	3:673-683.	

De	novo	drug	development	
	(10-17	years)	

Drug	repurposing		
(3-12	years)	

Drug	repurposing	

This	strategy	is	based	on	the	use	of	“old”	drugs	already	approved	for	use	in	
humans	to	treat	different	(out	of	target)	diseases.	



Rational	repurposing	 Screening-based	
repurposing	

Serendipity	

Drug	repurposing	

Alteration	of	uracil	metabolism	reduces	biofilm	formation	in	P.	aeruginosa.	
	
This	led	the	researchers	to	screen	uracil	analogues	for	biofilm-inhibitory	activity	
against	P.	aeruginosa.	
	
Results	highlighted	a	potent	anti-biofilm	effect	of	5-fluorouracil,	a	drug	currently	
used	in	the	therapy	of	solid	tumours.	
	

Ueda	et	al.	(2009)	Microb	Biotechnol	2:62-74.	



Rational	repurposing	 Screening-based	
repurposing	

Serendipity	

Sildenafil	[developed	in	1980s	as	a	drug	for	angina	pectoris	(chest	pain)]		
The	desired	cardiovascular	effects	were	not	observed	in	clinical	trials,	
but	participants	described	AN	INTERESTING	SIDE	EFFECT	!!			

Drug	repurposing	



A	collection	of	highly	diverse	drugs	is	screened	for	side	activities	of	interest		

The	hit	compound(s)	could	be	either	directly	tested	in	clinical	studies	
or	used	as	a	starting	point	for	specific	drug	optimization	programs.	

	
To	use	this	strategy	a	feasible	biosensor	biosensor	system	ins	required.	

Rational	repurposing	 Screening-based	
repurposing	

Serendipity	

Drug	repurposing	
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PqsR	 This	is	the	main	effector	of	
the	pqs	QS	system.	It	is	
required	for	the	AQs-

independent	expression,	of	
virulenece	genes	and	of	
genes	involved	in	biofilm	
formation	and	antibiotic	
resistance.	Moreover,	it	
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This	is	not	a	global	
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It	does	not	affect	P.	aeruginosa	
transcriptome.	It	inhibits	

cytochomes	in	Gram-positive	
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Schematic	model	of	the	pqs	QS	system	
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This	QS	signal	molecule	activates	PpqsA	
via	PqsR.	Moreover,	PQS	chelates	iron	

and	upregulates	iron	starvation	response	
genes.	PQS	upregulates	virulence	factor	
genes	via	PqsR-independent	pathway(s).		

		

		

Heeb	et	al.,	(2010)	FEMS	Microbiol	Rev	35:247-274;	Rampioni	et	al.,	(2010)	Environ	Microbiol	12:1659-1273;	Rampioni	et	al.	(2016)	PLoS	Pathog	12:e1006029.	

		



Farnesol 

Methyl anthranilate 

Development	of	a	coculture-based	system	for	monitoring	pqs	
signalling	activity	



Clofoctol	is	the	best	hit	



Clofoctol	inhibits	the	expression	of	pqs-controlled		
virulence	phenotypes	



Clofoctol	inhibits	biofilm	formation	and	alleviates	
P.	aeruginosa	infection	in	Galleria	mellonella	

	

clofoctol 
untreated 

ΔpqsR 



Clofoctol	inhibits	the	pqs	QS	system	in	P.	aeruginosa		
cystic	fibrosis	clinical	isolates		
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Quorum sensing (QS) is the regulation of gene expression in response to the concentration of small
signal molecules, and its inactivation has been suggested to have great potential to attenuate
microbial virulence. It is assumed that unlike antimicrobials, inhibition of QS should cause less
Darwinian selection pressure for bacterial resistance. Using the opportunistic pathogen Pseudo-
monas aeruginosa, we demonstrate here that bacterial resistance arises rapidly to the best-
characterized compound that inhibits QS (brominated furanone C-30) due to mutations that increase
the efflux of C-30. Critically, the C-30-resistant mutant mexR was more pathogenic to Caenorhabditis
elegans in the presence of C-30, and the same mutation arises in bacteria responsible for chronic
cystic fibrosis infections. Therefore, bacteria may evolve resistance to many new pharmaceuticals
thought impervious to resistance.
The ISME Journal advance online publication, 15 September 2011; doi:10.1038/ismej.2011.122
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Introduction

Bacteria have been identified that are resistant to all
known antibiotics (Defoirdt et al., 2010), and
infectious diseases remain the leading cause of
death (Rasko and Sperandio, 2010); hence, it is
important to develop new antimicrobials. Indeed, it
has been decreed that we live in a post-antibiotic era
and heralded that anti-quorum sensing (QS)/anti-
virulence methods hold great promise for treating
bacterial infections (Rasko and Sperandio, 2010).
One of the most attractive features of this approach
is that by interrupting cell signaling, these ap-
proaches do not impose harsh or direct selective
pressure like antibiotics (Bjarnsholt et al., 2010), so
there is less evolutionary pressure to develop
resistance to antivirulence compounds (Bjarnsholt
et al., 2010; Rasko and Sperandio, 2010).

The best-characterized of the antivirulence com-
pounds are the brominated furanones, which are
secreted by the seaweed Delisea pulchra to prevent
biofilms from inhibiting its photosynthesis; to
date, no bacteria have been identified that are
resistant to them. The natural compound (5Z)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone
from D. pulchra inhibits both acyl-homoserine
lactone-based and autoinducer 2-based QS (Ren
et al., 2001), and the synthetic furanone C-30
(Figure 1a inset) has been shown to decrease acyl-
homoserine lactone-based signaling as well as
decrease the virulence of P. aeruginosa in a mouse
pulmonary infection model (Hentzer et al., 2003).
These brominated furanones interrupt QS by inter-
acting with transcriptional regulators that propagate
the QS response (Defoirdt et al., 2007), and they do
not affect bacterial growth in rich medium (Gram
et al., 1996; Ren et al., 2001; Hentzer et al., 2003).
However, growth of pathogens in the host during
infections is more likely to involve non-robust
carbon sources and may involve compounds whose
utilization depends on QS (Defoirdt et al., 2010).
Under these conditions, there will be selection
pressure to evolve resistance against the compounds
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that block QS, and it has been theorized, but not
shown, that resistance may arise (Defoirdt et al.,
2010). Note that previously mutations to the QS
response regulator LuxR were generated in Escher-
ichia coli, which altered both the binding of the
natural ligand as well as that of quorum quenching
(QQ) compounds, but resistance was not investi-
gated and was predicted not to occur (Koch et al.,
2005).

