
Infectious diseases are the leading cause of death world-
wide, with bacterial infections contributing substantially 
to this high rate of mortality. Although in 1969 the 
General Surgeon of the United States proclaimed that 
“We have closed the chapter on infectious diseases, due to 
antibiotics”, many bacteria are now multidrug resistant.

There are a wide range of factors that the invading 
bacteria must overcome to cause disease. These include 
innate factors such as pH, temperature and host secre-
tions, as well as active factors such as the immune 
response, which act to prevent bacterial colonization. 
In addition to the host factors are the existing bacterial 
microbiota that are resident at most anatomical niches 
in which infection occurs. This resident microbiota 
must be removed or exploited for a successful infection. 
Bacterial pathogens use many diverse strategies to cause 
disease in human hosts1.

Traditional approaches to combat bacterial infection 
were primarily identified in and derived from other 
microorganisms. These approaches rely on the disrup-
tion of the growth cycle by preventing the synthesis and 
assembly of key components of bacterial processes such 
as cell wall synthesis, DNA replication and protein syn-
thesis2. Although these strategies and compounds were 
highly effective, they resulted in substantial stress on the 
target bacterium, which rapidly selected for resistant sub-
populations3. For example, in a population of ~10 billion 
bacteria, a minute portion will be resistant to a given 
antibiotic, owing to natural bacterial mutation rates. 
If the majority of the non-resistant cells are killed, the 
smaller fraction that is resistant may quickly grow and 
become the dominant proportion of the population.

Consequently, we are now entering the post-antibiotic  
era, with limited treatment options for many bacterial 
infections, such as the now widely disseminated vanco-
mycin-resistant Enterococcus species3 and methicillin-
resistant Staphylococcus aureus4 (MRSA). Although these 
two pathogens are by no means the only examples, they 
are the most recognizable in the popular literature and 
prove that inappropriate and indiscriminate anti biotic 
treatment can lead to resistant organisms in a short 
period of time. However, many alternative strategies are 
currently being investigated that are based on the inhibi-
tion of virulence rather than of bacterial growth. Such 
strategies might apply a milder evolutionary pressure for 
the development of resistance as most virulence traits are 
not essential for bacterial survival.

Bacteria sense their environment and, once in the 
host, they respond by initiating a defined programme 
to activate virulence traits5,6. Anti-virulence signalling 
strategies may specifically interfere with the ability 
of the bacteria to recognize host signals that alert the 
bacteria that they are at the site of infection and/or acti-
vate specific virulence traits that are needed to establish 
infection. By preventing the expression or activity of 
virulence traits, the bacteria are less able to colonize the 
host. In addition, as this strategy does not directly kill 
the bacteria, there is presumably less evolutionary pres-
sure for the development of resistant clones than with 
traditional antibiotics. It is thought that this inhibition 
could allow the host immune system, including the nor-
mal microbiota, to prevent bacterial colonization or clear 
any established infection. In addition, these anti-virulence 
drugs could potentially be used in combination with  
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Anti-virulence drug
A drug that targets bacterial 
virulence but is not 
bacteriostatic (growth 
inhibiting) or bacteriocidal 
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Abstract | Antibiotic resistance is one of the greatest challenges of the twenty-first century. 
However, the increasing understanding of bacterial pathogenesis and intercellular 
communication has revealed many potential strategies to develop novel drugs to treat 
bacteria-mediated disease. Interference with bacterial virulence and/or cell-to-cell 
signalling pathways is an especially compelling approach, as it is thought to apply less 
selective pressure for the development of bacterial resistance than traditional strategies, 
which are aimed at killing bacteria or preventing their growth. Here, we discuss the 
mechanisms of bacterial virulence and present promising anti-virulence strategies and 
compounds for the future treatment of bacterial infections.
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Adhesins
A broad group of structures 
produced by bacteria that 
facilitate bacterial colonization 
of the host by promoting 
binding to host cells.

Toxins
Bacterial proteins that have 
detrimental effects on host 
cells.

Effector 
A bacterial protein that 
functions as a molecular mimic 
of a eukaryotic protein.

established or novel antimicrobials in a synergistic man-
ner to extend the lifespan of these drugs7,8. one recent 
promising strategy relies on newly discovered synthetic 
or natural small organic compounds that serve as a 
generation of novel anti-virulence drugs5,9.

This Review provides a brief overview of the mecha-
nisms that bacteria use to cause disease in a host. 
Promising anti-virulence strategies to overcome these 
mechanisms that are currently under investigation and 
possible future approaches are discussed.

Molecular mechanisms of bacterial virulence
Bacteria use an array of virulence factors to cause disease 
in the human host. These factors include adhesins, which 
bind to host cells and facilitate colonization; toxins, which 
kill or change signal transduction in mammalian cells; 
and specialized secretion systems to deliver effectors. 
Because expression of these virulence traits is metaboli-
cally expensive, gene expression is exquisitely regulated 
so that it only occurs at the right site for colonization in 
the host (TABLE 1). Here, we introduce and review these 
mechanisms of bacterial virulence.

