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Summary

Novel therapeutics to manage bacterial infections are urgently needed as the impact and prevalence of antimicrobial
resistance (AMR) grows. Antivirulence therapeutics are an alternative approach to antibiotics that aim to attenuate
virulence rather than target bacterial essential functions, while minimizing microbiota perturbation and the risk of
AMR development. Beyond known virulence factors, pathogen-associated genes (PAGs; genes found only in pathogens
to date) may play an important role in virulence or host association. Many identified PAGs encode uncharacterized
hypothetical proteins and represent an untapped wealth of novel drug targets. Here, we review current advances in
antivirulence drug research and development, including PAG identification, and provide a comprehensive workflow
from the discovery of antivirulence drug targets to drug discovery. We highlight the importance of integrating
bioinformatic/genomic-based methods for novel virulence factor discovery, coupled with experimental characterization,
into existing drug screening platforms to develop novel and effective antivirulence drugs.

Copyright © 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Antivirulence drug; Bacterial pathogens; Microbial genomics; Antimicrobial resistance; Infectious disease;

Novel therapeutics

Introduction

Since Alexander Fleming’s discovery of the first clinical
antibiotic, penicillin, in 1928,' antibiotics have drasti-
cally improved human health and expanded the average
human lifespan.” However, the frequent use of antibi-
otics accelerated the development of antimicrobial
resistance (AMR) and contributed to a persistent and
pressing global health crisis. According to the World
Health Organization (WHO), AMR-related infections
currently account for over 700,000 annual deaths and
are projected to reach a catastrophic ten million annual
deaths by 2050.° The WHO declared AMR as one of the
top ten global health threats in 2015 and published a list
of priority AMR pathogens in urgent need of novel
therapeutics in 2017.“° Antibiotic stewardship programs
have been implemented to govern the clinical use of
antibiotics but there is currently no conclusive evidence
of these programs being effective in reducing AMR in
hospital settings.”

The AMR crisis is further compounded by the
limited innovative antibiotic classes that were success-
fully developed and approved for clinical use in the past
few decades.® The decline in development is attributed
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to the diminishing research funding devoted to anti-
microbial drug discovery within the private sector. The
inability to recoup the high cost of antibiotic develop-
ment (estimated $1.5 billion USD) from sales revenue
(estimated $46 million USD per year) has deterred
many pharmaceutical and biotechnology companies
from antimicrobial research.” Additionally, limitations
on sales of antibiotics due to careful stewardship from
clinicians, the acute treatment duration, and the devel-
opment of resistance by the pathogen further dissuades
drug manufacturers from investing in developing new
antibiotics.”” In the past few decades, most antibiotic
development efforts have relied on the generation of
derivatives of existing antibiotic classes to which bacteria
already have or will likely develop broad resistance to.
The WHO deems the current drug development pipe-
line incapable of tackling the global emergence and
spread of AMR."

Recent drug research and development efforts have
increasingly turned to alternative therapeutic strategies
which target bacterial pathogens through mechanisms
distinct from existing antibiotics. There are three main
premises for novel antimicrobial development strategies
laid out by the WHO?: (1) reducing pathogen virulence
or host damage, (2) minimizing resistance development
in bacterial pathogens, and (3) addressing the lack of
target specificity in broad-spectrum antibiotics. Preci-
sion antimicrobials are a recent and innovative thera-
peutic concept that aims to combat the rise of AMR
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pathogens by narrowing the activity to target pathogen-
specific (virulence) components without disturbing the
host microbiota.””"* These antivirulence strategies aim
to have specific activity against only the disease-causing
bacterial pathogen and reduce selective pressures for
resistance since they do not necessarily kill the pathogen
and have minimal impact on the host’s microbiota
at large. Alternative antimicrobial approaches include
the use of bacteriophages or phage-derived enzymes,
immunomodulatory and antimicrobial peptides,
quorum sensing inhibitors, Dbiofilm disruptors,
microbiota-modulating therapies, and antibody-drug
conjugates.”” These are beyond the scope of this re-
view and we recommend these other reviews by Ghosh
et al.,”” Mookherjee et al.,'* and Nguyen et al."” for more
in-depth explorations of other alternative antimicrobial
therapeutic approaches.

