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Antivirulence drugs inhibit the expression or activity of virulence factors without affecting bacterial growth.

Antivirulence drugs are expected to:

 prevent/inhibit the establishment of 
the infection

 reduce the damage caused by 
pathogens

 have less adverse effects on the host 
microbiota

 impose a weaker selective pressure 
for the emergence of drug resistance

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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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 
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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-
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 Opportunistic human pathogen

 Top ranked in both intensive care unit (ICU) and
non-ICU hospital-acquired infections

 Main cause of mortality in cystic fibrosis (CF)
patients and one of the main causative agents of
chronic wounds

 High antibiotic resistance, also as a consequence
of biofilm formation

 Included by the WHO in the priority list of
pathogens for which new antimicrobial therapies
are urgently needed (Priority 1: Critical)
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Unfortunately, most QS inhibitors have unfavourable
pharmacological properties
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Many antivirulence drugs targeting QS with poor pharmacological properties 
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Drug repurposing is based on the use of “old” drugs already approved for use in humans to treat different diseases.

As compared to de novo drug discovery, the drug repurposing approach has a higher probability of yielding 
bioavailable and safe hit compounds.

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

De novo drug development 

Drug repurposing

The approach



The screening system

PHARMAKON Library: 1600 FDA-approved drugs

D’Angelo et al. (2018) Antimicrob Agents Chemother 62:e01296-18.



The inhibitor
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Clofoctol inhibits QS-dependent virulence traits 
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Clofoctol restores colistin sensitivity in colistin-resistant Gram-negative pathogens
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Clofoctol (also known as octofene) is an antibiotic active against Gram-positive pathogens, commonly prescribed to 
treat pulmonary lung infections in infants due to its low toxicity.

Clofoctol is a resistance breaker active against different Gram-negative colistin-resistant pathogens. 

We are currently investigating the mechanism of action of clofoctol as a colistin-resistance breaker.
Collalto et al. (2023) Microbiol Spectr 11:e0427522. 



Identification, characterization and optimization of other antivirulence drugs

Antivirulence agents targeting QS

Antibiofilm agents targeting c-di-GMP
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encompassing PlasI and purified LasR and RsaL. To
assure maximum binding of LasR, we included 3OC12-
HSL in the reaction mixtures (Schuster et al., 2004).
Control experiments without 3OC12-HSL showed that
RsaL binding was not influenced by the signal (data not
shown). With both RsaL and LasR we observed a super-
shifted band (Fig. 2A and B) that did not appear in the
presence of RsaL or LasR alone. This supports the view
that RsaL and LasR can bind PlasI simultaneously. Fur-
thermore, LasR bound to pre-formed RsaL-PlasI and to
free probe similarly (Fig. 2A), and RsaL bound to pre-
formed LasR-PlasI and to free probe similarly (Fig. 2B).
This suggests that binding of one protein to PlasI does not
alter the affinity of the other protein. These data were
confirmed by a DNase I protection assay showing the
simultaneous binding of RsaL and LasR to PlasI, without
an appreciable change in the protection pattern of the two
regulators irrespective of their independent or simulta-
neous binding (Fig. 2C and D).

RsaL is a negative autoregulator

The binding of LasR at a unique site located in the lasI-
rsaL intergenic region triggers the divergent transcription

of both genes (Whiteley and Greenberg, 2001; Schuster
et al., 2004). We refer to this intergenic region as PlasI
or as PrsaL depending on whether lasI or rsaL transcrip-
tion is considered. We asked whether RsaL was an
autoregulator by comparing PrsaL activity in the parent
and in the rsaL mutant strains (Fig. 3A). The rsaL muta-
tion led to elevated PrsaL activity. This is consistent with
the hypothesis that RsaL is a negative autoregulator.
However, PrsaL is activated by LasR-3OC12-HSL and
the observed increase of PrsaL activity in the rsaL
mutant could be due to the increased 3OC12-HSL pro-
duction in this strain (Fig. 1). We tested the second
hypothesis by using a set of plasmids allowing inducible
expression of RsaL, LasR, or both in Escherichia coli
carrying the transcriptional fusion PrsaL-lacZ. We found
that PrsaL was activated by LasR and repressed by
the concurrent presence of RsaL (Fig. 3B). As shown
previously, RsaL also represses the LasR-dependent
transcription of PlasI in E. coli (de Kievit et al.,
1999). Therefore, the binding of RsaL to a unique site
on the intergenic region between lasI and rsaL
directly represses the transcription of both genes
simultaneously.