Toxins. Broad arrays of toxins are secreted by bacterial 
species, resulting in the alteration of eukaryotic host 
cells and the development of disease. These toxins are 
often identified as the first virulence factors in patho-
genesis, and have been studied in depth. examples of 
such toxins include the pertussis toxin from Bordetella 
pertussis, which is the cause of whooping cough (recently 
reviewed in REf. 10); toxins of Clostridium difficile, which 
cause diarrhoea11; and many others that are discussed 
in this Review. We have selected two toxin systems that 
are well known and have received considerable attention 
in the production of anti-toxin therapeutics. The classi-
cal toxins, such as Shiga toxin from Escherichia coli 12 
and anthrax toxin from Bacillus anthracis, are known 

as AB toxins because they are composed of the active 
subunit (A subunit) and a multimeric receptor-binding 
subunit (B subunit)13 (fIG. 1). The B subunit adheres  
to a surface-exposed receptor on the eukaryotic cell, 
and the A subunit enters the cell, in which it exerts its 
enzymatic activity. The Shiga toxin B subunit binds to 
the globosylceramide 3 (Gb3) ganglioside that is abun-
dant on kidney and brain endothelial cells, whereas the 
A subunit inhibits host protein synthesis by cleaving a 
glycosidic bond on the 28S ribosomal RNA in the 60S 
subunit of the ribosome14. By contrast, anthrax toxin is a 
tripartite toxin that has a single binding subunit known 
as the protective antigen (PA) and two active subunits 
known as the lethal factor (lF) and the edema factor 
(eF). The PA subunit is secreted from the bacterium as 
an 83 kDa subunit, which binds to the host cell surface. 
It is cleaved by a host protease to a 63 kDa subunit that 
can assemble into the heptameric ring in the lysosome 
wall, in which it forms a pore enabling the extrusion of 
lF and eF into the host cell cytoplasm15. once secreted 
into the cytoplasm, the lF functions as a metalloprotease 
that cleaves mitogen-activated protein kinase kinases 
(MAPKKs), resulting in altered signalling in the host cell. 
eF is an adenylyl cyclase enzyme that, when activated by 
calmodulin, dramatically increases the cyclic AMP levels 
in the cell. The net effect of eF in human tissue is the 
accumulation of fluid in extracellular spaces16. These are 
only two examples of toxin activities; however, each has 
a number of steps that could be therapeutically inhibited 
(fIG. 1).

Adhesins and biofilms. To effectively colonize the host 
and promote disease, bacteria must attach to host cells. 
Most bacteria have a specific host range and will only 
infect hosts that express particular receptors for bacte-
rial adhesion factors on their cell surface. Furthermore, 
once within the host, bacteria will infect only the subset 
of cells or tissues that express the appropriate receptor. 
The human body has a number of innate responses, 
such as peristaltic motion in the gastrointestinal tract 
and the coordinated beating of cilia in the nasopharyn-
geal regions, which remove bacteria that do not have 
the appropriate adhesive capabilities17. The attachment 
of bacteria to a host cell is an intricate process governed 
by the adhesin on the bacteria and the receptor on the 
host cell18 (fIG. 2). Adherence is often only the first step 
in the infection process, which also involves internaliza-
tion, deeper tissue penetration and possible systemic 
distribution18. Bacteria use many types of appendages 
for adhering to the host surface including, but not 
limited to, pili, fimbriae and in some cases flagella18. In 
many cases, the binding structure is a pilus — a long 
multisubunit appendage that often has binding specifi-
city in the terminal subunits. Although many pili have 
been identified for several pathogens, the most studied 
adhesins are encoded by uropathogenic E. coli (UPeC), 
which is the leading cause of urinary tract infections19. 
UPeC encodes the type I pili19 and the P pili (encoded 
by the pap pilus operon), both of which are required 
during infection for adhesion to the urogenital epithelia, 
to prevent the bacterium from being washed out with the 

Table 1 | Bacterial virulence strategies

virulence 
strategies

organisms that  
use the strategy

Associated disease

Toxin 
production

Bacillus anthracis Anthrax infection13

Escherichia coli Bloody diarrhoea, haemolytic 
uraemic syndrome, and kidney  
and neurological damage14

Clostridia spp. Gangrene11

Adhesive 
mechanisms

Almost all pathogens that 
remain within the host

Many infections18

Specialized 
secretion 
systems

Escherichia coli Gastrointestinal infections14

Yersinia spp. Plague and gastrointestinal 
infections72

Chlamydia trachomatis Urethritis, proctitis (rectal disease 
and bleeding) and trachoma69 

Salmonella spp. Various infections in a wide range 
of hosts75,76

Regulation of 
virulence genes

All pathogens All infections5,79–81
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normal flow of urine20. The gene cluster encoding the 
P pilus is often found in multiple copies in particularly 
virulent isolates of UPeC21.

Bacteria also form biofilms, which are communities 
of bacteria encased within hydrated polymeric matrices.  
Biofilms are used to adhere to living or inert surfaces 
and provide protection from the immune system. 
Furthermore, they are refractory to antimicrobial com-
pounds22. Biofilms have been linked to a growing list of 
medically relevant pathogens including Pseudomonas 
aeruginosa, which causes several types of nosocomial 
infection and cystic fibrosis23, and S. aureus, which causes 
a wide range of diseases from minor skin infections to 
toxic shock syndrome24.