Here, we review current antivirulence drug research
and development, with a focus on methodologies for
genomics-based novel virulence factor identification and
drug target prioritization. We present an integrated
antivirulence drug discovery workflow that can be
applicable towards any bacterial pathogen. Specifically,
our proposed workflow aims to serve as a comprehen-
sive guide, from the selection of pathogen-specific tar-
gets, functional characterization of pathogen-specific
genes with unknown function, to the discovery of anti-
virulence compounds.

The antivirulence strategy against bacterial

pathogens

The antivirulence strategy has been applied most
notably in vaccine development. Many vaccines are in
fact antivirulence agents since they target against key
toxins and other virulence factor components by
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generating an immune response.'®* However, for thera-
peutic agents (versus vaccines which are prophylactic
agents) there has been more of a focus historically on
antimicrobials. Only recently, as antimicrobial resis-
tance becomes a significant threat, has interest shifted
further to expand therapeutic approaches using an
antivirulence approach.

Unlike antimicrobials which focus on targeting
essential bacterial processes, antivirulence therapeutic
agents specifically target disease-causing components,
or virulence factors, produced by bacterial pathogens—
with minimal impact on their growth and survival
(Fig. 1). While there are examples of antivirulence
therapeutics that can impact growth,”” we propose that
one of the major criterion in the development of novel
antivirulence therapies is to ensure cell growth is not
impacted. This reduces selective pressure for basic
cellular survival and development of resistance to the
therapeutic.”” As illustrated in part in Fig. 1, we postu-
late that antivirulence therapeutics can mitigate disease
by diverse mechanisms (i.e., reducing host damage due
to a virulence factor, while providing time for the host’s
immunity to clear the pathogen, and/or not causing
damage to non-disease-causing microbiota, providing
more competition for the potentially disadvantaged
pathogenic bacteria).”*'****' Under the classic antibiotic
regime in which most drug-sensitive bacteria are elim-
inated, some microbial species such as the opportunistic
pathogen, Clostridioides difficile, can grow rapidly leading
to microbial dysbiosis and secondary infections. In
contrast, pathogen-specific monoclonal antibodies have
been shown to preserve intestinal microbiome while
targeting specific microorganisms in a mouse meta-
genomic study.”’ Maintaining a normal microbiome, or
supplementation with microbes that support the gut,
has been shown to greatly limit the risk of some
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Fig. 1: Comparison of traditional antimicrobials and antivirulence drugs. When exposed to an antimicrobial drug to treat an infection, the
healthy microbiota and the pathogen are both impacted. Under such conditions, there is selection for antimicrobial resistance such that
resistant microbes can potentially flourish, less impeded by the normal microbiota. When exposed to an antivirulence drug, the microbiota are
relatively unaffected; in contrast, disease-causing pathogenic microbes compete with the healthy microbiota for resources while virulence is
attenuated. Consequently, antivirulence approaches mitigate disease outcomes by neutralizing virulence factors, reducing the competitive
advantage of the pathogen, aiding the immune system to effectively clear the pathogen, and/or selecting for commensalism—all with minimal

disruption to the microbiota.
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infections, such as by C. difficile, or help resolve such
infections.”? Thus, precision antimicrobials and anti-
virulence therapeutics represent a promising approach
in mitigating virulence of the disease-causing bacteria,
preserving the host microbiota, and allowing subse-
quent pathogen clearance by the host immune system.

Antivirulence therapeutics developed to date
Antivirulence therapeutics to date largely focus on the
inhibition of well-studied virulence factors associated
with toxins, secretion systems and quorum sensing.”
For instance, several antivirulence drugs targeting bac-
terial toxins have been approved by the US Food and
Health Administration (FDA) (Table 1). Raxibacumab, a
monoclonal antibody against the Bacillus anthracis pro-
tective antigen, was one of the earliest antivirulence
drugs approved in 2012.* BabyBIG, approved in 2016,
targets the botulinum toxin of Clostridium botulinum.*
Benzlotoxumab, FDA-approved in 2016, targets the
C. difficile toxin B.”° Antivirulence drugs currently under
clinical trials include: MEDI3902 which targets the
Pseudomonas aeruginosa Type 111 secretion system toxin
translocator PcrV and the biofilm exopolysaccharide
Psl”’; Shigamab which targets the Escherichia coli shiga
toxin type 2%, and MEDI4893 which targets the Staph-
ylococcus aureus alpha toxin.” Antivirulence compounds
currently in use or under development target a variety of
biological components from direct virulence factors
(e.g., toxins, secretion system) to virulence-related
proteins such as quorum-sensing molecules, regula-
tors of virulence factor synthesis, and biofilm-associated
proteins (Table 1).

