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ABSTRACT The overuse of antibiotics has led to the evolution of drug-resistant
bacteria that are becoming increasingly dangerous to human health. According to
the Centers for Disease Control and Prevention, antibiotic-resistant bacteria cause at
least 2 million illnesses and 23,000 deaths in the United States annually. Tradition-
ally, antibiotics are bactericidal or bacteriostatic agents that place selective pressure
on bacteria, leading to the expansion of antibiotic-resistant strains. In addition, anti-
biotics that are effective against some pathogens can also exacerbate their patho-
genesis and may lead to severe progression of the disease. Therefore, alternative
strategies are needed to treat antibiotic-resistant bacterial infections. One novel
approach is to target bacterial virulence to prevent or limit pathogen colonization,
while also minimizing tissue damage and disease comorbidities in the host. This re-
view focuses on the interactions between enteric pathogens and naturally occurring
small molecules in the human gut as potential therapeutic targets for antivirulence
strategies. Individual small molecules in the intestines modulate enteric pathogen
virulence and subsequent intestinal fitness and colonization. Targeted interruption of
pathogen sensing of these small molecules could therefore attenuate their virulence.
This review highlights the paths of discovery for new classes of antimicrobials that
could potentially mitigate the urgent problem of antibiotic resistance.
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The first antibiotic, penicillin, was discovered by Sir Alexander Fleming in 1928 and
was introduced as a drug in the early 1940s to treat bacterial infections. Within a

few years, penicillin-resistant strains of Staphylococcus aureus were identified as a
severe problem in hospitals and in the community (1). The next decades witnessed
a surge in the development of many antibiotics. Their initial successes led to the
premature belief that infectious diseases were on the road to eradication, which
dampened further interest in developing new classes of antibacterial drugs. Bacteria
have the means to become resistant to antibiotics with diverse mechanisms of action
(2, 3). According to the Global Antimicrobial Resistance Surveillance System (GLASS)
report for 2014 by the World Health Organization (WHO), antibiotic-resistant strains
were ubiquitously found worldwide (4). The report, including data from 22 countries,
revealed that Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Streptococ-
cus pneumoniae, and Salmonella spp. were the most commonly reported antibiotic-
resistant strains (4). In the United States alone, more than 2 million people are affected
by antibiotic-resistant bacteria each year, according to the CDC. Thus, infections by
antibiotic-resistant bacteria are a growing threat to the health care system worldwide.

Antibiotics impart their antibacterial effects through two general mechanisms of
action, killing bacterial cells (bactericidal) and inhibition of bacterial growth (bacterio-
static) (5). Broadly, bactericidal agents include antibiotics that target bacterial cell wall
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synthesis (e.g., �-lactams), DNA synthesis (e.g., quinolones), or RNA synthesis (e.g.,
rifamycins). Protein synthesis inhibitors (e.g., macrolides, amphenicols such as chlor-
amphenicol, and streptogramins) that target bacterial ribosomal subunits are usually
bacteriostatic because they interfere with the translational machinery, which stalls
cellular growth (6). In contrast, protein synthesis inhibitors such as aminoglycosides
bind to ribosomal subunits and promote protein mistranslation by incorporating
inappropriate amino acids, which imparts their bactericidal activities (6). Antibiotic
resistance arises from the overuse of bactericidal and bacteriostatic drugs, which impart
selective pressures to bacterial populations. The development of antimicrobial resis-
tance is a multifactorial process that includes, but is not limited to, decreased antibiotic
uptake, structural alterations to the antibiotic target, increased activity of efflux pumps,
posttranslational modifications, and enzymatic modification of antibiotics (2). There-
fore, there is an urgent need to develop novel strategies that counteract and/or bypass
these mechanisms of acquiring antibiotic resistance to treat bacterial infections.

