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% Check for updates Cholera, a severe diarrhoeal illness caused by Vibrio cholerae (V. cholerae),

poses a significant threat to public health worldwide. The emergence of
multidrug-resistant V. cholerae strains underscores the urgent need for pre-
ventive and therapeutic interventions. In this study, we elucidate the role of
outer membrane protein V (OmpV) in the virulence of V. cholerae and propose
a therapeutic strategy targeting OmpV. Subcellular localization analysis shows
that OmpV is present in both the bacterial outer membrane (OM) and bacterial
extracellular vesicles (BEVs). When V. cholerae enters the small intestine,
OmpV is activated by the CarSR two-component system in response to cationic
antimicrobial peptides (CAMPs) in the small intestine, leading to increased
bacterial pathogenicity. The upregulation of ompV not only augments bac-
terial adhesion but also promotes the internalization of BEVs into host cells,
thereby increasing the delivery of cholera toxin (CT) to host cells. Computa-
tional aided drug design (CADD) shows that the small-molecule inhibitor
C607-0736 is capable of disrupting the virulence functions of OmpV. Animal
experiments show that C607-0736 efficiently inhibits the colonization and
pathogenicity of the V. cholerae O1 and 0139 strains. These findings under-
score the therapeutic potential of OmpV-targeting strategies and offer pro-
mising avenues for addressing multidrug-resistant V. cholerae.

V. cholerae, the bacterium responsible for the deadly disease cholera,
has been a significant public health concern for centuries. Since 1817,
seven cholera pandemics have plagued humans worldwide. The ability
of V. cholerae to cause large-scale outbreaks and pandemics has made
it a major focus of research and public health efforts'>. Among the
various serogroups of V. cholerae, O1 and 0139 are primarily respon-
sible for pandemic outbreaks. O1 has been linked to six of the seven
recorded cholera pandemics, whereas 0139 emerged in 1992 and
caused a spread in parts of Asia owing to its unique ability to

circumvent immunity in populations previously exposed to O1'*, Oral
rehydration solution (ORS) and antibiotics are typically used to treat
cholera*’. However, the global issue of bacterial antibiotic resistance,
particularly the emergence of multidrug-resistant (MDR) V. cholerae, is
increasingly concerning®. As a result, the identification of targets and
therapies for the prevention and control of cholera is urgently needed.

V. cholerae typically infects hosts after the oral ingestion of con-
taminated food or water. Once ingested, V. cholerae survives the acidic
gastric environment, penetrates the mucus layer and adheres to the
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epithelium of the small intestine’. At the infection site, V. cholerae
produces an array of virulence factors, including cholera toxin (CT)
and toxin-coregulated pilus (TCP). CT encoded by ctxAB on the fila-
mentous CTX® is responsible for acute secretory diarrhea”®. The
expression of these virulence factors is tightly controlled by a hier-
archical regulatory cascade involving ToxR-ToxS, TcpP-TcpH and
cytosolic ToxT*'°. During infection, CT can be recognized by pattern
recognition receptors (PRRs). This triggers the activation of central
innate immune pathways, which in turn activate the secretion of sev-
eral proinflammatory cytokines".,

Cationic antimicrobial peptides (CAMPs), such as a-defensins, [3-
defensins, and cathelicidin LL-37, are small cationic molecules that
exhibit broad-spectrum antimicrobial activity through both direct
pathogen neutralization and immunomodulatory functions®. Notably,
Paneth cells localized at the base of small intestinal crypts secrete o-
defensins (termed cryptdins in mice) in response to bacterial stimuli to
combat invasive enteric infections'*. Nonetheless, certain pathogens,
such as Shigella spp. and V. cholerae, have evolved mechanisms to
sense CAMPs and enhance their virulence in vivo®. During infection, V.
cholerae colonizes in the intestinal crypts and develops CAMPs resis-
tance via the CarSR two-component system by upregulating the
almEFG operon'. Furthermore, HD-5, one of the most abundant a-
defensins secreted by Paneth cells, promotes V. cholerae colonization
through the CarSR two-component system-mediated virulence path-
way by upregulating tcpP expression".

Adhesion to the host cell is the first step in bacterial infection.
During this process, pathogens express a variety of adhesion factors to
facilitate host-pathogen interactions. Understanding the underlying
molecular mechanisms governing these interactions is essential for the
development of new “antiadhesive” therapeutic strategies aimed at
preventing pathogen colonization. Recently, a group of outer mem-
brane protein (OMP) adhesins was identified as playing key roles in
bacterial adherence to specific host molecules. For example, OmpA
and Omp33 produced by Acinetobacter baumannii are involved in
binding to human lung epithelial cells'®*. OmpV, produced by Sal-
monella Typhimurium facilitates bacterial adherence to intestinal
epithelial cells via fibronectin®. In V. cholerae, OmpU has been
reported to function as an adhesin, although its role in adhesion
remains controversial”?2, Despite these findings, the roles of OMPs in
V. cholerae adhesion remain largely unknown.

In addition, bacterial extracellular vesicles (BEVs) have diverse
pathophysiological functions, including facilitating adherence to host
cells, delivering virulence factors, and modulating immune
responses”*?*. BEVs are nanoscale vesicles that are released by bacteria
through a contact-free transport and communication mechanism and
serve as carriers of virulence factors®. BEVs shed from the cell envel-
ope of gram-negative bacteria are spherical membranous structures
primarily composed of lipopolysaccharides (LPSs), phospholipids,
OMPs, and a lumen filled with cargos that consist mainly of periplasmic
proteins®. The interaction between bacteria and host cells triggers the
release of BEVs. Once secreted, OMPs on BEVs enhance the ability of
BEVs to bind to host cells?*”. Following adherence, BEVs can be
internalized into host cells, allowing the transfer of virulence factors
and other components into the host cell. This BEV-mediated delivery
of virulence factors is recognized as a potent mechanism utilized by
many bacterial pathogens. Virulence factors such as the ClyA cyto-
toxin, haemolysin F, and CNF1 of Escherichia coli, as well as vacuolating
cytotoxin A (VacA) from Helicobacter pylori, are secreted through
BEVs?7°, Similarly, BEV-mediated secretion of the CT and Vibrio cho-
lerae cytolysin (VCC) has also been reported in V. cholerae®*.

In this study, we revealed the role of OmpV in V. cholerae patho-
genicity and developed a drug targeting OmpV as a potential treat-
ment for cholera infection. We found that OmpV enhances the
intestinal colonization and cytotoxicity of V. cholerae. The expression
of ompV is activated by the two-component system (TCS) CarSR, with

phosphorylated CarR binding directly to the ompV promoter in
response to HD-5”. OmpV, located in the OM, facilitates bacterial
adhesion to the intestinal epithelium, whereas OmpV in BEVs con-
tributes to the internalization of BEVs by host cells. This process
enhances the delivery of CT into host cells, leading to the induction of
proinflammatory cytokine production. On the basis of the structural
and functional characteristics of OmpV, we used computational-aided
drug design (CADD) to identify an antibacterial drug®, C607-0736,
which effectively inhibits OmpV-mediated bacterial adherence and
delivers cholera toxins. Furthermore, we showed that C607-0736 can
significantly inhibit the colonization of V. cholerae 01/0139 and OmpV-
containing V. parahaemolyticus strains harboring ompV in animal
experiments. These results suggest that C607-0736 has potential for
the treatment of infections caused by pandemic V. cholerae.

Results

CAMPs promote ompV expression via TCS CarSR

Previous research showed that TCS CarSR can sense various CAMPs
and regulate gene expression”. Transcriptomic analysis elucidated
that the expression of ompV was significantly upregulated in response
to CAMPs". Genomic analysis elucidated that ompV and carSR are
located close to each other in the genome (Fig. 1a); thus, we hypo-
thesized that ompV is regulated by TCS CarSR in response to CAMPs.
To test this hypothesis, QRT-PCR assays were performed. The results
revealed that the expression of ompV was significantly decreased
(5.20-fold) in the AcarR strain compared with the wild-type (WT) V.
cholerae strain EL2382 (O1) strain (Fig. 1b), indicating that CarR posi-
tively regulates the expression of ompV.