To investigate whether QQ-resistant bacterial
mutants may arise in the presence of antivirulence
compounds, we utilized the best studied bacterium
for QS, P. aeruginosa, which is an opportunistic
pathogen that is responsible for many infections,
including those of ventilator-associated pneumonia,
urinary and peritoneal dialysis, catheter infections,
bacterial keratitis, otitis externa, burns, wound
infections and those of the lung (Macé et al.,
2008). Wild-type P. aeruginosa PA14 was used
instead of PAO1 because PA14 is more virulent than
PAO1 in diverse infection models (Harrison et al.,
2010) and because of the availability of the complete
mutant library (Liberati et al., 2006). Our strategy
was to utilize a minimal medium (so it resembles
more closely clinical situations) using a growth
compound whose assimilation requires QS; there-
fore, QS and growth were inhibited by the anti-
virulence compound C-30, which has become the
gold standard for antivirulence compounds. Growth
on adenosine by P. aeruginosa depends on the
degradative enzyme, nucleoside hydrolase, which
is positively controlled by LasR (Heurlier et al.,
2005). LasR is the transcriptional regulator that
mediates acyl-homoserine lactone-based QS in this
strain via N-3-oxododecanoyl homoserine lactone
(3OC12-HSL). In addition, furanone derivatives
including C-30 have been predicted to bind LasR
at the 3OC12-HSL binding site to inactivate LasR
(Kim et al., 2008; Yang et al., 2009). Hence, growth
on adenosine in minimal medium depends on a
functional LasR QS pathway (Heurlier et al., 2005),
and furanone probably inhibits this growth via LasR.
Therefore, we reasoned that mutations that confer
resistance to furanone C-30 will disrupt the ability
of furanone to inhibit LasR-mediated QS in this
strain, and these mutants may be identified easily
based on our selection method (faster growth).

It was also advantageous to utilize growth on
adenosine as our model system because adenosine is
released into the human intestinal tissues and
lumen during surgical injury, ischemia and inflam-
mation (Patel et al., 2007; Zaborin et al., 2009), and
adenosine induces the P. aeruginosa virulence
factor PA-I lectin/adhesin, which leads to lethal
gut-derived sepsis (Patel et al., 2007). Note the
extracellular concentration of adenosine, which is
generated by breakdown of secreted ATP (Crane
et al., 2002), can reach 5 mM (Kimura et al., 2005)
and increase 109-fold in human intestinal epithelial
cells after exposure to hypoxia (Patel et al., 2007).
Because adenosine is secreted by the host as a
cytoprotective compound that tightens epithelial
cell junctions, P. aeruginosa probably metabolizes
adenosine to increase its ability to act as a pathogen
(Patel et al., 2007). Furthermore, although P. aeru-
ginosa is better known as a respiratory pathogen
rather than an intestinal pathogen, this strain is one
of the most common opportunistic pathogens in
the normal gastrointestinal tract (Alverdy et al.,
2000), and in critically-ill and immunocompromised

Figure 1 The mexR and nalC mutations render P. aeruginosa less
sensitive to QQ compound C-30 during growth in adenosine
minimal medium. (a) Growth (at 37 1C) of wild-type P. aeruginosa
PA14 (blue squares), transposon mutant mexR (red circles) and
transposon mutant nalC (green triangles). (b) Growth of sponta-
neous quorum quenching quandary mutants (sQQQ) 1 (red
circles) and sQQQ3 (green triangles) vs wild-type PA14 (blue
squares). (c) Growth of CF clinical isolate 1253 (red circles) and
CF Liverpool epidemic strain 12142 (green triangles) with
enhanced mexA expression vs control strain AHP (blue squares).
Open symbols indicate the presence of 50mM C-30, whereas
closed symbols indicate the absence of C-30. Data represent the
mean±s.d.; n¼ 3.
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In	P.	aeruginosa	the	enzyme	involved	in	
the	degradation	of	adenosine	

(nucleoside	hydrolase)	is	regulated	by	
QS.	In	the	presence	of	a	QS	inhibitor,	
such	as	furanone	C-30,	this	enzyme	is	
not	expressed	and	P.	aeruginosa	

cannot	grow	in	minimal	medium	with	
adenosine	as	the	sole	carbon	source.	

	
Some	mutations	(e.g.	nalC	or	mexR)	
restore	the	ability	of	P.	aeruginosa	to	
grow	on	adenosine	as	the	sole	carbon	

source.	



Conclusion:	Bacteria	can	develop	resistance	to	QS	inhibitors.	
	

Perhaps,	however,	we	should	evaluate	an	important	aspect	of	this	experimental	approach:	
adenosine	is	degraded	intracellularly	by	the	cytoplasmic	enzyme	nucleoside	hydrolase,	therefore	if	a	
bacterium	manages	to	degrade	adenosine	even	in	the	presence	of	furanone	C-30,	this	is	the	only	one	

capable	of	growing	in	the	entire	population.	Being	the	resistance	to	the	QS	inhibitor	genetically	
determined,	after	a	while	the	resistant	clone	will	generate	a	population	of	bacteria	resistant	to	the	

anti-QS	compound.	
	

Under	such	experimental	conditions,	what	is	the	difference	between	a	QS	inhibitor	and	a	traditional	
antibiotic?	Obviously	none.	The	experimental	system	adopted	imposes	a	strong	selective	pressure	for	
the	emergence	of	resistant	strains,	which	can	take	advantage	of	their	ability	to	grow	in	a	population	

of	cells	sensitive	to	furanone	C-30.	
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Introduction

Bacteria have been identified that are resistant to all
known antibiotics (Defoirdt et al., 2010), and
infectious diseases remain the leading cause of
death (Rasko and Sperandio, 2010); hence, it is
important to develop new antimicrobials. Indeed, it
has been decreed that we live in a post-antibiotic era
and heralded that anti-quorum sensing (QS)/anti-
virulence methods hold great promise for treating
bacterial infections (Rasko and Sperandio, 2010).
One of the most attractive features of this approach
is that by interrupting cell signaling, these ap-
proaches do not impose harsh or direct selective
pressure like antibiotics (Bjarnsholt et al., 2010), so
there is less evolutionary pressure to develop
resistance to antivirulence compounds (Bjarnsholt
et al., 2010; Rasko and Sperandio, 2010).

The best-characterized of the antivirulence com-
pounds are the brominated furanones, which are
secreted by the seaweed Delisea pulchra to prevent
biofilms from inhibiting its photosynthesis; to
date, no bacteria have been identified that are
resistant to them. The natural compound (5Z)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone
from D. pulchra inhibits both acyl-homoserine
lactone-based and autoinducer 2-based QS (Ren
et al., 2001), and the synthetic furanone C-30
(Figure 1a inset) has been shown to decrease acyl-
homoserine lactone-based signaling as well as
decrease the virulence of P. aeruginosa in a mouse
pulmonary infection model (Hentzer et al., 2003).
These brominated furanones interrupt QS by inter-
acting with transcriptional regulators that propagate
the QS response (Defoirdt et al., 2007), and they do
not affect bacterial growth in rich medium (Gram
et al., 1996; Ren et al., 2001; Hentzer et al., 2003).
However, growth of pathogens in the host during
infections is more likely to involve non-robust
carbon sources and may involve compounds whose
utilization depends on QS (Defoirdt et al., 2010).
Under these conditions, there will be selection
pressure to evolve resistance against the compounds
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It	is	important	to	underline	that	in	P.	aeruginosa,	as	in	many	other	bacteria,	QS	regulates	the	expression	
of	 both	 intracellular	 enzymes	 and	 proteins	 (such	 as	 the	 nucleoside	 hydrolase	 necessary	 to	 degrade	
adenosine),	 and	 of	 extracellualr	 factors	 that	 are	 secreted	 and	 act	 outside	 the	 cell	 (such	 as	 the	
exoprotease	needed	to	degrade	BSA).	
	

