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ABSTRACT Outer membrane vesicles (OMVs) are an emerging research field due to
their multifactorial composition and involvement in interspecies and intraspecies
communication. Recent studies indicate that vesicle release by Gram-negative bacte-
rial pathogens is increased during in vivo colonization, as exemplified by the faculta-
tive human pathogen Vibrio cholerae upon oral ingestion by the host. In this study,
we investigate the fate of OMVs produced by the Gram-negative facultative patho-
gen V. cholerae. We show that vesicles produced by the clinically relevant El Tor bio-
type are readily taken up by human intestinal cell lines. We identify outer membrane
porins of V. cholerae, i.e., OmpU and OmpT, as the required surface effectors on
OMVs for cellular uptake, and we pinpoint the uptake mechanism as caveolin-medi-
ated endocytosis. Furthermore, we show that OMVs derived from V. cholerae grown
under virulence-inducing conditions act as potent vehicles for delivery of bioactive
cholera toxin to intestinal epithelial cells. In contrast to free cholera toxin secreted
via the type II secretion system, OMV-associated cholera toxin is protected from deg-
radation by intestinal proteases. Taken together, these data show that OMV-associ-
ated cholera toxin can sustain longer periods in the intestinal tract and preserve
toxin effects, as indicated by a prolonged increase of cAMP levels in the intestinal
tissue.

IMPORTANCE Cholera is still a massive global health burden because it causes large
outbreaks with millions of infections and thousands of deaths every year. Several
studies have contributed to the knowledge of this pathogen, although key parts are
still missing. We aim to broaden our understanding of Vibrio cholerae infections, viru-
lence, and toxicity by drawing attention to the involvement of OMVs in these core
processes. Upon host entry, V. cholerae increases secretion of OMVs, which can carry
the main virulence factor, cholera toxin, to distant host intestinal cells. We show that
specific outer membrane porins on the vesicle surface mediate endocytosis of the
vesicles into intestinal cells. With protection by the vesicles, cholera toxin activity
endures even in the presence of intestinal proteases. It is tempting to hypothesize
that the extended half-life of vesicle-associated cholera toxin allows it to target host
cells distant from the primary colonization sites.
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Gram-negative bacteria naturally secrete nanometer-scale, spherical particles from
their outer membrane, commonly referred to as outer membrane vesicles (OMVs)

(1–3). These multifactorial complexes range in diameter from 10 to 300 nm and consist
mainly of microbial surface components, such as phospholipids, (lipo)proteins, outer
membrane proteins, peptidoglycan, lipopolysaccharides (LPS), or lipooligosaccharides.
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OMVs can also contain periplasmic components, which are trapped in the lumen of
the OMVs during the vesiculation process. OMVs have been ascribed diverse physio-
logical functions, including roles in nutrient acquisition due to the presence of degra-
dation enzymes (e.g., proteases), resistance to bacterial surface-attacking antimicrobial
agents (e.g., complement system or phages resistance), and intraspecies and interspe-
cies communication mediated by OMV-containing signaling molecules (e.g., quorum-
sensing autoinducers or small RNAs [sRNAs]) (1). A recent study extended the patho-
physiological roles of OMVs, demonstrating that they contribute to surface remodeling
of the facultative human pathogen Vibrio cholerae along the environment to in vivo
transition (4).

OMVs released by Gram-negative pathogens can serve as delivery vehicles for
immunomodulatory effectors and toxins or as a sink for host-derived antimicrobial fac-
tors, such as defensins and the complement system (3, 5, 6). Indeed, current data sug-
gest that Gram-negative bacteria exhibit increased OMV release during host coloniza-
tion, which is triggered by in vivo stressors such as iron limitation and envelope stress
(4, 6, 7). The increased vesiculation upon host entry promotes in vivo adaptation of the
facultative pathogen V. cholerae to antimicrobial intestinal stressors via enhanced sur-
face exchange (4). This includes the accumulation of (di)glycine-modified LPS and the
removal of OmpT, resulting in greater resistance to cationic antimicrobial peptides and
bile, respectively (8). OMVs of V. cholerae have also been shown to alter the inflamma-
tory response of epithelial cells and to act as a sink to counteract bacteriophage infec-
tions (9–12). Moreover, they represent promising vaccine candidates because they
induce a robust protective immune response (9–12).

Notably, V. cholerae is the causative agent of the severe human diarrheal disease
cholera, with an overall global burden estimated to be 3 to 5 million cases and up to
130,000 deaths per year (13). Infection usually starts with the oral ingestion of V. chol-
erae through contaminated food or water (13–15). After passage through the stomach,
V. cholerae reaches the small intestine, its primary site of colonization, and induces
expression of virulence factors such as the toxin-coregulated pilus (TCP) and cholera
toxin (CT) (13–16). The expression of virulence factors is controlled by a complex regu-
latory cascade, also known as the ToxR regulon (17). It includes the membrane-bound
protein complexes ToxR-ToxS and TcpP-TcpH and the cytosolic ToxT, a member of the
AraC family of transcriptional regulators. Most of the virulence factors, including CT
and TCP, are regulated by the ToxT-dependent pathway of the ToxR regulon in
response to intestinal stimuli (18). ToxR-ToxS and TcpP-TcpH act in concert to activate
expression of ToxT, which subsequently induces CT and TCP expression (19). ToxR can
also directly regulate several genes independent of ToxT. For example, ToxR activates
OmpU and silences OmpT porin expression, which plays an essential role in achieving
bile resistance and full virulence (12, 20).

As a classic A-B-type toxin, the CT holotoxin is composed of one CT-A subunit and
five CT-B subunits. After Sec-dependent secretion of the individual subunits, correct
folding occurs in the periplasm before the assembled CT is translocated via the type II
secretion system (T2SS) across the outer membrane into the extracellular milieu (21,
22). The pentameric ring structure of CT-B ensures binding to host cells via the GM1
ganglioside receptor (23, 24), while CT-A catalyzes the ADP-ribosylation of the stimula-
tory G-protein Gsa. This results in constitutive activation of adenylate cyclase and
thereby gives rise to elevated levels of cAMP within the host cell (25, 26). This increases
chloride and bicarbonate secretion by intestinal cells, while sodium uptake is reduced.
Along the ion gradient, water passively leaks into the intestinal lumen, which manifests
in severe secretory diarrhea.

Importantly, the presence of CT in OMVs has been recently reported for classical V.
cholerae strains, i.e., the 596B isolate with relatively high CT production (27, 28). While
one report suggests GM1-dependent uptake of OMV-associated CT from classical V.
cholerae, another study indicates GM1-independent cell entry of OMV-associated CT,
especially if OMVs are isolated from classical V. cholerae grown under low-salt
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conditions (27, 29). Thus, information on the relevant effectors on the bacterial or host
cell surface is currently lacking or inconclusive. Moreover, the classical biotype is
thought to be extinct and replaced by isolates of the El Tor biotype, which have been
responsible for all major cholera outbreaks within the past 60 years (15, 26). Although
the classical and El Tor biotypes belong to the O1 serogroup, they differ by phenotypic
features, highlighted by differential virulence factor expression (30, 31). While the clas-
sical 596B strain shows already high CT production upon growth at 30°C in liquid me-
dium with low pH (;6.5) and osmolarity (;66mM), El Tor strains exhibit a more
refined virulence regulation, requiring a defined liquid broth called AKI with microaero-
philic cultivation followed by intense aeration to induce virulence (29, 32). Association
of CT with OMVs in V. cholerae El Tor under virulence-inducing AKI conditions has so
far not been investigated.

