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Abstract

With the escalating crisis of bacterial multidrug resistance, anti-virulence therapeutic strategies have emerged as a highly promising alternative
to conventional antibiotic treatments. Anti-virulence compounds are specifically designed to target virulence factors (VFs), disarming pathogens
without affecting bacterial growth and thus reduce the selective pressure for resistance development. However, due to the complexity of
bacterial pathogenesis, no anti-virulence small molecules have been approved for clinical use thus far, despite the documentation of hundreds
of potential candidates. To provide valuable reference resources for drug design, repurposing, and target selection, the virulence factor database
(VFDB, http://www.mgc.ac.cn/VFs/) has systematically collected public data on anti-virulence compounds through extensive literature mining,
and further integrated this information with its existing knowledge of bacterial VFs. To date, the VFDB has curated a comprehensive dataset of
902 anti-virulence compounds across 17 superclasses reported by 262 studies worldwide. By cross-linking the current knowledge of bacterial
VFs with information on relevant compounds (e.g. classification, chemical structure, molecular targets and mechanisms of action), the VFDB aims
to bridge the gap between chemists and microbiologists, providing crucial insights for the development of innovative and effective antibacterial
therapies to combat bacterial infections and address antibiotic resistance.
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Introduction emergence of adaptive mutations and the widespread dissem-
In recent decades, the continuous development of vaccines,  ination of antibiotic resistance genes have made infections
anti-infective drugs, and advancements in infection control  caused by multidrug-resistant bacterial strains a serious pub-
measures have led to substantial progress in the prevention lic health threat (3,4). As a result, antimicrobial resistance
and treatment of bacterial infections (1,2). However, the rapid has emerged an increasingly critical global challenge, with
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projections suggesting it could cause over 10 million deaths
annually by 2050, vastly exceeding the current figure of
700 000 deaths per year (5,6). In addition, conventional an-
tibiotics typically target essential cellular functions of bacte-
ria, such as cell wall, replication, transcription and translation,
which not only kill or inhibit bacterial pathogens but also dis-
rupt commensal and beneficial microbiota, often leading to
further clinical complications (7). Consequently, there is an
urgent need for novel antibacterial strategies to combat drug-
resistant bacterial infections.

One emerging strategy is anti-virulence therapy, which fo-
cuses on disarming pathogens by suppressing their virulence
rather than inhibiting their growth or directly killing them
(8). By attenuating virulence systems, anti-virulence drugs are
particularly attractive due to their hypothesized ability to ex-
ert lower selective pressure for resistance development, as
they do not target vital bacterial functions and are less dis-
ruptive to the resident microbial flora (9). This approach re-
duces the severity of clinical manifestations while simultane-
ously enhancing antibacterial immune responses, positioning
anti-virulence therapy as one of the most promising alterna-
tives to traditional antibiotic treatments (10). Anti-virulence
compounds can be designed to target various bacterial viru-
lence factors (VFs) by preventing bacterial adhesion (11) or
biofilm formation (11), disrupting effector delivery systems
(12), blocking quorum sensing (13), and attenuating virulence
through global or specific gene expression regulation (14). For
instance, a family of bicyclic 2-pyridones, termed pilicides, has
been shown to inhibit pilus biogenesis, bacterial adherence,
and biofilm formation in uropathogenic bacteria by block-
ing the chaperone and usher functions (15). Additionally,
furan-based compounds inhibit salicylate synthase, the key en-
zyme in mycobacterial siderophore biosynthesis, thereby dis-
rupting iron acquisition and impairing bacterial growth (16).
Another important example is the inhibition of cholesterol-
dependent cytolysins, such as pneumolysin and perfringolysin,
where small molecule inhibitors block their pore-forming abil-
ity and prevent host cell damage (17). With the deepening
understanding of bacterial pathogenesis and advancements in
computer-aided drug design methods, an increasing number
of potential anti-virulence small molecules have been discov-
ered over the past decades (18,19). However, progress in the
clinical application of anti-virulence drugs has lagged, with
only a limited number of compounds entering clinical trials,
while the majority remain in preclinical development stages.
Moreover, current research predominantly targets specific vir-
ulence factors of individual pathogens, underscoring the need
for an in-depth understanding of the interaction dynamics be-
tween these agents and pathogenic bacteria to more effectively
identify and develop potent new drug candidates.

