
Bacteria that are resistant to current antibiotics have 
wreaked havoc in the clinic and are a primary cause of 
death in the intensive-care units of our hospitals world-
wide1,2. Currently, most infections are caused by impor-
tant bacterial pathogens, such as Staphylococcus aureus, 
that are penicillin resistant, and up to 50% are resistant 
to stronger drugs, such as meticillin3. Meticillin-resistant  
S. aureus (MRSA) infections have reached epidemic 
levels this autumn (2007) in some parts of the United 
States, and are spreading through many sports centres, 
schools and gymnasiums, affecting predominantly stu-
dent athletes, but also younger schoolchildren, and have 
already caused deaths in a matter of weeks. Moreover, as 
most bacterial strains are becoming resistant to multiple 
antibiotics, including vancomycin (the current drug of 
choice for the treatment of MRSA), there is an urgent 
need for antibiotics that have new modes of action on 
therapeutic targets4,5.

Currently used antibiotics were derived by screening 
natural products and compound libraries against whole 
organisms, which identified compounds that have bac-
teriostatic or bacteriocidal activity. Analogues of these 
parent drugs, which have improved potency, phar-
macological properties and efficacy against resistant 
strains, have increased the number of antibiotics that 
are clinically available6. However, the commercializa-
tion of new classes of antibiotics over the past 20 years 
has not met expectations, and current pharmaceuti-
cal pipelines lack new, broad-spectrum antibiotics7–9. 
The antibiotics that are available today are primarily 
variations on a single theme — bacterial eradication 
based on different modes of action at the molecular 
level. Some target cell-wall biosynthesis, whereas others  

inhibit protein synthesis or DNA replication. More 
recently, fatty-acid biosynthesis has been proposed as 
a viable bactericidal target. Lysine analogues have also 
been identified that target lysine riboswitches and inhibit 
bacterial growth10. Further study of such new targets is 
an important element in the development of new drugs. 
However, all these strategies target bacterial cellular 
processes that are crucial for microbial survival. In our 
current battle against infectious diseases, clinicians are 
limited to the use of antibiotics that stimulate bacte-
rial evolution11,12. New tactics and weapons are needed 
to combat bacteria that are, owing to evolution and  
selection, moving targets.

Targeting bacterial virulence is an alternative 
approach to the development of new antimicrobials 
that can be used to disarm pathogens in the host13–15. 
The overall strategy is to inhibit specific mechanisms 
that promote infection and are essential to persistence 
in a pathogenic cascade (for example, binding, inva-
sion, subversion of host defences and chemical signal-
ling), and/or cause disease symptoms (for example, the 
secretion of toxins). Stripping microorganisms of their 
virulence properties without threatening their existence 
may offer a reduced selection pressure for drug-resistant 
mutations. Virulence-specific therapeutics would also 
avoid the undesirable dramatic alterations of the host 
microbiota that are associated with current antibiotics. 
Indeed, the microbial cells that comprise the microbiota 
of a healthy human outnumber human cells by tenfold16; 
they colonize distinct sites throughout the body and 
confer numerous advantages to the host, some of which 
are only beginning to be understood. The balance of 
bacterial populations in the gut, for example, influences 
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Riboswitch 
An mRNA control element  
that changes conformation in 
response to the binding of a 
metabolite (for example, 
glycine, lysine and 
coenzyme B12) and influences 
gene expression.

Microbiota 
The entire collection of 
microorganisms (bacteria, 
archaea, fungi, sometimes 
protozoa and viruses) that are 
resident on or in the host. 

The biology and future prospects of 
antivirulence therapies
Lynette Cegelski*, Garland R. Marshall‡, Gary R. Eldridge§ and Scott J. Hultgren*

Abstract | The emergence and increasing prevalence of bacterial strains that are resistant to 
available antibiotics demand the discovery of new therapeutic approaches. Targeting 
bacterial virulence is an alternative approach to antimicrobial therapy that offers promising 
opportunities to inhibit pathogenesis and its consequences without placing immediate life-
or-death pressure on the target bacterium. Certain virulence factors have been shown to be 
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Pilus 
A non-flagellar filamentous 
appendage that is formed on 
the surface of many bacteria.

Quorum sensing 
(QS). The process by which 
bacteria use signalling 
molecules to monitor bacterial 
density and coordinate gene 
expression in a population-
density-dependent manner.

Adhesin 
The surface-exposed bacterial 
molecule that mediates 
specific binding to a receptor 
or ligand on a target cell.

energy harvest and caloric intake through complex 
interbacterial metabolic networks17. The microbiota 
is dynamic, and shifts in the balance of microorgan-
isms that alter the sizes of different bacterial popula-
tions — for example, the use of traditional antibiotic 
therapy — can lead to the loss of symbiotic benefits 
and the proliferation of disease-causing opportunistic 
pathogens.

A commitment to develop therapeutics that target 
virulence requires a serious change in our perspective for 
treating infectious diseases. Some elements of virulence 
do seem to be fundamental for many pathogens, and 
drugs that target these elements should exhibit broader-
spectrum activity. However, many antivirulence drugs 
could be designed to target specific pathogens and the 
virulence factors that are unique to their pathogenic 
cascades. In addition, virulence-gene expression is a 
function of time and space throughout infection, in 
which factors such as pili could function early to medi-
ate adhesion, and others, such as toxin production and  
quorum sensing (QS), could operate later, and in a different  

niche, as bacteria replicate and respond to host defences. 
As the coordinated regulation of virulence-gene expres-
sion is dynamic and location specific in the host, it 
should be possible to identify and target vital genetic or 
molecular bottlenecks — that is, to target the Achilles’ 
heel of a pathogen during infection18–20. Systems biol-
ogy is engaged in mapping the genetic control networks 
and molecular correlates of pathogenesis (ideally, using 
parameters obtained from relevant in vivo models) to 
drive the discovery of these bottlenecks and identify 
new drug targets.