Since	 intracellular	 enzymes	 confer	 an	 advantage	 only	 on	 the	 bacterium	 that	 produces	 them,	 they	 are	
referred	 to	 as	 "private	 goods".	 On	 the	 contrary,	 exo-products	 are	 usable	 by	 all	 members	 of	 the	
population,	and	are	therefore	defined	as	"public	goods".	

lasI	lasR	

lasI	lasR	

3OC12-HSL	

“public	good”	
(es.	esoproteasi)	

“private	good”	
(es.	nucleoside	idrolasi)	

Is	QS	a	good	target	for	evolution-proof	drugs?	



Growth	in	a	medium	containing	adenosine	as	the	sole	
carbon	source	requires	the	production	of	

QS-regulated	“private	goods”.	

Immagine	modificata	da	Mellbye	e	Schuster,	(2011)	

In	this	medium,	QS	inhibitor-resistant	strains	have	a	
reproductive	advantage	over	susceptible	members	
of	the	population.	Therefore,	resistant	strains,	even	
if	present	in	small	numbers	within	the	population,	

tend	to	emerge.	

The Sociomicrobiology of Antivirulence Drug Resistance: a Proof of
Concept

Brett Mellbye and Martin Schuster

Department of Microbiology and Molecular and Cellular Biology Program, Oregon State University, Corvallis, Oregon, USA

ABSTRACT Antivirulence drugs disarm rather than kill pathogens and are thought to alleviate the problem of resistance, although
there is no evidence to support this notion. Quorum sensing (QS) often controls cooperative virulence factor production and is
therefore an attractive antivirulence target, for which inhibitors (QSI) have been developed. We designed a proof-of-principle
experiment to investigate the impact of bacterial social interactions on the evolution of QSI resistance. We cocultured Pseu-
domonas aeruginosa QS-deficient mutants with small proportions of the QS-proficient wild type, which in the absence of QSI
mimic QSI-sensitive and -resistant variants, respectively. We employed two different QS-dependent nutrients that are degraded
by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
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Immagine	modificata	da	Mellbye	e	Schuster,	(2011)	

Monoculture	of	the	QS	inhibitor	sensitive	strain.	
It	does	not	grow	because	it	cannot	produce	the	
exoproteases	needed	to	degrade	BSA	extracellularly.	

Growth	in	a	medium	containing	BSA	as	sole	
	carbon	source	requires	the	production	of	

QS-regulated	“public	goods”.	

Monoculture	of	the	QS	inhibitor	resistant	strain.	
It	grows	because	it	can	produce	the	exoproteases	needed	
to	degrade	BSA	extracellularly.	
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by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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ABSTRACT Antivirulence drugs disarm rather than kill pathogens and are thought to alleviate the problem of resistance, although
there is no evidence to support this notion. Quorum sensing (QS) often controls cooperative virulence factor production and is
therefore an attractive antivirulence target, for which inhibitors (QSI) have been developed. We designed a proof-of-principle
experiment to investigate the impact of bacterial social interactions on the evolution of QSI resistance. We cocultured Pseu-
domonas aeruginosa QS-deficient mutants with small proportions of the QS-proficient wild type, which in the absence of QSI
mimic QSI-sensitive and -resistant variants, respectively. We employed two different QS-dependent nutrients that are degraded
by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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Is	QS	a	good	target	for	evolution-proof	drugs?	

Growth	in	a	medium	containing	BSA	as	sole	
	carbon	source	requires	the	production	of	

QS-regulated	“public	goods”.	



Immagine	modificata	da	Mellbye	e	Schuster,	(2011)	

When	the	QS	inhibitor-resistant	strain	is	present	
in	a	small	percentage	within	the	co-culture	(99%	
inhibitor-sensitive	 individuals	 and	 1%	 inhibitor-
resistant	 individuals),	 the	 ”public	 goods"	
produced	 by	 the	 resistant	 strain	 are	 not	
sufficient	to	support	population	growth.	
Thus,	 the	 resistant	 strain	 has	 no	 reproductive	
advantage	 and	 does	 not	 emerge	 within	 the	
population.	
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ABSTRACT Antivirulence drugs disarm rather than kill pathogens and are thought to alleviate the problem of resistance, although
there is no evidence to support this notion. Quorum sensing (QS) often controls cooperative virulence factor production and is
therefore an attractive antivirulence target, for which inhibitors (QSI) have been developed. We designed a proof-of-principle
experiment to investigate the impact of bacterial social interactions on the evolution of QSI resistance. We cocultured Pseu-
domonas aeruginosa QS-deficient mutants with small proportions of the QS-proficient wild type, which in the absence of QSI
mimic QSI-sensitive and -resistant variants, respectively. We employed two different QS-dependent nutrients that are degraded
by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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ABSTRACT Antivirulence drugs disarm rather than kill pathogens and are thought to alleviate the problem of resistance, although
there is no evidence to support this notion. Quorum sensing (QS) often controls cooperative virulence factor production and is
therefore an attractive antivirulence target, for which inhibitors (QSI) have been developed. We designed a proof-of-principle
experiment to investigate the impact of bacterial social interactions on the evolution of QSI resistance. We cocultured Pseu-
domonas aeruginosa QS-deficient mutants with small proportions of the QS-proficient wild type, which in the absence of QSI
mimic QSI-sensitive and -resistant variants, respectively. We employed two different QS-dependent nutrients that are degraded
by extracellular (public) and cell-associated (private) enzymes. QS mutants (QSI-sensitive mimics) behaved as social cheaters
that delayed population growth and prevented enrichment of wild-type cooperators (QSI-resistant mimics) only when nutrient
acquisition was public, suggesting that QSI resistance would not spread. This highlights the potential for antivirulence strategies
that target cooperative behaviors and provides a conceptual framework for future studies.