Specialized secretion systems. Many bacterial pathogens 
produce a specialized secretory system that resembles a 
syringe and is used by bacteria to inject toxins (effectors) 
into the host cell (fIG. 3). These effectors mimic the func-
tion of host proteins and substantially alter mammalian 
signalling pathways, which contributes to the disease 
process25. Three distinct secretory systems, type III, Iv 
and vI, are involved in the translocation of bacterial 
effectors directly into the host cells26. The type III secre-
tion system (TTSS) consists of several proteins forming 
a needle-type structure that permits bacteria to inject 
effectors directly from the bacterial cytoplasm into the 
eukaryotic cell cytoplasm. These secreted effectors often 
alter the signal transduction in the host cell to enhance  

Figure 1 | Bacterial toxin secretion and processing pathways. The major steps in the secretion of a bacterial AB toxin 
such as anthrax toxin or Shiga toxin are shown. Strategies for therapeutic intervention are illustrated in grey boxes.  
a | Anthrax toxin is a tripartite toxin composed of the protective antigen (PA), the edema factor (EF) and the lethal factor (LF). 
PA binds to the host receptors anthrax toxin receptor 1 (ANTXR1; also known as ATR and TEM8) and ANTXR2 (also known 
as CMG2), and is then cleaved by host factors. The cleaved PA can form a heptameric complex, which interacts with either 
EF or LF. Once the completed toxin is formed, it can be actively or passively taken up into the eukaryotic cell. The active 
subunits interact with specific target cell components and cause a response in the host cell. EF is activated upon binding to 
the host cell calmodulin and then acts as an adenylate cyclase, increasing the intracellular levels of cyclic AMP,  which leads 
to changes in signal transduction and fluid accumulation. LF is a metalloprotease that cleaves mitogen-activated protein 
kinase kinase (MAPKK), leading to cell death. Many inhibitors of anthrax toxin have been developed: soluble PA analogues 
and PA-specific antibodies inhibit PA binding to the host receptors; small-molecule inhibitors block the formation of the 
pore in the host cell membrane by the heptameric PA complex; small molecules inhibit EF and LF entry into the host cell; 
and small molecules and cisplatin prevent LF function. b | Shiga toxin is composed of an A subunit, which is enzymatically 
active, and a B subunit, which forms a pentamer that binds to the host receptor globosylceramide 3 (Gb3). The A subunit 
cleaves a glycosidic bond on the 28S ribosomal RNA, stopping protein synthesis and leading to cell death. Shiga toxin 
causes haemolytic uraemic syndrome (HUS). The Shiga toxin inhibitor Synsorb-Pk mimics the Gb3 receptor. Binding of 
Synsorb-Pk to the B subunit of Shiga toxin prevents the toxin binding to the host receptor.
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microbial survival, invasion or attachment27,28. They 
can cause inflammation, opening of tight junctions (for 
example, by enteropathogenic E. coli), electrolyte secre-
tion and alterations in the cytoskeleton (for bacterial 
invasion by, for example, Shigella and Salmonella species 
and for bacterial adhesion of, for example, enteropatho-
genic E. coli)26. By contrast, the type Iv secretory system 
is used to transfer either bacterial DNA (for example, by 
Agrobacteria tumefaciens, which is a plant pathogen) or 
bacterial effector proteins to mammalian cells (for example, 
by Helicobacter pylori). This system also forms a channel 
between the bacterial and eukaryotic cell cytoplasm. It is 
a long pilus-like structure rather than a needle structure26. 
Type vI secretion systems form tubular structures, but 
precisely how these systems assemble and deliver effectors 
into the host cell remains largely unknown29.

Regulation of virulence gene expression. Bacteria tightly 
regulate expression of metabolically expensive virulence 
traits to avoid wasting energy. Regulation of the expres-
sion of virulence factors can occur at many levels and 
can share similarities among a wide range of bacterial 
species30. Most of the underlying mechanisms for this 
regulation require sensing of a specific signal in the 
environment6. The specific mechanisms are too numer-
ous to be completely discussed in this Review. A growing 
number and range of bacterial signalling molecules 
has been identified over recent years as scientists have 
become more sophisticated in identifying them and 
recognizing their sometimes subtle effects31. These sig-
nals can be environmental cues, such as temperature and 
osmolarity, or chemicals produced by other bacteria in 
the host. However, in many cases, the signals to which 
bacteria respond are provided by the potential host 

species in a type of cell-to-cell communication known 
as inter-kingdom signalling6,32. Some of these signalling 
pathways are conserved in many bacterial species, and 
targeting of these systems for therapeutics may yield 
broad-spectrum drugs. The various chemical cell-to-
cell signalling mechanisms that are used by bacteria are 
collectively known as quorum-sensing systems33. The first 
quorum-sensing system was identified in Vibrio fisheri, a 
bacterium that controls bioluminescence production in 
response to small molecules that gauge bacterial popula-
tion cell density34,35. P. aeruginosa is a bacterial pathogen 
that causes opportunistic infections in burns, wounds, 
ventilator-associated pneumonia and in patients with 
cystic fibrosis. P. aeruginosa encodes a wide range of 
virulence factors including a TTSS, proteases, adhesins 
and the ability to form biofilms. These virulence traits 
are hierarchically and precisely regulated by quorum 
sensing36. P. aeruginosa has several quorum-sensing 
mechanisms, which depend on the release of chemical 
signals that are divided into two groups based on their 
chemistry. The first group, the acyl homoserine lactones 
(AHls) includes N-3-oxo-dodecanoyl-l-homoserine 
lactone (C12-HSl) and N-butanoyl-l-homoserine lac-
tone (C4-HSl). The second group, the 4-quinolones, 
forms the Pseudomonas quinolone signal (PQS)37–41. 
These signals are produced and sensed by three quorum-
sensing systems, lasR–lasI and RhlR–RhlI for the AHls, 
and PqsR–pQSABCDe for the PQS signal37,39,40,42,43. lasI 
and RhlI synthesize C12-HSl and C4-HSl, respectively, 
whereas pQSABCD synthesizes the PQS signal40,42. These 
signals bind to transcription regulators (C12-HSl binds 
to the lasR receptor, C4-HSl binds to the RhlR receptor 
and PQS binds to the PqsR lysR-like receptor37,39,40,42,43) 
and induce the expression of virulence genes and biofilm 
formation (fIG. 4A).