Next, we investigated the mechanism by which HD-5 induces ompV
expression through TCS CarSR. The qRT-PCR results revealed that ompV
expression was significantly upregulated (4.83-fold) in the WT strain
after treatment with HD-5 compared with that in the untreated control
(Fig. 1c). In contrast, ompV expression in the AcarR strain was not sig-
nificantly different in AKI medium with or without HD-5 (Fig. 1d). These
results indicate that HD-5 induces ompV expression via CarSR.

To further elucidate the regulatory mechanism through which
ompV expression is regulated by the phosphorylation of CarR, sequence
analysis of the promoter region of ompV was performed. A potential
CarR box (5-TACAGTGTTCACATCCA-3’) was detected from -45 to —28
bp in the ompV promoter region, indicating that CarR may directly
regulate ompV expression by binding to the promoter region of ompV.
To prove this hypothesis, the electrophoretic mobility shift assay (EMSA)
revealed that when CarR was phosphorylated by acetyl phosphate (Acp),
the migrating bands were observed for the ompV promoter (Pop1) (Fig.
1le) but not for rrsA (negative control) (Fig. 1f), indicating that phos-
phorylated CarR specifically binds to the Pq,y region in vitro. Further-
more, EMSAs revealed that CarR cannot bind to P11 (the potential
CarR box deleted in P, (Fig. 1g), suggesting that the potential CarR
box in P,y is vital for the interaction between CarR and P,,,,. Then,
ChIP-gPCR further revealed 17.05-fold greater enrichment of P, in the
CarR-ChIP samples than in the mock-ChIP samples (Fig. 1h), whereas
there was no significant difference in the enrichment of rpoS between
the CarR-ChIP and mock-ChIP samples (Fig. 1h). Collectively, these
results indicate that phosphorylated CarR by CAMPs positively regulates
ompV expression by directly binding to Pgp1-

OmpV contributes to the pathogenicity in response to CAMPs

CAMPs have the potential to promote the pathogenicity of V.
cholerae” . To confirm whether CAMPs are present in the infant mouse
intestine during infection, the expression of the murine Cathelicidin-
related antimicrobial peptide (NCRAMP), encoded by the Cnlp gene in
mice*, was examined during V. cholerae infection. The immunostain-
ing was performed to detect the expression and location of mMCRAMP
in the small intestines of V. cholerae-infected and uninfected mice. The
results confirmed that mCRAMP expression was markedly increased in
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Fig. 1| HD-5 promotes ompV expression via CarR. a Schematic diagram of the
structure of the carR, carS and ompV region. b The expression level of ompV in the
WT, AcarR and AcarR+ strains in AKI medium (n = 3 independent experiments). ¢, d
The expression level of ompVin WT (c) and AcarR (d) strains in AKI medium
supplemented with O or 50 pg/mL HD-5 (n =3 independent experiments).

e-g EMSA of the specific binding of purified CarR to the promoter regions of ompV
(e), rrsA (negative control) (f), and ompV without the -28 and —45 elements (Pop;p1-1)

(g) with 30 mM (Acp) to activate CarR. h Fold enrichment of rpoS and P, in CarR-
ChIP samples, as measured by qPCR (n =3 independent experiments). rpoS was
used as a negative control. Significance was determined by a two-tailed unpaired
Student’s t-test (b-d, h) and is indicated by the p value. *p <0.05, **p <0.01,

***p < 0.001; ns no significant difference. The data were the mean *s.d. (b-d, h).
Results are representative of three biological replicate experiments (e-g). The
source data were included in the Source Data file.

infected mice and distributed throughout the intestinal epithelium
(Fig. 2a). Quantitative fluorescence analysis and qRT-PCR results
showed that mCRAMP levels were significantly upregulated in V. cho-
lerae-infected mice (Fig. 2b—-d). Importantly, mCRAMP co-localized
with the TcpA of V. cholerae during infection, with a Pearson’s corre-
lation coefficient of 0.71 + 0.08 (Fig. 2b and Supplementary Fig. 1a).
These data indicate that mCRAMP is induced globally in the small
intestine while spatially associated with adherent V. cholerae.

Based on these results, we hypothesize that OmpV may enhance
the pathogenicity of V. cholerae in vivo in response to CAMPs during
infection. To test this hypothesis, we first compared ompV expression
in WT in the infant mouse intestine and Luria-Bertani (LB) broth
medium via qRT-PCR. The results revealed that the expression of ompV
in the small intestine of mice was significantly increased by 5.57-fold
compared with that in LB medium (Fig. 2e). We subsequently con-
structed ompV mutant (AompV) and ompV complement strains
(AompV+). A mouse colonization assay revealed that the colonization
ability of the AompV strain was significantly lower than that of the WT
strain (Fig. 2f), and it was restored to the WT level in AompV+ (Fig. 2f),
indicating that OmpV promotes V. cholerae colonization in the small
intestine. In addition, growth curve analysis revealed that there was no
significant difference in the growth of the WT, AompV and AompV+
strains in LB medium (Supplementary Fig. 1b), indicating that the
impact of OmpV on V. cholerae pathogenicity is not due to differences
in bacterial growth. Collectively, these results indicate that OmpV
enhances V. cholerae pathogenicity in vivo.

OmpV is located in the outer membrane and promotes bacterial
adhesion

To elucidate the role of OmpV in pathogenesis, we examined its sub-
cellular localization via PRED-TMBB and SWISS-MODEL*?¢, which
predicted that OmpV is located in the bacterial outer membrane (Fig.
3a). We expressed the OmpV-FLAG fusion protein in AompV. The

western blot results showed that OmpV-FLAG could be detected in the
cytosolic fraction, outer membrane and BEVs (Fig. 3b). These findings
indicate that OmpV may contribute to bacterial pathogenesis through
multiple pathways.

Given that OMPs play a key role in mediating bacterial attachment
to host cells in many bacteria®*, We hypothesized that OmpV pro-
motes the pathogenicity of V. cholerae by increasing its ability to
adhere to cells. The results revealed that the ability of the AompV strain
to adhere to Caco-2 cells was significantly lower than that of the WT
and AompV+ strains (Fig. 3¢). These data indicate that OmpV promotes
the ability of V. cholerae to adhere to cells in vitro. We further inves-
tigated whether OmpV influences the expression of key virulence
genes (tcpP, toxT, toxR, and ctxA). The qRT-PCR results revealed that
the expression of these virulence genes exhibited no significant dif-
ference among the WT, AompV and AompV+ strains in AKI medium
(Fig. 3d). The western blot results also revealed that the protein levels
of CT among the WT, AompV, and AompV+ strains were not sig-
nificantly different (Fig. 3e, f). These results indicate that OmpV has no
effect on the expression of CT in V. cholerae. We then asked whether
OmpV influences the delivery of CT into host cells. Surprisingly,
intracellular CT was significantly reduced in AompV-infected cells
compared with WT or AompV+, indicating that OmpV facilitates CT
delivery to host cells (Fig. 3g, h). Together, these findings suggest that
OmpV may enhance the delivery of CT into host cells beyond pro-
moting bacterial adhesion.

OmpV in BEVs promotes the delivery of CT to host cells

OMPs in BEVs can drive the uptake of the vesicles by intestinal epi-
thelial cells, enabling BEVs to deliver CT into host cells, and promoting
the pathogenic effects®*. Our previous results showed that OmpV can
also be located in BEVs (Fig. 3b). Therefore, we hypothesize that OmpV
may act as an adhesion for BEVs, facilitating their internalization and
delivery of CT into host cells.
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Fig. 2| OmpV is required for the pathogenicity of V. cholerae. a Immunostaining
assay of mMCRAMP in the small intestine of uninfected and WT-infected infant mice.
mCRAMP was stained with an anti-CRAMP antibody (red), V. cholerae was stained
with an anti-TcpA antibody (green), and nuclei were stained with DAPI (blue). The
images showed the co-localization of TcpA and mCRAMP in the small intestine after
V. cholerae infection (n=15). Scale bar, 50 pum. b, ¢ Mean fluorescence intensity
(MFI) analysis of mCRAMP (b) and intestinal cells (c) in each field (n=15). Three
visual fields from each mouse were analyzed, and five mice were examined. Box
represents the 25th to 75th percentiles. Whiskers represent the minimum and