The virulence factor database (VFDB, http://www.mgc.ac.
cn/VFs/) has served as a comprehensive knowledge base and
a versatile analysis platform of bacterial VFs for over two
decades (20,21). Apart from the VFDB, other databases re-
lated to bacterial VFs, such as the PHI-base (22), Victors (23),
TADB (24), SecReT4 (25) and SecReT6 (26), primarily focus
on host-pathogen interactions or specific categories of VFs.
But none of the existing databases provide comprehensive in-
formation on anti-virulence compounds. To fill this gap, the
VFDB has recently compiled the current knowledge of anti-
virulence compounds and integrated it with information on
related pathogens and VFs, aiming to bridge the gap between
chemists and microbiologists through a comprehensive repos-
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itory. To date, the VFDB has collected a total of 902 individual
anti-virulence compounds of 90 classes from 17 superclasses
reported by 262 published studies, covering various bacterial
VF categories and major medically significant pathogens. Re-
cent developments in the VFDB will provide valuable insights
for the discovery of novel and effective anti-virulence thera-
pies, aimed at mitigating bacterial infections and combating
antibiotic resistance.

Database updates

Data collection and database integration

To develop a comprehensive resource for investigating
anti-virulence compounds, we retrieved all promising anti-
virulence drug candidates and related publications available
in the public domain, identifying potential alternatives for the
prevention and treatment of critical bacterial infections. In-
spired by a previous study (27), we established a compre-
hensive set of retrieval keywords, including ‘anti-virulence
OR antivirulence OR ‘virulence inhibition’ OR ‘virulence in-
hibitor> OR ‘virulence factor inhibition’, to systematically
search PubMed for relevant literature as an initial step (lat-
est accessed at July 2024). The resulting publications were
then reviewed by two independent bio-curators for cross-
verification. Please note that in this study, we focus on small
molecules, which are relatively easier to develop and manufac-
ture, and therefore exclude studies involving large molecules
such as polypeptides and antibodies. We included only orig-
inal studies on anti-virulence compounds with in vitro or in
vivo activity, as well as relevant reports on clinical trials. Cur-
rently, we have collected only compounds targeting pathogens
from the 32 medically important bacterial genera covered by
the VEDB (28). With respect to the enrolled studies, we man-
ually retrieved relevant information from the documents, in-
cluding the chemical structure of the compound(s), the target
pathogen(s) and virulence factors (if reported), the effects on
bacterial pathogenesis, and the maximum development stages
(e.g. in vitro, in vivo, or clinical trial phases I/1I). Particularly,
to facilitate storage and management in the backend database,
we converted the chemical structure diagrams from the lit-
erature into the Simplified Molecular Input Line Entry Sys-
tem (SMILES) strings (29). Next, we performed an associa-
tive search in the PubChem database (30) using the unique
SMILES string for each collected anti-virulence compound
and batch downloaded the expanded chemical information,
including canonical and isomeric SMILES codes, molecular
formula, standard and synonymous names, and related classi-
fications based on the Medical Subject Headings (MeSH) tree
(if available). However, a significant portion of these com-
pounds remains unclassified in the MeSH tree. To address
this issue, we utilized the ClassyFire webserver (31), a highly
valuable automated chemical taxonomy tool with robust clas-
sification capabilities across multiple hierarchical levels (e.g.
kingdom, superclass, class and subclass), to systematically cat-
egorize the enrolled anti-virulence compounds. Finally, all the
aforementioned information were integrated into the back-
end MySQL database of the VFDB, forming a comprehensive
warehouse of anti-virulence compounds.

To enhance global accessibility for browsing and analyz-
ing the dataset of anti-virulence compounds, we designed a
dedicated summary page providing an overview of these com-
pounds and integrated related information into the existing
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webpages of pathogens and VFs. The summary page features
a hierarchical classification tree for anti-virulence compounds,
allowing users to explore specific drug categories of interest in
detail. Upon selecting a specific category, an interactive table
displays key information, including the compound name, 2D
chemical structure (dynamically generated by the Open Babel
software (32) based on the SMILES code), target pathogen(s),
associated VF(s) or VF category, and the maximum develop-
ment phase. Users can click on compound names to access full
details or click on the statistics icon at the bottom toolbar to
explore pie charts by the related pathogens and VF/compound
categories. Additionally, the VFDB incorporates a hierarchical
category of all reported anti-virulence compounds for each
pathogen into the existing pathogen page, while highlight-
ing representative chemical structures of related anti-virulence
compounds on the corresponding VF page, allowing users to
click on these categories or compounds to navigate to more
detailed information. Taken together, the VFDB seamlessly in-
terlinks the information of anti-virulence compounds with the
knowledge of pathogens and VFs, offering a highly interactive
and user-friendly platform for users worldwide.