In addition to having effects on the microevolution of bacterial populations, anti-
biotics can enhance the virulence potential of pathogens by directly altering pathogen
function and through their effects on the host microbiome. For example, antibiotics
exacerbate the progression of disease induced by the foodborne human pathogen
enterohemorrhagic E. coli (EHEC) O157:H7 by triggering the production of a phage-
encoded virulence factor, Shiga toxin (Stx) (7). Antibiotics act as a stress signal that
triggers the lysogenic phage (integrated into the EHEC genome) to enter into its lytic
cycle. The stress signals may also induce the prophages that contain Stx genes, leading
to an increase in the transcription and production of Stx (7, 8). During the lytic cycle,
the phage expresses lytic-phase genes that enable rapid viral replication and Stx
release. Together, this results in EHEC cell lysis and extracellular release of Stx, which
exacerbates EHEC-induced human disease that includes the development of some-
times fatal comorbidities (e.g., hemolytic-uremic syndrome [HUS], seizures, cerebral
edema, and/or coma) (9–11). The arsenal of virulence factors encoded in pathogen
genomes is often essential for establishing successful infection by enabling rapid niche
formation and antagonistic competition with the microbiota. The activation of these
virulence programs also results in pathological damage to host tissues and disruption
of homeostatic physiological processes. Antibiotic treatment can further accelerate
pathogen colonization of the intestines by profoundly impacting the composition of
the microbiota. Antibiotics can also target endogenous bacteria, which opens other-
wise unavailable niches and nutrient sources and enables the overgrowth of invading
pathogens and endogenous pathobionts, including Salmonella enterica serovar Typhi-
murium, Escherichia coli, and Clostridium difficile (12) (Fig. 1).

With the advent of metabolomics, we now appreciate that the intestines are home
to a complex milieu of small molecules (13). These small molecules are derived from the
intestinal microbiota, the host, or dietary sources and can act as chemical signals that
functionally modulate bacteria, including invading pathogens. Microbiota-derived
small molecules include oligopeptides synthesized by bacteria such as antibiotics (�40
amino acids) and bacteriocins (�40 amino acids) and products generated through
bacterial metabolism of diet and host nutrient sources, including indole and short-chain
fatty acids (SCFAs). Host-derived small molecules also include metabolic by-products as
well as hormones such as epinephrine that modulate bacterial function and pathogen-
esis. Intestinal pathogens directly sense many of these small molecules as a means to
regulate their virulence programs, which can be either conducive or detrimental to the
overall virulence programs (14, 15). The majority of these small molecules do not
directly inhibit pathogen growth and are naturally present in the gut. Thus, developing
therapeutics that target these interspecies and interkingdom signaling pathways rep-
resent an alternative approach to combat bacterial infections. These antivirulence
strategies aim to limit the activation of pathogen virulence repertoires (Fig. 2) and thus
modify pathogens into nonpathogenic versions of themselves, which are more likely to
be outcompeted by the resident microbiota. In addition to augmenting colonization
resistance to limit infection, these antivirulence strategies may also restore the symbi-
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osis between the host and the microbiota and accelerate the reestablishment of gut
homeostasis, including gut immune tone, through their effects on the microbiota and
its associated metabolome. In this review, we discuss four different strategies of
antivirulence approaches that target gut pathogen interactions with small molecules.
We focus primarily on the small molecules present in the human gut and the following
enteric pathogens: the attaching and effacing (A/E) pathogens EHEC and Citrobacter
rodentium, the invasive enteric pathogen Salmonella Typhimurium, and the opportu-
nistic pathobiont Clostridium difficile.

EHEC is a foodborne pathogen found throughout the world. It is responsible for
major outbreaks of bloody diarrhea and HUS, a type of kidney failure. Annually in the

FIG 1 Dysbiosis is associated with enteric pathogen expansion in the gut. Antibiotic treatment causes the
depletion of the gut microbiota and a reduction in microbial metabolites. Opportunistic pathogens like Salmonella
and C. difficile thrive in such an environment and cause disease. Acute dietary interventions change the metabolic
landscape and help to reduce the pathogen load as well as overall pathogenesis of the disease, leading to restored
homeostasis. Commensal bacteria are indicated in green, gut pathogens are indicated in red, and purple dots
represent gut small molecules like acetate, butyrate, and propionate.