b
> .
8000071.- CRAMP -e-Nucleus B 15000
60000 S'CB
@ C
< 40000 -
= 20000 ° 10000+
@
0 o
0 1 20 30 40 50 @
Dist
istance (um) § 50004
80000 CRAMP -e- V.cholera -e-Nucleus T
260000 c
z A’\ S
£ 40000 N\ o}
g d v s 0-
< 20000 X/‘, f w
vef
% 10 20 30 40 30 Ny
Distance (um) 0(\'
e f
c 8+
kel o
@ p=0.002
6
a 97 o
g 9
w )
S
o 4]
= o
(_U -
Q
¥ 2-
>
g
S 0- N 2 T T T
LB Intestine WT  AompV AompV+

maximum data points. Horizontal bars indicate the median. d The expression of
Cnlp in the small intestine of uninfected and WT-infected infant mice (1 =3 mice
per group). e The expression level of ompV in the small intestine of mice and LB
medium (n =3 mice per group). f Evaluation of the colonization ability of the WT,
AompV and AompV+ strains in the small intestine of mice (n =6 mice per group).
Significance was determined by a two-tailed unpaired Student’s ¢-test (b-e) or two-
sided Mann-Whitney U-test (f) and is indicated by the p value. *p < 0.05, *p < 0.01,
***p < 0.001; ns no significant difference. The data were presented as the mean + s.d.
(b-f). The source data are included in the Source Data file.

To confirm this hypothesis, we first purified BEVs from culture
supernatants of the WT, AompV and AompV+ strains, examined them
via transmission electron microscopy (Supplementary Fig. 2a, b).
Then, whether OmpV in BEVs promotes the internalization of BEVs into
host cells was analysed via fluorescence measurements in combination
with the fluorescent dye rhodamine R18. Purified rhodamine-R18-
labeled BEVs from WT, AompV and AompV+ culture supernatants were
incubated with Caco-2 cells, the infected cells were labeled with DAPI,
and the fluorescence intensity was quantified. The results revealed that
at 30 min p.i., BEVs derived from the WT and AompV+ strains (but not
from the AompV strain) were internalized by Caco-2 cells (Fig. 4a).
Moreover, an increase in the mean fluorescence intensity (MFI) was
observed when WT- and AompV +-derived BEVs were used to treat
Caco-2 cells (Fig. 4b). In contrast, the MFI in Caco-2 cells treated with
AompV-derived BEVs did not obviously increase above the background
level (Fig. 4b). These results demonstrate that OmpV in BEVs facilitates
BEV internalization by epithelial cells.

As OmpV promotes BEV internalization by host cells, we next
investigated the impacts of OmpV on CT delivery into host cells. We
first quantified the total proteins in BEVs derived from the WT, AompV
and AompV+ strains through sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie blue staining (Fig. 4c)
and then determined the CT level via western blot. Similar CT levels
were detected in the BEVs derived from the WT, AompV and AompV+
strains (Fig. 4d), indicating that OmpV has no effect on the CT level in
BEVs, which is consistent with the above finding that OmpV does not
influence the production of CT. We subsequently analysed the level of

CT delivered into host cells after incubation with BEVs derived from
the WT, AompV and AompV+ strains by immunofluorescence. The
results revealed that the CT level in Caco-2 cells infected with AompV-
derived BEVs was lower than that in Caco-2 cells infected with WT- and
AompV +-derived BEVs (Fig. 4e, ), suggesting that the promotion of
BEV internalization by OmpV increases the delivery of CT into host
cells. Meanwhile, the innate immune responses induced by CT were
analysed via qRT-PCR. Compared with those infected with WT- and
AompV +-derived BEVs, Caco-2 cells infected with AompV-derived
BEVs presented significantly decreased TNFa and IL 13 expression (Fig.
4g), indicating that the CT delivery promoted by OmpV-mediated BEV
internalization facilitates TNFa and IL 1 expression in intestinal epi-
thelial cells. To assess the role of BEVs in vivo, mice were orally gavaged
with WT, AompV, or AompV +-derived BEVs. The results showed that
mice receiving AompV-derived BEVs exhibited significantly lower
intestinal histopathology scores than those treated with WT or
AompV +-derived BEVs (Supplementary Fig. 3a, b). Collectively, these
results indicate that OmpV in BEVs promotes CT delivery to host cells
and intestinal inflammation and disease severity.

To further determine whether BEVs are required for bacterial
adherence and colonization, we conducted a series of in vitro and
in vivo experiments. In vitro, BEVs were purified from the culture
supernatants of WT, AompV, and AompV+ strains. Caco-2 cells were
pretreated with BEVs derived from each strain and subsequently
infected with the corresponding bacteria. Adherence assays revealed
that BEV pretreatment did not alter the adhesion of WT, AompV, or
AompV+ (Supplementary Fig. 3c-e), indicating that OmpV on BEVs
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Fig. 3 | OmpV is located in the outer membrane and promotes bacterial
adhesion. a 3D modeling of OmpV via SWISS-MODEL. OUT indicates the extra-
cellular space. OM indicates the outer membrane. IN indicates intracellular com-
ponents. b Western blot of OmpV-FLAG from the outer membrane (OM), BEVs, and
celllysate (CL). c Adherence of V. cholerae WT, AompV and AompV+ strains to Caco-
2 cells (n=3 independent experiments). d qRT-PCR analysis of virulence gene
expression in the WT, AompV and AompV+ strains in AKI medium (n =3 indepen-
dent experiments). e, f Western blot and quantitative analysis of cholera toxin in the
WT, AompV and AompV+ strains in AKI medium (n =3 independent experiments).

RNA polymerase (RNAP) was used as a loading control. g, h Western blot and
quantitative analysis of cholera toxin in Caco-2 cells infected with WT, AompV and
AompV+ strains (n =3 independent experiments). 3-actin was used as a loading
control. Significance was determined by a two-tailed unpaired Student’s t-test (c, d,
f, h) and is indicated by the p value. *p < 0.05, **p < 0.01, *p < 0.001; ns no sig-
nificant difference. The data were presented as the mean *s.d. (c, d, f, h). Results
are representative of three biological replicate experiments (b). The source data are
included in the Source Data file.

does not influence bacterial adherence. In vivo, mice were orally
administered BEVs derived from WT, AompV, and AompV+ strains,
followed by infection with the corresponding strains. BEVs treatment
did not affect intestinal colonization (Supplementary Fig. 3f~h). These
findings suggest that OmpV in BEVs does not influence bacterial
adherence or colonization.

Small-molecule compound inhibits OmpV-mediated
pathogenicity

The above results showed that OmpV is important for V. cholerae
pathogenicity. Inhibiting the role of OmpV in virulence may represent
a promising strategy for effectively combating V. cholerae infection.
Therefore, CADD was used to identify potential compounds that could
serve as inhibitors of OmpV function. The 3D structure of OmpV in V.
cholerae EL2382 was generated via AlphaFold, and the potential
binding regions were identified via the SiteMap module on the basis of
the site score (Supplementary Fig. 4a). Among the binding regions,
pocket 1 not only has the highest score but also has the largest pocket.
Therefore, we chose pocket 1 for the virtual screening.

A compound library consisting of 1,620,000 compounds from the
ChemDiv and TargetMol databases was utilized to identify OmpV
inhibitors. After library preparation, the ligands were used for docking
against the target protein OmpV via the glide module in a virtual
screening flow. After the high-throughput virtual screening (HTVS),
standard precision (SP), and extra precision (XP) stages, we obtained
1256 compounds, as shown in Supplementary Data 1. These com-
pounds were subsequently assessed according to the Lipinski rules
and combined with absorption, distribution, metabolism, excretion,
and toxicity (ADMET) predictions to select the top 36 compounds with
the most favorable scores in Supplementary Data 2. Among these 36
potential ligands, E521-1356, S823-2720, V020-3795, Y020-0697, and
C607-0736 presented the maximum negative binding energies

(-11.3782, -11.1603, -11.0093, -10.8831, and -10.8606, respectively).
The ligand-receptor interactions were visualized via a ligand interac-
tion diagram module and depicted in both 2D and 3D diagrams
(Supplementary Fig. 4b-k). As V020-3795 was unavailable for pur-
chase, four small-molecule compounds, namely, C607-0736 (Target-
Mol, USA), E521-1356 (TargetMol, USA), S823-2720 (TargetMol, USA)
and Y020-0697 (TargetMol, USA), were acquired for further functional
validation. Further surface plasmon resonance (SPR) kinetic analyses
revealed that the Ky values of C607-0736, E521-1356, S823-2720, and
Y020-0697 with OmpV were 0.1227 to 0.3247 p M (Fig. 5a-d). The SPR
results showed that these four small-molecule compounds with strong
affinities predicted by virtual screening indeed bind to OmpV.