A preliminary digest of anti-virulence compounds
summarized in the VFDB

As of September 2024, the anti-virulence compounds collected
in the VFDB database are primarily organic compounds, with
a significant proportion consisting of organoheterocyclic com-
pounds, benzenoids, phenylpropanoids and polyketides, and
organic acids and derivatives (Figure 1A). Despite significant
growth in research on anti-virulence small molecules over
the past two decades (Figure 1B), the majority of these com-
pounds remain in the preclinical stage, with approximately
78% demonstrating virulence attenuation only in vitro, and
only four having progressed to clinical trials. Additionally,
about 40% of the anti-virulence compounds we have com-
piled lack in-depth deciphering of molecular mechanisms,
and therefore cannot be linked to any specific target VFs.
To better illustrate the possible interactions between anti-
virulence compounds and bacterial VFs, we have summarized
and grouped the target VF(s) of each compound based on our
recently proposed classification scheme VF category (21). No-
tably, current data indicates that the aforementioned major
categories of anti-virulence compounds share similar broad-
spectrum antibacterial properties that can target nearly all
groups of bacterial VFs (Figure 2). In contrast, some other
superclasses of compounds are currently validated against
only limited VF categories. For example, carboxylic acids and
derivatives are primarily target to exoenzymes thus far.

As shown in Figure 1A, about two thirds of the currently
explored anti-virulence compounds target bacterial VFs in-
volved in biofilm, effector delivery systems and exoenzyme.
This focus is logical from the perspective of bacterial patho-
genesis. Bacterial biofilms significantly enhance the resistance
to host immune system and antibiotics, often contributing to
chronic infections. Numerous iz vitro and in vivo studies have
demonstrated significant inhibition of biofilms by an increas-
ing number of natural compounds and their derivatives, un-
derscoring the importance of identifying novel inhibitors that
prevent biofilm formation without promoting drug resistance
(33,34). Effector delivery systems, such as type III secretion
systems (T3SS), are well-characterized key virulence determi-
nants in many bacterial pathogens. For instance, genetic anal-
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ysis of Yersinia genomes has revealed the presence of a T3SS,
which is crucial for its virulence (35). Consequently, current
research on anti-virulence compounds targeting Yersinia has
predominantly focused on blocking the T3SS, as illustrated
in Figure 1A. In addition, YM155 (sepantronium bromide),
which target to Escherichia coli and is currently in phase II
trial, has demonstrated strong efficacy in inhibiting the activ-
ity of the effector protein NleB1 of the T3SS (36). Exoenzymes
are extracellular enzymes functioning outside of the bacterial
cells to degrade macromolecules to small soluble molecules,
which facilitates the bacterial invasion. Indeed, over 90 cur-
rently verified anti-virulence compounds of Mycobacterium
target tyrosine phosphatases PtpA or PtpB, which destruct
the key components of the host endocytic pathway to arrest
phagosome maturation (37). Nonetheless, some other groups
of bacterial VFs, such as adherence, exotoxins, regulation and
immune modulation factors, also play pivotal roles in bac-
terial pathogenesis and could be potential targets for future
investigations. For example, adherence to host cells is typi-
cally the initial step of bacterial infections. Sibofimloc, a novel
FimH adherence blocker of E. coli, currently in clinical tri-
als, has shown minimal systemic exposure, good tolerability,
and a reduction in several inflammatory biomarkers in its ini-
tial study involving patients with active Crohn’s disease (38).
Therefore, various bacterial VFs remain potential targets for
further investigation into anti-virulence compounds.