Vaccination and other immunomodulatory strategies 
are additional crucial avenues that are being pursued to 
combat infectious disease and antibiotic resistance, both 
in immunocompetent and immunologically compro-
mised hosts. The complex relationship between host 
immunity and microbial pathogenesis, the balance 
between protective immunity and immunopathology 
and strategies to exploit the many networks that are 
involved in antimicrobial strategies have been exten-
sively reviewed21–24 and will not be discussed in detail 

Table 1 | Representative adhesive fibres, fibre classification and disease association

Adhesive fibre Assembly proteins Adhesin Organisms Associated diseases

Fibres that use the chaperone–usher pathway

Type 1 pili FimC and FimD FimH Escherichia coli, Klebsiella pneumoniae and 
Salmonella species

Cystitis

P pili PapD and PapC PapG E. coli Cystitis and pyelonephritis

Prs pili PrsD and PrsC PrsG E. coli Cystitis

S pili SfaE and SfaF SfaS E. coli Urinary-tract infection and 
newborn meningitis

Hif pili HifB and HifC HifE Haemophilus influenzae Otitis media and 
meningitis

Type 2 and 3 pili FimB and FimC FimD Bordetella pertussis Whooping cough

Pef pili PefD and PefC Unknown Salmonella enterica serovar Typhimurium  
(S. typhimurium)

Gastroenteritis

Long polar 
fimbriae

LpfB and LpfC Unknown S. typhimurium Gastroenteritis

MR/K(type 3) pili MrkB and MrkC MrkD K. pneumoniae Pneumonia

Myf fimbriae MyfB and MyfC Unknown Yersinia enterocolitica Enterocolitis

Alternate chaperone pathway

CS1 pili CooB and CooC CooD E. coli Diarrhoea

Extracellular nucleation-precipitation pathway

Curli CsgB (nucleator), CsgE 
and CsgF (assembly) and 
CsgG (secretion)

CsgA (major subunit) E. coli Sepsis

Tafi AgfB (nucleator) AgfA (major subunit) Salmonella enterica serovar Enteritidis  Mouse typhoid 

General secretion pathway

Type 4 pili General secretion 
apparatus

PilC Neisseria gonorrhoea Gonorrhoea

Pilin protein Pseudomonas aeruginosa, Vibrio cholerae, 
Mycobacterium bovis and Dichelobacter nodosis

Cholera

Gram-positive pili

Pili LPXTG-motif-mediated 
export and covalent 
polymerization

Unknown Corynebacterium diphtheriae, Streptococcus 
mutans and Streptococcus pneumoniae

Pneumoccocal 
diseases

Tafi, thin aggregative fimbriae.
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IBC
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facet cell
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transitional cell

Autotransporter 
A large family of secreted 
proteins in Gram-negative 
bacteria that harbour three 
functional domains — the 
amino-terminal signal peptide, 
the secreted mature protein 
(passenger domain) and a 
carboxy-terminal translocator 
domain — to allow secretion of 
the passenger protein.

Biofilm 
A community of cells that are 
attached to a surface or 
interface or to each other, and 
are imbedded in a self-made, 
protective matrix of 
extracellular polymeric 
substances.

here. In this Review, we highlight the diversity of the 
bacterial virulence mechanisms and consider their 
consequences in infectious disease. We review recent 
efforts towards antivirulence-based drug discovery in 
the framework of marketable drugs, and discuss the 
challenges that remain and factors that are crucial to 
developing the antivirulence therapeutic approach. 

Microbial attachment and invasion
The physical interaction between the pathogen and the 
host is crucial to the pathogenesis of virtually every 
bacterial disease. Specific proteins called adhesins 
mediate the adhesive interactions between the patho-
gen and a cell-surface ligand on the host cell that is 
required for host colonization. The ability to impair 
bacterial adhesion represents an ideal strategy to com-
bat bacterial pathogenesis because of its importance 
early in the infectious process, and it is also suitable for 
implementation as a prophylactic to prevent infection. 

Pathogens are capable of presenting multiple adhesins 
that can be expressed differentially to permit binding 
in specific sites and at particular times over the course 
of a complex infectious cycle. Thus, it may be difficult 
to develop a universal class of anti-adherence drugs. 
Nevertheless, several specific pathogenic adhesive strat-
egies have emerged as hallmark requirements for viru-
lence in certain infectious diseases that are immediate  
targets for drug discovery and development.

Some bacteria present non-fimbrial adhesins 
on their surface. These are expressed as monomeric 
proteins or protein complexes that assemble at the 
cell surface — for example, the Dr family of adhesins 
that are expressed by Escherichia coli and are impor-
tant for adhesion in the intestine and urinary tract. 
Adhesive autotransporters represent a class of afimbrial 
adhesins that are expressed by various unrelated micro
organisms, including species of Rickettsia, Bordetella, 
Neisseria and Helicobacter and many members of the 
family Enterobacteriaceae. Haemophilus influenzae, a 
causative agent of sinusitis, bronchitis and otitis media, 
expresses an adhesive autotransporter called Hap 
that mediates binding to components of the host-cell  
extracellular matrix.

Most adhesins, however, are incorporated into hetero
polymeric extracellular fibres called pili or fimbriae. 
Many distinct virulence fibres have been described  
in Gram-negative organisms25. Pili are also produced by 
Gram-positive organisms (reviewed in REF. 26) and have 
been linked to virulence in Streptococcus pneumoniae27. 
Although bacterial fimbriae have diverse functions, 
many seem to be crucial to the binding and persistence 
of pathogenic microorganisms in the host (TABLE 1). In 
the following subsections, we review the importance of 
pilus-mediated adhesion by E. coli in the pathogenesis 
of urinary-tract infection (UTI) and discuss strategies 
to inhibit pilus biogenesis. We also describe the need for 
new approaches to prevent and treat UTI and examine the 
market considerations for antivirulence therapeutics.