A bacterial adherence assay was subsequently performed to
assess the impact of these small-molecule inhibitors on V. cholerae
adhesion. The results demonstrated that at a concentration of 20 uM,
E521-1356, C607-0736, and Y020-0697, but not S823-2720, sig-
nificantly inhibited the adherence ability of the WT strain (Fig. 5e-h).
Additionally, E521-1356 and Y020-0697 also reduced the adherence
ability of the AompV strain (Fig. 5f, g), suggesting that their influence
on bacterial adherence is independent of OmpV. Conversely, C607-
0736 did not affect the adherence ability of the AompV strain (Fig. 5e),
indicating that C607-0736 inhibits the adherence ability of the WT
strain by targeting the function of OmpV. Immunofluorescence assays
revealed a significant decrease in the internalization of WT-derived
BEVs into Caco-2 cells in the presence of C607-0736 and E521-1356
(20 uM). However, S823-2720 and Y020-0697 did not influence the
internalization of WT or AompV-derived BEVs (Fig. 5i, j). Only C607-
0736 had no effect on the entry of AompV-derived BEVs into Caco-2
cells (Fig. 5k, I), indicating that C607-0736 can reduce the inter-
nalization of BEVs derived from V. cholerae by blocking the function of
OmpV. The qRT-PCR results revealed that treatment with these com-
pounds did not influence the expression of virulence genes in

Nature Communications | (2026)17:826


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67532-8

WT-BEVs AompV-BEVs AompV+-BEVs

e f
WT-BEVs AompV-BEVs AompV+-BEVs

c
. MW
kDA) WT AompV__AompV+
6 _ns (1k‘POA)WTAompVAompV+ ( 25) e = Cholera
p=0713 80— 15 Toxin
50_ c ns
40— — S
30— T T _Ompv @2
5| 28 kDA ::i
Ll
15— 2
=
[5}
4
— WTAompVAompV+
6 9 2.0-=WT = AompV = AompV+
8 ns ns
3 1.5 0=0.054 | p=0.312 -
o wx
o hS)
& 1.0 & 8
8 0.5
Q
* LEEI e
W —_——— 0.0 : :
WT AompVAompV+ TNFa IL1B
AompV+-BEVs
-;v? -
i
" 84 ns
o p=0.649
5 o
3 64 p=0.003
>
S
S 47
<
®
S 2
k%]
I .
O T l6 T
& £ L
&l QI X'
N ¢ &
&R
¥ S
v

Fig. 4 | OmpV in BEVs promotes the delivery of CT to host cells. a, b Membrane
fusion mediated by BEVs derived from WT, AompV and AompV+ was observed via
confocal microscopy (a), and the fluorescence intensity of BEVs (b) was measured
to reflect BEV uptake (n =15 representative fields of view per group). BEVs were
stained with rhodamine isothiocyanate B-R18 (orange), and nuclei were stained
with DAPI (blue). Scale bar, 20 um. ¢, d Amounts of cholera toxin in equal amounts
of BEVs derived from the WT, AompV and AompV+ strains (n =3 independent
experiments). Coomassie blue staining was used to quantify the amount of sample
protein and as a loading control (c). e, f Cholera toxin in BEVs derived from the WT,
AompV and AompV+ strains were observed via confocal microscopy (e), and the
fluorescence intensity of cholera toxin (f) was measured to reflect the ability of

BEVs to deliver cholera toxin (n =15 representative fields of view per group).
Cholera toxin was stained with an anti-cholera toxin antibody (green), and nuclei
were stained with DAPI (blue). Scale bar, 20 pm. g qRT-PCR analysis of TNFa and IL
1B induction by BEVs derived from the WT, AompV and AompV+ strains in Caco-2
cells (n =3 independent experiments). h, i Representation (h) and histological
score (i) of WT,- AompV-, and AompV + -derived BEVs in the infant mouse intestine
22 h p.i. (n=3 independent experiments). Significance was determined by a two-
tailed unpaired Student’s t-test (b, d, f, g, i) and is indicated by the p value. *p < 0.05,
**p < 0.01, **p < 0.001; ns no significant difference. The data were presented as the
mean s.d. (b, d, f, g, i). The source data were included in the Source Data file.

V. cholerae in AKI medium (Supplementary Fig. 5a). Furthermore, these
small-molecule inhibitors (at a concentration of 20 uM) did not sig-
nificantly influence the growth of the WT or AompV strains (Supple-
mentary Fig. Sb-e).

In addition, the binding specificity of C607-0736 to OmpV were
further confirmed at the whole-cell level using a cellular thermal shift
assay (CETSA). The results showed that at a concentration of 20 uM,
C607-0736 significantly increased the thermal stability of OmpV-FLAG,
ranging from 47 to 67 °C, compared to the DMSO control in bacteria
(Fig. 5m, n). Furthermore, the thermal stability of RNAP (negative

control) shared similar trends in response to DMSO and C607-0736 in
AompV + (FLAG) (Fig. 5m, n). Collectively, these results support the
conclusion that C607-0736 can directly bind to OmpV at the cell level.
So, our subsequent analyses focused on elucidating the effects of
C607-0736 on V. cholerae pathogenicity.

C607-0736 is a broad-spectrum inhibitor of infection caused by
pandemic V. cholerae

The V. cholerae O1 and 0139 serogroups are the main strains respon-
sible for epidemic cholera®. Comparative genomics analysis has

Nature Communications | (2026)17:826


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67532-8

a b c d
—_ C607-0736 —_ E521-1356 — Y020-0697 _ S823-2720
;10-0 220 KD=0.3247 M 22;100 KD=0.1367 M 0210-0 KD=0.1227 M
[0] [0} 15 [} (] 7.5
(2] (7] [72] (2]
5 510 5 5 5.0
Q. o Q Q.
3 & 5 3 3 25
o 4 14 4
x O Ol x o 0.0
o o o o
@ T 9 54 T T T » T 2,54 T ; ;
-100 0 100 200 -100 0 100 200 -100 0 100 200 -100 0 100 200
Time (Sec) Time (Sec) Time (Sec)
e f g
2150 g & 150 ns
2 2 9 0=0.862
2 o = 2
o p=0.003 14 4
£100 5 5 100
k7 ns 2 '% ns
o p=0.387 < < [p=0.167
kel el e} .
< 50 e < < 50
() [} ()
= = >
&’ 0 T T T T & & 0 T N T "
& & & & R G
OQ D oQ P 0° 9’ o(\ ﬂ/
SNSRI SR AN
& I N S & & 2\ 3
®E L ¢ S P L P
9 K\ 9
N L V3 @Q
0& O
v i Vv
J ns

20 ym

WT-Control WT-C607-0736 WT-E521-1356

20 um 20 uym

R18 MFI

WT-Y020-0697 WT-S823-2720

R18 MFI

AompV-Control AompV-C607-0736  AompV-E521-1356  AompV-Y020-0697 AompV-S823-2720
N
@Q
()
v
v
m n
C607-0736 180 - C607-0736-OmpV-FLAG DMSO 180 - DMSO-OmpV-FLAG
MW s + C607-0736-RNAP MW 9 - DMSO-RNAP
(kDA 47 52 57 62 67 135 47 52 57 62 67 <135
g 2
140 - - RNAP § 90 P — RNAP g 90
= =
34 — OmpV 2 45 OmpV 2 45
- S — m
5y _| Flag & - > Flag @
0 T T T T T 1 O T T T T T 1
45 50 55 60 65 70 45 50 55 60 65 70

Temperature (°C)

demonstrated that ompV is present in all available V. cholerae O1 and
0139 genomes, highlighting its potential as a promising target for
developing effective prevention and treatment strategies.