Based on the elevated OMV production of V. cholerae El Tor upon host entry, we
aimed to study the subsequent fate of the OMVs and their potential interactions with
host cells in more detail. We identify the bacterial surface factors relevant for OMV
uptake by human intestinal cells and elucidate the cellular uptake pathway. Finally, we
provide a pathophysiological function, confirming that OMVs derived from V. cholerae
El Tor contain active CT, which, in contrast to freely secreted CT, is protected from deg-
radation by the intestinal protease trypsin.

RESULTS
V. cholerae OMVs are readily taken up by human intestinal cells. To assess OMV

uptake dynamics of V. cholerae OMVs in human intestinal epithelial cell lines, we used
a fluorescence measurement in combination with rhodamine R18-labeled OMVs, as
established previously for vesicles derived from other Gram-negative bacteria (33, 34).
Due to high rhodamine R18 concentrations in OMVs, the fluorescence signal is
quenched, but fluorescence intensity increases as the rhodamine probe is diluted by
fusion of the OMV with the host membrane. Density gradient-purified rhodamine R18-
labeled OMVs from V. cholerae cultivated under non-virulence-inducing conditions (i.e.,
lysogeny broth [LB]) and under virulence-inducing conditions (i.e., AKI) were incubated
with the human intestinal cells, and fluorescence intensity was quantified every 1 h
over an 8-h period. Independent of the cultivation condition, OMVs from wild-type
(WT) V. cholerae are readily taken up by HT-29 cells, reaching maximum levels within 4
h (Fig. 1A and B). Assays using OMVs derived from AKI-grown WT V. cholerae reached
higher fluorescent maxima, compared to LB-grown OMVs, indicating better uptake effi-
cacy. Accordingly, the area under the curve (AUC), reflecting the overall OMV uptake
within the observed time, was significantly higher for WT OMVs derived from AKI cul-
tures (Fig. 1C).

Uptake of OMVs depends on outer membrane porins. To elucidate the relevant
bacterial surface factors for host cell internalization, we compared the internalization
by HT-29 cells using OMVs from diverse V. cholerae surface mutants cultivated in LB
and AKI (Fig. 1; also see Fig. S1 in the supplemental material). These included the LPS
DrfbA-T mutant, lacking the O antigen, and the deep rough Dwav mutant, lacking a
substantial part of the core oligosaccharide in addition to the O antigen. Furthermore,
OMVs derived from the flagellum biosynthesis DflrA mutant and outer membrane
porin DompU, DompT, and DompU/T mutants were analyzed. Finally, OMVs from regu-
lator DtoxR and DtcpP mutants, which are impaired in outer membrane porin regula-
tion and/or virulence gene activation, were tested. Among all OMVs tested, only those
derived from outer membrane porin DompU, DompT, and DompU/T mutants and the
regulator DtoxR mutant showed reduced uptake dynamics (Fig. 1A to C). Notably,
DtoxR mutants exhibit high OmpT levels but almost no OmpU on the bacterial surface
(12, 35). Thus, altered abundance of outer membrane proteins OmpU and OmpT
affects OMV uptake in HT-29 cells. In detail, under non-virulence-inducing conditions
(LB), uptake of OMVs from DompT and DtoxR mutants is significantly reduced, while
internalization of OMVs from DompU and ompU/T mutants is almost abolished (Fig. 1A
and C). Thus, OMV uptake of LB-derived OMVs mainly depends on OmpU.
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FIG 1 Intestinal epithelial cell uptake of OMVs derived from V. cholerae depends on outer membrane
porins OmpU and OmpT. (A, B, D, and E) Intestinal epithelial HT-29 cells (A and B) or Caco-2 cells (D
and E) were incubated for 8 h with rhodamine-labeled OMVs derived from WT V. cholerae or DtoxR,
DompT, DompU, or DompU/T mutants grown in LB (A and D) or under virulence-inducing conditions
using AKI (B and E). Uptake was detected by an increase in relative fluorescence units (RFU) measured
every 1 h. Wells containing rhodamine-labeled OMVs without cells served as a blank. Shown are the
mean 6 standard deviation (SD) (n$ 8). (C and F) Shown are the median AUC values 6 interquartile
range (IQR) retrieved from the uptake analyses in HT-29 cells in panels A and B (C) and in Caco-2 cells in
panels D and E (F). Asterisks highlight significant differences between respective data sets. *, P, 0.05,
Kruskal-Wallis test followed by post hoc Dunn’s multiple comparisons.
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Based on the enhanced uptake of WT V. cholerae-derived OMVs (Fig. 1A and B) and
to better reflect in vivo scenarios, we also analyzed the uptake of mutant OMVs derived
from AKI cultures, which induce the ToxR regulon, resulting in ompU activation and
ompT repression (36). Consistent with observations under non-virulence-inducing con-
ditions, OMVs from DompU cultivated in AKI showed a significant reduction in uptake,
which was even more pronounced for OMVs from the DompU/T double mutant
(Fig. 1B). However, OMVs from the DompT mutant cultivated in AKI showed similar
uptake dynamics, compared to WT OMVs (Fig. 1B). This suggests that OmpU also has a
dominant role in host cell uptake of OMVs derived under virulence-inducing condi-
tions, while additional loss of OmpT further reduces uptake to minimal levels. In sum-
mary, OMVs derived from a DompU/T double mutant exhibit the least uptake under LB
and AKI conditions. Concordant with uptake studies with OMVs derived from LB cul-
tures, AKI culture-derived OMVs from LPS mutants (DrfbA-T and Dwav mutants), from
the flagellum DflrA mutant, or from the regulator DtcpP mutant demonstrated similar
internalization dynamics, compared with WT OMVs (Fig. S1). Thus, cellular uptake of V.
cholerae OMVs does not depend on LPS, flagellar components, or any component
regulated via the ToxT-dependent virulence cascade, such as TCP.

The internalization assays described above indicate that OMVs derived from a
DompU/T double mutant exhibit the lowest uptake into HT-29 cells. In trans expression
of both OmpU and OmpT in the DompU/T double mutant significantly enhanced
uptake of the OMVs, in comparison to OMVs derived from the DompU/T double mutant
carrying an empty vector (Fig. S2). Notably, no significant difference was observed for
OMVs derived from the DompU/T mutant expressing OmpU or OmpT, indicating that
the two porins can restore the uptake in HT-29 cells to similar levels. It should be
emphasized that expression from a plasmid using the same promoter yields similar
protein levels, whereas OmpU is more abundant than OmpT in WT V. cholerae with
chromosomal expression from their natural promoters. This is already observable
under non-virulence-inducing LB conditions but becomes even more pronounced
upon virulence induction in AKI, due to activation of the ToxR cascade (35). Thus, it
seems that both porins can mediate uptake in intestinal cells but OmpU is the domi-
nant factor, due its greater abundance in WT OMVs. Concordantly, OMVs derived from
the DtoxR mutant exhibit only slightly reduced uptake in HT-29 cells, compared to WT
OMVs, due to high OmpT levels compensating for the loss of OmpU. Any impact by a
factor of the ToxT-dependent virulence regulon can be excluded because LB- and AKI-
grown OMVs from DtcpP show similar uptake, compared to the respective WT OMVs
(Fig. S1).