For an in-depth and more exhaustive discussion of
current therapeutics available and the development of
novel antivirulence therapies, we recommend recent
reviews from Allen et al.,” Dickey et al., and Mattar
et al.”* Additionally, the “Antimicrobial Resistance Col-
laborators” have provided a recent, systematic review
on global incidence of antimicrobial resistance and
guidelines to reduce the associated public health and
socioeconomic burden of AMR.*'

Towards new therapeutic targets: expanding
and integrating workflows

While there are a handful of new antivirulence therapies
being developed, there is a need to increase the reper-
toire of possible drug targets and drug candidates. We
can expand this repertoire by integrating workflows for
the discovery of novel virulence factors together with the
development of antivirulence therapeutics as follows
(Fig. 2): (1) incorporating more genomics/bioinformat-
ics approaches, (2) coupling this with more research on
molecular mechanisms of virulence factors, and (3)
incorporating into existing drug discovery pipelines with
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a focus on targeting microbial virulence rather than
viability. This workflow here is intended to introduce
omics approaches for discovery of novel antivirulence
therapeutic targets, which can subsequently use existing
drug development pipelines to identify antivirulence
therapeutics. Though presented as a linear path in
Fig. 2, we anticipate that Virulence Factor Identification
and Antivirulence Target Refinement are likely iterative
processes.

Towards new antivirulence targets: databases
of curated virulence factors and in silico

virulence factor predictions

Initial development of antivirulence drugs focused
mainly on targeting well-studied virulence factors with
direct involvement in host interaction.”” These virulence
factors, including microbial attachment and invasion
factors (adhesins, pili, fimbriae), toxins (exotoxins and
endotoxins), toxin trafficking systems (secretion system,
transporters), and iron-binding factors (siderophores),
are well-curated in knowledge databases such as the
Virulence Factor Database (VFDB),*” the PAThosystems
Resource Integration Center (PATRIC),** and Victors.*
The expansion of genomics data has also enabled the
development of genomics-based and metagenomics-
based virulence factor predictors such as VFDB’s
VFanalyzer*? and PathoFact.”® These publicly available
resources coupled with the wealth of microbial geno-
mics data expedited the design and development of
pathogen-specific antivirulence drugs.