Denying access to uropathogens. Uropathogenic E. coli 
(UPEC) are the major causative agents of UTI and 
engage in a coordinated and regulated genetic and mol
ecular cascade to assemble type 1 and P pili, which are 
associated with infections of the bladder and kidney, 
respectively (reviewed in REF. 28). Virtually all clinical 
UPEC isolates express type 1 pili29. These are required 
to bind mannose-containing host receptors, invade 
host bladder-epithelial (urothelial) cells30,31 and 
initiate a pathogenic cascade that involves several 
distinct phases as examined in the mouse cystitis 
model32,33 and human UTIs34 (FIG. 1). Within urothe-
lial cells, bacteria first replicate rapidly to form dense  
biofilm-like communities and are protected from the 
flow of urine and host defences33,35. UPEC eventually 
detach and then disperse, or flux, from the intracel-
lular bacterial community (IBC) to initiate new rounds 
of IBC formation in other cells. Some fluxing bacte-
ria form filaments, evade neutrophil phagocytosis 
and facilitate bacterial survival33,35. Even after acute 
infection is resolved, bacteria can remain within the 

Figure 1 | Multi-step pathogenic cascade of uropathogenic Escherichia coli (UPEC). 
UPEC coordinate highly organized temporal and spatial events to colonize the urinary 
tract. UPEC bind to and invade the superficial facet cells that line the bladder lumen, 
where they rapidly replicate to form a biofilm-like intracellular bacterial community 
(IBC). In the IBC, bacteria find safe haven, are resistant to antibiotics and subvert 
clearance by host innate immune responses. UPEC can persist for months in a 
quiescent bladder reservoir following acute infection and challenge current 
antimicrobial therapies. Quiescent bacteria can re-emerge from their protected 
intracellular niche and be a source of recurrent urinary-tract infections. Insight into the 
processes that accompany IBC formation and biofilm dispersal, as well as the factors 
that drive bacteria into the reservoir, may aid the design of preventive or therapeutic 
strategies for recurrent infections.
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bladder for many days to weeks, regardless of standard 
antibiotic treatments, and can be implicated in recur-
rent infection36. It might be possible to target several 
factors in the pathogenic cascade to inhibit virulence. 
Type 1 pili represent an attractive drug target because the  
bottleneck of invasion and IBC formation selects for fit-
ness in the urothelium and type 1 pili are required for 
both events.

Two general strategies have emerged to inhibit 
pilus-mediated function. The first is adhesion spe-
cific and involves physically precluding pathogen 
binding to host cells. Carbohydrate derivatives of 
host ligands, for example, have showed efficacy 
in blocking the adhesive properties of both type 1 
and P pili in biophysical and haemaglutination 
assays38–40. This approach can be readily extended 
to other adherent organisms by tailoring the anti-
adhesive compounds to their receptor specificities 
in vivo. The goal of the second strategy is to inter-
rupt pilus assembly, which also blocks pilus-mediated  
adhesion as well as invasion and intracellular biofilm 
formation.

Type 1 and P pili are both assembled by the chaperone– 
usher system41. Although the fim and pap operons, which 
are associated with type 1 and P pili, respectively, are 
the best studied of these systems, 17 additional chaper-
one–usher operons have been identified in sequenced 
E. coli genomes42. The chaperone–usher systems are 

also necessary for the assembly of extracellular adhesive 
organelles in a wide range of other pathogens, includ-
ing species of Salmonella, Pseudomonas, Haemophilus, 
Klebsiella and Yersinia. Therefore, inhibitors of the 
chaperone–usher system may serve as broader-range 
therapeutics, an attractive feature that would enhance 
the marketability of an effective drug. Pilicides are a 
class of pilus inhibitors that target chaperone function 
and inhibit pilus biogenesis43,44. A new class of pilicides, 
based on a bi-cyclic 2‑pyridone scaffold, inhibit both 
type 1 and P pili assembly in E. coli by targeting con-
served regions on chaperones that are ubiquitous in the 
chaperone–usher pathways45 (fig. 2). These pilicides also 
inhibit biofilm formation in E. coli. The synthetic pili-
cides disrupt an essential protein–protein interaction 
between the chaperone and usher at a site that has been 
identified by x‑ray crystallography. Thus, pilicides have 
the opportunity to work either at the level of attachment 
and invasion or the level of bacterial aggregation once 
they are inside the superficial facet cells that line the 
bladder lumen.

Therapeutic outlook for UTIs. The urinary tract is a com-
mon site of infection in humans, and UTIs result in more 
than 8 million outpatient visits per year in the United States 
and, in the year 2000, expended costs of US$3.5 billion 
for evaluation and treatment46,47. Women are the 
most frequent sufferers — a female has a 50% chance  