Infectious diseases are the second-leading cause of death world-
wide and cause significant morbidity. A factor contributing to

the prevalence of infectious disease has been the development and
spread of resistance to current antibiotics (1). Despite this alarm-
ing trend, research into the discovery of new antibiotics by large
pharmaceutical companies has dwindled (2). Traditionally, anti-
biotics have been classified by their ability to either kill bacteria
(bacteriocidal) or inhibit bacterial growth (bacteriostatic) by tar-
geting functions essential to bacterial viability. While historically
effective, this approach imposes selective pressure that results in
the evolution of resistant strains (1). An alternative approach is to
develop “antivirulence” drugs that disarm pathogens within their
host (1, 3). These new compounds would target specific factors
essential for successful infection, such as toxin function, toxin
delivery, virulence gene regulation, or cell adhesion. The benefits
of this approach may be 2-fold: reduction in selective pressure for
resistance and preservation of the host microflora.

Cell-cell communication or quorum sensing (QS) is one im-
portant target for antivirulence therapy because it controls viru-
lence gene expression in many bacterial pathogens (4). In the op-
portunistic pathogen Pseudomonas aeruginosa, QS is mediated by
diffusible acyl-homoserine lactone (acyl-HSL) signals (5). Two
interconnected pairs of signal synthases and cognate receptors
(LasI-LasR and RhlI-RhlR) control the transcription of more than
300 genes, many of which encode virulence factors, including ex-
tracellular enzymes, toxins, and secondary metabolites (5). A
number of QS inhibitors (QSIs) have been developed with efficacy
against P. aeruginosa QS in vitro and in vivo (6). In particular,
receptor-targeting acyl-HSL analogs such as halogenated fura-
nones have been studied in great detail. However, to this date,
there have been no experimental data on the evolution of resis-
tance to antivirulence drugs. Presumably, QSI resistance mecha-
nisms would be similar to those conferring resistance to tradi-
tional antibiotics, namely, limited access, efflux, enzymatic
inactivation, and target modification. A recent review by Defoirdt
et al. suggested that QS proficiency and hence QSI resistance
would be selected for in vivo during infection, whenever QS pro-
motes colonization, systemic spread, or immune evasion (7).

However, this opinion does not consider social interactions that
take place during QS.

P. aeruginosa QS coordinates the production of many impor-
tant extracellular factors that are cooperative “public goods” for
the population (8). Mutants that do not produce these goods, but
benefit from them, are considered social cheaters (8, 9). Under
culture conditions that favor QS, such cheaters emerge in the form
of receptor-negative, signal-blind lasR mutants (10). They invade
wild-type populations with negative frequency dependence (11–
13). As their proportion increases in a population, their relative
fitness decreases as there are fewer cooperators to exploit. In
P. aeruginosa, signal-blind mutants are favored over signal-
negative mutants because common goods production is much
more costly than signal production (13).

These social interactions have generally been investigated with
low proportions of cheaters, but the situation is expected to be
reversed in the emergence of QSI resistance: if strains evolved
resistance and retained infectivity, they would likely become QS-
proficient cells in a population of QS-deficient social cheaters.
Based on a previous model (14), we predict that the exploitation of
QSI-resistant clones by the QSI-sensitive majority would greatly
slow the development of resistance and prevent the enrichment of
a QSI-resistant subpopulation. We tested this prediction in the
present study.

EXPERIMENTAL RATIONALE
As a proof of principle, we designed an experiment that simulates
the development of a QSI-resistant subpopulation of P. aerugi-
nosa. We employed strains that, in the absence of QSI, mimic the
phenotypes of QSI-resistant and -sensitive cells. QSI-resistant
variants are represented by the P. aeruginosa wild type, and QSI-
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Is	QS	a	good	target	for	evolution-proof	drugs?	

Growth	in	a	medium	containing	BSA	as	sole	
	carbon	source	requires	the	production	of	

QS-regulated	“public	goods”.	

The	“social	conflict”	between	QS	inhibitor	resistant	and	sensitive	strains	
has	a	relevant	role	in	limiting	the	emergence	of	resistant	strains	only	
when	the	inhibitors	affect	the	social	and	cooperative	character	of	QS.	
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Exploitation	of	QS	for	new	therapeutic	approaches		

The	study	of	QS	elucidates	the	mechanisms	controlling	collective	behaviours	and	the	
evolution	of	social	traits	in	individual	cells.	

	
	In	the	last	decade	QS	has	been	exploited	for	many	biotechnological	applications,	

including	the	development	of	new	therapeutic	approaches.	
	
	
	
	

1)  Inhibition	of	QS	in	bacterial	pathogens	(anti-virulence	approach).	

2)  Use	 of	 QS	 signal	 molecules	 as	 molecular	 markers	 to	 detect	 pathogens	 (biotic	
antibacterials).	

3)  Generation	 of	 engineered	 bacteria	 able	 to	 synchronize	 their	 activities	 at	 the	
population	level	(biotic	antitumor	agents).	

	



QS	signal	molecules	can	serve	as	diagnostic	markers	

QS	signals	are	produced	by	bacterial	pathogens.	
During	certain	bacterial	infections,	the	level	of	QS	signal	molecules	correlates	with	clinical	
status.	
	
As	an	example,	the	QS	signal	molecules	alkyl-quinolones	(AQs)	produced	by	Pseudomonas	
aeruginosa	 are	 detectable	 in	 sputum,	 blood	 and	 urine	 of	 ca.	 80%	 of	 cystic	 fibrosis	 (CF)	
patients	suffering	with	P.	aeruginosa	chronic	lung	infections.		
Levels	of	 the	AQ	molecule	NHQ	 increased	at	 the	 start	of	 a	pulmonary	exacerbation	and	
positively	correlated	with	quantitative	measures	of	P.	aeruginosa	cells	in	the	lung.	

Machan	et	al.	(1992)	J	Antimicrob	Chemother	30:615-623;	Collier	et	al.	(2002)	FEMS	Microbiol	Lett	215:41-46;	Barr	
HL	et	al.	(2015)	Eur	Respir	J	46:1046-1054.	



sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).

Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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Figure 2 Characterization results of sensing device coupled with GFP reporter. (A) GFP production rate per cell over time at different 3OC12HSL inducer
concentrations. (B) Time-averaged GFP production rate per cell at different input 3OC12HSL concentrations, showing that the optimal operating concentrations for the
sensing device range from 1.0E-7 to 1.0E-6 M 3OC12HSL. Error bar represents the standard deviation of statistical means between 20 and 80 m after induction. The
experiment was performed with six replicates. Source data is available for this figure at www.nature.com/msb.
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Figure 1 Schematic of ‘Pathogen Sensing and Killing’ system. luxR promoter is activated by LasR-3OC12HSL complex, leading to production of E7 lysis protein and S5
pyocin within E. coli chassis. After the E7 protein attains the threshold concentration that causes the chassis to lyse, the accumulated S5 is released into the exogenous
environment and kills P. aeruginosa.
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sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
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Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).

Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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Figure 2 Characterization results of sensing device coupled with GFP reporter. (A) GFP production rate per cell over time at different 3OC12HSL inducer
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1.0E-6 M 3OC12HSL using the LIVE/DEAD cell viability assay.
As seen under microscope, many P. aeruginosa cells exposed
to the supernatant of the engineered E. coli were stained with
the PI dye, which stains a dead cell, whereas those that were
incubated with the wild-type E. coli were mostly stained with
the SYTO 9 dye, which stains a live cell (Supplementary Figure
2B). This result suggests that our engineered E. coli carrying
the final system can kill P. aeruginosa in response to as low as
1.0E-6 M 3OC12HSL. Since our earlier estimation indicated
that the concentration of 3OC12HSL natively produced by
P. aeruginosa was B1.0E-6 M, this outcome may imply that
this killing activity would be sustained against P. aeruginosa in
response to its producing 3OC12HSL.

Therefore, subsequently, to confirm the killing activity by
the native 3OC12HSL produced by P. aeruginosa, the filtered
supernatant of P. aeruginosa cultures was mixed with the

E. coli cultures, whose supernatant was then added to
P. aeruginosa-grown agars. Figure 5A shows that P. aeruginosa
growth was significantly inhibited by the engineered E. coli
cultures exposed to the supernatant of P. aeruginosa cultures,
while neither with the wild-type E. coli cells nor without the
P. aeruginosa supernatant led to growth inhibition. This result
indicates that our final system produces pyocin S5 and E7 in
response to the 3OC12HSL natively produced by P. aeruginosa,
which resulted in the killing of P. aeruginosa.

To further visualize the inhibition effects on P. aeruginosa by
our engineered E. coli, P. aeruginosa cells were stained using
the LIVE/DEAD cell viability assay. Figure 5B shows that many
P. aeruginosa cells exposed to the supernatant of the
engineered E. coli induced with native 3OC12HSL were stained
with the PI dye, whereas the cells incubated with the wild-type
E. coli were mostly stained with the SYTO 9 dye (green). This
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represents the standard deviation of four replicates. Source data is available for this figure at www.nature.com/msb.
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range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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This	engineered	bacterium	can	be	also	
considered	as	an	intelligent		

drug	delivery	vehicle!		



The	same	approach	can	be	used	to	engineer	probiotics	



Exploitation	of	QS	for	new	therapeutic	approaches		

The	study	of	QS	elucidates	the	mechanisms	controlling	collective	behaviours	and	the	
evolution	of	social	traits	in	individual	cells.	

	
	In	the	last	decade	QS	has	been	exploited	for	many	biotechnological	applications,	

including	the	development	of	new	therapeutic	approaches.	
	
	
	
	

1)  Inhibition	of	QS	in	bacterial	pathogens	(anti-virulence	approach).	

2)  Use	 of	 QS	 signal	 molecules	 as	 molecular	 markers	 to	 detect	 pathogens	 (biotic	
antibacterials).	

3)  Generation	 of	 engineered	 bacteria	 able	 to	 synchronize	 their	 activities	 at	 the	
population	level	(biotic	antitumor	agents).	

	



Bacteria	are	promising	anti-tumour	agents	

In	1868	Karl	David	Wilhelm	Busch	intentionally	provoked	erysipelas	infection	in	a	young	girl	
with	a	big	solid	tumour	on	the	neck.	The	tumour	mass	significantly	decreased	in	few	days.	

	

In	 1882	 Friedrich	 Fehleisen	 isolated	 the	 etiological	 agent	 of	 erysipelas,	 Streptococcus	
pyogenes.	He	injected	S.	pyogenes	in	7	patients	with	solid	tumours	and	described	complete	
tumour	regression	in	3	patients.	

New	York	Times,	July	29th,	1908	
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Figura 2: Foto di un paziente con sarcoma alla mascella e metastasi addominali trattato da Coley nel 1898. (A) 

Fotografia del paziente dopo sessantatré trattamenti con “tossina” di Coley, in cui veniva riportato che il sarcoma alla 

mascella si era ridotto a circa la metà rispetto alle condizioni iniziali. (B) Foto dopo ulteriori trattamenti con la “tossina” 

di Coley. Nel 1910, durante una conferenza alla Royal Society of Medicine, Coley mostrò queste foto ed assicurò che il 

paziente era ancora vivo e in buona salute. (C) Articolo pubblicato sul New York Times il 29 Luglio 1908. Immagine 

modificata da Balkwill (2009). 

 

Il lavoro di Coley suscitò molto interesse, tanto che a partire dal 1899 una delle prime e più 

importanti case farmaceutiche americane, la Parke-Davis & Company (fondata a Detroit nel 1860 

ed oggi parte della Pfizer), cominciò a produrre su larga scala e a commercializzare la “tossina” di 

Coley, in modo che questa potesse essere utilizzata anche da altri medici per la cura dei tumori 

(Bickels et al., 2002). 

Tuttavia, molti medici mostrarono scetticismo nei confronti della cura proposta da Coley, in 

quanto per molti dei casi trattati con successo dal medico americano non era disponibile una 

documentazione precisa relativa al trattamento, e molti pazienti non erano stati seguiti in modo 

adeguato dopo essere stati dimessi. Inoltre, la “tossina” di Coley sembrava avere effetti apprezzabili 

solo nei confronti dei sarcomi, una piccola parte delle varie forme di neoplasia. Anche il fatto che la 

“tossina” di Coley venisse somministrata secondo vie differenti dai diversi medici (a volte per 

endovena, altre intra-muscolarmente o direttamente nella massa tumore), e che negli anni vennero 

proposte ed utilizzate tredici diverse formulazioni per la “tossina” di Coley, contribuì ad aumentare 

la variabilità nei risultati ottenuti. Negli anni, infatti, l’uso della “tossina” di Coley nel trattamento 

dei tumori fece registrare sia successi, sia completi fallimenti (Hobohm, 2001; McCarthy, 2006). 

Molti dei casi descritti da Coley furono rifiutati dal “Bone Sarcoma Registry”, fondato in 

America nel 1921 dal medico Ernest Codman con l’intento di standardizzare la diagnosi e il 
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The tumour necrosis factor family
Around the same time, Granger and co-
workers described a protein produced 
by lymphocytes that was toxic to tumour 
cells25, but it took another 18 years for two 
different proteins with related sequences 
to be isolated from human HL-60 and 
RPMI-1788 cells. These were named 
tumour necrosis factor and lymphotoxin 
respectively26–28. The first indication that 
there might be a family of related cytotoxic 

proteins came when TNF and lymphotoxin 
were found to bind to the same cell surface 
receptor29. The availability of the protein 
sequences soon led to gene cloning of 
human TNF and lymphotoxin at Genentech 
in the United States30,31, and human and 
mouse TNF in Walter Fier’s laboratory in 
Belgium32,33 (TIMELINE). In the same year, 
the first monoclonal antibody to TNF was 
made by David Wallach’s laboratory at the 
Weizmann Institute in Israel34.