To determine the appropriate in vivo dosage of C607-0736, we first
evaluated its toxicity and potential side effects in C57BL/6 mice over a
2-week period following oral administration of 1, 5, 10, and 20 mg/kg
C607-0736. The haematoxylin and eosin (H&E) staining results showed

Temperature (°C)

that all four tested concentrations did not cause any significant histo-
logical abnormalities in the hearts, livers, spleens, lungs, or kidneys of
the mice (Supplementary Fig. 6a). Compared with the DMSO group,
administration of all four tested concentrations of the C607-0736 did
not significantly affect the body weight change rates, food intake levels,
or liver weights of the mice, indicating that no toxicity and side effects of
C607-0736 were observed (Supplementary Fig. 6b-d).
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Fig. 5 | Small-molecule compounds inhibit OmpV-mediated adhesion and BEV
internalization. a-d Biacore SPR kinetic analyses of C607-0736 (a), E521-1356 (b),
Y020-0697 (c), and $823-2720 (d) binding to OmpV. Sensorgram and saturation
curve of the titration of different substrates on OmpV immobilized on a CMS5 chip.
e-h Adherence of V. cholerae WT and AompV incubated with or without the small-
molecule inhibitors C607-0736 (e), E521-1356 (f), Y020-0697 (g), and $823-2720 (d)
to Caco-2 cells (n =3 independent experiments). i-1 Membrane fusion mediated by
BEVs derived from the WT and AompV strains incubated with or without small-
molecule inhibitors was observed via confocal microscopy (i, k), and the fluores-
cence intensity of BEVs (j, I) was measured to reflect BEV uptake (n=15

representative fields of view per group). BEVs were stained with rhodamine iso-
thiocyanate B-R18 (orange), and nuclei were stained with DAPI (blue). Scale bar,
20 pum. m, n CETSA assays and quantitative analysis determined the effect of C607-
0736(m) and DMSO(n) on the thermal stability of OmpV-FLAG and RNAP (negative
control) at whole-cell level (n=3 independent experiments). Significance was
determined by a two-tailed unpaired Student’s t-test (e-h, j, I, m, n) and is indicated
by the p value. *p < 0.05, **p < 0.01, ***p < 0.001; ns no significant difference. The
data were presented as the mean + s.d. (e-h, j, I, m, n). The source data are included
in the Source Data file.
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Fig. 6 | C607-0736 is a broad-spectrum inhibitor of infection caused by
pathogenic Vibrio species. a, b Evaluation of the colonization ability of three
pandemic V. cholerae Ol strains (EL2382, EL2281, and EL1605) (a) and three V.
cholerae 0139 strains (MO45, 0820, and 0539) (b) in the small intestine of mice
administered 10 mg/kg of the C607-0736 (+) or placebo (-) after 22 h (n=6 mice
per group). ¢, d Evaluation of the colonization ability of three AompV pandemic V.
cholerae O1 strains (AompV-(EL2382), AompV-(EL2281), and AompV-(EL1605)) (c)
and three AompV V. cholerae 0139 strains (AompV-(MO45), AompV-(0820), and
AompV-(0539)) (d) in the small intestine of mice administered 10 mg/kg of the

C607-0736(+) or placebo (-) after 22 h (n = 6 mice per group). e-g Evaluation of the
colonization ability of AompV + (EL2382) and AompV + (EL2382-N28A) (e),
AompV+(MO45) and AompV +(MO45-N28A) (f), and AompV + (G2871) and
AompV+(G2871-N28A) (g) in the small intestine of mice administered 10 mg/kg of
the C607-0736(+) or placebo (-) after 22 h (n = 6 mice per group). Significance was
determined by a two-sided Mann-Whitney U-test (a-g) and is presented as the p
value. *p < 0.05, *p < 0.01, **p < 0.001; ns no significant difference. The data were
presented as the mean + s.d. (a-g). The source data are included in the Source
Data file.

Then, we evaluated the therapeutic efficacy of oral C607-0736 at
1, 5,10, and 20 mg/kg against V. cholerae using an infant mouse colo-
nization assay. The results indicated that, compared to the DMSO
control group, C607-0736 significantly inhibited V. cholerae coloni-
zation in the small intestine only at concentrations of 10 and 20 mg/kg
(Supplementary Fig. 6e). This suggests that C607-0736 exhibits limited
therapeutic efficacy at lower concentrations (1 and 5 mg/kg) but sig-
nificant treatment effects at higher concentrations (10 and 20 mg/kg).
Therefore, we selected 10 mg/kg as the minimum effective con-
centration of the C607-0736 for subsequent in vivo experiments.

To further verify the inhibitory effect of C607-0736 on the
pathogenicity of V. cholerae O1 and 0139 in vivo, three pandemic V.
cholerae O1 strains (EL2382, EL2281, and EL1605) and O139 strains
(strains MO45, 0820, and 0539) were selected, and corresponding
AompV strains were constructed. Then, mouse colonization assays

were performed with each strain. The results revealed that the colo-
nization of the WT strain in the small intestine of mice administered
10 mg/kg of the C607-0736 was significantly lower than that in the
small intestine of mice not receiving C607-0736, indicating that C607-
0736 significantly inhibited the colonization ability of these V. cholerae
strains in the small intestine (Fig. 6a, b). In addition, C607-0736
administration had no effect on colonization of ompV mutants in the
small intestine of mice (Fig. 6¢, d), indicating that C607-0736 widely
inhibits the colonization ability of different pandemic V. cholerae
strains by blocking the function of OmpV.

In addition to V. cholerae, V. parahaemolyticus is a clinically
important pathogen with substantial public health relevance*. Further
comparative genomics analysis revealed that OmpV is also distributed
in some V. parahaemolyticus strains (Supplementary Fig. 7a). Next, we
investigated whether C607-0736 has an inhibitory effect on the OmpV-
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containing V. parahaemolyticus strain G2871. Compared to the control
group, C607-0736-treated mice exhibited a significant reduction of
G2871 bacterial load in the small intestine (Supplementary Fig. 7b)
without affecting the growth of these bacteria (Supplementary Fig. 7c).

The 3D structures of the OmpV protein in the V. parahaemolyticus
strain G2871 was subsequently generated via SWISS-MODEL. The
interactions between C607-0736 and OmpV proteins in V. para-
haemolyticus was visualized with the ligand interaction diagram
module and represented as 2D and 3D diagrams (Supplementary Fig.
7d, e), which confirmed that C607-0736 can also specifically bind to
the OmpV of V. parahaemolyticus strain G2871. Furthermore, com-
bined analysis of the docking results indicated that Asn28 is conserved
in OmpV from the V. cholerae 01/0139 and V. parahaemolyticus strains
and may be essential for facilitating the binding of C607-0736 to OmpV
proteins.

To test this hypothesis, the bN28A OmpV of V. cholerae O1 EL2382
strain was generated. The SPR assay showed that C607-0736 failed to
interact with purified N28A OmpV, which is different from the results
found for wild-type OmpV (Fig. 5a and Supplementary Fig. 8a). To
further confirm the binding specificity of N28A OmpV to C607-0736 at
the whole-cell level, we analyzed the binding specificity of C607-0736
to the AompV strain expressing the N28A OmpV-FLAG fusion protein
(AompV + (N28A-FLAG)). The results showed that, both DMSO and
C607-0736 had no effects on the thermal stability of N28A OmpV-FLAG
in AompV + (N28A-FLAG) (Supplementary Fig. 8b, c).

Furthermore, we complemented the Vibrio cholerae O1 AompV
strain with wild-type ompV and N28A-ompV derived from V. cholerae
O1 EL2382 (generating strains AompV+(EL2382) and AompV+(
EL2382-N28A)), V. cholerae 0139 MO45 (generating strains AompV + (
MO45) and AompV +(M0O45-N28A)), and V. parahaemolyticus G2871
(generating strains AompV + (G2871) and AompV + (G2871-N28A)). The
results of the mouse colonization assay demonstrated that C607-0736
effectively inhibited the colonization ability of the AompV + (EL2382),
AompV+(MO45), and AompV+(G2871) strains. Conversely, the
administration of C607-0736 did not impact the colonization of the
AompV + (EL2382-N28A), AompV + (MO45-N28A), or AompV +(G2871-
N28A) strain (Fig. 6e-g). These results suggest that the conserved
Asn28 residue is critical for the interaction between C607-0736 and
OmpV, through which C607-0736 impedes the colonization ability of
pandemic V. cholerae strains and OmpV-containing V. para-
haemolyticus strains. These findings provide a foundation for further
development of C607-0736 as a potential therapeutic agent for
treating Vibrio infections.