Uptake assays were also performed in a second human intestinal cell line, i.e., Caco-
2, to exclude any cell line-specific effects (Fig. 1D to F). Consistent with the results
obtained from HT-29 cells, internalization assays with Caco-2 cells demonstrated (i)
slightly more effective uptake of OMVs derived under virulence-inducing conditions,
(ii) a dominant role of OmpU in host cell uptake, and (iii) the strongest defect in uptake
of OMVs derived from a DompU/T double mutant. Thus, porin-dependent uptake of V.
cholerae OMVs seems to be conserved among human intestinal epithelial cells.

For the rest of the study, we focused on OMVs derived under virulence-inducing
conditions (AKI) due to their slightly enhanced uptake efficacy, compared to OMVs
derived from LB cultures, for both cell lines and closer simulation of the in vivo situa-
tion during intestinal colonization.

OMV uptake is blocked by nystatin or dynasore. Among the few studies investi-
gating OMV uptake by nonprofessional phagocytic host cells, it becomes obvious that
several pathways can be involved and are sometimes even utilized in combination (34,
37–40). To decipher which pathways contribute to the entry of OMVs in nonprofes-
sional phagocytic cells, a set of commercially available uptake inhibitors covering the
main reported pathways was used in combination with WT OMVs (Fig. 2). Addition of
wortmannin (inhibition of phosphatidylinositol kinases, preventing macropinosome
closure), cytochalasin D (inhibition of actin polymerization, preventing membrane
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fusion), chlorpromazine (inhibition of clathrin-coated pit formation, preventing cla-
thrin-dependent endocytosis), or amiloride (inhibition of Na1/H1 exchange, blocking
micropinocytosis) had no significant effect on the WT OMV uptake dynamics in HT-29
or Caco-2 cells. In contrast, addition of nystatin, which intercalates and disrupts choles-
terol-rich membrane domains, affecting caveolin-mediated endocytosis and lipid raft
formation, and especially dynasore, which inhibits dynamin GTPase activity, preventing
clathrin-dependent and caveolin-mediated endocytosis, resulted in a significant
decrease of OMV uptake, compared to the solvent (dimethyl sulfoxide [DMSO])-treated
control (Fig. 2A and C). Accordingly, significant reductions in the AUC values were
observed in the presence of nystatin or dynasore, in comparison to the solvent con-
trols, for uptake assays using HT-29 and Caco-2 cells (Fig. 2B and D). Combinatory anal-
yses of the inhibitors and their target pathways strongly suggest that V. cholerae OMVs
are predominantly taken up by caveolin-mediated endocytosis, which is blocked by
nystatin and dynasore. The contribution of this endocytic pathway to V. cholerae OMV
uptake was further assessed by visualizing OMVs and caveolin in Caco-2 cells after a
10-min incubation. Using fluorescence microscopy, colocalization of V. cholerae OMVs
and caveolin was observed in the merged images as yellow spots, as confirmed by his-
togram analysis (Fig. 3). Notably, addition of nystatin and dynasore also blocks uptake
of WT OMVs derived from LB cultures in both intestinal cell lines (Fig. S3), indicating
that caveolin-mediated endocytosis acts as the dominant uptake pathway for OMVs
derived under non- virulence-inducing conditions.

FIG 2 Intestinal epithelial cell uptake of OMVs derived from V. cholerae is significantly reduced by
dynasore or nystatin. (A and C) Intestinal epithelial HT-29 cells (A) or Caco-2 cells (C) were incubated
for 8 h with rhodamine-labeled OMVs derived from WT V. cholerae in the presence of uptake
inhibitors wortmannin, cytochalasin D, chlorpromazine, amiloride, nystatin, or dynasore or the solvent
DMSO (control). Uptake is detected by an increase in RFU measured every 1 h. Wells containing
rhodamine-labeled OMVs from WT V. cholerae without cells served as a blank. Shown is the mean 6
SD (n$ 6 for panel A and n$ 4 for panel C). (B and D) Shown are the median AUC values 6 IQR
retrieved from the uptake analyses in HT-29 cells in panel A (B) and in Caco-2 cells in panel C (D).
Asterisks highlight significant differences between respective data sets. *, P, 0.05, Kruskal-Wallis test
followed by post hoc Dunn’s multiple comparisons.
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OMVs deliver bioactive CT to host cells in a porin-dependent manner. The deliv-
ery of OMV-associated cargo to bacterial and host cells, promoting intraspecies and
interspecies communication, seems to be a relevant physiological role of OMVs (41).
Based on reports detecting CT in OMVs from classical strains (27, 28), we quantified by
enzyme-linked immunosorbent assay (ELISA) the CT amounts in OMV samples and in
the supernatant derived from V. cholerae El Tor grown under virulence-inducing condi-
tions (Fig. 4). Indeed, CT could be detected in the supernatant and in OMVs derived
from WT V. cholerae. It should be noted that the filter-sterilized supernatant sample
prior to OMV isolation via ultracentrifugation was analyzed. Thus, the supernatant sam-
ple comprises T2SS-secreted, soluble CT as well as OMV-associated CT. Based on the
ELISA quantification, approximately 10% to 15% of the overall CT is OMV associated.
Similar CT levels were obtained for the supernatant and the host cell uptake-deficient
OMVs of the DompU/T double mutant. Supernatant and OMVs derived from the Dctx
mutant served as negative controls for the ELISA, with levels close to or even below
the limit of detection. Analyses of vesicle size and biomass quantification revealed no
major differences between OMVs derived from WT, DompU/T, and Dctx strains
(Table 1), suggesting similar vesiculation of all three strains tested.

OMVs have been suggested to act as export systems for misfolded proteins (1).
Thus, we compared the CT activity by measuring the increase in cAMP levels of HT-29
cells upon exposure to supernatant and OMVs derived from WT V. cholerae grown
under virulence-inducing conditions (Fig. 5). The amount of supernatant and OMVs
added to the HT-29 cells was adjusted according to the CT quantification via ELISA, to

FIG 3 OMVs derived from V. cholerae colocalize with caveolin of intestinal epithelial cells. Shown are representative fluorescent images of Caco-2 cells that
were mock treated with saline (control) (top row) or incubated with WT V. cholerae OMVs (middle and bottom rows) for 10min. V. cholerae OMVs were
stained with mouse-derived anti-OMV antiserum (71) and FITC-conjugated goat anti-mouse IgG (green), and caveolin was stained using a rabbit anti-
caveolin 1 antibody and Cy3-conjugated goat anti-rabbit IgG (red). Nuclei were stained with DAPI (blue). Colocalized red and green signals appear yellow
in the merged images of cells incubated with V. cholerae OMVs (middle and bottom [independent image at higher magnification] rows). Colocalization of
the green (OMVs) and red (caveolin) signals was confirmed by histogram analysis of the fluorescence intensities along the white arrow. Scale bars, 10mm.
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ensure application of equivalent CT levels. Again, supernatant and OMVs derived from
the Dctxmutant served as negative controls and allowed the assessment of basal cellu-
lar cAMP levels. Due to the absence of CT in samples derived from the Dctx mutant,
OMV amounts or supernatant volumes equal to those used for the WT samples were
applied. Addition of supernatant and OMVs derived from WT V. cholerae resulted in sig-
nificant increases of cAMP levels, to comparable levels. This indicates that OMV-associ-
ated CT is as active as CT present in the supernatant. Consistent with the equal CT
amounts quantified by ELISA (Fig. 4), the supernatant of the DompU/T double mutant
resulted in similar cAMP levels, compared with the supernatant derived from the WT
strain (Fig. 5). Thus, CT in the supernatants of the WT and DompU/T strains exhibited
similar activity levels. However, addition of OMVs from the DompU/T double mutant
resulted in a significantly smaller cAMP increase, compared to the DompU/T superna-
tant or WT samples. Because OMVs of the DompU/T mutant contain equal amounts of
CT, compared to OMVs derived from the WT strain, the most likely explanation for the
lower cAMP levels is the impaired uptake of OMVs derived from the DompU/T mutant.