FIG 2 EHEC senses gut metabolites to regulate gene expression. In the healthy gut, small molecules/metabolites
accumulate through microbial/host metabolic processes. These small molecules are present in abundance in the
gut and are important for maintaining homeostasis. For successful infection, an intestinal pathogen like EHEC
needs to sense these signals to coordinately regulate its gene expression, especially those involved in virulence and
colonization. Small molecules in the gut can affect the virulence of enteric pathogens either by directly sensing a
cytoplasmic transcription factor (e.g., CutR and EutR for cysteine and ethanolamine, respectively) or by sensing
through bacterial two-component systems. Small molecules like epinephrine, norepinephrine, autoinducer-3, and
fucose are sensed by histidine kinases like QseC. QseE, and FusK, respectively. These histidine kinases then transmit
the message to their cognate response regulators that directly mediate different aspects of bacterial gene
expression, including regulation of the virulence gene program.
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United States, EHEC is responsible for an estimated 73,000 illnesses, 1,800 to 3,600
hospitalizations, and 61 to 541 deaths, with combined annual economic costs exceed-
ing $400 million (https://www.cdc.gov) (16). EHEC colonizes the large intestine and
forms A/E lesions on intestinal epithelial cells. Most of the genes required to form these
lesions are contained within a chromosomal pathogenicity island termed the locus of
enterocyte effacement (LEE). EHEC also expresses Stx in the intestine, and this potent
inhibitor of protein synthesis can be absorbed systemically. Stx binds to receptors
found in the kidneys and central nervous system (CNS), causing HUS, seizures, cerebral
edema, and/or coma. There are few, if any, good treatment options for HUS. Antibiotics
and antimotility agents are contraindicated for EHEC infections. In fact, antibiotics
promote the expression and release of Stx, thereby increasing the occurrence and
severity of HUS and CNS involvement (10, 11). Consequently, innovative, cost-
effective EHEC treatments are urgently needed to address a significant unmet
health care need.

EHEC does not form A/E lesions on the intestines of mice, and study of the
EHEC-host relationship at the level of intestinal disease must rely on expensive and
genetically intractable animal models. An alternative contemplated by many investi-
gators in the field is to study the surrogate natural murine pathogen Citrobacter
rodentium, which harbors the LEE and forms A/E lesions on the intestines of mice,
leading to colonic hyperplasia (17, 18). All of the known virulence genes of EHEC have
been validated in vivo using C. rodentium murine infections (18–22). The utilization of
the C. rodentium model capitalizes on merging the powerful genetic tractability of host
and pathogen to unravel the mechanisms involved in host recognition and infection.

Salmonella enterica includes significant human pathogens responsible for food
poisoning and enteric fever (23). Nontyphoidal Salmonella (NTS) infections (i.e., “food
poisoning” or salmonellosis) result in mild to moderate diarrhea, fever, nausea, and
cramps, which normally resolve without treatment in 4 to 7 days. Nevertheless, non-
typhoidal infections have a large health impact, with an estimated �1.4 million
infections, 16,000 hospitalizations, and 400 to 600 deaths annually in the United States.
In economic terms, the impact has been estimated at $2.4 billion for 2005 (24). Studies
from around the world show that Salmonella has become increasingly resistant to many
antibiotics (25–30). First-line antibiotics against NTS, including ampicillin, chloramphen-
icol, sulfonamides, streptomycin, and tetracycline, have all been observed to be inef-
fective. Multidrug-resistant strains of NTS are associated with a higher risk of invasive
disease and increased deaths than susceptible strains (31, 32). Clearly, new treatments
for Salmonella infections are needed now. Ideally, any new drugs would target new
mechanisms and avoid resistance.

Clostridium difficile is a pathobiont. This is a spore-forming bacterium that is a
member of the gastrointestinal (GI) microbiota. Upon germination, it colonizes the large
intestine and causes colitis through the action of two toxins: toxin A (TcdA) and toxin
B (TcdB). The majority of C. difficile infections (CDI) are nosocomial; however, there is
also an increase in community-acquired infections. C. difficile colonizes the mammalian
GI tract without causing disease. However, antibiotic use can lead to C. difficile-
mediated colitis (33).