Pathogen-specific genes as a novel avenue for

antivirulence drug target discovery

To expand the druggable repertoire of bacterial viru-
lence factors, more attention has been turned to
virulence factors that do not directly interact with hosts
but are involved in virulence-related pathways such as
metabolic proteins for secondary metabolites important
for virulence but not essential cell activities, regulators
and bacterial signaling molecules. Better understanding
of existing and novel virulence mechanisms deployed by
pathogens under different environmental or clinical
conditions may help to identify novel virulence factors
that can be used as precision antivirulence drug targets.
One promising source for pathogen-specific drug tar-
gets is by identifying pathogen-associated genes (PAGs).
PAGs are defined as genes with homologs exclusively
found in pathogens but not in non-pathogens. PAGs
have been identified through the detection of genes
unique to pathogens from large-scale comparative
genome analyses of both pathogens and non-pathogens,
as described by Sui et al.** These pathogen-associated
genes were found to be disproportionately enriched in
more “offensive” functions such as host invasion, type
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Anti-virulence Drug Target Drug target Effects Drug Target Infection model Status of PMID Publication
drug repur-  pathogen discovery discovery the study year
posing method method
Raxibacumab No Bacillus protective antigen  Block receptor Mab engineering PA as chosen Rat, rabbit and FDA-approved- 19587338 2009
anthracis (PA) interaction of PA target monkey models 2012
Obitoxaximab No Bacillus protective antigen  Block receptor Mab engineering PA as chosen Rabbit model FDA-approved- 15664918 2006
(ETI-204) anthracis (PA) interaction of PA target 2016
BabyBIG No Clostridium Botulinum Mitigates botulism Human version N/A N/A FDA-approved 17484226 2007
botulinum neurotoxins (BoNT) intoxication of the equine (2016)
botulism antitoxin
Botulism Antitoxin ~ No Clostridium BoNT serotype A-G  Mitigates botulism N/A BoTN as chosen Guinea pig model FDA-approved 16452558 2006
Heptavalent botulinum intoxication targets (2013)
MEDI3902 No Pseudomonas Psl & PcrV Inhibits P. aeruginosa N/A N/A Murine model of Clinical-Phase I 30107283 2018
aeruginosa host cell attachment pneumonia,
and promote bacteremia and
opsonophagocytic thermal injury
killing
Shigamab No Escherichia coli shiga toxin type 2 Reduces renal damage Follow-up Stx2 as chosen Mouse model Clinical-Phase | 28337021 2013
(Stx2) in mice development after  target completed
discovery of several (NCT01252199)
Stx1 and Stx2-
neutralizing
antibodies
MEDI4893 No Staphylococcus alpha-toxin (AT) Prevents AT-induced Development of an AT as chosen Immunocompromised  Clinical—Phase II 25987629 2015
aureus cell lysis affinity-optimized,  target due murine pneumonia
AT-neutralizing to its suppression model
monoclonal antibody of adaptive and
innate responses
MAC-545496 (small  No MRSA Glycopeptide- Reverses f-lactam High-throughput Transposon library ~ Wax moth larvae Preclinical 31768032 2019
molecule inhibitor) resistance-associated  resistance in synthetic small screening infection model
protein R (GraR) S. aureus molecule screening
for targocil
antagonism
Clotrimazole & Yes Pseudomonas PgsR Reduces 2-alkyl-4- Screening of docking assay Wax moth larvae Preclinical 30201815 2018
miconazole aeruginosa quinolone production PHARMAKON library infection model
(anti-fungal drugs) of 1600 FDA-
approved drugs
Baicalin (Scutelleria) Yes Staphylococcus Sortase B Reduces S. aureus N/A SrtB as chosen Human alveolar Preclinical 30555803 2018
aureus adhesion and target epithelial cell model
epithelial cell
damage; attenuates
inflammatory responses
Azorella atacamensis ~ Yes Pseudomonas N-acyl homoserine  Decreases QS-molecule Screening o AHLs and HAQs as  C.elegans and Preclinical 33276611 2020
(medicinal plant) aeruginosa lactones (AHLs) production-pyocyanin, A. atacamensis chosen target human lung

and/or hydroxy-alkyl
quinolines (HAQs)

elastase rhamnolipids
production in
P. aeruginosa

phytochemicals for
antivirulence
properties

infection models

Table 1: Antivirulence drugs in development or approved, including natural products and repurposed drugs.
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Fig. 2: An integrated antivirulence drug development workflow
from drug target to drug discovery. The flowchart provides a
general guideline for how pathogen-associated genes (PAGs) ana-
lyses can be used to aid identification of new drug targets (red
boxes), complementing/replacing existing antimicrobial target dis-
covery approaches (Development of Antivirulence Therapies box).
Candidate antivirulence compounds can then be incorporated into
established drug development platforms (blue box).

III and type IV secretion systems, and toxins (versus
more “defensive” functions that were found to be
common to pathogens and non-pathogens).”**” Viru-
lence factors, including PAGs, have been found to also
be over-represented in genomic islands (clusters of
genes with probable horizontal origins) compared to
other parts of the genome. Further assessing the
phylogenetic distribution of pathogen-specific genes is
of significant interest, as this may help prioritize those
genes that truly may be more associated with the path-
ogen phenotype, versus simply be genes specific to a
particular lineage. Such analyses may also help to fine
tune the activity spectrum of antivirulence drugs based
on how conserved the bacterial genes are among a
species, genus or higher taxonomic rank. Within the
current antivirulence development pipeline, most of
antivirulence drug candidates are narrow-spectrum and
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are designed to target species-specific virulence mech-
anisms, such as biofilm formation and quorum-sensing
in P. aeruginosa or botulinum toxin activity in
C. botulinum (Table 1).

Bacterial genome-wide association studies
(GWAS)

Bacterial genome-wide association studies (GWAS)* and
genotype-phenotype studies enable the discovery of novel
virulence-related genes through the analysis of widely
available, high-quality bacterial genomes isolated from
clinical infections. A recent comparative genomics study of
a collection of P. aeruginosa strains, examined further us-
ing a lab-based infection model, found genetic elements in
the accessory genome that have novel associations with
virulence.” Another recent study applying GWAS to clin-
ical data was able to identify multiple single nucleotide
polymorphisms (SNPs) in S. aureus associated with worse
outcome in bacteremia (predicting greater patient mortal-
ity).* Genetic knockout studies in lab-based isolates plus
large-scale genomic analyses of populations of bacterial
pathogens from clinical and environmental sources with
associated real-world data both represent powerful tools for
the identification and characterization of novel virulence
factors.