OMVs protect CT from degradation in the intestinal milieu. OMV association of
bioactive CT raises the question of its physiological role with regard to free secreted
CT. A beneficial effect of OMV packaging is the protection of the cargo from harmful
agents (3). Especially the intestinal tract, the primary colonization site of V. cholerae,
exhibits relative high concentrations of digestive enzymes, such as the trypsin pro-
teases. Thus, CT secreted by V. cholerae in the intestine might be subject to rapid pro-
teolysis, while OMV-associated CT could be protected from degradation, thereby
extending its half-life.

To determine the susceptibility of CT to intestinal proteases, WT V. cholerae super-
natant and OMVs were incubated with or without trypsin and subsequently subjected
to immunoblot analyses. Treatment with trypsin for 3 h reduced the CT in the superna-
tant derived from WT V. cholerae by approximately 30%, compared to the untreated
sample, demonstrating that free CT is susceptible to proteolytic degradation (Fig. 6A).
In contrast, OMV-associated CT remained quite stable in the presence of trypsin

TABLE 1 Qualitative analyses of OMVs derived from AKI cultures of WT, DompU/T, and Dctx
V. cholerae

Parameter

Data for:

WT DompU/T Dctx
Zetasizer size measurement (nm)
Mean 119.96 18.16 95.416 24.21 105.56 17.81
Mode 133.26 24.70 108.36 38.53 128.66 16.83

Bradford protein quantification (mg/ml) 2.216 0.8 2.366 0.54 2.996 0.82

FIG 4 CT is associated with OMVs derived from V. cholerae. The amount of CT in OMVs and
supernatants derived from WT, DompU/T, and Dctx strains grown under virulence-inducing conditions
was quantified by ELISA. Data are presented are median 6 IQR (n$ 6).
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(Fig. 6A). A silver-stained polyacrylamide gel executed in parallel highlighted the
marked reduction of a prominent band at 12 kDa in the supernatant, as well as distinct
changes in the OMV protein profile, upon trypsin treatment (Fig. S4). In comparison to
the untreated OMV sample, some bands were reduced in intensity or vanished, while
two bands below 15 kDa became visible; this suggests that the majority of OMV-associ-
ated proteins were protected from trypsin proteolysis (Fig. S4). Finally, supernatant
and OMVs treated with or without trypsin were also analyzed for the remaining bioac-
tivity using the cAMP assay in combination with HT-29 cells (Fig. 6B). Upon trypsin
digestion, a significant decrease in cAMP levels was observed for the supernatant but
not for the OMVs. OMVs and supernatant derived from the Dctx mutant treated with or
without trypsin were applied to HT-29 cells, but basal cAMP levels were below the limit
of detection (0.0078 pmol/ml) for all cells treated with Dctx mutant samples. In sum-
mary, this indicates that trypsin can significantly affect the activity of free CT, whereas
most OMV-associated CT is protected from proteolysis and remains active even in the
presence of trypsin.

Next, we wanted to analyze the stability of CT present in the supernatant or associ-
ated with OMVs upon exposure to the intestinal milieu. Therefore, we injected super-
natant and OMVs derived from WT V. cholerae grown under virulence-inducing condi-
tions into freshly prepared ileal loops for 45 and 120 min (Fig. 7). Subsequent
immunoblot analyses of the luminal contents retrieved from the ileal loops revealed
differences in CT stability depending on its presence in the supernatant or association
with OMVs. In the case of the supernatant-derived CT, a pronounced decrease could
be observed already after 45 min (Fig. 7A). In contrast, OMV-associated CT remained
quite stable for up to 120 min. Luminal contents from ileal loops injected with superna-
tant or OMVs derived from the Dctx mutant did not yield detectable CT bands for the
time points analyzed (Fig. S6). In addition, cAMP levels of the ileal loop tissue were
determined to assess the bioactivity of the CT present either in the supernatant or
associated with OMVs (Fig. 7B). Injection into ileal loops of CT-free OMVs or superna-
tant derived from the Dctx mutant served as controls, revealing basal cAMP levels in
the tissue (Fig. 7; also see Fig. S6). Intestinal tissue exposed to WT V. cholerae superna-
tant for 45 min showed relatively high cAMP levels, followed by a significant decrease
at 120 min. Thus, at the 45-min time point but not at 120 min, cAMP levels in tissue
exposed to WT V. cholerae supernatant were significantly higher than those in tissue
exposed to the CT-free supernatant derived from the Dctx mutant. In contrast, intesti-
nal tissue exposed to WT OMVs showed moderate increases in cAMP levels, compared
to the control tissue exposed to Dctx mutant OMVs. However, elevated cAMP levels
upon treatment with WT V. cholerae OMVs remained stable, without a significant

FIG 5 OMV-associated CT increases cAMP levels in intestinal epithelial cells. HT-29 cells were treated
with WT, DompU/T, and Dctx strain-derived OMVs and supernatants for 6 h, and the intracellular
cAMP levels were assayed to determine the translocation of CT into the host cytosol. Equal CT
amounts based on ELISA measurements were used for OMVs and supernatants derived from the WT
strain and the DompU/T mutant. Due to the absence of CT in samples derived from the Dctx mutant,
equal OMV amounts or supernatant volumes as used for the WT samples were applied. Data are
presented as median 6 IQR (n= 5). Asterisks highlight significant differences between respective data
sets. *, P, 0.05, Kruskal-Wallis test followed by post hoc Dunn’s multiple comparisons.
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decrease at 120 min. Thus, for both time points the cAMP levels in tissue exposed to
WT OMVs remained significantly higher than those in tissue exposed to CT-free OMVs
derived from the Dctx mutant. These results suggest that free CT and OMV-associated
CT have different stabilities and dynamics of activity in the intestinal milieu. Free CT is
highly potent, resulting in a rapid but short rise in cellular cAMP levels. Concordantly,
free CT is highly susceptible to intestinal proteolysis. On the other hand, OMV-associ-
ated CT exhibits prolonged stability and induces a moderate but sustained increase in
cAMP levels.

DISCUSSION

It is becoming increasingly evident that OMVs act as vehicles for delivery of bacte-
rial effectors to host cells. Prominent examples are the heat-labile toxin of enterotoxi-
genic Escherichia coli (42), ClyA of E. coli (43), and the VacA cytotoxin of Helicobacter
pylori (44). In the case of V. cholerae, at least three effectors, which are taken up by
host cells, have been implicated to be OMV associated (27, 28, 45, 46); these include
the VesC protease, which promotes cytotoxic and inflammatory responses, the RTX
toxin, which becomes OMV associated in stationary phase and mediates actin polymer-
ization in host cells, and the CT, which was found to be associated with OMVs from
classical V. cholerae strains (27, 28, 45, 46). However, information on the molecular prin-
ciples involving the OMV-associated bacterial effectors required for host cell interac-
tions and internalization, as well as the relevant uptake pathways, was lacking.