Among the 32 genera of medically significant bacterial
pathogens covered by the current VFDB, 27 genera have as-
sociated anti-virulence compounds reported thus far (Figure
1A). As a promising alternative for combatting antibiotic re-
sistance, many current anti-virulence compounds target mem-
bers of the so-called ESKAPE group (i.e. Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa and Enterobacter
spp.), five of which are covered by the current VFDB database.
ESKAPE pathogens pose critical threats to public health, as
they are responsible for the majority of nosocomial infections
caused by multidrug-resistant strains worldwide (39). Within
the current dataset, biofilm formation and quorum sensing
(QS) are primary virulence targets for all members of ESKAPE
bacteria (Figure 1A), with biofilm formation being crucial for
antibiotic resistance and QS coordinating the expression of
virulence-related genes. Nevertheless, the only anti-virulence
compound in clinical trials targeting A. baumannii is macro-
cyclic peptide zosurabalpin, which blocks the lipopolysaccha-
ride transport system and disrupts outer-membrane assembly
(40). Actually, different trends of current approaches were ob-
served in different pathogens, primarily based on the respec-
tive bacterial pathogenesis. Although current efforts of anti-
virulence compounds on Staphylococcus generally diversified
in terms of VF category, the validated compounds for Pseu-
domonas, Yersinia and Mycobacterium predominantly target
to biofilm, effector delivery system and exoenzyme, respec-
tively (Figure 1A). Indeed, an in-depth understanding of the
bacterial pathogenesis is undoubtedly the foundation for a
successful development of anti-virulence therapies.

Discussion

As a novel alternative to antibiotic therapy intended to ad-
dress the escalating drug resistance crisis, the development
of anti-virulence therapies continues to encounter significant
challenges. Due to the complexity of bacterial pathogenesis,



D874 Nucleic Acids Research, 2025, Vol. 53, Database issue

>

e L A

A

SN

B
m-
800

i
c
=2
1
8 180 z
s Le0o 2
2
z 3
E P
< 3
g
E :
E 120 1
e 400
g
3
% 3
o
% 6o
5 60 ) 200
E
=
z

0- - L0

1999 2003 2007 2011 2015 2019 2023

== F related to Anti-viruls d: e Anti-virulence compounds
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Figure 2. Characteristics of four major categories of anti-virulence compounds. This figure presents a series of pie charts illustrating the interactions
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‘total’ beneath each chart indicates the total number of compounds of the corresponding category.

an in-depth understanding of the molecular mechanisms of
virulence factors and their interactions with host organisms is
urgently needed. To tackle this, the VFDB has dedicated over
two decades to conducting comparative analyses of molecular
mechanisms across various bacterial VFs and has proposed a
general classification scheme to provide a robust foundation
for target design in anti-virulence strategies (20,21,28,41-43).
Nevertheless, with most anti-virulence therapies still in the
preclinical stage and only four having progressed to clinical
trials (36,38,44,45), there is a notable absence of predictive
models for determining optimal drug dosing, validated mod-
els for forecasting clinical outcomes, and accurate diagnos-
tic tests for identifying pathogens and assessing VF expres-
sion - an essential factor given that some virulence factors are
pathogen-specific and their expression can be influenced by
patient condition and disease state.

Therefore, to accelerate research progress and enhance the
efficiency of knowledge discovery in the field of anti-virulence
therapy, the VFDB has systematically integrated and rigor-
ously analyzed the current research findings and related data,
including the chemical structures, molecular targets, mech-
anisms of action, and development stages of anti-virulence

compounds. By interlinking existing knowledge of relevant
bacterial pathogens and VFs in the VFDB, the upgraded re-
source offers invaluable data references for both chemists and
microbiologists, supporting future investigations into novel
compounds design, drug repurposing, and strategic target
selection.

To provide new perspectives in developing novel and effec-
tive antibacterial therapies and address the challenges posed
by bacterial infections and antibiotic resistance, the VFDB
database will continue to integrate up-to-date knowledge on
both bacterial pathogenesis and anti-virulence compounds,
maintaining its role as a centralized and comprehensive repos-
itory for the global scientific community. In addition, we aim
to develop advanced tools for predictive modeling of inter-
actions between bacterial VFs and small molecules, and in-
tegrate deep-learning algorithms to predict potential anti-
virulence compounds based on existing data. Furthermore,
to streamline research on bacterial pathogenicity, we plan to
further expand the VFDB datasets and develop new tools
capable of identifying bacterial VFs in metagenomic data,
thereby broadening the scope and utility of VFDB in future
studies.
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Data availability

The virulence factor database (VFDB) is publicly accessible at

http://www.mgc.ac.cn/VFs/.
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