Therefore, every bacterial genome contains two-
component regulatory systems composed of a histidine 
sensor kinase, which is usually in the membrane of the 
bacteria, and a response regulator, which is usually a 
transcription factor activated upon phosphorylation. 
Histidine kinases are the major environmental sensory 
proteins in bacteria. Although the ligands for these 
systems are not well known in most cases, it is thought 
that these signalling mechanisms can be exploited as 
conserved therapeutic targets44. Drugs targeting bacterial 
signalling systems are attractive owing to their selec-
tive toxicity, given that these systems are not usually 
found in the eukaryotic hosts (fIGS 4,5). A recent study 
revealed a common signalling pathway that begins with 
the membrane-bound QseC histidine sensor kinase5. 
QseC homologues are present in at least 25 important 
human and plant pathogens5, and qseC mutants of  
entero haemorrhagic E. coli (eHeC)5,45, Salmonella  
typhimurium5,46 and Francisella tularensis47 have been 
shown to have decreased virulence in animal models of 
infection. QseC binds to and increases its autophosphoryl-
ation in response to the bacterial quorum-sensing signal 
autoinducer 3 (AI-3) and/or the host signals adrenaline 
and/or noradrenaline45. This initiates a complex phos-
phorylation cascade in the bacterial cell that regulates the 
expression of virulence genes5,45,48.

Figure 2 | Bacterial adhesion for host colonization. Bacteria adhere to host cells to 
colonize the host and initiate infection. Therapeutic inhibitors are shown as red circles 
and strategies to block bacteria are described. a | Some of the most common adhesins 
are pili or fimbriae, which are ‘hair-like’ structures that adhere to specific host receptors. 
Adhesion can be inhibited by preventing the assembly of the adhesion complex, as is 
the case for the P pili of uropathogenic Escherichia coli. b | A schematic depiction of pili 
assembly in the surface of bacteria. The pili subunits polymerize to form a pilus. Inhibitors 
of biogenesis are mimics of the normal pilin subunits that, when incorporated into the 
growing pilus, prevent elongation and the formation of a functional pilus.
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Anti-virulence targets and approaches
A novel approach to developing therapies for infectious 
diseases is to block bacterial virulence specifically, without 
killing or inhibiting bacterial growth. Many anti-virulence 
strategies are being explored, including inhibiting bacterial 
adhesion to the host cell, inhibiting toxins or specialized 
secretion systems, and interfering with gene regulation 
of virulence traits (fIG. 6; TABLE 2). These strategies are 
discussed below.

Targeting toxins. Although there are many bacterial toxins 
that could be discussed, this section will focus on toxins for 
which an inhibitor has been identified at least in vitro 
and in many cases in vivo.

Anthrax toxin is a crucial component of B. anthracis 
infection49, as evidenced by the fact that the attenuated 
vaccine, known as the Pasteur strain, lacks the ability to 
produce anthrax toxin49. As a complete lack of the toxin 
renders the isolate attenuated in humans and large mam-
mals, it follows that inactivation of the toxin should have 
a similar effect. Antimicrobial therapies have been devel-
oped based on the inactivation of the toxin at different 
stages of processing and/or activation. Two receptors 
have been identified for the PA subunit on human cells: 
anthrax toxin receptor 1 (ANTXR1; also known as ATR 
and TeM8) and ANTXR2 (also known as CMG2)50,51. 
The simplest strategy to prevent the deleterious effects of 
the toxin is to block toxin binding to its cognate receptor 
by the introduction of soluble analogues to the receptor. 
This has been shown to be effective in the inbred F344 
rat model52, but has not yet been attempted in humans. 
An alternative strategy is the development of antibodies 
that bind directly to the PA subunit, thereby preventing 
toxin interaction with the host cell membrane53. Four 
single-chain variable fragments of antibodies that target 
the PA subunit of anthrax toxin have been identified using 
a phage display library and were shown to be protec-
tive in the F344 rat model and in chimpanzees53. The 
antibody subunits could be injected and used for short-
term prophylaxis against anthrax toxin in emergency 
situations.

Compounds designed to block the PA heptamer pore 
have also been developed, including low-molecular-
mass compounds that prevented lF and eF entry into 
cells54. The synthetic small cyclic molecule per-6-(3-
aminopropylthio)-β-cyclodextrin binds to the PA pore 
lumen, blocking PA-induced transport at subnanomolar 
concentrations. This compound protected macrophages 
from the cytotoxicity of anthrax lethal toxin54.

In addition to strategies to block the adhesion and the 
pore of the PA subunit, considerable effort has focused 
on identifying inhibitors of the lF subunit. Using a 
small-molecule inhibitor screen, it was shown that  
a small-molecule inhibitor, the hydroxamate (2R)-2-[(4-
fluoro-3-methylphenyl)sulphonylamino]-N-hydroxy-2-
(tetrahydro-2H-pyran-4-yl) acetamide, in complex with 
lF, prevented the zinc-dependent metalloprotease activity 
of lF and led to protection in various animal models55. 
The inhibitor bound within the active site of the lF sub-
unit, effectively blocking activation. Crystallographic 
and pharmacological methods have been used to 

characterize 6 of 19 small-molecule inhibitors of lF56. 
These 19 compounds were identified on the basis of 
structural information and docking predictions from 
the US National Cancer Institute chemical repository. In 
contrast to other inhibitors that targeted the active bind-
ing pocket of the lF subunit, cisplatin did not inhibit the 
proteolytic activity of lF but prevented the cleavage of 
the mitogen-activated protein kinases (MAPKs) (fIG. 1). 
MAPKs are the major signalling molecules in human 
macrophages and neutrophils. MAPK activation results 
in the secretion of cytokines and the development of the 
adaptive immune response58. By inhibiting MAPKs in 
the macrophage, anthrax toxin prevents the exacerbation 