Discussion

Upon entering the gut, pathogens employ various strategies to adapt
to the intestinal environment and increase their pathogenicity. In this
study, we found that the two-component system CarSR of V. cholerae
senses CAMPs and activates the expression of ompV by directly bind-
ing to its promoter region. This activation not only facilitates V. cho-
lerae adherence to the intestinal epithelium but also promotes the
entry of CT into epithelial cells through BEVs. These results highlight
the complex strategies V. cholerae uses to adapt to the intestinal
environment, thereby increasing its pathogenicity. Moreover, we
showed that the small-molecule inhibitor C607-0736, which was
identified through CADD, is an effective therapy for several Vibrio
species infections. This study not only revealed the role of OmpV in the
pathogenesis of Vibrio species but also introduced new therapeutic
strategies involving the targeting of pathogen-host interactions.

In bacteria, OMPs have a diverse range of functions, including
importing nutrients and translating signals from the outside environ-
ment. During infection, OMPs play pivotal roles in adhesion, coloni-
zation, regulation of pathogenic factor expression and resistance to
antibiotics. For example, OipA of Helicobacter pylori is required for
adhesion to host cells and the induction of inflammatory cytokine

production®**, OMPs (OmpA and CarO) in Acinetobacter baumannii
are essential for establishing infection and interact with B-lactamase to
regulate antibiotic inactivation*>. OmpV is also present in several other
pathogens in addition to Vibrio species, including Salmonella Typhi-
murium and Cronobacter’®*, suggesting that drugs targeting OmpV
may be effective against a broad range of pathogens, thereby
increasing the clinical relevance of such treatments. Additionally, the
stable structure of OmpV makes it more difficult for pathogens to
develop resistance through genetic mutations, providing a long-term
effective therapeutic strategy and helping to combat the rise of resis-
tant bacterial strains. Furthermore, the surface exposure of OmpV on
both bacteria and bacterial extracellular vesicles not only enhances
drug recognition but also simplifies drug delivery, thereby preventing
issues such as inadequate permeability and/or export via efflux
pumps*. Since OmpV plays important roles in bacterial infection and
adhesion, targeting OmpV has the potential to disrupt pathogenic
mechanisms effectively, resulting in potent antimicrobial effects.

The development of small-molecule drugs generally involves
multiple stages, including screening, optimization, preclinical studies,
and clinical trials. High-throughput screening techniques and CADD
have significantly accelerated the discovery of small-molecule drugs™.
Moreover, advancements in pharmacokinetics and drug metabolism
studies have greatly improved the safety and efficacy of these drugs.
Previous studies have demonstrated the widespread utilization of
CADD for screening natural small molecules as potential antimicrobial
agents*>*. In this study, we utilized CADD to target the interaction
between drug molecules and OmpV, identifying several potential
small-molecule inhibitors. Further validation confirmed that C607-
0736 could specifically reduce both V. cholerae adhesion in vitro and
colonization in vivo. Given the widespread distribution of OmpV
among various pathogens, these small-molecule inhibitors may also
have potential for combating other bacterial infections beyond V.
cholerae. This approach not only highlights the effectiveness of CADD
in the development of anti-infective agents but also underscores its
potential in rapidly advancing infectious disease treatment. Future
research will focus on optimizing these small molecules for clinical use.

Cholera remains a major health problem in developing countries®.
Although oral rehydration therapy is regarded as the treatment of
choice to control cholera, antibiotics are commonly used to treat this
disease*. However, increasing antibiotic resistance in V. cholerae has
diminished the effectiveness of these drugs®. Thus, approaches to
prevent or treat V. cholerae infection are urgently needed. One pro-
mising approach is targeted molecular therapy using small-molecule
drugs. Unlike traditional antibiotics, small-molecule drugs can interact
with specific targets, such as enzymes, receptors, and proteins,
thereby modulating the pathogenic process with minimal impact on
the host. This enhances therapeutic effectiveness and reduces side
effects. In recent years, small-molecule drugs have emerged as valu-
able tools for developing antibacterial agents on the basis of anti-
adhesion strategies. Examples include the antiadhesion salvianolic
acid B against Neisseria meningitidis, the use of cranberry proantho-
cyanidins against uropathogenic E. coli, and the use of antiadhesive
peptides derived from the enzymatic hydrolysis of pea seeds (Pisum
sativum) against Helicobacter pylori FnBP***5, Therefore, naturally
occurring small molecules identified as potential therapeutic agents
for treating cholera show potential for the development of innovative
treatments.

Methods

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in
Supplementary Tables 1, 2. Briefly, V. cholerae O1 EL Tor strains EL2382,
EL2281, and EL1605; V. cholerae 0139 strains MO45, 0820, and 0539;
and Vibrio parahaemolyticus strain G2871 were all preserved strains in
our laboratory. Escherichia coli BL21(DE3) was used for recombinant
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protein expression. The E. coli S17/Apir strain was used for conjugation.
The bacterial strains were subsequently grown in Luria-Bertani (LB)
broth (1% NaCl), LBS (3% NaCl) or AKI medium (1.5% Bacto peptone,
0.4% yeast extract, 0.5% NaCl, and 0.3% NaHCO;)**°. Bacteria were
grown at 37 °C or 16 °C with shaking at 180 rpm. Antibiotics were used
at the following concentrations: polymyxin B, 30 pg/mL; ampicillin,
50 pg/mL; chloramphenicol, 25 pg/mL; and kanamycin, 50 pg/mL.

Mutant construction and complementation

All primers used in this study are listed in Supplementary Table 3. The
construction of the mutants was performed via the suicide vector
pRE112".. For complementation, genes with native promoters were
amplified via PCR, cloned and inserted into the pBAD33 vector. For
ChIP-qPCR, carR was amplified along with its promoter region and
cloned and inserted into pBAD33 in frame with a C-terminal 3xFLAG.
For protein purification, carR or ompV was amplified, cloned and
inserted into the pET28a vector. For the fusion protein, ompV was
amplified via PCR and cloned and inserted into pTrc99A in frame with a
C-terminal 3xFLAG.

Infant mouse colonization assay

An infant mouse intestinal colonization assay was used to evaluate the
pathogenic capacity of each V. cholerae strain or the therapeutic effi-
cacy of C607-0736*. Five-day-old CD-1 mice of both sexes were pur-
chased from Beijing Vital River Laboratory Animal Technology
(Beijing, China), placed in incubators at 30 °C with a relative humidity
of 50 + 5%, and housed under specific pathogen-free conditions with a
12 h light/dark cycle.

To assess the colonization capacity of different bacterial strains
and the therapeutic efficacy of the small-molecule inhibitor, ~-10° CFU
of V. cholerae cells were intragastrically administered to groups of six
anaesthetized mice. When necessary, different doses of the C607-0736
(1to 20 mg/kg) or 10 pg BEVs was administered by gavage immediately
after or with bacterial challenge™-*. Twenty-two hours after infection,
the mice were euthanized, and the small intestine of each mouse was
removed, weighed, homogenized, and plated on LB agar plates con-
taining polymyxin B (30 pg/mL).

RNA isolation and qRT-PCR

To detect ompV or Cnlp expression in vivo, samples were harvested
from the small intestine of the mice. To analyse the expression of ompV
in vitro, the samples were incubated in AKI medium with or without
HD-5 (50 pg/mL) until they reached the stationary phase. To analyse
the expression of virulence genes in vitro, samples were collected from
cells grown in AKI medium under aerobic conditions with or without
inhibitors. To analyse the expression of inflammatory factors, Caco-2
cells were cultured in DMEM with or without BEVs (5 pg/mL) for 4 h.
Total RNA was isolated via TRIzol Reagent (Invitrogen, 15596026)
according to the manufacturer’s protocol. Next, the total RNA con-
centration was determined via a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). Three independent experiments were per-
formed. cDNA was synthesized via StarScript Il RT MasterMix (Gen-
estar, A233) according to the manufacturer’s instructions. qRT-PCR
analysis was conducted with an Applied Biosystems ABI 7500 (Applied
Biosystems) using SYBR Green fluorescence dye (Genestar, A304). To
normalize the sample data, the rrsA, rpoS and GAPDH genes were used
as normalization controls, and relative expression levels were calcu-
lated as fold change values via the 272" method. The experiments
were independently performed three times.