INHIBITING PATHOGEN SENSING OF PROVIRULENCE SIGNALS

It is well established that bacteria sense a diverse array of environmental signals to
gather information about their local environment, which in turn alters bacterial growth,
function, and virulence. For example, the host neurotransmitters epinephrine (Epi) and
norepinephrine (NE) can be sensed by the bacterial histidine kinase (HK) QseC, which
is encoded in the core genomes of numerous proteobacterial families, including
Enterobacteriaceae (34, 35). Epi and NE are abundantly found throughout the gut, with
concentrations highest near the intestinal epithelial interface and lowest in luminal
contents (36). Extensive research has demonstrated that Epi and NE directly impact host
susceptibility to infectious diseases, including infections by A/E pathogens such as
EHEC, NTS, Vibrio parahaemolyticus, and E. coli pathobionts (37).
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The effects of QseC-mediated sensing of Epi and NE on pathogen virulence have
been best studied in A/E pathogens. This functional class of enteric pathogens, which
includes EHEC and its murine surrogate Citrobacter rodentium, harbor the LEE patho-
genicity island that encodes a type III secretion system (T3SS) essential for establishing
colonic infection (38–40). A/E pathogens use this T3SS to intimately attach to colonic
epithelial cells, which results in the formation of A/E lesions characterized by the
effacement of the microvilli and the rearrangement of the epithelial cytoskeleton
(38–40). Indeed, mutants lacking a functional LEE-encoded T3SS fail to effectively
colonize the intestines and cause disease. In the presence of Epi or NE, QseC becomes
autophosphorylated and transfers this phosphate to downstream response regulators
in the bacterial cytoplasm, resulting in the transcriptional regulation of downstream
genes and altered bacterial responses (41). QseC sensing of Epi and NE in EHEC and C.
rodentium transcriptionally activates the LEE, which results in enhanced LEE-encoded
T3SS activity, exacerbated A/E lesion formation, and more-severe enteric disease (38–
40). QseC activation by NE and Epi also enhances the flagellar motility of EHEC by
modulating the transcription of the master flagellar transcriptional regulators, FlhDC
(34, 42). Thus, inhibition of QseC sensing of Epi/NE represents a promising antivirulence
strategy to limit initial pathogen colonization and to attenuate disease in the host.

To identify putative QseC inhibitors, a high-throughput screen was performed
with a library of 150,000 small molecules, which revealed LED209 {N-phenyl-4-
[(phenylamino) thioxomethyl]amino-benzenesulfonamide} as a potent inhibitor of
QseC (43). Extensive structure-activity relationships revealed that LED209 is a potent
prodrug and is highly specific for QseC (35). Mechanistically, LED209 covalently mod-
ifies specific lysine residues in QseC, which prevents the activation of virulence
gene repertoires by allosterically preventing activating signals (e.g., Epi, NE, and
autoinducer-3) from binding the QseC receptor. In vitro studies demonstrated that
LED209 attenuates EHEC virulence by decreasing the expression of LEE genes and
reducing A/E lesion formation on epithelial cells. In preclinical models of inflammatory
bowel diseases, LED209 confers protection against adhesive-invasive E. coli (AIEC), a
pathobiont associated with Crohn’s disease (44). LED209 was also effective in combat-
ing murine infections by S. Typhimurium and Francisella tularensis (43). Importantly,
LED209 did not cause any toxicity in treated mice. Moreover, pharmacokinetic studies
demonstrated that the administration of LED209 via the oral route appeared to be
more desirable. Bacteriostatic effects have not been reported for LED209 on the
pathogens tested so far, which reduces the likelihood that resistant strains will emerge
(35).

Efficacious antivirulence strategies have also been demonstrated in infections by the
endogenous opportunistic pathogen C. difficile, a spore-forming member of the intes-
tinal microbiota. Upon spore germination, C. difficile colonizes the large intestines,
usually without causing disease. However, under certain contexts, such as antibiotic
ingestion, C. difficile can cause a recurring pseudomembranous colitis through the
actions of its two exotoxins, toxin A (TcdA) and toxin B (TcdB). Upon endocytosis by
host cells, glucosylating toxins TcdA and TcdB are activated through the proteolytic
activities of their cysteine protease domain (CPD) (45). The autoprocessing of the toxins
releases the glucosyltransferase domain in the cytoplasm, which leads to the glucosy-
lation of Rho GTPases, resulting in inhibition of its function and eventually cell death
(45, 46). Inhibition of CPD activity in TcdA and TcdB could therefore diminish the
progression of C. difficile-mediated disease. Indeed, a high-throughput screen identified
ebselen as a potent inhibitor of CPD activity, which was consequently shown to
decrease C. difficile-associated pathology and mortality in mice without affecting C.
difficile growth (47). Taken together, preclinical studies of A/E pathogen and opportu-
nistic infections clearly demonstrate that the virulence potential of enteric pathogens
can be attenuated by (i) identifying the signaling mechanisms utilized by these
pathogens to modulate their virulence strategies and (ii) precisely inhibiting this
pathogen-holobiont cross talk to disrupt pathogen growth and disease causation.
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PREVENTING INITIAL COLONIZATION