The relationship between TNF and 
lympho toxin was the first indication of the 
existence of a whole superfamily of 19 lig-
ands related to TNF and 29 receptors with 
a wide range of roles beyond cytotoxicity, 
being involved in the development and func-
tion of the immune system as well as in tis-
sue homeostasis4,11,35–37 (see Supplementary 
information S1 (box)). However, within this 
gene family, TNF (also known as TNFα) was 
recognized as a uniquely powerful intercel-
lular communicating molecule with crucial 
and non-redundant roles in innate and 
adaptive immunity. Lymphotoxin (or TNFβ, 
as it is now commonly known) has not been 
studied so extensively in terms of malignant 
disease and, for reasons of space, will not be 
considered further in this article.

The next frontier was the identification 
of cell surface receptors for TNF. In 1985, 
Aggarwal et al. reported that radiolabelled 
recombinant TNF and lymphotoxin bound 
to a single class of receptor on carcinoma 
cells29. Proteins that bound TNF were abun-
dant in urine and David Wallach’s group 
correctly surmised that these could be shed 
surface receptors. Purification was pos-
sible because the pharmaceutical company 
Serono had amassed large quantities of con-
centrated urine proteins from menopausal 
women (specifically, from Italian nuns) for 
their hormone research. Chromatographic 
purification of a binding protein, now 
known to be TNFR1 (also known as 
TNFRSF1A), was achieved in 1989 (REF. 38), 
and a soluble form of the TNFR2 (also 
known as TNFRSF1B) was affinity purified 

Timeline | Tumour necrosis factor and cancer
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(1984–1985)  
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mouse TNF 
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(1989–1990) TNF detected 
in human cancer biopsies; 
made by macrophages or 
tumour cells80,81

First clinical 
trials of TNF 
in advanced 
cancer71–74

TNF-knockout 
mice are 
resistant to skin 
carcinogenesis5

TNF, interferon-γ and mild 
hyperthermia treatment 
using isolated limb 
perfusion causes tumour 
necrosis in patients with 
sarcoma and melanoma55

TNF: a therapeutic 
target in advanced 
renal cancer14

TNF 
discovered1

Endotoxin is the 
active principle 
of tumour 
necrosis serum23

TNF and 
cachectin are 
identical161

Cloning of 
TNFR1  
(REFS 41,169)

First TNF-knockout 
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Cloning of 
TNFR2 
(REFS 40,170)

Resurgence of 
interest in links 
between cancer and 
inflammation98,171

First report of 
clinical activity of 
TNF antagonists 
in rheumatoid 
arthritis46

Nuclear factor-κB signalling pathway is a 
link between TNF and tumour promotion6,127

First clinical trial of TNF 
antagonists in cancer12

(1984–1988)  
Local treatment with 
recombinant TNF causes 
tumour necrosis in a range 
of mouse models30,47–49

(1984–present) 
Identification and 
characterization of other 
members of the TNF and 
TNF receptor families4,31,168

(1989–1993) TNF may increase 
experimental cancer growth 
and spread92–94 The tumour suppressor 

VHL is a translational 
repressor of TNF110

(2003–2008) Anti-TNF 
antibodies inhibit 
murine cancer 
growth6,103,113,131,132

TNF produced by 
cancer cell lines79

Angiogenic activity 
of TNF reported90,91

TNF, tumour necrosis factor; TNFR, tumour necrosis factor receptor

Figure 1 | Treatment with Coley’s toxins. A patient with round cell sarcoma of the jaw and abdominal 
metastases seen by Coley in 1899. a | Photograph after 63 injections with Coley’s toxins; tumour had 
diminished to about half its original size. b | Photograph after further treatment with Coley’s toxins. In 
his 1910 lecture at the Royal Society of Medicine Coley reported that the patient was still alive and 
well. Images reproduced, with permission, from REF. 17 � (1910) Royal Society of Medicine. 
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In	 1893	 William	 Bradley	 Coley	 described	 the	 anti-
tumour	 effect	 of	 the	 “Coley	 toxic”,	 an	 injectable	
medication	 based	 on	 filtered	 S.	 pyogenes	 e	 Serratia	
marcescens	cultures.		

	

In	 1936	 Coley	 published	 a	 manuscript	 reporting	
complete	 regression	 of	 solid	 	 tumours	 in	 hundreds	 of	
patients	treated	with	the	“Coley	toxic”.	

	



Bacteria	are	promising	anti-tumour	agents	
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meglio le metodiche e gli approcci che potrebbero portare, nel prossimo futuro, allo sviluppo di 

microrganismi ingegnerizzati utilizzabili come nuovi agenti antitumorali. 
 

 
 

Figura 1: Grafico in cui è riportato il numero di lavori scientifici pubblicati ogni anno identificabili sul sito PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed) con le parole chiave “bacteria AND tumor AND therapy”. 

 

1.1 Dalle prime osservazioni di Busch alla “tossina” di Coley 

Una prima evidenza storica del possibile utilizzo di microrganismi per il trattamento di tumori 

risale al 1868, quando il chirurgo tedesco Karl David Wilhelm Busch applicò intenzionalmente sul 

collo di una ragazza di diciannove anni, che presentava in tale sito un tumore “grande quanto la 

testa di un neonato”, delle bende precedentemente utilizzate da un paziente affetto da erisipela 

(Busch, 1868). L’erisipela è un'infezione batterica acuta della pelle, che coinvolge il derma 

profondo ed in parte l'ipoderma, e che era molto diffusa nei secoli scorsi, con un tasso di mortalità 

di quasi il 100% in bambini ed anziani (Bisno e Stevens, 1996). La giovane donna contrasse la 

malattia e presentò i sintomi relativi, ma il tumore al collo regredì fino a divenire “paragonabile alla 

grandezza di una mela”. Dopo aver curato l’erisipela, però, il tumore riprese a crescere. Il tentativo 

del medico tedesco fu primariamente quello di indurre sintomi febbrili nel paziente, in modo da 

studiarne gli effetti sul tumore (Busch, 1868). 

Quattordici anni dopo, un altro medico tedesco, Friedrich Fehleisen, identificò l’agente 

eziologico dell’erisipela, attualmente noto come Streptococcus pyogenes, lo coltivò in vitro e lo 

iniettò a sette pazienti affetti da tumore, ottenendo tre casi di completa remissione (Fehleisen, 

1882). 

Scientific	manuscripts	retrieved	in	Pubmed	(www.ncbi.nlm.nih.gov/pubmed)		

with	the	query	“bacteria	AND	tumour	AND	therapy”.	
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Some	bacteria	activate	a	antitumor	immune	response,	as	in	the	case	of		
Bacillus	Calmette-Guerin,	used	to	treat	bladder	cancer.	