Characterizing virulence-associated genes with

unknown function

Genes encoding hypothetical proteins can comprise a
significant number of genes predicted in a bacterial
genome.**! Interestingly, a large fraction of PAGs is an-
notated as hypothetical proteins or genes with unknown
function. Currently, computational annotation of hypo-
thetical proteins can enable high-throughput character-
ization of novel genes, and benefits from a diverse
combination of various in silico methods supported by
experimental data. These computational functional ana-
lyses include sequence and structural-based methods such
as BLAST-based ortholog detection,” protein domain
analysis with Pfam,” structural modeling with Phyre2,"
and AlphaFold,” transmembrane domain prediction with
TMHMM,* and protein subcellular localization prediction
using PSORTD.” Additionally, BLAST-based genome
annotation tools such as Prokka* can further aid identifi-
cation of potential virulence roles for hypothetical proteins
identified in the PAG analysis, though caution must be
exercised when direct annotation transfer approaches are
used, due to the contextual nature of virulence (i.e., what
may be a virulence factor in one pathogen may not be in
another depending on its context).

Bioinformatic approaches described above are
powerful tools for finding and distinguishing candidate
virulence factors among hypothetical proteins but alone
are not sufficient to characterize virulence factors.

Review
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Experimental validation is required to determine
whether candidate PAGs have a role in virulence. The
two major criteria to distinguish PAGs from other
hypothetical proteins are: (1) deletion analysis showing
that the PAG has an impact on virulence and (2) with
minimal impact on bacterial cell growth. Use of in vivo
infection models and in vitro tissue culture will be
necessary to characterize potential virulence functions
of PAGs and whether these PAGs can serve as targets
for subsequent antivirulence drug development.

The potential role a gene may have for virulence can be
validated using methods of gene deletion mutagenesis.
Loss of a gene abrogating virulence and improving survival
of an infected model organism is a powerful experimental
result for characterizing novel virulence factors.”*' Spe-
cific phenotypic traits such as biofilm formation, motility,
growth under varying nutrient conditions, and even anti-
microbial resistance may also provide insight into the
functional importance of a gene for virulence in a bacterial
pathogen.” Justifying this interest in genes encoding hy-
pothetical proteins, it should be emphasized that many
previously undefined bacterial genes have been found to
be important for virulence, reflecting our still limited un-
derstanding of all the players in complex disease pheno-
types. In a Streptococcus pneumoniae knockout study, 44
genes were identified to impact virulence and included
conserved hypothetical proteins, essential genes, known
virulence factors, and transcriptional regulators.®

Among the newly identified pneumococcal virulence
factors that do not affect bacterial growth rate is LytB
which was found to prevent phagocytosis in host cell.
Knockouts of LytA, Spr0084, and Spr0930 attenuated
virulence in a murine sepsis model but their exact func-
tional roles are yet to be determined. Another study in
Mycobacterium tuberculosis H37Rv found that 27% of
encoded proteins are functionally unknown.”> However,
through a series of in silico functional analyses including
secondary structure-based alignment using SSEalign,
functional enrichment by PANTHER, and virulence factor
identification using VFDB and VICMpred, RpoS and
PspA are identified from the pool of hypothetical proteins
to be involved in the mycobacterial stress response
pathway important for survival in the host** As the
knowledge of virulence factors expands, there is also a
need to expand existing virulence factor databases.
Expanded publicly available and centralized information
on virulence-related genes, including the context under
which they play a role in virulence, would enable more
efficient target selection for antivirulence drug discovery.