Figure 3 | specialized bacterial secretion systems. 
Prokaryotic cells use active secretion to inject effector 
molecules into the eukaryotic cell. Three systems are 
currently known to be capable of this: type III, IV and VI. 
Each of these systems has minor differences in structure 
and gene content but, through the liberation of energy 
by the hydrolysis of ATP, they all deliver the effectors 
directly into the eukaryotic cytoplasm. Type III secretion 
systems resemble syringes that inject effectors into the 
host cell, type IV secretion systems use a pilus-like 
structure to inject effectors into host cells, whereas type 
VI secretion systems are tubular structures and are the 
most recently described. Precisely how the type VI 
system assembles and delivers effectors into the host 
cell remains largely unknown. Once within the host cell, 
these effectors change multiple signal transduction 
pathways that affect the actin cytoskeleton, cause 
inflammation and change electrolyte influx into the cell. 
Strategies to therapeutically inhibit these bacterial 
secretion systems are shown in grey boxes.
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of the immune response that would occur following 
infection, by blocking both the innate and adaptive 
immune response and initiating an apoptotic pathway 
in the cell, resulting in cell death58.

Shiga toxin is a deadly toxin from eHeC that causes 
high morbidity and mortality during diarrhoeal out-
breaks59–61. During eHeC infection, Shiga toxin is 
secreted into the lumen of the gastrointestinal tract, 
translocated across the intestinal epithelium and enters 
the systemic circulation. It is responsible for bloody diar-
rhoea and haemolytic uraemic syndrome (HUS), which 
leads to kidney and neurological sequelae59–61. The B 
subunit of the toxin binds specifically to the Gb3 glyco-
lipid, which is present at a high density on renal tissue62 
(fIG. 1). Gb3 molecular mimics that competitively inhib-
ited the binding of Shiga toxin to its receptor Gb3, known 
as Synsorb-Pk, were developed in the late 1990s and early 
2000s by a company named Synsorb, and were shown 
to be effective in removing free toxin from the gastro-
intestinal lumen, decreasing the possibility of sequelae 
in the human kidney and central nervous system63,64. The 
other advantage of this strategy is that the toxin bound to 
Synsorb-Pk is excreted from the body63. This prevents it 
from causing further damage, either inside or outside the 
body, as it is bound to its receptor. Although these initial 
studies demonstrated binding and removal of the toxin, 
there was not a significant improvement in the clinical 
outcome of HUS, showing that further studies are nec-
essary. The commercial development of Synsorb-Pk has 
ceased but the drug remains one of the only treatments 
for eHeC.

Adhesion inhibitors. As discussed above, many bacteria, 
such as UPeC, use a binding structure known as a pilus 
to adhere to the host cell. Treatment with pilicides has 
been shown to decrease the efficiency of colonization of 
UPeC isolates in the urinary tract65. Pilicides are mimics of 
the normal pilin subunits that, when incorporated into 
the growing pilus, prevent elongation and the forma-
tion of a functional pilus. Small-molecule inhibitors of 
P pilus biogenesis, which belong to the class of bicyclic 
2-pyridones, have also been identified66. A library of 
bicyclic 2-pyridones that inhibit the biogenesis of the 
type I secretion system and the P pilus of UPeC has 
been rationally designed67. In a mouse model of infec-
tion, the pilicides decreased the bacterial adhesion to the 
bladder and effectively prevented infection in the higher 
structures of the urogenital tract65,68. Inhibition of pilus 
biogenesis is a promising strategy to prevent adhesion of 
bacterial pathogens (fIG. 2).

Additional adhesion inhibitors could be similar to 
the synthetic receptor analogues used in the toxin treat-
ments described above or direct inhibitors of adhesion. 
However, these are much more difficult to manipulate 
owing to the physical forces encountered at the mucosal 
membranes to which many pathogens bind.

Inhibitors of specialized bacterial secretory systems. 
Although there are many different types of TTSS, there 
are a limited number of ways to inhibit them. TTSS 
inhibitors prevent the assembly of the TTSS, inhibit the 
interaction with the eukaryotic host or inhibit the secretion 
of the effectors (fIG. 3).