Growth curve

To determine the growth curve of each strain in LB medium, overnight
cultures were washed with PBS three times and diluted to 10%/ml in LB
broth. A 200 pL aliquot was added to a 96-well microplate and incu-
bated for 24 h at 37 °C with shaking. The absorbance was recorded at

600 nm via a BioTek LogPhase 600 (Agilent). When necessary, various
concentrations of small-molecule inhibitors were added to the culture
medium. The experiments were performed independently three times.

Electrophoretic mobility shift assay (EMSA)

The 6xHis-tagged CarR protein was expressed and purified in E. coli
BL21 (DE3). The target DNA fragments were amplified and purified with
a SPARKeasy Gel DNA Extraction Kit (Sparkjade, AEO101). The purified
DNA fragments (40 ng) were incubated at 25 °C for 30 min with the
6xHis-tagged CarR protein at concentrations ranging from 0-3 uM in
20 pL of binding buffer (10 mM Tris-HCI [pH 7.5], 0.2 mM dithio-
threitol, 5mM MgCl,, 10 mM KCI, 10% glycerol, and 30 mM acetyl
phosphate). The protein-DNA fragments were electrophoretically
separated on a native polyacrylamide gel at 4°C and 90 V/cm. UV
transillumination was used to visualize the DNA bands on the gel after
10 min of staining in 0.1% GelRed. The experiments were performed
independently three times.

Chromatin immunoprecipitation (ChIP)-qPCR

Exponentially growing bacterial cultures of the CarR-ChlIP strain were
induced with 0.2% L-arabinose (wt/vol) and 50 pg/mL HD-5 until the
mid-log phase before being treated with 1% formaldehyde for 25 min at
25°C. Crosslinking was stopped by the addition of 0.5 M glycine. The
samples were subsequently centrifuged at 12,000xg for 10 min at 4 °C
and washed three times with cold PBS. Next, the samples were resus-
pended and sonicated to generate DNA fragments of 100-500 bp. The
samples were subsequently centrifuged at 12,000xg for 10 min at 4 °C,
and the supernatant was collected for immunoprecipitation with an
anti-FLAG M2 antibody (Sigma, B3111) and protein A magnetic beads
(Invitrogen, Waltham, United States; #10002D) according to the
manufacturer’s instructions. An aliquot with no added antibody served
as the negative control (mock). The samples were incubated with 8 pL
of 10 mg/mL RNaseA for 2 h at 37 °C and with 4 pL of 20 mg/mL pro-
teinase K at 55 °C for 2 h. The DNA fragments were purified with a PCR
purification kit (SparkJade, AEO101-C). To measure the enrichment of
CarR-binding peaks, ChIP-qPCR was performed on an ABI
7500 sequence detection system. The rpoS gene (nonspecific enrich-
ment) was used as a normalization control, and relative expression
levels were calculated as fold change values via the 2724°" method. The
experiments were performed independently three times.

Isolation and labeling of BEVs

Cultures of V. cholerae were grown at 37 °C and 180 rpm in LB before
the cells were removed from the supernatant by centrifugation
(9000x%g, 15 min). The supernatant was filtered through 0.22-um pore
size filters to remove intact cells. The OD¢oo of each culture was
determined via photometric measurements with a GENESYS 10s
spectrophotometer (Thermo Fisher Scientific) for BEV quantification.
To ensure that no bacteria remained in the supernatant, 1 ml of the
filtrate was plated on LB agar plates and incubated at 37 °C. The BEVs
present in the supernatant were pelleted through subsequent ultra-
centrifugation (150,000xg, 4 °C, 4 h). The protein concentration was
determined with a BCA protein assay kit (Sangon Biotech, C503021)
according to the manufacturer's manual. The purified BEVs were
stored at —80 °C. When necessary, the BEVs were fluorescently labeled
with octadecyl rhodamine B chloride (R18) (Thermo Fisher Scientific,
0246) according to the manufacturer’s instructions.

Transmission electron microscopy (TEM)

For the OMVs, 20 pL droplets of vesicle suspensions were placed onto
carbon-coated 200-mesh copper grids. The samples were then stained
with a 1% (w/v) phosphotungstate acid solution for 5 min. The excess
fluid was removed with a piece of filter paper. The grids were allowed
to air dry and then imaged with a transmission electron microscope
(JEM-1400PLUS SOP, Japan).
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Preparation of outer membrane proteins and whole-cell lysates
Proteins from the outer membrane were prepared essentially”. The V.
cholerae strains were grown overnight and harvested by centrifugation
(6500x%g, 10 min, 4 °C), washed once in HEPES buffer and resuspended
in 750 ul of HEPES buffer followed by cell disruption. Unbroken cells
were removed by centrifugation (22,000xg, 30 min, 4 °C). The super-
natant was then centrifuged again (138,000xg, 60 min, 4 °C). The
membrane fraction was solubilized with 0.3% N-dodecyl-3-b-mal-
topyranoside (Solarbio; D8890). After centrifugation (22,000xg,
60 min, 4 °C) of the solubilized membrane fraction, the supernatant
containing OmpV was subsequently purified using Ni Sepharose 6 Fast
Flow with 0.03% DDM. The protein concentrations of the outer
membrane preparations were determined with a BCA protein assay kit.
For whole-cell lysates, V. cholerae cultures were harvested via cen-
trifugation (3200xg, 10 min, 4°C). The cell pellets were directly
resuspended in SDS-PAGE loading buffer, boiled for 10 min and sub-
jected to SDS-PAGE.

SDS-PAGE and western blot

To detect cholera toxin expression in the strains, samples were har-
vested from AKI medium®®. To evaluate the presence of cholera toxins
in the vesicles, V. cholerae BEVs were separated. The BEVs were mixed
with SDS-PAGE loading buffer, boiled for 10 min and loaded onto SDS-
PAGE gels. Gels stained with Coomassie blue were processed in parallel
with the same samples used for immunoblot analyses and served as a
loading control. To observe the localization of OmpV in V. cholerae, the
outer membrane, vesicles and whole-cell lysates were analysed via
SDS-PAGE. To observe the amount of CT delivered into Caco-2 cells by
BEVs, the infected cells were harvested. The samples were separated
via 10% SDS-PAGE and transferred onto PVDF membranes (Bio-Rad) by
electroblotting. Blots for RNA polymerase (RNAP), FLAG-tag, and
cholera toxin were incubated with B-actin and anti-RNA polymerase
beta (Abways, CY7097), anti-FLAG M2 antibody (Sigma, B3111), anti-
beta subunit cholera toxin antibodies (Abcam, ab123129), and anti [3-
actin antibody (CW0096M and CWBIO). The blots were further incu-
bated with goat anti-mouse IgG (Sparkjade, EFO001) and goat anti-
rabbit IgG secondary antibodies (Sparkjade, EF0002) tagged with
horseradish peroxidase. Detection was carried out with a Sparkjade
ECL Plus (EDOO16; Sparkjade) detection system. Images were acquired
with an Amersham Imager 600 system (General Electric).

Bacterial adherence assays

Caco-2 cells were purchased from the Shanghai Institute of Biochem-
istry and Cell Biology of the Chinese Academy of Science (Shanghai,
China), and were grown at 37°C in 5% CO, until they reached con-
fluence and then subcultured in a 6-well plate for 24 h. Before infec-
tion, the cells were washed with PBS three times, and fresh DMEM
without antibiotics or fetal bovine serum was added. The cell mono-
layers were then infected with exponential-phase bacteria grown in
DMEM at an MOI of 100 or 5 ug/mL BEVs. Two hours after incubation,
unattached bacteria were removed by washing with PBS. The cells were
then disrupted with 0.1% SDS, and lysate dilutions were plated on LB
agar plates. The adhesion rate was calculated as previously described.
To block adherence mediated by OmpV, 20uM concentrations of
small-molecule inhibitors were added to the culture medium. The
experiments were performed independently three times.