Figure 2 | Targeting microbial adhesion. a | Pathogenic Escherichia coli use type 1 pili to bind to hexameric uroplakin 
protein arrays on the surface of superficial facet cells that line the bladder lumen. Type 1 pili mediate the binding to, and 
subsequent invasion of, these cells. b | Pyridone-based pilicides inhibit pilus biogenesis by disrupting chaperone–usher 
protein interactions and dramatically reduce piliation levels. Image on the left in panel a  reproduced, with permission, 
from REF. 102  (1995) National Academy of Sciences. Image on the right in panel a reproduced, with permission, from 
REF. 35  (1998) American Association for the Advancement of Science. Images in panel b reproduced, with permission, 
from REF. 45  (2006) National Academy of Sciences.
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of developing an acute UTI during her lifetime — and 
many experience recurrent infections. With advancing 
age and co-morbidities, UTI becomes progressively 
more common among both women and men, particu-
larly in the context of urinary catheterization. Limited 
treatment options are available for patients with chronic 
and recurrent UTIs. Although these patients can be 
treated using prolonged courses of antibiotics, this 
radically disrupts the symbiotic host–microorganism 
balance and may be accompanied by the evolution of 
drug-resistant organisms in the urinary tract48. In addi-
tion, UTIs have a strong causal correlation with systemic 
infection and sepsis if antibiotic therapy is ineffective49. 
Because infection of the bladder is not limited to extra-
cellular colonization, and can involve both the invasion 
of host cells and the subversion of host defences and 
other specific mechanisms, such as filamentation, to 
promote persistence and re-invasion, it may be essential 
to target key bottlenecks, such as type 1 pili expression 
and/or assembly. Current research efforts are underway 
to identify other candidate nodes in the network of these 
host–pathogen interactions. 

The treatment of recurrent or chronic UTIs, in 
which intracellular bacterial reservoirs already exist, 
might require a synergistic therapy, such as combining 
a pilicide, for example, with a stimulator of the immune 
response or epithelial-cell renewal (to drive bacteria 
out of intracellular niches). Scientific research and new 
drug development for UTIs accompany a clear clinical 
demand, and are associated with large patient popula-
tions for clinical-stage development and the potential 
long-term profits that effective therapies will produce. 
We anticipate that drug-discovery and development 
efforts for UTIs and other chronic infections will 
increase markedly over the next 5–10 years.

Bacterial toxins
Toxin-powered pathogens can exert a devastating effect 
from a distance. For many infectious diseases, the clinical 
symptoms and cause of tissue damage can be attributed 
to the action of secreted bacterial toxins. Botulinum, 
anthrax, diphtheria, tetanus, cholera and Shiga toxins 
are produced by distinct bacterial pathogens, and each 
is a major cause of cellular malfunction and morbidity in 
afflicted individuals50. In addition, their extreme toxicity 
makes these toxins potential weapons for use in biologi-
cal warfare or a terrorist attack. Multiple opportunities 
exist to prevent toxin damage to the host (FIG. 3).

Targeting a toxin transcription factor. Vibrio cholerae 
infection is characterized by severe diarrhoea and dehy-
dration, which becomes life threatening if effective treat-
ment of the symptoms is delayed. Cholera toxin provides 
V. cholerae with its hallmark virulence and triggers the 
debilitating symptoms of the disease by interacting with 
G proteins and cyclic AMP in the intestinal lining to 
interrupt proper ion transport, which results in mas-
sive fluid loss51. The potent toxin has been recognized 
by Hung and colleagues52 as an ideal candidate for drug 
development, which, as resistance has emerged to the 
antibiotics of choice, ciprofloxacin and azithromycin, 

is particularly needed. The small molecule virstatin 
was discovered by screening for inhibitors of toxT gene 
expression. ToxT is a transcription factor that activates 
the gene transcription of both cholera toxin and another 
V. cholerae virulence factor, the toxin-co-regulated pilus52. 
Thus, virstatin inhibits cholerae-gene expression, the  
earliest step in toxin production.

Selective inhibition of gene expression is a general 
strategy that can be implemented for many virulence 
factors, as expression is controlled by the environment 
that is sensed by the organism. In the clinic, however, 
such a therapy may have a short window of opportunity 

Figure 3 | Targeting toxin-powered pathogens. a | The 
inhibition of toxin transcription, as described for Vibrio 
cholerae, is one way to inhibit the consequences of toxin-
mediated virulence. b | Neutralizing toxins, or preventing 
their trafficking and/or enzymatic activity, at cellular 
targets is an alternative strategy to inhibit toxin damage to 
the host.
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Botulism 
A rare, but serious illness that 
is caused by a nerve toxin, 
botulinum, that is produced by 
the bacterium Clostridium 
botulinum.

Chemical genetics 
The strategy of using small 
molecules to alter and 
interrogate biological 
processes. The small-molecule 
tools of dissection in this 
approach harbour the precious 
chemical scaffolds that may 
lead directly to new 
therapeutics.

Project BioShield 
The Project BioShield Act was 
incorporated into law by the 
United States government in 
July 2004. Through Project 
BioShield, $5.6 billion will be 
invested by 2013 in the 
development of new 
technological and therapeutic 
countermeasures against 
potential bioterrorism agents 
and to purchase and stockpile 
effective therapeutics to 
prevent and treat the illnesses 
that are related to these 
threats.

to work. On the one hand, after an extended time, bac-
teria may reach high numbers and produce sufficient  
toxin to overwhelm the host, such that inhibition of toxin  
production alone may be too late. On the other hand, 
effective and selective therapeutics could be useful  
prophylactically in limiting epidemics.

Neutralizing toxins using antibodies. An antivirulence 
strategy has been the treatment of choice for the post-
exposure treatment of tetanus, diphtheria and botulinum 
toxins. Antibodies against the toxins are administered to 
patients to attempt to neutralize toxins while infection 
is cleared53. In addition to simply neutralizing toxins, 
benefit to the host may be ascribed, in part, to a more 
sophisticated host response that includes the antibody-
mediated recognition and potential clearance of patho-
gens and their toxic cargo, as reviewed elsewhere22–24. The 
neutralizing antibodies are typically obtained from the 
sera of immunized horses or humans, but the produc-
tion of monoclonal antibodies is an attractive alternative. 
Many monoclonal-antibody therapies are already in use 
for preventing transplant rejection and oncological treat-
ment; an antiviral monoclonal antibody, palivizumab, 
which prevents respiratory syncytial virus in children, 
was licensed in 1998. 