FIG 6 OMV-associated CT is fairly protected from proteolysis by trypsin and remains active. (A)
Shown is a representative immunoblot detecting the CT-B subunit in OMVs and supernatant derived
from the WT strain after incubation at 37°C for 3 h with (1) or without (2) 3mg/ml trypsin (T). The
commercially available anti-CT antiserum used here detects CT-A and CT-B subunits (see Fig. S5 in
the supplemental material). Evaluation was based on the more intense CT-B band, which is most
likely due to the one CT-A and five CT-B subunit stoichiometry. Semiquantitative densitometric
evaluation of the detected CT-B subunit was performed with Quantity One software (Bio-Rad
Laboratories), and results are indicated below the immunoblots as arbitrary intensity units (AIU)
(mean AIU with SD [n=5]). Trypsin-digested OMV or supernatant samples were normalized to the
respective samples incubated without trypsin, which were set to 1. Silver-stained SDS gels executed
in parallel served as loading controls (Fig. S4). (B) The activity of CT in OMVs and supernatant from
the WT strain treated with (1) or without (2) 3mg/ml trypsin (T) was determined by an cAMP assay.
HT-29 cells were incubated with the respective samples for 6 h and subsequently processed for the
cAMP assay. OMVs and supernatant derived from the Dctx mutant treated with or without trypsin
were also applied to HT-29 cells, but cellular cAMP levels were below the limit of detection
(0.0078 pmol/ml) for all Dctx mutant samples used. Data are presented as median 6 IQR (n= 5).
Asterisks highlight significant differences between respective data sets. *, P, 0.05, Kruskal-Wallis test
followed by post hoc Dunn’s multiple comparisons.
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In this study, the outer membrane porins, i.e., OmpU and OmpT, were characterized
to be the relevant bacterial surface structures required for OMV internalization by in-
testinal epithelial cells. Inhibitor studies and microscopic analyses indicate that caveo-
lin-mediated endocytosis is the dominant uptake pathway for V. cholerae OMVs.
Throughout this study, a V. cholerae O1 El Tor isolate, representing the V. cholerae bio-
type responsible for all cholera outbreaks of the past 60 years, was used. This allowed
us to study the pathophysiological relevance of OMVs from a clinically relevant strain
under defined virulence-inducing and non-virulence-inducing conditions, i.e., AKI and
LB cultivation. Notably, OMVs derived under virulence-inducing and non-virulence-
inducing conditions exhibited similar dependency not only on outer membrane porins
but also on the caveolin-mediated endocytosis uptake pathway in both intestinal cell
lines tested. This suggests rather conserved internalization mechanisms for host cell
uptake of V. cholerae OMVs. It is becoming increasingly evident that several cell surface
interactions can contribute to CT uptake into host cells, mainly involving clathrin- and
caveolin-mediated endocytosis pathways (47, 48). Internalization of free secreted CT
has been historically attributed to the interaction of CT-B with the ganglioside GM1 on
the host cell surface (49). However, recent reports highlight that CT-B is also able to
bind fucosylated glycoconjugates, e.g., difucosylated blood group antigens, which
additionally contribute to CT internalization and host cell intoxication (50–52). Notably,
B4galnt1 knockout mice lacking GM1 still exhibit a robust physiological response to CT,
indicating that GM1-independent mechanisms for CT delivery exist in vivo (53). In addi-
tion to the CT-B interactions with different host cell receptors, the OMV-mediated
uptake presented here diversifies the CT delivery routes by the bacterial porins OmpU
and OmpT. Thus, V. cholerae may utilize diverse strategies and multiple host receptors
to intoxicate target cells with CT.

FIG 7 CT associated with OMVs exhibits prolonged stability in the mouse intestine. (A) Shown is a
representative immunoblot detecting the CT-B subunit in OMVs and supernatant derived from the
WT strain after incubation in mouse intestinal loops for 45 and 120 min. Semiquantitative
densitometric evaluation of the detected CT-B-subunit was performed with Quantity One software
(Bio-Rad Laboratories) and is indicated below the immunoblots as AIU (mean AIU with SD [n= 10]).
(B) Activity of CT in OMVs and supernatant from the WT strain in murine intestinal loops was
determined by a cAMP assay. Mouse intestinal tissue was ground after exposure to OMVs and
supernatant for 45 and 120 min and subsequently processed for the cAMP assay. OMV and
supernatant derived from the Dctx mutant served as controls. Due to the absence of CT in samples
derived from the Dctx mutant, equal OMV amounts or supernatant volumes as used for the WT
samples were applied. Data are presented as median 6 IQR (n= 5). Asterisks highlight significant
differences between respective data sets. *, P, 0.05, Kruskal-Wallis test followed by post hoc Dunn’s
multiple comparisons.
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Throughout the study, OmpU seemed to be the dominant surface structure for cel-
lular uptake of OMVs. Notably, OmpU is the most abundant outer membrane porin on
the surface already under non-virulence-inducing conditions, i.e., LB cultivation. Due to
activation of the ToxR regulon, OmpU expression is even further facilitated during
growth under virulence-inducing conditions, i.e., AKI, while OmpT is repressed.
Concordantly, AKI-derived OMVs lacking OmpT are not impaired for cellular internaliza-
tion. However, a recent study revealed that OmpT is readily depleted from the bacterial
surface via OMVs along the in vivo adaptation process (4). This surface depletion of
OmpT via OMVs upon activation of the ToxR regulon promotes adaptation to bile (4).
Thus, OmpT can be present on at least some OMVs derived from AKI cultures. This
might explain the residual uptake of OMVs from the DompU mutant cultivated in AKI,
which is further reduced for OMVs from the DompU/T double mutant. The slightly
more efficient uptake dynamic of AKI-derived OMVs, compared to LB-derived OMVs,
seems at least partially independent of the porins, as AKI-derived DompU/T mutant
OMVs show significantly greater uptake than LB-derived DompU/T mutant OMVs.

In trans expression of OmpU or OmpT from an inducible plasmid rescued OMV
uptake of an DompU/T double mutant to similar levels. Thus, dominance by OmpU
might be based on stoichiometry and both porins can mediate cellular uptake upon
equal expression, an observation that might become relevant in future studies, as the
distribution of OmpU and OmpT on OMVs is currently unknown.