Figure 4 | inhibitors of virulence signalling. The mechanisms of action of inhibitors that specifically target virulence 
signalling are shown. a | Inhibitors of acyl homoserine lactone (AHL) and Pseudomonas quinolone signal (PQS) bacterial 
cytoplasmic receptors (LasR, RhlR and PqsR) in Pseudomonas aeruginosa. The inhibitors are thought to bind  
to these receptors and prevent recognition of the bacterial signal that would activate virulence gene expression.  
b | Inhibitors of the Agr system in Staphylococcus aureus. Autoinducing peptide (AIP) mimics bind to AgrC, preventing 
recognition of the S. aureus AIP.  This inhibits AgrC autophosphorylation and the subsequent transfer of this phosphate 
group to the AgrB transcription factor, which would otherwise activate a multitude of virulence genes. Therefore, blocking 
AgrC by AIP inhibitors will prevent activation of virulence signalling. c | QseC inhibitors. QseC senses the bacterial 
autoinducer 3 (AI-3) signal and the host adrenaline (ADR) and noradrenaline (NA) hormones. Upon sensing these signals, 
QseC increases its autophosphorylation and transfers this phosphate group to three response regulators (QseB, QseF and 
KdpE) that activate a complex virulence gene regulation cascade in enterohaemorrhagic Escherichia coli. LED209 binds to 
QseC, preventing it from binding to its cognate signals to activate the expression of virulence genes.
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Numerous small-molecule inhibitors of bacterial 
TTSS have been identified using high-throughput 
screening (HTS) of small-molecule libraries. Chlamydia 
spp. are obligate intracellular bacteria. The bacteria 
encode a TTSS that secretes peptides into the inclusion 
membrane of the infected host cell and is essential for 
intracellular survival of this pathogen69. A chemical class 
of small-molecule inhibitors known as acylated hydra-
zones of salicylaldehydes were shown to specifically 
block secretion through the TTSS of Chlamydia spp.70. 
In addition to preventing the TTSS-mediated secretion, 
these compounds also impaired the developmental 
stages of Chlamydia spp., locking the bacteria into one 
developmental phase and preventing the progression 
of disease. An additional study71 identified a separate 
class of molecules, including INP0400, which blocked 
the secretion systems of Chlamydia trachomatis and 
Yersinia pseudotuberculosis. Treatment with INP0400 
blocked TTSS secretion at defined stages in the develop-
ment of C. trachomatis and prevented the differentia-
tion of Chlamydial developmental stages and virulence. 
Neither of these studies directly identified the precise 
mechanism and/or molecular target of TTSS inhibition 
by these small molecules.

Yersinia spp. virulence is linked to the secretion of 
effectors known as yops (Yersinia outer-membrane pro-
teins), which are secreted by the plasmid-encoded ysc 
(Yersinia secretion system) TTSS. A ~9,400 compound 
library was screened using a transcription reporter sys-
tem involving yopE conjugated to luxAB, which encodes 
luciferase and provides the assay readout. Compounds 
1–4 (fIG. 6; TABLE 2) were identified that were inhibi-
tory and specific for TTSS72. enteric pathogens infect 

the human gastrointestinal tract and many use a TTSS 
during infection for delivery of secreted effectors. Small-
molecule screens have been performed for TTSS inhibi-
tors of enteropathogenic E. coli73 (compounds containing 
salicylideaniline structures), Shigella spp.74 (compounds 
INP0400 and INP0406), Salmonella enterica serovar 
Typhimurium, Pseudomonas syringae and Yersinia 
enterocolytica (2-imino-5-arylidene thiazolidinone)75,76. 
Unique classes of TTSS inhibitors were identified for 
each species except Shigella, for which the inhibitors were 
of the same class of molecules that inhibited Chlamydia 
spp. — the salicylaldehydes (fIGS 3,6; TABLE 2).

As evidenced in this section, substantial effort has 
focused on the attenuation of virulence by inhibiting the 
TTSS-mediated transfer of effectors into eukaryotic cells. 
However, although screens have identified a number of 
inhibitors, in general the precise mechanism of inhibition 
and molecular targets have yet to be identified.

Inhibitors of organism-specific virulence gene expression. 
Vibrio cholerae is responsible for some of the largest 
episodic outbreaks (pandemics) of diarrhoeal disease. 
Consequently, expression of virulence genes has been 
studied in detail in this organism77. Regulation of viru-
lence in V. cholerae begins at the membrane with ToxRS 
and TcpPH, which in concert control expression of the 
transcription factor ToxT. ToxT dimerizes and directly 
activates expression of two crucial virulence factors: 
the cholera toxin and the toxin co-regulated pilus 
(TCP)77. Recently, a small-molecule screen of 50,000 
compounds identified 15 compounds that inhibited 
virulence gene expression, but did not decrease growth 
nor kill the bacterium9,78. one compound, 4-[N-(1,8-
naphthalimide)]-n-butyric acid (also known as virsta-
tin), was shown to directly inhibit dimerization of ToxT, 
which is essential for ToxT-dependent transcriptional 
regulation and subsequent expression of cholera toxin 
and TCP. In vivo characterization in an infant-mouse 
model of infection showed reduced cholerae infectivity 
with 50 μM virstatin. This compound provides promise 
for the treatment of individuals in cholerae-endemic 
areas (fIG. 5A).

Inhibitors of organism-specific cell-to-cell signalling. 
Several strategies have been developed to inhibit the 
quorum-sensing systems that are responsible for medi-
ating cell-to-cell signalling, downstream virulence gene 
expression and biofilm formation. Many strategies use 
small molecules identified through HTS of chemical 
libraries, or modelled antagonists based on signal and/
or receptor molecular structure79–81. other strategies use 
enzymes that degrade the quorum-sensing signal and 
have been referred to as quorum quenching82. Some 
bacteria, such as Bacillus spp., express lactonases that 
degrade the homoserine ring of AHls82. Transgenic 
plants expressing the Bacillus lactonase show resistance 
to quorum sensing-dependent bacterial infection82.