Currently, adult cases of botulism, a rare infectious 
disease that is caused by Clostridium botulinum, are 
treated with an antitoxin that contains horse antibod-
ies raised against type A, type B and/or type E strains 
of botulinum neurotoxins. This drug is available from 
the Centers for Disease Control and Prevention (CDC), 
United States, if specially requested by a physician. It is 
listed in the Official Monographs of the United States 
Pharmacopeia, even though it has never been examined 
in controlled human clinical trials. Owing to the equine 
antitoxin’s potentially serious side effects, it has not typi-
cally been used to treat infants suffering from botulism. 
However, a landmark in antivirulence therapy occurred 
on 23 October 2003. The Food and Drug Administration 
in the United States licensed an antivirulence drug that 
contained antibotulinum-toxin antibodies produced 
from humans to the California Department of Health 
Services, based on their seminal clinical research that 
spanned approximately 15 years. A placebo-controlled 
clinical trial consisting of 122 infants with botulism 
demonstrated a profound clinical benefit for patients 
treated with human botulism immune globulin (BIG), 
subsequently named BabyBIG54. Clinical results showed 
a reduction in the length of hospital stay, duration of 
intensive care, duration of mechanical ventilation, dura-
tion of tube or intravenous feeding and hospital charges 
per patient. This remarkable clinical evidence strongly 
supports a treatment strategy of neutralizing bacterial 
toxins post-infection.

Targeting toxin trafficking and function. Antibody- 
neutralization strategies will fall short for some patients 
and infectious diseases. Toxins that are delivered 
through the type III secretion system (T3SS; discussed 
below), for example, are delivered directly into host cells, 
do not circulate globally and are not ideal candidates 

for antibody neutralization. The best defences against 
toxin-empowered pathogens that are encountered in the 
community, or as potential bioweapons, might require 
a better understanding of pathogenesis and toxin bio-
chemistry. For many toxins, new research is needed to 
provide higher-resolution models of toxin trafficking 
than that presented in FIG. 3 (Ref. 55). In this regard, 
chemical genetic approaches are driving the discovery 
of toxin-trafficking inhibitors and, in turn, these small 
molecules are being used as tools, or molecular scalpels, 
to dissect the mechanistic details of toxin trafficking. 
Selective luciferase-based screening assays, for example, 
have identified lead compounds that inhibit the actions 
of E. coli’s Shiga toxin once it has gained access to the host 
cell, and therefore permit protein synthesis56,57. These 
compounds stop the toxin in real time along its path 
from the cell surface to the endoplasmic reticulum, and 
provide a unique opportunity to examine toxin-transport 
processes in more detail. The ability to target toxins after 
they have entered host cells, but before they exercise their 
function, provides an additional opportunity in time and 
space to control the sequelae of toxin action. 

Improved models of the assembly and function of 
anthrax toxin, produced by the Gram-positive Bacillus 
anthracis, provide several distinct checkpoints that can be 
targeted for interception55. Peptides and small-molecule  
inhibitors have been identified that bind to lethal factor 
(one of the three anthrax toxin components) and inhibit 
the in vitro enzymatic activity that is linked to patho-
genesis in vivo58–60. Several molecules have been reported 
to block endosomal acidification, and so inhibit the 
conformational changes that are required for pore for-
mation at the host-cell surface, and anthrax-toxin entry. 
Having multiple ways to target toxin-powered pathogens 
encourages the development of new and diverse thera-
peutics that promise to treat a large number of infectious 
diseases.

Focus on bioterrorism. The dangers that are associated 
with an anthrax bioterrorism threat were made clear in 
2001 when B. anthracis was disseminated throughout the 
United States postal system leaving five dead and many 
ill. Anthrax toxins, along with botulinum toxins, are 
classified in the highest risk category of biological war-
fare agents by the CDC, and nearly $6 billion have been 
allocated by Project BioShield to develop and stockpile 
antibiotics, antitoxins and vaccines for these and other 
high-threat agents61. Vaccination efforts are not generally 
promoted, however, because the chance of exposure to 
any particular bioterrorism agent is remote.

PharmAthene was founded in 2001 to develop 
technologies and products to address these biosecu-
rity needs. Their new antivirulence drug, Valortim, 
is a human monoclonal antibody that has demon-
strated prophylactic and, separately, post-infection 
protection against B. anthracis toxins in rabbit and 
non-human primate models62. It has successfully 
completed Phase I safety and pharmacokinetic evalu-
ation. In 2006, Cangene Pharmaceuticals received a 
5-year, $362-million contract from Project BioShield 
to develop and produce 200,000 doses of a potentially 
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Haemolytic uraemic 
syndrome 
A disease that primarily affects 
infants and children and is 
characterized by the loss and 
destruction of red blood cells. 
Occurs most commonly in 
children after a gastrointestinal 
infection or upper respiratory-
tract infection and can lead to 
kidney failure.

improved botulinum antitoxin, a heptavalent antitoxin 
that is derived from horses (containing antibodies to 
7 toxin subtypes), because of its potential use as a 
bioterror agent. Its initial order was formally received 
into the United States Strategic National Stockpile in 
September 2007.