OMV association of CT has so far been reported only for the classical biotype (27,
28). Based on the results presented here, OMV association of CT can now be extended
to the clinically relevant El Tor isolates. Our data suggest that, of the CT secreted by
the V. cholerae El Tor biotype, only about 10% to 15% is associated with OMVs, raising
the question of physiological relevance. However, in the intestinal environment,
secreted proteinaceous factors like CT might be readily degraded by digestive enzymes
of the human host. Indeed, free secreted CT seems to be highly susceptible to trypsin, an
abundant serine protease of the human intestinal tract. Trypsin concentrations in human
intestinal fluid can be as high as 100mg/ml (54–56), but V. cholerae penetrates efficiently
into the mucosal layer, where trypsin concentrations are likely lower. Thus, a trypsin con-
centration of 3mg/ml along with the 3-h incubation period used here seems a reasonable
scenario for mucosal colonization of V. cholerae. In contrast to the susceptible free
secreted CT in the supernatant, OMV-associated CT exhibits a significantly increased half-
life in the presence of trypsin. Prolonged stability of OMV-associated CT is confirmed by
in vivo assays using murine intestinal loops. Furthermore, the in vivo assays suggest that
OMV-associated and free CT exhibit different dynamics in cAMP activation. While free CT
promotes an intense, short-lived increase of cellular cAMP levels, exposure to OMV-associ-
ated CT induces a moderate but sustained elevation of cAMP levels. Thus, OMVs add two
new features to their cargo; OMV-associated CT can be taken up via caveolin-mediated
endocytosis and withstand the degradative pressure in the intestinal tract. The prolonged
half-life of OMV-associated CT may also allow trafficking over longer distances, which
could open the possibility that OMV-associated CT is internalized by diverse host cells dis-
tant from the primary colonization site.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed

in Table S1 in the supplemental material, and oligonucleotides are listed in Table S2. The clinical isolate
V. cholerae O1 El Tor SP27 served as the WT strain in all experiments. Unless stated otherwise, all V. chol-
erae strains were cultivated at 37°C with aeration in LB or under virulence-inducing conditions using AKI
according to a standard recipe (57). Escherichia coli strains DH5alpir and SM10lpir (58) were used for
genetic manipulations and grown at 37°C with aeration in LB. Antibiotics and other supplements were
used at the following final concentrations: streptomycin (Sm), 100mg/ml; ampicillin (Ap), 50mg/ml in
combination with other antibiotics; otherwise, 100mg/ml; kanamycin (Km), 50mg/ml; sucrose, 10%; arab-
inose, 0.2%.

Construction of in-frame deletion mutants and expression plasmids. The isolation of chromo-
somal DNA, PCRs, the purification of plasmids or PCR products, the construction of suicide and expres-
sion plasmids, and the subsequent generation of deletion mutants were carried out as described previ-
ously (59, 60). Qiagen plasmid kits were used for isolation of plasmid DNA, and QIAquick gel extraction
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and QIAquick PCR purification kits (Qiagen) were used for purification of DNA fragments. PCRs for sub-
cloning were carried out using the Q5 high-fidelity DNA polymerase (New England Biolabs), while Taq
DNA polymerase (New England Biolabs) was used for all other PCRs.

Constructions of a tcpP in-frame deletion mutant was carried out as described by Donnenberg and
Kaper (61). Briefly, ;800-bp PCR fragments located upstream and downstream of tcpP were amplified
using the oligonucleotide pairs TcpP_SacI_1/TcpP_BamHI_2 and TcpP_BamHI_3/TcpP_SacI_4 (Table S2).
After digestion of the PCR fragments with the appropriate restriction enzyme (New England Biolabs)
(indicated by the name of the oligonucleotide), they were ligated into pCVD442, which was digested
with the appropriate restriction enzymes. Unless noted otherwise, ligation products were transformed
into DH5alpir and Ap-resistant (Apr) colonies were characterized for the correct constructs by PCR (and
restriction analysis). The corresponding knockout plasmids obtained are listed in Table S1.

To obtain deletion strains, generated derivatives of pCVD442 were transformed into E. coli
Sm10lpir and conjugated into V. cholerae. Exconjugants were purified by Smr/Apr selection. Sucrose
selection was used to obtain Ap-sensitive (Aps) colonies, and chromosomal deletions/replacements
were confirmed by PCR.

For the construction of the Dwav deletion mutant, a method described by Schild et al. (62) was
used, which enabled us to remove a relatively large chromosomal gene cluster. Briefly, the first step was
the construction of a wavL to wavI mutant carrying an insertion of the kanR gene (originating from plas-
mid pACYC177), consisting of about two-thirds of its gene length (KanI) and including the promoter and
Shine-Dalgarno sequences. Then, 800-bp-long upstream and downstream sequences of wavL were
amplified by PCR using oligonucleotide pairs wavL1-SacI/wavL2-BamHI and wavL3-EcoRI/wavL4-XbaI.
The 800-bp PCR fragment of KanI was generated using the oligonucleotide pair kanI_BamHI/kanI_EcoRI
(62). The three PCR fragments were digested with appropriate restriction enzymes (New England
Biolabs) and ligated together into SacI/XbaI-digested pKEK, resulting in the plasmid pKEKwavL::KanI. The
plasmid pKEKwavL::KanI was mobilized into V. cholerae via conjugation, yielding the mutant DwavL::KanI
after sucrose selection. In the second step, the suicide plasmid pGP704 harboring the downstream
sequence of wavI and the last two-thirds (C terminal) of the kanR gene (KanII) was constructed. The PCR
fragments were obtained using the oligonucleotide pair wavI_NcoI/wavI-XbaI for the 800 bp down-
stream of wavI or kanII_SacI/kanII_NcoI for KanII (62), digested with NcoI/Xba or SacI/NcoI, and ligated
into SacI/XbaI-digested pGP, resulting in pGPwavIKanII. After conjugation of pGPwavIKanII in DwavL::
KanI, we obtained Apr colonies. Colony purification of some of these cells in the absence of Ap and sub-
sequent selection for Kmr cells resulted in Kmr/Aps colonies. Deletion of the Km cassette was achieved
by pKEK suicide vector mutagenesis using pKEKDkanR, which was constructed by amplifying PCR frag-
ments using the oligonucleotide pairs wavL1-SacI/wavL2-HindIII and wavI3-HindIII/wavI-XbaI, digested
with SacI/HindIII or HindIII/XbaI, and ligated into SacI/XbaI-digested pKEK, resulting in pKEKDkanR. The
correct chromosomal deletion of genes wavL to wavI was confirmed by PCR to obtain DwavL-wavI. This
step was followed by another deletion of wavD to wavH conducted in a similar fashion. The 800-bp-long
upstream and downstream sequences of wavD were amplified by PCR using oligonucleotide pairs wavD1-
SacI/wavD2-BamHI and wavD3-EcoRI/wavD4-XbaI 5. The 800-bp PCR fragment of KanI was generated using
the oligonucleotide pair kanI_BamHI/kanI_EcoRI (62). The three PCR fragments were digested with appro-
priate restriction enzymes (New England Biolabs) and ligated together into SacI/XbaI-digested pKEK, result-
ing in the plasmid pKEKwavD::KanI. The plasmid pKEKwavD::KanI was mobilized into V. cholerae via conju-
gation, yielding the mutant DwavD::KanI after sucrose selection. In the second step, the suicide plasmid
pGP704, harboring the downstream sequence of wavH and the last two-thirds (C terminal) of the kanR
gene (KanII), was constructed. The PCR fragments were obtained using the oligonucleotide pairs wavH-
NcoI/wavH-XbaI for the 800bp downstream of wavI and kanII_SacI/kanII_NcoI for KanII (62), digested with
NcoI/Xba or SacI/NcoI, and ligated into SacI/XbaI-digested pGP, resulting in pGPwavHKanII. After conjuga-
tion of pGPwavHKanII in DwavD::KanI, we obtained Apr colonies. Colony purification of some of these cells
in the absence of Ap and subsequent selection for Kmr resulted in Kmr/Aps colonies.