Few	bacteria	are	currently	used	to	treat	cancer	



Many	genera	of	bacteria	have	been	shown	to	preferentially	accumulate	in	tumours,	
including	Salmonella,	Escherichia,	Clostridium	and	Bifidobacterium.	Bacteria	administered	by	

tail	vein	injection	co-localize	with	solid	tumours.	
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Abstract

The ability to track microbes in real time in vivo is of enormous value for preclinical investigations in infectious disease or
gene therapy research. Bacteria present an attractive class of vector for cancer therapy, possessing a natural ability to grow
preferentially within tumours following systemic administration. Bioluminescent Imaging (BLI) represents a powerful tool for
use with bacteria engineered to express reporter genes such as lux. BLI is traditionally used as a 2D modality resulting in
images that are limited in their ability to anatomically locate cell populations. Use of 3D diffuse optical tomography can
localize the signals but still need to be combined with an anatomical imaging modality like micro-Computed Tomography
(mCT) for interpretation. In this study, the non-pathogenic commensal bacteria E.coli K-12 MG1655 and Bifidobacterium breve
UCC2003, or Salmonella Typhimurium SL7207 each expressing the luxABCDE operon were intravenously (IV) administered to
mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
optical imaging was supported by ex vivo histological analyses. In vivo imaging of orally-administered commensal bacteria
in the gastrointestinal tract (GIT) was also achieved using 3D BLI. This study demonstrates for the first time the potential to
simultaneously image multiple BLI reporter genes three dimensionally in vivo using approaches that provide unique
information on spatial locations.
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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e.g.	E.	coli		MG1655	co-localization	with	melanoma	B16,	carcinoma	FaDu,	e	glioblastoma	U87.	

Bacteria	co-localize	with	different	tumour	types.	
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The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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Bacteria	also	co-localize	with	lung	
and	liver	metastasis.	

Figure 5. Salmonella targets breast cancer metastases
Contiguous hepatic (A, B) and pulmonary (C, D) sections were stained with hematoxylin
and eosin (A, C) and Salmonella immunohistochemistry (brown in B, D). A–B, Salmonella
accumulated in hepatic metastases with greater specificity than normal liver parenchyma.
Bacterial colonies (boundary indicated with dark arrows in B) colocalized with metastatic
tissue (boundary indicated with white arrows in A). Scale bars are 250μm. C–D, Salmonella
(e.g. white arrow) accumulated in small pulmonary micro-metastases. The micro-metastasis
encased a vascular channel containing an inflammatory infiltrate (black arrow). Scale bars
are 50μm.
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In tumors Salmonella migrate away from vasculature toward the
transition zone and induce apoptosis
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Abstract
Motile bacteria can overcome diffusion resistances that substantially reduce the efficacy of
standard cancer therapies. Many reports have also recently described the ability of Salmonella to
deliver therapeutic molecules to tumors. Despite this potential, little is known about the
spatiotemporal dynamics of bacterial accumulation in solid tumors. Ultimately this timing will
affect how these microbes are used therapeutically. To determine how bacteria localize, we
intravenously injected Salmonella typhimurium into BALB/c mice with 4T1 mammary carcinoma
and measured the average bacterial content as a function of time. Immunohistochemistry was used
to measure the extent of apoptosis; the average distance of bacteria from tumor vasculature; and
the location of bacteria in four different regions: the core, transition, body and edge. Bacteria
accumulation was also measured in pulmonary and hepatic metastases. The doubling time of
bacterial colonies in tumors was measured to be 16.8 hours, and colonization was determined to
delay tumor growth by 48 hours. From 12 and 48 hours after injection, the average distance
between bacterial colonies and functional vasculature significantly increased from 130 to 310μm.
After 48 hours, bacteria migrated away from the tumor edge toward the central core and induced
apoptosis. After 96 hours, bacteria began to marginate to the tumor transition zone. All observed
metastases contained Salmonella and the extent of bacterial co-localization with metastatic tissue
was 44% compared to 0.5% with normal liver parenchyma. These results demonstrate that
Salmonella can penetrate tumor tissue and can selectively target metastases, two critical
characteristics of a targeted cancer therapeutic.
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Bacteriolytic Therapy; Attenuated Salmonella typhimurium; Tumor Transition Zone; Apoptosis;
Metastases
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than unmodified bacteria or non-SLC strains producing constitutive 
therapy (Fig. 4g). Although further targeted studies are required to 
systematically explore the effect of these bacteria on host health, these 
preliminary experiments suggest that the SLC design can reduce the 
burden of bacterial injections.

To explore a proof-of-principle for the application of our circuit in 
the context of in vivo tumours, we examined the efficacy of our sys-
tem in an experimental syngeneic transplantation model of colorectal 
metastases within the liver. We had previously established that oral 
delivery of these bacterial strains led to safe and efficient colonization 
of hepatic colorectal metastases (see Methods), and that mice toler-
ated repeated dosing without overt adverse effects (Fig. 5a, b)22. In 
the context of bacteria-based therapeutic candidates, previous studies  
have shown that anaerobic bacteria can occupy avascular tumour com-
partments where chemotherapy is thought to be ineffective due to poor 
drug delivery11. Thus a synergistic effect may arise when bacteria are 
used to deliver drugs to the necrotic core of a tumour, while standard 
chemotherapy is used for the vascularized regions11,26. Inspired by this 
paradigm, we tested the combination of SLC-3 bacteria with a com-
mon clinical chemotherapy of 5-fluorouracil (5-FU). Tumours exhib-
ited similar growth trajectories in response to repeated oral delivery  
of either the bacterial therapy alone, or two i.v. doses of 5-FU on day 0 
and day 21 (Fig. 5c). In contrast, combination of these two applica-
tions led to a marked decrease in tumour activity over a period of  
18 days, followed by a return to growth (Fig. 5d). During the initial 
18-day period, a large fraction of the tumours was scored as eliciting at 
least a 30% reduction in tumour activity (Fig. 5e). The overall response 
led to roughly a 50% increase in the mean survival time for animals 
harbouring incurable colorectal metastases (Fig. 5f). Improvements 
may arise from strategies for long-term circuit stability or the utilization 
of additional therapeutic cargo.

The synchronized lysis circuit exemplifies a methodology for  
leveraging the tools of synthetic biology to exploit the ability of certain 
bacteria to colonize disease sites. In contrast to most drug delivery strat-
egies, the synchronized lysis paradigm does not require pre-loading  
of a drug or the engineering of additional secretion machinery. In  
addition, it has the potential to decrease the likelihood of a systemic 

average ∼ 300-fold lower than the constitutive control strain, indicating 
a significant decrease in bacterial population levels within the tumour 
(Extended Data Fig. 3c).