Immunofluorescence

To monitor BEVs entry into Caco-2 cells, fluorescence staining assays
were performed®. Briefly, the cell monolayers were incubated with
R18-labeled BEVs (2 pg/well) at 37 °C for 30 min. The coverslips were
washed with PBS, fixed with 4% paraformaldehyde, and permeabilized
with 0.1% Triton X-100. The cell nuclei were labelled with DAPL. To
block adherence mediated by OmpV, 20 uM concentrations of small-
molecule inhibitors were added to the culture medium.

To evaluate the presence of CT obtained from vesicles in Caco-2
cells, the cell monolayers were incubated with BEVs (2 pg/well) at 37 °C
for 30 min. The coverslips were washed with PBS, fixed with 4% par-
aformaldehyde for 10 min at room temperature, permeabilized, and
blocked with 0.1% Triton X-100 in 5% bovine serum albumin (BSA) for
1h at room temperature. Then, the cells were incubated with primary
antibodies (Abcam, ab123129) overnight at 4 °C, washed three times
with PBS, incubated with secondary antibodies (Sparkjade, EFO007)
for 1h, and stained with DAPI for 5 min (Solarbio, C0065). Following
staining, a confocal laser scanning microscope (Zeiss LSM800) was
used for image acquisition, and ImageJ software (Fiji) was used to
analyse the fluorescence intensity. Pearson correlation coefficients
were generated using the Zen software.

Surface plasmon resonance

Analyses of ligand binding and binding kinetics were performed at
25°C on a Biacore X100 (BR110073). All the experiments were carried
out with HBSP as the running buffer, with a constant flow rate of 10 pL/
min at 25 °C. OmpV or N28A OmpV, which was diluted with 10 mmol/L
sodium acetate buffer (pH 5.0) to a final concentration of 10 uM, was
immobilized on the surface of a CM5 sensor chip via an EDC/NHS
crosslinking reaction according to the manufacturer’s protocols. The
target immobilization level of OmpV or N28A OmpV was set at 3000
RU. Small-molecule inhibitors were diluted with running buffer to
concentrations ranging from 0.1 to 25 pM and injected into the refer-
ence channel and OmpV or N28A OmpV channel at a flow rate of 10 pL/
min. The coupling and dissociation times were both set to 120 s. Bia-
core X100 evaluation software was used to fit the affinity curves via the
steady-state affinity model (1:1), and the equilibrium dissociation
constant (KD) was calculated.

Adult mouse colonization assay

An adult mouse intestinal colonization assay was used to evaluate the
therapeutic efficacy of C607-0736 against V. parahaemolyticus as
previously described®. For the V. parahaemolyticus intestinal coloni-
zation experiment, eight-week-old female C57BL/6 mice were gavaged
with streptomycin (20 mg) and orally infected with 10° CFU of bacteria
24 h later. When necessary, 10 mg/kg of the C607-0736 was adminis-
tered by gavage immediately after bacterial challenge. Twenty-two
hours after infection, the mice were euthanized, and the small intestine
of each mouse was removed, weighed, homogenized, and plated on
LBS agar plates.

Biological safety evaluation

Eight-week-old female C57BL/6 mice were treated with C607-0736 (1,
5,10, and 20 mg/kg) by gavage daily for 2 weeks. Mice treated with PBS
as controls (six mice per group). The body weight change rates and
food intake levels of the mice were monitored daily. The main organs,
including the heart, liver, spleen, lungs and kidneys, were collected
after the final treatment, weighed and subjected to haematoxylin and
eosin (H&E) staining to detect toxicity in vivo.

BEVs in intestinal injury

To assess the effect of BEVs on intestinal epithelial cell damage, 10 pg
of BEVs was intragastrically administered to each mouse. Twenty-two
hours post-administration, the mice were euthanized, and intestinal
tissues were collected for H&E staining.

Histology and immunostaining

For hematoxylin and eosin staining, the small intestines of infected
adult and infant mice were collected for analysis. The small intestine
was fixed in 10% neutral buffered formalin overnight and embedded in
paraffin. Paraffin-embedded sections were deparaffinized and stained
with hematoxylin-eosin. The histological score was calculated based
on the following parameters: the intensity of mononuclear cell and
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polymorphonuclear cell (neutrophil) infiltration, mucosal archi-
tectural changes, villus height, goblet cell depletion, epithelial integ-
rity, and adherent bacteria. For each parameter, the grading criteria
were defined as follows: O, absent; 1, mild; 2, moderate; and 3, severe.

For immunostaining, after dewaxing, blocking in hydrogen per-
oxide/methanol solution, rehydration, and antigen retrieval, the slides
were subjected to immunostaining. The mCRAMP and cholera toxin
were incubated with CAMP rabbit antibody (ABclonal, A1640) and anti-
TcpA monoclonal antibodies (Willget Biotech Co., Ltd.). DAPI staining
for cell nuclei.

Computationally aided drug design

To predict the presence of a signal peptide in the target protein, we
used SignalP 6.0 (https://services.healthtech.dtu.dk/services/SignalP-
6.0/) to analyse the protein sequences for potential signal peptides.
The transmembrane protein model was analysed via PRED-TMBB and
displayed via SWISS-MODEL (https://swissmodel. ExPASy.org/).

The OmpV protein sequence was retrieved from the UniProt
database (UniProt ID-PO6111), and the three-dimensional structure was
developed by using the AlphaFold protein database. The Protein Pre-
paration Wizard module was used to hydrogenate the protein, add
missing side chains, and then perform energy optimization (OPLS2005
force field). The Sitemap module was used to predict the binding site
of the processed protein; the same binding pocket observed in the
template protein substrate was selected as the center to generate a
grid file, and the box size was set to 20 A x20 A x 20 A.

The Chemdiv (DOO1) and TargetMol (TOO1) databases were pre-
pared using the LigPrep module of Schrodinger. The ligands were
prepared by considering parameters such as optimization, determi-
nation of promoters, tautomers, stereochemistry, 2D to 3D conver-
sion, ionization state at pH 7.0, ring confirmation, and correction of
partial atomic charges via the OPLS4 force field.

After library preparation, the ligands were used for docking
against the target protein OmpV via the glide module in a virtual
screening flow. This process includes three sequential phases, i.e.,
high-throughput virtual screening (HTVS), standard precision (SP),
and extra precision (XP). The top 10% of the ligands from HTVS
docking were selected for SP docking via Glide. Furthermore, the top
10% of the ligands with high docking scores according to the SP results
were subjected to XP docking. Finally, the top compounds were
selected based on the Lipinski rules and scoring, and the physical and
chemical properties and ADMET predictions were evaluated via the
Datawarrior tool and SwissADME server. MOE and PyMOL were used to
create all the graphical representations of the 2D and 3D models.

Cellular thermal shift assay (CETSA)

Overnight cultures were washed three times with PBS and then diluted
to 10° cells/mL in LB broth. They were incubated at 37 °C with shaking
for 2.5h. Then the cells were resuspended in PBS containing 20 uM
C607-0736 or an equivalent concentration of DMSO. After being
incubated at 37°C for 30 min, they were incubated at 47, 52, 57, 62, and
67°C for 3min, respectively. The samples were subjected to four
freeze-thaw cycles using liquid nitrogen. Then, they were centrifuged
to collect the supernatant for analysis via SDS-PAGE™.

Statistical analyses
No statistical methods were used to predetermine sample sizes. Ani-
mals were randomly assigned to the control and manipulation groups
for data collection. The researchers were unaware of the experimental
conditions of the mice at the time of testing. Other data collection
methods were not randomized, but test groups were always analysed
in parallel with the controls. No animals or data points were excluded
from the reported data.

The data were analysed via t-tests or Mann-Whitney U- tests, as
indicated in the specific figure legends. Values with p <0.05, 0.01, or

0.001 were considered statistically significant (*), highly significant (**),
or extremely significant (***), respectively; n.s. indicates no sig-
nificance. The data distribution was assumed to be normal, but this was
not formally tested. Figures were generated via GraphPad 7 and Adobe
Illustrator 2024.

Ethics statement

All animal experiments were performed according to the standards set
forth in the Guide for the Care and Use of Laboratory Animals. All
animal studies were conducted according to protocols approved by
the Institutional Animal Care Committee of Nankai University (Tianjin,
China) and performed under protocol no. IACUC 2016030502.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The relevant data are provided within the manuscript, Supplementary
Information and Supplementary Data files. Uncropped scans of all
western blots and EMSAs, including a molecular weight marker, are
provided in the Source Data file.
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