The composition of the intestinal microbiota is dynamic and changes with shifts in
diet and other environmental factors, such as antibiotic use (48). Our consumption of
diet and xenobiotics influences the availability of carbon and nitrogen sources in the
gut that can be used for energy by the commensal flora. Members of the microbiota
degrade complex polysaccharides into simpler sugars, which can then be utilized for
their growth. Upon infection, enteric pathogens also utilize these carbon and nitrogen
sources for growth and as environmental cues that regulate the expression of their
virulence genes.

Reversing antibiotic-mediated dysbiosis. C. difficile expansion and colitis induc-

tion are associated with antibiotic therapy (49). Almost all common classes of antibi-
otics have been associated with the development of C. difficile infections (CDI), includ-
ing metronidazole and vancomycin, which are often prescribed to treat these infections
(33, 50). The normal intestinal microflora, which serves as the main protective barrier
against CDI, is compositionally disrupted upon antibiotic treatment. Additionally, anti-
biotic treatment increases the concentrations of free sialic acids in the intestines, which
are subsequently used by endogenous C. difficile for its own expansion (12). Taken
together, antibiotic treatment disrupts the intestinal microbiota and local metabolome
to enable the pathogenic expansion of toxigenic C. difficile, thus leading to the
development of CDI (33, 51).

An antivirulence strategy that is now used in the clinic to treat CDI is known as fecal
microbiota transplantation (FMT). In conjunction with the complete withdrawal of
antibiotic treatment, oral or rectal transplantation of fecal contents from healthy donors
has successfully treated recurrent CDI in 90% of reported cases (52, 53). FMT reverses
the dysbiotic effects of antibiotics on the microbiota by reintroducing bacteria that
were unintentionally vanquished, thus restoring the ability of the microbiota to resist
expansion of pathobionts such as C. difficile (54). Moreover, unlike with antibiotics, this
therapeutic strategy may not impart selection pressures on the microbiota, which can
enable the expansion of resistant endogenous bacteria. However, although FMT is
effective in treating CDI, the long-term effects of FMT on the transplant recipient have
not been extensively studied. Therefore, in addition to the administration of com-
pounds that neutralize C. difficile toxins, these studies introduce an alternative ap-
proach that utilizes FMT to minimize C. difficile infection in at-risk populations (i.e.,
recipients of antibiotics), which could be implemented together with the targeted
inhibition of key virulence strategies employed by C. difficile.

Dietary fiber. The precise compositional features of the intestinal microbiome that

maximizes the prevention of infectious diseases have not been fully characterized.
However, 16S rRNA profiling of gut-associated microbial communities in humans and
in mouse models of infectious colitis have established key correlations between diet,
microbiome composition, and resistance against infectious disease. For example, the
presence of certain members of the Bacteroidetes and Firmicutes phyla in FMT is
associated with effectiveness in treating CDI (55, 56). Moreover, disease in CDI patients
is associated with a marked depletion of butyrogenic bacteria (56), which are typically
members of the Bacteroidetes and Firmicutes. Butyrogenic bacteria anaerobically fer-
ment complex polysaccharides such as dietary fiber and release short-chain fatty acids
(SCFAs) such as butyrate as metabolic by-products. Indeed, long-term dietary fiber
consumption in mice increases intestinal SCFA levels. Interestingly, butyrate counter-
acts C. difficile growth in vitro and could therefore also reduce burdens of this oppor-
tunistic pathogen in the gut (57). The protective effects of dietary fiber may not be
limited to CDI. A second study utilizing the C. rodentium colitis model demonstrated
that mice deprived of dietary fiber exhibited increased inflammation with C. rodentium
infection. The authors proposed that in the absence of dietary fiber, an important
source of nutrition for endogenous Bacteroides spp., these commensals instead “eat”
the host mucus layer, which increases C. rodentium access to its preferred replicative
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niche, the apical epithelial surface (58). Thus, dietary fiber indirectly inhibits pathogen
outgrowth in the gut through its effects on the pathogen itself and on the microbiota.