Given the ability to engineer bacterial population dynamics in 
tumour grafts, we leveraged the versatility of the SLC bacteria as a 
delivery system to compare different classes of previously developed 
payloads. In addition to the haemolysin strain that was characterized in 
microfluidic devices, we created two additional SLC strains expressing  
genes to activate a host immune response (via T-cell and dendritic cell 
recruitment, using mouse CCL21) or trigger tumour cell apoptosis 
(using the cell death domain of Bit1 fused to the tumour-penetrating  
peptide iRGD, or CDD-iRGD)24,25. Upon intratumoral injection, the 
immune recruitment strain elicited the strongest effect on tumour 
growth when compared to the haemolysis or apoptotic strains (Fig. 4d).  
We observed that an equal mixture of the three strains generated a 
stronger response than any single strain (Fig. 4d and Extended Data 
Fig. 3e–g), and on this basis we elected to pursue the ‘triple-strain’ dose 
for further testing in order to minimize animal usage. In a side-by-side  
comparison, we observed that the tumour response to SLC triple-strain 
(SLC-3) injections was significantly larger than the response to unmod-
ified bacteria (Fig. 4e). Upon necropsy, histopathological analysis of 
remnant tumours was performed for mice treated with the SLC-3 
strains, chemotherapy or unmodified bacteria. In mice treated with 
SLC-3 and non-circuit bacterial strains, robust staining of bacteria 
was observed by anti-Salmonella antibodies, showing localization of 
Salmonella within tumours. TUNEL staining indicated higher levels 
of apoptosis and cell death in SLC-3 treated tumours (Extended Data 
Fig. 4).

As a first step towards monitoring the effect of bacterial injections 
on the host, we compared how the triple-strain system affected body 
weight when administered intratumorally and intravenously, as the 
administration route affects bacterial localization (Extended Data 
Fig. 3d). We found that treatment with the SLC strains generated 
the same weight change as unmodified bacteria when administered 
intratumorally (Fig. 4f). However, intravenous administration of the 
SLC conferred a greater health benefit on the basis of observations 
that SLC strains producing constitutive therapy were better tolerated 

Figure 5 | In vivo testing in an experimental model of colorectal 
metastases in the liver via oral delivery of bacteria. a, Schematic of 
the experimental syngeneic transplantation model of hepatic colorectal 
metastases in a mouse, with the dosing schedule of either engineered 
bacteria (SLC-3) or a common cytotoxic chemotherapeutic, the 
antimetabolite 5-FU. The SLC-3 strains were delivered orally. 5-FU was 
delivered via intraperitoneal injection. b, Relative body weight over time 
for the mice with hepatic colorectal metastases fed with the SLC-3 strains 
(blue), injected with 5-FU chemotherapy (red), or a combination of the 

two (green). Error bars indicate ±  1 s.e. for 5–7 mice. c, Median relative 
tumour activity, measured via tumour cell luminescence using in vivo 
imaging, for the chemotherapy and SLC-3 cases from b. d, Median relative 
tumour activity for the combination therapy case from b. Error bars for  
c and d indicate the interquartile ranges for 5–7 mice. The dashed line  
marks relative tumour activity of 0.70. e, Fraction of mice from the  
cases in b which respond with 30% reduction of tumour activity over  
time. f, Fraction survival over time for the mice in b (* * P <  0.01, log rank 
test; n =  5–7 mice).
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than unmodified bacteria or non-SLC strains producing constitutive 
therapy (Fig. 4g). Although further targeted studies are required to 
systematically explore the effect of these bacteria on host health, these 
preliminary experiments suggest that the SLC design can reduce the 
burden of bacterial injections.

To explore a proof-of-principle for the application of our circuit in 
the context of in vivo tumours, we examined the efficacy of our sys-
tem in an experimental syngeneic transplantation model of colorectal 
metastases within the liver. We had previously established that oral 
delivery of these bacterial strains led to safe and efficient colonization 
of hepatic colorectal metastases (see Methods), and that mice toler-
ated repeated dosing without overt adverse effects (Fig. 5a, b)22. In 
the context of bacteria-based therapeutic candidates, previous studies  
have shown that anaerobic bacteria can occupy avascular tumour com-
partments where chemotherapy is thought to be ineffective due to poor 
drug delivery11. Thus a synergistic effect may arise when bacteria are 
used to deliver drugs to the necrotic core of a tumour, while standard 
chemotherapy is used for the vascularized regions11,26. Inspired by this 
paradigm, we tested the combination of SLC-3 bacteria with a com-
mon clinical chemotherapy of 5-fluorouracil (5-FU). Tumours exhib-
ited similar growth trajectories in response to repeated oral delivery  
of either the bacterial therapy alone, or two i.v. doses of 5-FU on day 0 
and day 21 (Fig. 5c). In contrast, combination of these two applica-
tions led to a marked decrease in tumour activity over a period of  
18 days, followed by a return to growth (Fig. 5d). During the initial 
18-day period, a large fraction of the tumours was scored as eliciting at 
least a 30% reduction in tumour activity (Fig. 5e). The overall response 
led to roughly a 50% increase in the mean survival time for animals 
harbouring incurable colorectal metastases (Fig. 5f). Improvements 
may arise from strategies for long-term circuit stability or the utilization 
of additional therapeutic cargo.

The synchronized lysis circuit exemplifies a methodology for  
leveraging the tools of synthetic biology to exploit the ability of certain 
bacteria to colonize disease sites. In contrast to most drug delivery strat-
egies, the synchronized lysis paradigm does not require pre-loading  
of a drug or the engineering of additional secretion machinery. In  
addition, it has the potential to decrease the likelihood of a systemic 

average ∼ 300-fold lower than the constitutive control strain, indicating 
a significant decrease in bacterial population levels within the tumour 
(Extended Data Fig. 3c).
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payloads. In addition to the haemolysin strain that was characterized in 
microfluidic devices, we created two additional SLC strains expressing  
genes to activate a host immune response (via T-cell and dendritic cell 
recruitment, using mouse CCL21) or trigger tumour cell apoptosis 
(using the cell death domain of Bit1 fused to the tumour-penetrating  
peptide iRGD, or CDD-iRGD)24,25. Upon intratumoral injection, the 
immune recruitment strain elicited the strongest effect on tumour 
growth when compared to the haemolysis or apoptotic strains (Fig. 4d).  
We observed that an equal mixture of the three strains generated a 
stronger response than any single strain (Fig. 4d and Extended Data 
Fig. 3e–g), and on this basis we elected to pursue the ‘triple-strain’ dose 
for further testing in order to minimize animal usage. In a side-by-side  
comparison, we observed that the tumour response to SLC triple-strain 
(SLC-3) injections was significantly larger than the response to unmod-
ified bacteria (Fig. 4e). Upon necropsy, histopathological analysis of 
remnant tumours was performed for mice treated with the SLC-3 
strains, chemotherapy or unmodified bacteria. In mice treated with 
SLC-3 and non-circuit bacterial strains, robust staining of bacteria 
was observed by anti-Salmonella antibodies, showing localization of 
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of apoptosis and cell death in SLC-3 treated tumours (Extended Data 
Fig. 4).
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metastases in a mouse, with the dosing schedule of either engineered 
bacteria (SLC-3) or a common cytotoxic chemotherapeutic, the 
antimetabolite 5-FU. The SLC-3 strains were delivered orally. 5-FU was 
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imaging, for the chemotherapy and SLC-3 cases from b. d, Median relative 
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