Prioritization of “accessible” targets for
antivirulence drugs

Antimicrobial drug development usually needs to factor
in drug delivery across the bacterial cell wall.**
Gram-negative Dacterial pathogens are particularly

noted for low membrane permeability and active drug
efflux, which collectively hinders drug action on intra-
cellular targets.” As such, there has been an interest in
prioritizing more accessible cell-surface or secreted
virulence factors as antivirulence drug targets. Bio-
informatic tools such as PSORTD,”*® or BUSCA,” (see
PSORT.org for a list) can aid identification of such tar-
gets through prediction of bacterial protein subcellular
localization—with PSORTD the first tool to exceed the
accuracy of high-throughput proteomic laboratory
methods for protein localization determination.” ¢
Such tools have recently been reviewed well by Imai
and Nakai* but some tools have notable limitations such
as BUSCA which does not predict periplasmic proteins
(critical for differentiation from outer membrane pro-
teins in gram-negative bacteria, to avoid over predicting
cell surface proteins). All the widely used computational
predictors have web-based interfaces and PSORTb can
additionally be run locally or in a command-line inter-
face as an open-source software. Pre-computed and
regularly updated PSORTD predictions also available via
PSORTdb.** While such prioritization is not essential,
it can simplify drug discovery efforts by not having
to address the need to cross the cell envelope. By
focusing more on drug action outside of the bacterial
cell—targeting external virulence factors versus the cell
itself—this may more likely lead to drug discovery
which has only antivirulence activity and lessens impact
on bacterial cell viability.

Application of the antibiotic drug discovery
platform towards antivirulence drug

development

During the “golden age of antibiotics” between 1940s
and 1960s, many modern antibiotics were discovered
from natural compounds produced by the soil-derived
actinomycete.” The natural product discovery pipeline
eventually dried up when novel classes of antibiotics
became increasingly scarce to find without the constant
re-discovery of existing compounds. Since antivirulence
drug targets differ from traditional antimicrobial drug
targets that are often parts of essential bacterial pro-
cesses, the development of antivirulence drugs can
potentially revive and build upon existing antimicrobial
drug discovery platforms while incorporating the
concept of precision antimicrobial therapeutics to
address the global health concern of AMR as well as the
technical challenges of producing novel drugs against
bacteria. The design of antivirulence drugs also satisfies
the WHO’s innovation criteria for a novel antimicrobial
therapeutic as they: (1) target specific virulence factors
or virulence-related proteins rather than essential genes
(novel target and mode of action), (2) do not affect
bacterial survival and thus reduce selective pressure for
drug resistance (minimizes cross-resistance), and (3) are
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of distinct chemical classes from antibiotics and act on
different cellular processes.®

Most of the approved antivirulence drugs and drug
candidates under development were discovered through
high-throughput screenings of existing compound li-
braries against specific bacterial targets including well
characterized and known virulence factors such as
quorum-sensing molecules and toxins (Table 1). The
following subsections outline the success of antivirulence
drug discovery using natural product libraries, small
molecules libraries and approved drug libraries that were
originally designed for classic antibiotic discovery. These
studies illustrate that existing antibiotic drug development
platforms including drug library screening methods, may
be adapted for antivirulence drug discovery.

Natural product screening

Plants represent a diverse reservoir of secondary metabo-
lites, or bioactive phytochemicals, accumulated by co-
evolution with other organisms in competitive or hostile
environments. Medicinal plants are known to confer
therapeutic effects against many ailments including bac-
terial infections.”’ Between 2006 and 2020, 100 plants
globally have been reported to show antimicrobial activities
against the highly virulent and antimicrobial resistant
ESKAPE (Enterococcus faecium, S. aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, P. aeruginosa, and
Enterobacter spp) pathogens.® Approximately 5,000 of the
~45,000 African plant species and more than 2,000 Chi-
nese herbal compounds have documented medicinal
properties with many also conferring antivirulence prop-
erties.” For instance, anti-quorum-sensing activity has
already been reported in several Chinese medicinal plant
extracts, Poria cum Radix pini, Angelica dahurica, Rhizoma
cibotii, and Schizonepeta tenuifolia, as well as the South
African plant Sclerocarya birrea.**** Likewise, diterpenoids,
phytochemicals found in the Chilean medicinal plant
Azorella atacamensis, can interfere with the production of
quorum-sensing molecules in P. aeruginosa.”” These
studies tap into two approaches to characterize bioactive
compounds, one is to begin with whole plant extracts that
have not been previously characterized and purify novel
secondary metabolites. The other is to consult traditional
knowledge for known naturally occurring curatives and
isolate specific compounds. Both approaches then screen
for activity against bacterial factors. The exact activity
depending on the antivirulence activity sought. Significant
success has been demonstrated in developing anti-
quorum-sensing therapeutics as described in studies
mentioned immediately above and in Table 1.