Amino acid availability. Enteric infection significantly changes the metabolic
landscape of the gut, which in turn can alter the milieu of available nutrients and
impact enteric pathogen function (59, 60). For example, infection with enteric patho-
gens alters amino acid availability in the gut and consequently affects the development
and progression of infectious disease. Using RNA sequencing and metabolomics in a
mouse model of CDI, infection was associated with decreased availability of amino
acids, especially proline and branched-chain amino acids. These metabolomic changes
corresponded with increased bacterial transcription of amino acid utilization genes (61),
therefore corroborating the limited availability of amino acids with CDI. Interestingly,
administration of a low-protein or low-proline diet attenuated the expansion of C.
difficile in ex-germfree mice transplanted with a human dysbiotic microbiota. Moreover,
inactivation of proline utilization in C. difficile significantly reduced gut colonization
(62). Together, these studies suggest that C. difficile preferentially utilizes proline for its
overgrowth during CDI.

In contrast, infection with C. rodentium increases the availability of the amino acid
L-cysteine in the murine colon (59). A high-throughput screen identified significant
regulators involved in LEE regulation, including CutR (63). The presence of cysteine is
sensed by CutR, which serves as an activator of the LEE in the presence of cysteine.
Indeed, a cutR mutant is attenuated for pathogenesis in mice. Similarly, mice fed a
high-cysteine diet succumb to infection with C. rodentium earlier than mice fed a
low-cysteine diet (63). CutR is prevalent among members of the Enterobacteriaceae,
including EHEC and Salmonella, making it an important target for antivirulence strat-
egies. These findings demonstrate that acute dietary interventions alter the coloniza-
tion potential of enteric pathogens.

Fucose as a free carbon source. Enteric pathogens utilize free carbon sources for
metabolism and regulation of virulence genes. The effects of fucose in regulating the
virulence and metabolism of EHEC have been uncoupled (64). Bacteroides thetaiotami-
cron, an endogenous member of the human microbiota, harbors multiple fucosidases
that release fucose from host glycans in the lumen (65). Commensal E. coli and enteric
pathogens like EHEC can then utilize fucose as a carbon source to grow in the lumen.
EHEC also senses fucose, resulting in decreased expression of virulence genes and
increased expression of metabolic genes to maintain its niche. This sensing mechanism
is signaled through the two-component system FusK/FusR. A mutant of FusK has a
colonization defect because of its inability to regulate virulence gene expression and
fucose metabolism and is therefore outcompeted by the microbiota (64). Thus, an
inhibitor that specifically targets the FusK histidine kinase (HK) may potentially act as a
novel antivirulence therapeutic.

EA. Ethanolamine (EA) in the gut is continuously derived from the diet or by the
breakdown of bacterial and host cell membranes (66). Bacteria in the gut can break
down EA into ammonia and acetaldehyde by an EA ammonia lyase. The proteins
required for transport and catabolism of EA are encoded in an EA utilization (eut)
operon. The eut operon is present across species, although there are considerable
differences in gene content and organization (66). Bacterial pathogens, including
Salmonella Typhimurium and EHEC, utilize EA as a nitrogen source for growth and as
a chemical signal to promote disease by increasing virulence gene expression (67, 68).
The bacterial transcription factor EutR, encoded within the eut operon, directly binds to
the LEE in EHEC to increase virulence gene expression. EutR also increases the expres-
sion of Salmonella pathogenicity island 2 to promote the survival of Salmonella within
macrophages (68, 69). Additionally, EA is considered an important cue for bacterial
adherence to epithelial cells. High-throughput analysis of EHEC in the presence or
absence of EA indicated that EA increased the expression of fimbrial genes (70).
However, EA can also be used by particular members of the microbiota to outcompete
invading pathogens as a mechanism of colonization resistance (71). A human com-
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mensal E. coli strain senses and utilizes EA to outwit EHEC through currently unknown
mechanisms (71). These observations warrant further investigation to elucidate the
effects of EA in animal models of infection. The wide prevalence of EA in the gastro-
intestinal environment makes it an ideal target to study novel antivirulence strategies.