Fig. 2. RsaL and LasR binding to the
rsaL-lasI bidirectional promoter.
A and B. EMSA assays. RsaL and LasR
concentrations are indicated above the lanes.
The probe concentration for each sample was
2 nM. The arrows indicate the free probe (a),
the RsaL/DNA complex (b), the LasR/DNA
complex (c), and the RsaL/LasR/DNA
complex (d).
C. DNase I protection assay of RsaL and
LasR on the rsaL-lasI intergenic region. Solid
line indicates RsaL protection; dotted line
indicates LasR protection; dashed line
indicates simultaneous protection of both
RsaL and LasR; M, Maxam and Gilbert
sequencing reactions (A+G). The plus symbol
above the lanes indicates the presence of
RsaL and/or LasR at a final concentration of
5 mM and 1 mM respectively.
D. Map of the rsaL-lasI bidirectional promoter;
only the intergenic region is represented in
scale. The putative rsaL transcription start
point and the lasI transcription start point are
indicated by bent arrows. The white and black
boxes indicate the RsaL and LasR binding
sites respectively (Schuster et al., 2004;
Rampioni et al., 2006).
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from nucleotides !22 to !9 with respect to the lasI transcrip-
tion starting point and is located approximately at the center of
a palindromic region consisting of two 5"-AAnTTATGnAA-3"
inverted sequences interrupted by a single nucleotide (Fig.
5B). This dyad symmetry suggests that RsaL could bind DNA
as a dimer. Even if the boundaries of the protection cannot be
defined precisely due to the high AT content of this DNA
region that makes it partly resistant to DNase I attack, the real
RsaL-mediated protection could extend up to the extremes of
the palindrome, as indicated by the presence of hypersensitive
sites at the palindrome boundaries (Fig. 5A and B).

The RsaL binding site partially overlaps the !10 consensus
for #70 recognition (Fig. 5B), consistent with the proposed
mechanism of action of RsaL as a transcriptional repressor (2,
4). Previous studies have shown that binding of LasR to a
unique site located in the rsaL-lasI intergenic region activates
the transcription of both rsaL- and lasI-divergent genes (22,
28). RsaL is implicated as well in the negative regulation of
both rsaL and lasI transcription (4). Interestingly, the DNA
region protected by LasR (22) is adjacent to the minimum
RsaL-protected region and partially overlaps the palindromic
sequence involved in RsaL binding (Fig. 5B). The close prox-
imity of the LasR- and RsaL-protected sites supports the hy-
pothesis that LasR and RsaL compete for binding to the rsaL-
lasI bidirectional promoter. Therefore, it is likely that binding
of RsaL to the rsaL-lasI promoter simultaneously inhibits lasI
and rsaL transcription by impairing LasR binding. However,
the possibility that LasR and RsaL could bind simultaneously
to the lasI promoter cannot be ruled out, in which case, the
RsaL-mediated repression of lasI transcription would lead to
reduced synthesis of 3OC12-HSL and consequently to reduced
expression of all the genes dependent on the LasR/3OC12-HSL
complex for their transcription, including the rsaL gene itself.

Conclusions. The P. aeruginosa QS system is finely regulated
and integrated within the global cell regulatory network.
Thanks to genetic and microarray studies, knowledge of the
number of regulatory factors involved in P. aeruginosa QS
regulation is increasing. However, the real impact of these
regulators in determining the amount of acyl-HSL produced
and the molecular mechanisms underlying their interaction
with las and rhl genes in most cases remains unknown (10, 17).

This study shows the dramatic effect of the rsaL mutation in
3O-C12-HSL production, highlighting the importance of RsaL
as a major negative regulator of QS in P. aeruginosa. Moreover,

FIG. 5. (A) DNase I footprints of RsaLPAO6H on the rsaL-lasI inter-
genic region. The plasmids pPlasI5" (for labeling of the bottom strand)
and pPlasI3" (for labeling of the top strand) were utilized to generate
EcoRI/SacI fragments used as probes (Tables 1 and 2). The probes were
mixed with different amounts of RsaLPAO6H protein prior to DNase I
digestion. Thick lines indicate the regions showing specific protection by
RsaLPAO6H; arrows indicate hypersensitive sites. All numbering is in
reference to the transcriptional starting site from the lasI promoter (23).
M, Maxam and Gilbert sequencing reactions (A$G); lane 1, no
RsaLPAO6H added; lanes 2 to 5, RsaLPAO6H added to a final concentra-
tion of 0.05, 0.5, 5, or 50 %M, respectively. (B) Sequence of the rsaL-lasI
intergenic region. The lasI ATG starting codon is boldface and under-
lined, and the nucleotides complementary to the starting codon of rsaL
(CAT) are boldface and double underlined. The lasI transcriptional start-
ing site is boldface and capitalized (23). The sequence protected by RsaL
in the DNase I protection assay is boldface and boxed, and hypersensitive
sites are indicated by triangles. The sequence protected by LasR is gray
shaded. The 5"-AAnTTATGnAA-3" inverted repeats are indicated by
arrows. The potential #70-dependent !35 and !10 consensus sequences
are indicated by dashed and solid thick lines, respectively.

FIG. 4. EMSA of RsaLPAO6H binding to the lasI promoter. The
32P-labeled DNA fragment contained nucleotides !83 to $20 with
respect to the lasI transcriptional starting site. RsaLPAO6H concentra-
tions (nM) are indicated below the lanes. The probe concentration for
each sample was 2 nM. As specific and unspecific competitors, unla-
beled probe (100 nM) and calf thymus DNA (1 %g) were added to lane
9 and 10, respectively. The arrow indicates the unshifted DNA probe.
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