Isolation of OMVs from V. cholerae strains. OMVs were isolated as described previously (11).
Overnight cultures of the respective strains were grown in LB. The respective cultures were diluted (1:100)
in LB (non-virulence-inducing conditions) or AKI (virulence-inducing condition). LB and AKI cultures were
grown for 4 h anaerobically, followed by 4 h of shaking at 37°C and 180 rpm with aeration. The cells were
then removed from the supernatant by centrifugation (9,000� g for 15min) and subsequent sterile filtra-
tion (0.22mm). The OMVs present in the supernatant were pelleted by subsequent ultracentrifugation
(150,000� g at 4°C for 4 h) and resuspended in appropriate volumes of saline to generate a OMV suspen-
sion 1,000-fold more concentrated than the original filter-sterilized supernatant. Protein concentrations
were determined using the Bradford assay (protein assay dye reagent; Bio-Rad Laboratories) according to
the manufacturer's manual and were normalized to the optical density at 600 nm of the respective culture.

Size measurement. To estimate the size distributions of the isolated OMVs, dynamic light scattering
was carried out using a Zetasizer Nano ZS90 (Malvern, UK). Samples were diluted 1:1,000 in saline and
processed at 25°C under standard settings (dispersant refractive index, 1.331; viscosity, 0.89 cP). Three
measurements were performed using a measurement angle of 173° (backscatter), automatic measure-
ment duration, and “seek for optimal position” as the positioning setting.

SDS-PAGE and immunoblot analysis. Proteins were separated by SDS-PAGE using 15% polyacryl-
amide gels in combination with the Mini-PROTEAN Tetra cell system (Bio-Rad) (63). As molecular mass
standards, prestained protein marker, broad range (New England Biolabs), was used. Subsequently, pro-
tein bands were visualized according to the method described by Kang et al. (64) or further processed
for immunoblot analysis as described previously (65). Rabbit anti-CT polyclonal antibody (ab51572;
Abcam) and horseradish peroxidase (HRP)-linked anti-rabbit IgG were used as primary and secondary
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antibodies, respectively. Chemiluminescence detection was performed by using the Immun-Star
WesternC kit (Bio-Rad Laboratories), with subsequent exposure in a ChemiDoc XRS system (Bio-Rad
Laboratories) in combination with Quantity One software (Bio-Rad Laboratories).

Silver staining. Silver staining was carried out as described previously (66) using 10mg of OMVs sepa-
rated by SDS-PAGE. After electrophoresis, the gel was fixed overnight in 50% methanol with 5% acetic acid
in water. After two washing steps for 20min with 50% methanol in water and another for 20 s with water,
the gel was incubated for 1min in 0.02% sodium thiosulfate. Afterwards, it was washed three times for 20 s
in water and incubated for 20min in the dark in 0.2% silver nitrate solution supplemented with 200ml/liter
formaldehyde. The gel was subsequently washed two times for 20 s in water and submerged in 3% sodium
carbonate and 200ml/liter formaldehyde until developed to satisfaction. The development was stopped
with 1% glycerol for 10 min, and the gel was washed with water for 30min before imaging.

CT ELISA. GM1 ELISA was used to quantify the concentration of CT in OMV and cell-free supernatant
samples as described previously (67). Equal volumes of supernatant and equal volumes of OMV samples
were serially diluted. Different concentrations of purified CT with known concentrations were used as
the standards. Ninety-six-well polystyrene microtiter plates were coated with GM1 ganglioside over-
night, and 1% (wt/vol) fatty acid-free bovine serum albumin (BSA) was used to block the GM1-coated
plates for 1 h at room temperature. Next, 12ml of crude OMVs and 260ml of supernatant were added to
the wells in duplicate and incubated for 1 h at room temperature. Subsequently, a rabbit anti-CT poly-
clonal antibody (1:10,000) and then an HRP-linked goat ani-rabbit IgG antibody (1:2,000) were added to
the wells and allowed to incubate for 1 h at room temperature each. For development of the CT-anti-
body complex, tetramethylbenzidine (TMB) substrate solution (Thermo Fisher Scientific) was used
according to the manufacturer’s protocol. The color intensity in each well was measured at 485 nm in a
plate reader. CT amounts in the samples were estimated by comparison to the standard curve.

Rhodamine staining of OMVs. One-milligram protein equivalent of isolated OMVs was diluted in
staining buffer (50mM Na2CO3, 100mM NaCl [pH 9.2]) to a final volume of 1ml. After addition of 100ml
octadecyl rhodamine B chloride (R18) (Thermo Fisher Scientific) to a final concentration of 0.5mg/ml,
OMVs were stained in the dark with constant agitation overnight at room temperature. Finally, R18-la-
beled OMVs were subjected to density gradient purification as described previously (6). Density gradi-
ent-purified R18-labeled OMVs were quantified by the Bradford assay for protein amounts, to allow the
use of equal amounts in the uptake assays.

Cell culture conditions. HT-29 or Caco-2 cells were grown at 37°C in a CO2 incubator in T-175 tissue
culture flasks containing Dulbecco's modified Eagle's medium (DMEM)-nutrient F-12 medium (Gibco,
USA) supplemented with 10% fetal calf serum (FCS), penicillin G, and glutamate. Cells were seeded in a
96-well plate at a concentration of approximately 1� 105 cells/well 24 h prior to the internalization
assay. For the cAMP assay, HT-29 cells were seeded in 6-well tissue culture plates at a concentration of
6� 105 cells/well 24 h prior to the assay. Cells were maintained in DMEM-F12 medium supplemented
with glutamate and penicillin G but without FCS during the treatment. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) cell viability assays were routinely performed at the end of the
cell culture assays (68, 69), but no significant reduction in metabolic activity could be observed for any
condition used in this study (data not shown).

Uptake assay. Cellular uptake assays using R18-labeled OMVs were performed as described previ-
ously (33, 70). R18-labeled OMVs were diluted in cell culture medium depleted of FCS to a final concen-
tration of 10 ng/ml, based on quantification by the Bradford assay. HT-29 or Caco-2 cells were seeded
into black 96-well plates and incubated for 24 h at 37°C. Cells were washed with 200ml medium
depleted of FCS, and 1mg of protein equivalent of OMVs was added per well. Cells were incubated at
37°C, and fluorescence was measured for 8 h. Commercially available uptake inhibitors (Sigma-Aldrich)
were added at the following concentrations: wortmannin, 0.1mM in DMSO; cytochalasin D, 0.5mM in
DMSO; chlorpromazine, 0.35mM in double-distilled H2O; amiloride, 0.1mM in DMSO; nystatin, 0.2mM in
DMSO; dynasore, 80mM in double-distilled H2O.

cAMP assay. HT-29 cells (6� 105 cells/well) were incubated for 6 h at 37°C with OMVs or superna-
tants of the WT strain or the DompU/T mutant normalized to equal CT amounts (1 ng), based on ELISA
quantification. Due to the absence of CT in samples derived from the Dctx mutant, equal OMV amounts
(based on the Bradford assay) or supernatant volumes, compared to those used for the WT samples,
were applied. HT-29 cells were subsequently processed according to the manufacturer’s protocol to
quantify the cAMP levels in cellular lysates using the cAMP activity assay kit (Biovision, USA).