Scientific leaps and commercialization hurdles. 
Antibody-based toxin neutralization (discussed above), 
could be considered to be a simple approach to target 
toxin-based virulence that does not require a high- 
resolution roadmap detailing toxin trafficking and sub-
cellular targets. However, toxin-associated diseases are 
often not that simple. They can be extremely complex, 
with cascading symptoms that may or may not lead to 
life-threatening complications. Consequently, the Anti-
Infective Drugs Advisory Committee meeting held on 
12 April 2007, when considering the operational details of 
executing clinical trials to demonstrate the effectiveness 
of a new antivirulence therapy, emphasized the pitfalls 
and hurdles that might impede the commercialization 
of any antivirulence therapy that targets small patient 
populations63. At this meeting, research results were 
presented for two separate monoclonal antibodies that 
are under development to treat Shiga-toxin-producing 
bacterial infections. Shiga toxin is produced by Shigella 
dysenteriae and Shiga-toxin-producing E. coli (STEC), 
which includes the prototype strain E. coli O157:H7 that 
has caused several food-borne outbreaks around the 
world. The toxin is secreted into the host cell and inhibits 
host protein synthesis, which can lead to multiple clinical 
manifestations, such as gastrointestinal disease, bloody 
diarrhoea, the destruction of red blood cells and plate-
lets, and haemolytic uraemic syndrome64. Treatment using 
antibiotics is controversial owing to the bolus of toxin 
that could be released as bacteria die, which, potentially,  
could overwhelm the patient’s defences.

Even though evidence of efficacy from animal models  
was presented at this meeting, representatives from com-
panies and the physicians on the advisory committee  
were unable to successfully construct an appropriate 
clinical-trial design to evaluate these potential drugs. 
The two main challenges for the successful completion 
of clinical trials seem to be, first, that primary end-
points for this specific disease in humans are unclear 
and, second, that achieving statistical significance may 
not be attainable because the low incidence of this dis-
ease prevents adequate patient enrolment. The findings 
of this meeting strongly suggest that researchers should 
target the virulence mechanisms that are involved in 
infectious diseases with clear and measurable clinical 
end-points in sufficiently large patient populations. 
These realities of commercialization seem to make 
developing drugs against STEC and other complicated 
diseases that affect small patient populations less attrac-
tive compared with diseases that affect large patient 
populations, such as UTIs and chronic ear and sinus 
infections. These hurdles will accompany the develop-
ment of future antivirulence products, and imminent 
decisions surrounding the potential Shiga drugs will 
influence the course of future endeavours.

Type III secretion
The Shiga and cholera toxins discussed above are 
exported by type II secretion, a general secretion system 
through which extracellular enzymes are also secreted65. 
However, other pathogens deliver their virulent cargo 
using the T3SS. This system orchestrates the export and 
delivery of virulence factors, or effector proteins, from 
the bacterial cytoplasm across the inner membrane, the 
peptidoglycan and outer membrane and, finally, through 
the host-cell plasma membrane, directly into the host-
cell cytosol in the manner of a molecular syringe66. 
The T3SS machinery is used by many Gram-negative 
pathogens, such as E. coli, Salmonella enterica serovar 
Typhimurium, Shigella flexneri, Pseudomonas aeruginosa 
and species of Yersinia and Chlamydia. Yersinia species, 
such as Yersinia pestis, the causative agent of plague, 
inject effector proteins called YOPs (Yersinia outer pro-
teins) through the T3SS into host cells to inhibit the host  
immune response and help them to evade a potent  
host response and subsequent clearance67,68.

The conserved elements in the T3SS machinery that 
allow the interchange of T3SS components among some 
bacteria69,70 suggest that it may be possible to design 
broad-range T3SS inhibitors that are effective in treat-
ing disparate pathogens, regardless of the unique effec-
tor proteins that they deliver. Small-molecule inhibitors 
of the T3SS have been described in Yersinia pseudotu-
berculosis71,72. More recently, the discovery that small-
molecule T3SS inhibitors in Yersinia spp. inhibit the 
T3SS in Chlamydia trachomatis supports the notion of 
developing broader-range T3SS inhibitors. Interestingly, 
the role of the T3SS in the pathogenesis of Chlamydia 
spp. infection is not well understood, owing, in part, to 
the inability to manipulate Chlamydia spp. genetically. 
However, in the previously mentioned study, the small-
molecule inhibitors were recruited using chemical 
genetics to assess the potential importance of the T3SS in  
C. trachomatis infection. Treatment with the T3SS 
inhibitor did inhibit the in vivo pathogenic cascade 
and resulted in a decrease in secreted effector proteins, 
suggesting that the T3SS was inhibited and is essential 
to the C. trachomatis infectious cycle73–75. These T3SS 
inhibitors will be a useful tool for further study of the 
T3SS in Chlamydia spp., and might represent target 
leads for future therapeutics.

Biofilms and chronic infections
Biofilms are complex, organized bacterial assemblies 
that are highly resistant to antibiotics and host defences. 
Biofilms can form on abiotic surfaces, such as surgical 
implants and catheters, and result in persistent infec-
tions that are difficult to treat, thereby leading to further 
health complications and longer hospital stays. Bacteria 
in chronic wounds, which are particularly prevalent in 
the elderly and diabetic populations, form biofilms that 
prevent proper healing76. Indeed, the ability of bacteria 
to persist robustly in biofilm communities in the human 
host and the environment, even against antibiotic pres-
sure, is a fundamental observation that extends across the  
field of microbiology and poses serious challenges to  
the control and treatment of chronic infectious disease.
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The intracellular biofilms that are formed by UPEC  
in the urinary tract after their invasion of the bladder 
epithelium and smaller numbers of quiescent bac-
teria that are harboured in underlying reservoirs 
are implicated in the aetiology of recurrent UTIs36. 
Clinical studies of recurrent infection of the middle- 
ear tissue in children indicate that chronic otitis 
media stems from a persistent biofilm following the 
first infection77. Helicobacter pylori biofilms have been 
documented in the biopsied gastric mucosa of patients 
suffering from gastric ulcers, and it has been suggested 
that the ulcers are manifestations of these biofilms78. 
In addition, patients with cystic fibrosis are threatened 
by P. aeruginosa biofilm-mediated chronic lung infec-
tions, which are responsible for the high morbidity and 
mortality of patients with cystic fibrosis79,80.