These recent investigations for antivirulence drug
candidates have demonstrated the potential revival of
the natural product-based drug discovery programs
previously developed for antibiotic discovery. Further
screening of medicinal plants for activity against

www.thelancet.com Vol 88 February, 2023

existing and novel bacterial virulence factors can enable
the discovery of phytochemicals as promising anti-
virulence compounds.

Small molecule screening

Besides natural product screening, the use of high-
throughput screening (HTS) of synthetic, small mole-
cules has accelerated the drug development process in
different fields of medicines. Screening thousands of
small molecules drastically accelerates the “hit to lead”
generation, the process at which a compound with
target binding affinity and potential therapeutic prop-
erties is identified and optimized.®® HTS assays are now
being adopted in the antivirulence drug development
process. For example, the small molecule MAC-545496
inhibits the cell-envelope stress regulator GraR result-
ing in reduced biofilm formation, abated intracellular
survival in macrophages, and reversed p-lactam resis-
tance in methicillin-resistant S. aureus.” In addition to
traditional HTS, the fragment-based lead discovery
method is a more recent approach for large-scale small
molecule screening that utilizes high-quality chemical
fragment libraries with thousand-fold fewer molecules
but covers a larger chemical space.”® This method
identifies fragments with binding affinity to target and
structurally expand the fragment into a drug lead with
optimized binding and biological activity. Both methods
have been widely adopted in many drug discovery plat-
forms and can also be applied towards novel anti-
virulence drug development. Such screening
approaches will benefit from the development of more
robust protein structure prediction methods such as
AlphaFold,” though some of the very novel protein-
based drug targets will require additional experimental
structural data to more accurately identify their small
molecular interactions.

Repurposing approved drugs

Traditional drug discovery process can take more than
ten years to bring a novel drug to the market. This has
inspired the more cost- and time-effective strategy of
finding novel indications of already-available drugs,
known as drug repositioning or repurposing. This
approach has reportedly accounted for roughly 30% of
newly approved drugs by the US Food and Drug
Administration in recent years.* Since safety and effi-
cacy information of existing drugs are readily available,
the time to develop an approved drug for an alternative
indication may effectively be shortened. This is partic-
ularly crucial in the realm of infectious disease where
novel therapeutics are urgently needed to combat the
continual rise of AMR. Antimicrobial activities have
been reported in a variety of drug classes including
anthelmintics, anticancer drugs, anti-inflammatory
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drugs and antipsychotic drugs.” Similar screening
methods with the addition of a non-bactericidal and
non-bacteriostatic criterion would help to identify exist-
ing drugs with potential antivirulence properties.
For example, the FDA-approved antifungal drugs clo-
trimazole and miconazole as well as the antipsychotic
drug pimozide targets the P. aeruginosa transcriptional
regulator PqsR to inhibit the Pseudomonas Quinolone
Signal (PQS) quorum-sensing system.”

In addition, the combination of pathogen-associated
genes analysis and in silico docking assay identified a
repurposing potential for the FDA-approved osteopo-
rosis drug Raloxifene. Raloxifene was predicted to be an
antivirulence agent against P. aeruginosa, specifically
targeting the pathogen-associated PhzB2 protein
involved in pyocyanin biosynthesis. Subsequent in vivo
studies confirmed an antivirulence activity of the drug
without impacting bacterial growth.”

Diagnostics as an important component of an

antivirulence therapeutic strategy

The effective use of pathogen-specific drugs, including
narrow-spectrum antibiotics and antivirulence drugs,
relies on rapid and accurate diagnosis of the infection/
infecting pathogen. This is increasingly becoming
possible, as more rapid approaches are developed in
addition to traditional laboratory culturing. Identifica-
tion via protein markers through use of MALDI-TOF
and targeted genomic sequencing such as multi-locus
sequence typing are becoming routine clinical practice.
Rapid, very specific, diagnostics are becoming more
achievable with the lowering cost of DNA/genomic-
based rapid-screening methods and the continual
advancement of public health genomics platforms for
pathogen identification.”>”*