Small-molecule quorum-sensing inhibitors can be 
either natural or synthetic compounds. The marine 
macroalga Delisea pulchra blocks virulence gene 
expression that is dependent on quorum sensing by 

Figure 5 | regulation of virulence factors. a | Inhibitors that specifically target 
virulence will prevent the transcription and translation of virulence factors. However, 
other inhibitors could include molecules that inhibit the activity of a virulence factor or 
prevent the substrate from binding to the appropriate ligand. b | Global inhibitors have 
activity at upstream stages in a signalling cascade and therefore exert broader changes 
on the expression pattern of the bacterium than more specific inhibitors. Signalling 
through the membrane component may be therapeutically inhibited by preventing 
signal interaction with the receptor, which prevents phosphotransfer, the activation of 
the response regulator (RR) and any downstream effects. A primary example is the use  
of LED209 to inhibit global virulence in enterohaemorrhagic Escherichia coli, Salmonella 
spp. and Francisella tularensis. These mechanisms represent general points of possible 
inhibition. IM, inner membrane; OM, outer membrane.
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producing a halogenated furanone that acts as a com-
petitive inhibitor of the AHl-based quorum-sensing 
system of the bacterium83. C-30, a derivative of this 
furanone, was shown to inhibit quorum sensing and 
render Pseudomonas biofilms susceptible to clearance 
by detergent and antibiotics84,85. Non-biased HTS also 
produced a number of candidates for the inhibition of 
quorum sensing. HTS of a library of 200,000 small com-
pounds identified two lasRI-based quorum-sensing 
inhibitors86: PD12 (a tetrazole with a 12-carbon alkyl 
tail), and v-06-018 (a phenyl ring with a 12-carbon 
alkyl tail). Further studies identified a library of inhibi-
tors of C12-HSl–lasR signalling79–81. Although these 
molecules show promising in vitro results in prevent-
ing pathogenesis, their in vivo activity in animal models 
remains to be assessed.

effective treatment of Gram-positive species, such as 
S. aureus, is now a major challenge owing to the rise of 
MRSA as well as other multidrug-resistant strains87,88. 

These bacterial species often use modified peptides to 
achieve cell-to-cell signalling89. The Agr quorum-sensing 
system is a key regulator of virulence gene expression in 
S. aureus90. It consists of an autoinducing peptide (AIP) 
that binds to and activates AgrC — a membrane-bound 
histidine sensor kinase and the main environmental 
sensory system in prokaryotic cells — which in turn 
regulates expression of virulence genes in S. aureus91. 
Four AIPs have been identified in S. aureus, which 
vary in amino-acid sequence. They have been shown to 
selectively bind to their cognate AgrC receptors and are 
naturally inhibited by quorum sensing when AIPs bind 
to non-cognate receptors92. It has been proposed that 
identifying or synthesizing competing analogues to AIPs 
will inhibit cell-to-cell signalling and could provide an 
alternative treatment to S. aureus infections92 (fIG. 4B).

These strategies to inhibit signalling are specific to 
the pathogen of interest and are not applicable to other, 
unrelated pathogens.

Table 2 | Anti-virulence strategies

Anti-virulence 
compound*

Mode of action stage of development indication

Soluble anthrax toxin 
receptors

Prevent toxin binding Testing in animal models Anthrax; requires 
rapid administration 
post-exposure52 

(2R)-2-[(4-fluoro-3-methyl-
phenyl)sulphonylamino]-N-
hydroxy-2-(tetrahydro-2H 
-pyran-4-yl)acetamide

Inhibit LF-mediated protease 
activity

Testing in animal models Anthrax; requires 
rapid administration 
post-exposure55

Cisplatin Inhibit the LF-mediated 
degradation of MAPKK,  
but not all LF proteolysis

Developmental Anthrax; requires 
rapid administration 
post-exposure57

Synsorb-Pk Soluble toxin receptor 
analogues

Phase I trial has been 
completed; commercial 
development is suspended 

EHEC infection and 
HUS; antibiotics are 
contraindicated63,64

Bicyclic 2-pyridones Prevent pilus assembly Testing in animal models UTI; in place of or in 
combination with 
traditional antibiotics67

Acylated hydrazones  
of salicylaldehydes

Prevent type III secretion 
function in Chlamydia and 
Shigella spp.

Testing in animal models In place of standard 
antibiotics70,74

Compounds 1–4 Prevent type III secretion 
function in Yersinia spp.

Developmental In place of standards 
antibiotics72

Compounds 5–10 Prevent type III secretion 
function in UPEC

Developmental In place of standard 
antibiotics73

2-imino-5-arylidene 
thiazolidinone

Prevent type III secretion 
function in Salmonella, 
Pseudomonas and Yersinia spp.

Developmental In place of standard 
antibiotics75

Virstatin (4-[N-(1,8-naph-
thalimide)]-n-butyric acid)

Regulatory inhibitor Testing in animal models In place of standard 
antibiotics; antibiotics 
are contraindicated9

Peptide inhibitors Inhibit quorum sensing in 
Gram-positive bacteria

Developmental Not defined92

LED209 Inhibit QseC-containing 
pathogens 

Testing in animal models Post-exposure to the 
pathogen, in place of 
standard antibiotics5

EHEC, enterohaemorrhagic Escherichia coli; HUS, haemolytic uraemic syndrome; LF, lethal factor; MAPKK mitogen-activated protein 
kinase kinase; UPEC, uropathogenic E. coli; UTI, urinary tract infection. *For chemical structures of the compounds, see fIG. 6.