Several strategies have emerged to inhibit biofilm 
formation and eradicate established biofilms. These 
include, but are not limited to: preventing the initial 
adherence of bacteria to either a surface or another 
bacterium (discussed above); interrupting QS mech-
anisms that are required for the gene expression of 
biofilm components (discussed below); inhibiting the 
biosynthesis of the integral polysaccharide and pro-
teinaceous extracellular components of the biofilm 
matrix81; and identifying or tailoring enzymes that 
can degrade the biofilm matrix, thereby rendering 
bacteria accessible to traditional antibiotics and/or 
immune clearance.

If we examine the anti-infective marketplace, the 
health and economic impact of multidrug-resistant 
organisms, particularly in the hospital setting, is 
driving the primary market for drug development. 
However, markets that encompass recurrent and 
chronic bacterial infections consist of significantly 
larger patient populations that have considerable 
unmet clinical needs and provide attractive opportu-
nities for drug-development efforts. Effective biofilm 
inhibitors could dramatically change treatment regi-
mens for many infectious diseases and benefit large 
patient populations.

Quorum sensing
QS is the illustrative term that is used to describe the 
chemical signalling that takes place among bacteria to 
keep track of their cellular density. QS is mediated by the 
production and subsequent recognition of small molecules 
called autoinducers, and is used to coordinate gene expres-
sion and regulate the numerous processes that are involved 
in community behaviour and virulence, for example, 
motility and biofilm formation (reviewed in Refs 82,83). 
In nature, the red seaweed Delisea pulchra produces 
chemical compounds called furanones that intercept QS 
signals and prevent microbial colonization84,85. This natural 
phenomenon has inspired the search for compounds that 
selectively inhibit QS, biofilm formation and the virulence 
of human pathogens during infection86.

P. aeruginosa is frequently encountered in noso-
comial infections and lung infections in patients with 
cystic fibrosis, and produces more than 30 QS‑regulated 
virulence factors. Numerous studies, predominantly car-
ried out over the past 5 years, strongly support the notion 
that QS inhibitors, including isolated and synthetic 
furanones, can be effective in treating bacterial infec-
tions in vivo87,88. Notably, P. aeruginosa biofilms exhibit 
increased susceptibility to sodium dodecyl sulphate 
and the antibiotic tobramycin if treated with a synthetic 
furanone, compound C‑30 (Ref. 87). In a mouse pulmo-
nary infection model, treatment with compound C‑30 
resulted in increased bacterial clearance87. Thus, inhibi-
tion of QS can increase the susceptibility of biofilm bac-
teria to host defences and antibacterial agents. Givskov 
and colleagues87 have suggested that direct targeting of 
QS might be effective as an early prophylactic treatment 
of individuals who have P. aeruginosa infections in the 
lungs, on implants or in wounds.

Other examples underscore the challenge of interrupt-
ing the right signals at the right times to reduce bacterial 
virulence in the host. A non-native N‑acylated‑l-homo-
serine lactone, for example, was recently discovered that 
can either inhibit or strongly induce QS in the marine 
symbiont Vibrio fischeri, depending on the molecule 
concentration89. Results from a panel of compounds in the 

Table 2 | Selected two-component response systems (TCRSs) involved in virulence

Histidine-kinase sensor and 
response regulator 

Organisms Associated virulence property

AgrC; AgrA Staphylococcus aureus and 
Staphylococcus epidermidis

Control of most aggressive virulence factors

AlgD; AlgR Pseudomonas aeruginosa Alginate 

RcsC; RcsB Escherichia coli Capsule

BvgS; BvgA Bordetella pertussis Toxins, adhesins and colonization factors

PhoQ; PhoP P. aeruginosa, Salmonella 
enterica serovar Typhimurium, 
Yersinia pestis and Vibrio 
cholerae

Divalent cation sensing, modification of 
lipopolysaccharide and resistance to antimicrobial 
peptides

TCRSs involved in the regulation of resistance to antibiotics

VanS; VanR Enterococcus faecalis Vancomycin resistance

VncS; VncR Streptococcus pneumoniae Vancomycin resistance

RprX; RprY Bacteroides fragilis Tetracycline resistance
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same family elicited varied QS responses, which implies 
that the rational design of modified QS antagonists or 
agonists may not be straightforward; new insights are 
needed to fully understand these responses. In addition, 
redundancies among QS systems can render inhibitors 
of a single system ineffective. Indeed, two of the three 
parallel QS systems in V. cholerae are dispensable for host 
colonization and the production of two hallmark viru-
lence factors, cholera toxin and the toxin co-regulated 
pilus90. QS circuits are being examined in numerous 
models to determine if similar redundancies exist and to 
what extent individual chemical signals influence multi-
ple QS pathways. The generation of QS circuit diagrams 
may reveal viable drug targets and small molecules  
that may prove useful as scalpels to probe the roles of QS 
in different systems.

Two-component response systems
A central requirement of bacterial virulence is the ability 
to express subsets of genes in response to signals that are 
specific for a particular environment. Two-component 
response systems (TCRSs) seem to be the dominant 
mechanism by which bacteria and fungi respond to 

their environment91. TCRSs can control host invasion, 
drug resistance, motility, phosphate uptake, osmoregula-
tion, nitrogen fixation and other functions. More than 
4,000 TCRSs have been identified in approximately 400 
sequenced bacterial genomes92,93. Selected TCRSs that 
regulate virulence are provided in TABLE 2.