Additional approaches. Initial adherence to the host surface facilitated by type I
and P pili and expression of T3SSs are important arsenals utilized by several pathogens
to initiate successful colonization. Toward this end, several inhibitors targeting the T3SS
(e.g., Yersinia spp., EHEC, Salmonella, etc.), pilicides aiming at type I and P pili (e.g.,
uropathogenic E. coli [UPEC]), and curlicides targeting curli subunits (e.g., enteroaggre-
gative E. coli [EAEC]) have been developed and are extensively reviewed elsewhere
(72–74). Bacteria have the means to communicate with each other in a process known
as quorum sensing (QS) by producing chemical signaling molecules. These chemical
signals, called autoinducers (AI), alter bacterial gene expression and regulate multiple
physiological processes, including virulence and biofilm formation, in several patho-
gens (75, 76). Disruption of QS signaling may act as an antivirulence approach. For
example, the addition of the probiotic Lactobacillus acidophilus to the feed of weaning
pigs harboring EHEC in their gut inhibited the activity of AI-2 and prevented biofilm
formation, without affecting the growth of EHEC (77). AI may also dictate the presence
of a certain microbial species, thereby changing the overall metabolic landscape of the
gut. In an antibiotic-induced dysbiotic gut (microbiota with a diminished Firmicutes
population), the addition of AI-2 in the murine gut using engineered E. coli favored
Firmicutes expansion and reshaped the composition of the microbiota (78). Collectively,
engineered probiotics, live microorganisms that confer health benefits, can be admin-
istered to manipulate the microbiota as well as the concentration and activity of small
molecules present in the human gut as an effective antivirulence strategy.

Humans are frequently accidental hosts of many enteric pathogens. Therefore,
inhibiting pathogen expansion may limit the selection pressures placed on pathogens
that enable the rapid evolution of resistant strains.

COUNTERACTING INFLAMMATION-INDUCED PATHOGEN OVERGROWTH

Inflammation alters the composition of the microbiota and promotes the over-
growth of Enterobacteriaceae (79, 80). Metagenomic sequencing of intestinal microbial
communities revealed that formate dehydrogenases and molybdenum cofactor-
dependent metabolic pathways are metabolic signatures of inflammation-associated
dysbiosis (81, 82). Respiratory reductases and formate dehydrogenases contain molyb-
denum within a cofactor. Enterobacteriaceae such as E. coli utilize molybdenum
cofactor-dependent anaerobic respiratory enzymes to bloom in the inflamed gut (81).
Tungsten, with chemical properties similar to those of molybdenum, competitively
displaces molybdenum, thus inactivating molybdenum cofactor-dependent respiratory
enzymes. Indeed, administration of tungsten during inflammation inhibits anaerobic
respiration in Enterobacteriaceae, which leads to decreased Enterobacteriaceae growth,
reduced inflammation, and restoration of homoeostasis. Importantly, tungsten treat-
ment has minimal compositional effects on the inflammation-associated microbiota
(82). Enterobacteriaceae populations within the microbiota are comprised of facultative
anaerobes that in healthy individuals are at lower abundances and are helpful to the
host in maintaining homeostasis. However, the overgrowth of some Enterobacteriaceae
species can exacerbate inflammation in susceptible hosts (80). Therefore, tungsten
treatment provides a unique way to limit specific bacterial populations in the gut to
restore and maintain homeostasis.

ALTERING METABOLIC ACTIVITIES OF THE MICROBIOTA
Direct effects. Fermentation of dietary fibers by commensal bacteria results in the

production of short-chain fatty acids (SCFAs), including acetate, propionate, and bu-
tyrate (83). Intake of fiber-rich diets further increases the abundance of SCFAs in the gut
(84). SCFAs alter the local pH in the gut, which impacts growth and confers colonization
resistance to some enteric pathogens, such as Salmonella and EHEC (85, 86). For
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example, propionate disrupts intracellular pH homeostasis in S. Typhimurium and
confers colonization resistance to S. Typhimurium infection (87). SCFAs inhibit bacterial
growth in vitro, and this correlates with changes in SCFA concentrations in the
intestines (57).