R E V I E W S

124 | FeBRUARy 2010 | volUMe 9  www.nature.com/reviews/drugdisc

© 20  Macmillan Publishers Limited. All rights reserved10



Figure 6 | chemical structures of anti-virulence compounds in development. For information on the mode of 
action, development stage and indication of the compounds, see TABLE 2.
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Broad-spectrum inhibitors of virulence and signalling. 
Although inhibition of virulence mediated by cell-to-cell 
signalling has been mainly approached in an organism-
specific manner, a more recent study has targeted 
the common signalling pathway that begins with the 
membrane-bound QseC histidine sensor kinase5. QseC 
homologues are present in at least 25 important human 
and plant pathogens5, and qseC mutants of eHeC5,45, 
S. typhimurium5,46 and F. tularensis47 have been shown 
to be attenuated in animal models of infection. QseC 
increases its autophosphorylation in response to the 
bacterial quorum-sensing AI-3 and/or the host signals 
adrenaline and/or noradrenaline45, initiating a complex 
phosphorylation cascade in the bacterial cell that regu-
lates the expression of virulence genes5,45,48. Histidine 
sensor kinases are ideal therapeutic targets as they are 
absent in mammalian cells.

HTS of a library of 150,000 small organic compounds 
led to the identification of a lead structure, leD209 
(N-phenyl-4-[[(phenylamino)thioxomethyl]amino]-
benzenesulphonamide), which blocks the binding of 
signalling molecules (AI-3, adrenaline and noradrena-
line) to QseC. This prevents the autophosphorylation 
of QseC and consequently inhibits QseC-mediated 
activation of the expression of virulence genes5 (fIG. 4C). 
leD209 decreased virulence of eHeC in in vitro sys-
tems, whereas in vivo studies (in animals) did not show a 
statistically significant decrease in infection. It is thought 
this failure of leD209 in the eHeC animal model is due 
to the rapid systemic absorption of the compound into 
the peripheral circulatory system.

Based on homology, QseC was shown to be present 
in many bacterial species including Salmonella and 
Francisella species. In vitro characterization of leD209 
in these other species showed that the compound caused 
a decrease in the expression of virulence genes and a 
congruent decrease in virulence in models of infection5. 
Although each of these pathogens infects a different 
location in the host and has variable cell tropism, bacterial 
infectivity was decreased with nanomolar or picomolar 
doses of leD209. These are at least 10 orders of magni-
tude lower than all previously characterized virulence 
inhibitory compounds. This study revealed that QseC is 
an attractive target for novel therapeutics. As it is present 
in many important animal and plant pathogens, drugs 
that target this sensor kinase would potentially have 
a broad spectrum of activity. In addition, the QseC-
dependent inter-kingdom signalling system does not 
directly influence bacterial growth; therefore, inhibition 
of this signalling pathway may not exert strong selec-
tive pressure towards development of drug resistance. 
leD290 provides proof of principle that a strategy to 
develop drugs that interfere with inter-kingdom chemi-
cal signalling is a feasible approach to developing novel 
therapeutics to combat bacterial infections.

Potential and limitations
As discussed above, the greatest advantage to targeting 
the virulence factors of pathogens is that there is milder 
evolutionary pressure for the development of resistance. 
Therefore, an optimally designed antimicrobial agent 

should not inhibit growth and only diminish the effects 
of the virulence traits. This will prevent the bacteria from 
colonizing the host, instead causing them to pass through 
the host without detrimental effects. Although the normal 
host immune response might be able to resolve any resi-
dual infection after treatment with an inhibitor that spe-
cifically targets virulence, such therapies could be coupled 
with more traditional antibiotics to increase their efficacy 
and potentially decrease the development of resistance to 
these existing antimicrobials. An optimal therapeutic 
agent would target virulence factors or signalling pathways 
that are present in several pathogens, as is the case for the 
QseC signalling pathway5, allowing for the development 
of a broader-spectrum drug. The use of broad-spectrum 
therapies provides the possibility to use one compound to 
treat many infections. Narrow-spectrum therapies would 
be most effective if rapid diagnostics were available to 
identify the pathogen responsible for the disease.

Safety is always a concern when introducing a potential 
new therapeutic. Given that these therapies are targeted 
to virulence pathways or factors that exist exclusively in 
pathogens, it is likely that there will be less interference 
with mammalian signalling pathways — and therefore 
reduced toxicity and less severe side effects — than with 
therapies that affect targets which are also expressed by the 
host. However, although inhibitors that reduce virulence 
are targeted to virulence traits in pathogenic isolates, they 
might also target similar pathways or factors in the normal 
microbiota. In the case of QseC, the receptor is present 
not only in pathogens but also in commensal species of 
the gastrointestinal microbiota5,93. Although no adverse 
effects were observed in mice treated with leD209, this 
does not rule out potential detrimental effects on the gas-
trointestinal microbiota5. It is unclear what effects these 
types of therapeutics will have on the species composition 
of these commensal communities. The removal of species, 
or alteration of the balance of species in a community as 
complex as the gastrointestinal microbiota, could result in 
detrimental effects for the host.

Although it is assumed that anti-virulence drugs will 
engender a milder evolutionary pressure for the devel-
opment of antimicrobial resistance, it is unlikely that 
resistance will not develop over time. The rapid rate of 
bacterial evolution enables a pathogen to change to an 
alternative route to the one being targeted to achieve 
infection. vigilance and basic research in the under-
standing of the key processes associated with bacterial 
virulence are crucial to the development of novel and 
effective therapeutics.

As none of these anti-virulence strategies has been 
applied in a broad-scale clinical trial, it is difficult to 
determine the potential side effects. However, if the 
drugs are rationally designed, they should target only the 
pathogenic bacteria and spare the harmful side effects 
that are commonly observed with broad-spectrum 
antibiotics. Nevertheless, it is possible that these drugs 
may produce secondary metabolites that may impair the 
growth of the bacteria or have detrimental effects in the 
host. The best approach remains to follow the rules of 
rational drug design and rigorously test these compounds 
before they are released onto the market.
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