The essence of signal transduction lies in the recogni-
tion and interpretation of environmental signals that are 
related to host infection, and conversion of those signals 
into specific protein–protein interactions and tran-
scriptional activation94. Bacterial transduction systems 
generally consist of receiver domains that are covalently 
linked to effector domains (FIG. 4). Specifically, each 
TCRS is composed of a histidine kinase that is activated 
by extracellular signals in the host environment and a 
response regulator that, in turn, transmits the signal to 
the intracellular target to modulate the gene expression 
of virulence factors. The interfaces between response 
regulators and their protein modulators can be targeted 
to prevent phosphorylation and/or activation, as well 
as the interfaces of homodimer formation of activated 
response regulators that are required for the control of 
gene expression. Broad-spectrum inhibitors could non-
selectively target the TCRSs that are common to many 
bacteria. More selective inhibitors could target the inter-
action of specific phosphorylated response regulators to 
prevent expression of a specific virulence gene95.

A TCRS is an integral component of the QS system in 
Gram-positive bacteria that responds to bacterial density, 
and is named agr for accessory gene regulator. The global 
regulator agr controls the expression of most virulence 
genes in staphylococci and is activated by secreted 
autoinducing peptides (AIPs) called thiolactones that 
comprise 7–10 amino acids96. AgrC and AgrA are the 
histidine-kinase sensor and response regulator, respec-
tively, of the TCRS. AIP thiolactones have been suggested 
as leads for the development of S. aureus therapeutics that 
are urgently needed, owing to the fact that nosocomial 
and community-acquired MRSA infections are on the 
rise. The agr system also functions to downregulate fac-
tors that are important in biofilm formation, and agr 
dysfunction is associated with increased biofilm produc-
tion97. As discussed above, a more detailed understanding 
of the organism’s control networks is needed to identify 
the ideal genetic or molecular checkpoints that need to 
be targeted to reduce virulence in the host. 

The prevention of virulence mechanisms that promote 
antibiotic tolerance could also improve the efficacy of cur-
rent antibiotics, and, particularly, slow down the processes 
that lead to drug resistance. Several TCRSs are responsible 
for inducing the gene expression that confers bacterial tol-
erance to antibiotics. Vancomycin resistance, for example, 
is triggered by the VanR–VanS TCRS. VanS detects the 
glycopeptide antibiotic and VanR activates the expression 
of the enzymes VanA, VanH and VanX, all of which are 
required for resistance98,99 (reviewed in REF. 11). The TCRS 
proteins and the three enzymes cooperate to synthesize an 
altered peptidoglycan framework that is tolerant to vanco-
mycin exposure, which is a hallmark of the vancomycin-
resistant enterococci and vancomycin-resistant S. aureus 
that have emerged in the clinic.

Figure 4 | Pairing quorum sensing and two-component signalling in the 
staphylococcal agr system. Staphylococcus aureus uses a two-component response 
system (TCRS) to mediate quorum sensing (QS). The regulation of QS involves the 
production of an autoinducer and an increase in its concentration, expression of RNAIII 
and the subsequent regulation of QS genes. S. aureus produces an autoinducing peptide 
(AIP) that accumulates extracellularly and activates the TCRS. The TCRS involves signal 
recognition by a histidine kinase (AgrC) (1), followed by histidine phosphorylation (2) and 
phosphotransfer to a response regulator (AgrA) (3), which then binds to the RNAIII 
transcript that encodes a small RNA that functions to modulate gene expression of 
S. aureus genes (4).
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Conclusions and perspectives
This era may come to be remembered as one in which 
infectious diseases made a dramatic worldwide resurgence, 
owing to the rise of antibiotic resistance and emergence of 
new diseases. We must increase the number of available 
therapeutics, protect the effectiveness of current antibiot-
ics and, importantly, decrease further pressure for the evo-
lution of new drug-resistance mechanisms. Neutralizing 
bacterial toxins by using antibodies has emerged as the 
most-pursued antivirulence therapeutic strategy in indus-
try, with at least six candidates undergoing clinical trials. 
The initial successes of these antitoxins seem to provide 
empirical evidence that supports increased research into 
other antivirulence approaches. Therefore, it is impera-
tive that we determine the mechanisms of virulence and 
the consequences of host–pathogen interactions from 
both the pathogen and host perspective. Insights regard-
ing bacterial virulence and pathogenesis have emerged, 
yet many crucial questions remain unanswered. Major 
breakthroughs will require multi-disciplinary tools 
from bacterial and host genetics, structural biology and 
in vivo imaging, animal models, cell biology, immunol-
ogy, biochemistry, chemical genetics, functional genom-
ics and systems biology. Atomic-level details of the 
structural interactions at host–pathogen interfaces are 
vital for the discovery of effective antivirulence drugs by  
structure-based drug design for proposed targets.

In battling infection, disabling microbial virulence 
in vivo could shift the advantage to the host and render 
bacteria impaired in defeating host defences. Alternatively, 
antivirulence drugs could be used in combination therapy, 
in which bacterial clearance is mediated by standard anti-
biotics and the symptoms of virulence are suppressed. The 
effective deployment of antivirulence drugs will require 
rapid diagnosis in the clinic of the organism (or organ-
isms) that is responsible for infection and may include 
profiling of its virulence gene or genes100. Such routine 
and rapid diagnosis would also improve the use of stand-
ard antibiotics, and represents a necessary investment as 
medicine improves and becomes more personalized.

We must succeed in this continuous war against 
infectious disease. A recent review of the antibacterial 
drug-development efforts by GlaxoSmithKline reveals, in 
essence, that we have underestimated our opponent and 
that arrogance has dominated the search for new antibi-
otics101. Regaining our competitive advantage will require 
us to see beyond what we currently accept as dogma. It 
will also depend on the removal of perceived obstacles to 
infuse the industry with new opportunities. We need to 
accept that a one-drug-fits-all strategy will probably fail. 
We also need to consider each specific disease, pathogen 
and virulence mechanism, and combine the strengths 
of synergistic therapies to minimize the evolution by  
pathogens of resistance.
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