Enteric pathogens sense chemical alterations in the gut to counteract mechanisms
of colonization resistance. For example, EHEC senses alterations in pH and membrane
integrity through the HK CpxA (88). In response to these signals, CpxA phosphorylates
its cognate response regulator, CpxR, resulting in the transcriptional regulation of
virulence genes. Tryptophan metabolites such as indole are small molecules that are
abundantly present in the human gut (14). Indole is a microbiota-derived small mole-
cule produced as a by-product of tryptophan metabolism by bacteria. The highest
concentrations of indole are present in the lumen, which decreases in concentration
toward the mucus layer and epithelium (89). Enteric pathogens may sense this indole
gradient and regulate the expression of virulence genes. A recent study has shown that
indole signaling also occurs through CpxA, and increased indole concentrations de-
crease the autophosphorylation activity of CpxA, leading to decreased LEE expression
(89). Synthetically engineering the microbiota in susceptible mice to alter indole
production affects disease outcome. Mice with an indole-producing microbiota are less
susceptible to C. rodentium infection (89). When this pathogen is in a zone of higher
indole concentration, it represses virulence gene expression. Meanwhile, at the epithe-
lial lining, which is a region of lower indole concentration, it expresses the T3SS to
promote infection. This spatial regulation of the virulence repertoire minimizes energy
expenditure.

Indirect effects via the host. SCFAs, including propionate and butyrate, are also
important in providing colonization resistance to Salmonella infection. Antibiotic treat-
ment decreases the abundance of SCFA-producing members of the microbiota.
Antibiotic-mediated depletion of endogenous Clostridium spp. decreases butyrate
levels in the gut and consequently increases epithelial oxygenation (90). Increased
availability of oxygen fuels the expansion of aerobically respiring enteric pathogens,
including S. Typhimurium and C. rodentium (90, 91).

Together, these studies demonstrate the impact of altering the metabolic activity of
microbiota that may potentially help to limit pathogen colonization and infection.

CONCLUSIONS

With the advances made in the field of synthetic biology, we are preparing for a
future of an engineered microbiota that can precisely sense and respond to the
chemical environment of the gut as a novel means to restore and maintain homeostasis
(92). Manipulation of the gut microbiota is routinely performed by employing germfree
mice or microbiota-depleted mice through the administration of antibiotics. These mice
can be reconstituted with a single bacterial species, a consortium of cultivatable
defined microbiota, or a more complex undefined or xenografted microbiota to further
manipulate the concentration of small molecules present in the gut (93). Working with
defined and/or complex microbiota, it is also important to investigate the microbiota-
microbiota and microbiota-host interactions. The gut microbiome is extremely dynamic
owing to the presence of differences in diet, antibiotic treatment, and genetic and
environmental factors. The murine intestinal microbiota has been computationally
modeled using mathematical time series approaches to better understand the complex
dynamics of these microbial communities (94). Therefore, mathematical modeling can
be used as a tool to predict favorable interactions between the host and the micro-
biome network when employing antivirulence approaches such as FMT, and subse-
quently the hypothesis can be tested using in vivo models.

Bacteria gauge gut biogeography by sensing concentration gradients of different
signals. Manipulating the concentrations and localization of these small molecules to
modulate the virulence of enteric pathogens represents a futuristic approach to
prevent and/or treat enteric infections. However, it is important to keep in mind that
the regulation of virulence programs is sensitive to the activities of multiple signaling
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pathways. Thus, it will be essential to define the precise mechanisms by which these
signaling pathways maximize the virulence potentials of bacterial pathogens in order
to develop successful and safe antivirulence therapies for infectious diseases.

Much future research is needed to advance these strategies into therapies. A more
profound understanding of the mechanisms engaged in antivirulence approaches is
needed. One also needs to keep in mind how antivirulence approaches may impact
resident microbial communities and what this would mean in terms of potential
dysbiosis. Although it is believed that virulence approaches engender less evolutionary
pressure toward drug resistance, it is likely that resistance will eventually develop, and
different strategies must be constantly developed and evaluated in the background.
Treatment of immunocompromised hosts with antivirulence approaches may also pose
a challenge, and combinatorial strategies with current antimicrobials should also be an
avenue of research. Finally, the development of antivirulence drugs is a brand-new
world in drug development. It requires more refined and costly testing of drugs, far
beyond the MIC test currently employed for antibiotics. The rapid evolution of microbes
will always be a challenge for drug development; the key is for investigators to always
think two steps ahead and to continue to engage in creative and collaborative research
to combat infectious diseases.
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