Discussion

Though antibiotics have been critical for bacterial infec-
tious disease control, the overuse and over-reliance on
antibiotics have also exacerbated the public health crisis of
antimicrobial resistance. Novel antimicrobial drug discov-
ery efforts need to focus on innovative therapeutics that are
less prone to resistance. Antivirulence therapeutics are a
promising approach to combat this global public health
threat by aiming to attenuate bacterial virulence rather
than to negatively impact the survival of specific bacterial
pathogens—potentially selecting more for drug resistance.
Revitalizing and applying the antibiotic drug discovery
pipeline, including the use of existing natural product and
small molecule libraries, for the discovery of novel anti-
virulence therapeutics may be a promising strategy in
mitigating AMR-related morbidities and mortalities. Like-
wise, as more bacterial genomes are sequenced, novel
PAGs with little to no sequence similarity to well

characterized genes represent an unexplored source of
potentially novel antivirulence drug targets. Additionally,
identifying PAGs and their evolutionary conservation
across different taxonomic levels can help fine-tune the
antimicrobial spectrum of novel drugs and create preci-
sion medicine against specific pathogens without affecting
the host’s established, non-disease-causing microbiota.
This approach, especially if directed at PAGs shared across
diverse genera, may also identify drugs that could target
more broadly conserved themes in pathogenicity.

Although antivirulence drugs theoretically do not
directly impact bacterial growth and survival, resistance
may still emerge depending on the biological role and
dependence on the chosen virulence factor target and
the treatment environment.”” Allen et al. hypothesized
that it is possible to design an evolutionary robust drug
that selects against resistance if the antivirulence drug
target (virulence factor) damages the host but confers no
survival advantage to the pathogen at the site of infec-
tion.” Expanding the knowledge base of bacterial viru-
lence factors and specifically their functional roles
would therefore increase the selection of appropriate
antivirulence drug targets that are ideally both pathogen
specific and confer negligible impact on pathogen
fitness. This would also help to expand the antivirulence
drug options and improve their clinical lifespan against
existing AMR-related infections.

Adoption of antivirulence drugs as a part of precision
antimicrobial therapeutics would benefit from more
accurate clinical diagnoses of infections and the disease-
causing agent, including sequence-based approaches for
diagnostics that have been prioritized.”*” It is important
to note that while genomics and bioinformatics have
advanced our knowledge of bacterial virulence as well as
accelerated the drug prediction workflows, the integra-
tion of both computational and laboratory analyses into
virulence drug target, and drug discovery pipelines is
crucial for the successful discovery of novel bacterial
targets and antivirulence therapeutics.

Outstanding questions

In recent years, high-throughput omics approaches have
provided an improved understanding of bacterial viru-
lence mechanisms that can help to advance anti-
virulence drug discoveries; however, there are still some
significant questions that need to be addressed:

1) DNA sequencing technologies have generated
massive amounts of high-quality genomic data but in
silico gene functional annotation and laboratory valida-
tion remains a challenge in the characterization of
novel, pathogen-specific genes with limited sequence
similarity to known genes. GWAS and genotype-
phenotype association studies improve our confidence
in the discovery of novel virulence factors, but more
specific laboratory methods that enable a deeper
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understanding of pathogen virulence and disease pro-
cesses are needed. Such in-depth characterization of
virulence factors of interest is a rate-limiting factor for
anti-virulence drug discovery.

2) It is predicted that antivirulence therapies would
less strongly select for resistance versus antimicrobial
therapies that directly target pathogen survival; instead,
antivirulence therapies may select for a non-pathogen
phenotype. However, we need more investigation of
how pathogens evolve under antivirulence selective
pressure versus direct survival. More investigation of
the potential for antivirulence drug resistance, using
combined computational and laboratory experimenta-
tion is needed.

Search strategy and selection criteria

For this review we identified literature by searches
through PubMed from August 2020 to August 2022 us-
ing the search terms “antivirulence compounds/drugs/
therapies”, “antimicrobial resistance”, “quorum sensing
inhibitors”, “phage therapy”, “pathogen-specific”, “novel
antimicrobial therapeutics”, and “bacterial pathogens”.
For sections on antivirulence drug discovery workflow
and compound screening combinations of keywords
“antivirulence” with “drug discovery”, “compound
screens”, “novel therapeutics”, “natural sources thera-
peutics”, “bioinformatic/computational —approaches”,
“workflow”, and “pipelines” were utilized for literature
searches. Only peer-reviewed articles in English, that
were published up to August 2022, were included.
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