Colocalization studies. Immunofluorescence microscopy and staining were adapted from previous
publications with slight modifications (38). Briefly, Caco-2 cells (1� 105 cells/well) were incubated for
10min at 37°C with WT OMVs (0.1mg/ml, based on the Bradford assay) or solvent control (saline) in 8-
well slides (Dibco). After removal of the OMVs or saline solution, the cells were fixed with 3.7% parafor-
maldehyde and quenched with 0.2 M glycine. For permeabilization, cells were treated with 1% saponin
in phosphate-buffered saline (PBS), followed by a blocking step with 5% goat serum in PBS. Rabbit anti-
caveolin 1 (PA1-064; Invitrogen) (1:200 in PBS with 0.1% saponin and 1% goat serum) and mouse anti-
OMV (1:100 in PBS with 0.1% saponin and 1% goat serum [71]) were used as primary antibodies, and flu-
orescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (ab6717; Abcam) (1:1,000 in PBS with
0.1% saponin and 1% goat serum) and Cy3-conjugated goat anti-rabbit IgG (111-165-144; Jackson
Immunoresearch) (1:1,000 in PBS with 0.1% saponin and 1% goat serum) were used as secondary antibod-
ies. Subsequently, cells were stained with 49,6-diamidino-2-phenylindole (DAPI) (1mg/ml in PBS). Images
were recorded using an inverted microscope (Eclipse Ti-E; Nikon) equipped with a Nikon DS-Qi2 camera
and a Nikon CFI Plan Apo Lambda 60� oil objective (numerical aperture, 1.40). DAPI was detected using ex-
citation at 340 to 380nm and emission at 435 to 485nm, FITC was detected using excitation at 465 to
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495nm and emission at 515 to 555nm, and Cy3 was detected using excitation at 528 to 553nm and emis-
sion at 590 to 650nm. All images were analyzed by Nis-Elements BR version 4.30.02 software.

Trypsin susceptibility assay. Proteolytic trypsin digestion of OMVs and supernatants was per-
formed to analyze the susceptibility of OMV-associated and secreted CT to proteolysis. Trypsin was
reconstituted in 100mM Tris-HCl (pH 7.8) with 10mM calcium chloride. OMVs and supernatants first
were normalized to equal CT amounts based on ELISA quantification and subsequently were treated for
3 h at 37°C with equal volumes of trypsin (3mg/ml diluted in reaction buffer [50mM ammonium bicar-
bonate]) or reaction buffer only. Equal volumes of the samples were analyzed by SDS-PAGE and immu-
noblot analysis using the anti-CT antibody (ab51572; Abcam).

Ethics statement. Adult C57/BL6 mice (at least 8 weeks of age; Janvier) were used in all experi-
ments, in accordance with the rules of the ethics committee at the University of Graz and the corre-
sponding animal protocol, which was approved by the federal ministry BMBWF (protocol 39/12/
75ex2017/18). Mice were housed with food and water available ad libitum and monitored under the
care of full-time staff members.

Stability and activity of CT in intestinal loops.Mice were fasted for 24 h and euthanized by cervi-
cal dislocation before the intestinal tract was removed and immediately placed in cell culture medium
(DMEM-F12 medium; Gibco, USA) preheated to 37°C. For each intestine, two ileal loops of approxi-
mately 2-cm length were separated by suture, with at least 1-cm distance between the loops. The
closed ileal loops were injected with approximately 300ml of solution containing either OMVs or su-
pernatant and were incubated at 37°C in 5% CO2. While the supernatant was used directly, OMVs were
adjusted to equal CT amounts, compared with the supernatant, based on ELISA quantification. Due to
the absence of CT in samples derived from the Dctx mutant, equal supernatant volumes or OMV
amounts (based on the Bradford assay), compared with those used for the WT samples, were applied.

At the specified time points after inoculation (45 and 120min), luminal contents of the ileal loops
were released in a cryotube containing glass beads (0.1mm in diameter; Roth) by opening of the loop
with surgical scissors. Luminal contents were homogenized using the PowerLyser benchtop bead-based
homogenizer (MO BIO Laboratories, Inc.) for 1min at 3,400 rpm and were subjected to immunoblot anal-
yses using the anti-CT antibody (ab51572; Abcam). The initial inocula (time of 0min) were included in
immunoblot analyses to confirm the presence of equal CT amounts.

The remaining tissue (approximately 0.5 g) was transferred to a cryotube containing 200ml HCl (0.1
M). Glass beads (0.5mm in diameter; Roth) were added to the sample, and the sample was lysed using
the PowerLyser benchtop bead-based homogenizer (MO BIO Laboratories, Inc.) for 1min at 3,400 rpm.
Samples were centrifuged for 5min at 5,000� g to remove intestinal debris and glass beads. The super-
natant was used for cAMP quantification by ELISA (see above).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.3 MB.
FIG S2, PDF file, 0.2 MB.
FIG S3, PDF file, 0.3 MB.
FIG S4, PDF file, 0.3 MB.
FIG S5, PDF file, 0.2 MB.
FIG S6, PDF file, 0.4 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
We are grateful to Joachim Reidl for vital discussions and advice during the preparation

of the manuscript, as well as Enrico Semeraro for assistance with the Zetasizer Nano ZS90
measurements.

This work was supported by Austrian FWF grant P25691 to S.S., grant P27654 to S.S.,
grant P32577 to S.S., and grant W901-B12 (DK Molecular Enzymology) to F.G.Z., P.K., and
S.S., a DOC50 doc.fund Molecular Metabolism grant to H.B.T. and S.S., a BioTechMed-Graz
Flagship Project Secretome grant to S.S., a DocAcademy Graz grant to S.S., and funds from
the Land Steiermark and City of Graz.

REFERENCES
1. Schwechheimer C, Kuehn MJ. 2015. Outer-membrane vesicles from Gram-

negative bacteria: biogenesis and functions. Nat Rev Microbiol 13:605–619.
https://doi.org/10.1038/nrmicro3525.

2. Ellis TN, Kuehn MJ. 2010. Virulence and immunomodulatory roles of bac-
terial outer membrane vesicles. Microbiol Mol Biol Rev 74:81–94. https://
doi.org/10.1128/MMBR.00031-09.

3. Kulp A, Kuehn MJ. 2010. Biological functions and biogenesis of secreted
bacterial outer membrane vesicles. Annu Rev Microbiol 64:163–184.
https://doi.org/10.1146/annurev.micro.091208.073413.

4. Zingl FG, Kohl P, Cakar F, Leitner DR, Mitterer F, Bonnington KE,
Rechberger GN, Kuehn MJ, Guan Z, Reidl J, Schild S. 2020. Outer mem-
brane vesiculation facilitates surface exchange and in vivo adaptation

Porin-Dependent Cholera Toxin Delivery via OMVs ®

May/June 2021 Volume 12 Issue 3 e00534-21 mbio.asm.org 15

https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1128/MMBR.00031-09
https://doi.org/10.1128/MMBR.00031-09
https://doi.org/10.1146/annurev.micro.091208.073413
https://mbio.asm.org


of Vibrio cholerae. Cell Host Microbe 27:225–237.e8. https://doi.org/10
.1016/j.chom.2019.12.002.

5. Mashburn-Warren LM, Whiteley M. 2006. Special delivery: vesicle traffick-
ing in prokaryotes. Mol Microbiol 61:839–846. https://doi.org/10.1111/j
.1365-2958.2006.05272.x.

6. Roier S, Zingl FG, Cakar F, Durakovic S, Kohl P, Eichmann TO, Klug L,
Gadermaier B, Weinzerl K, Prassl R, Lass A, Daum G, Reidl J, Feldman MF,
Schild S. 2016. A novel mechanism for the biogenesis of outer membrane
vesicles in Gram-negative bacteria. Nat Commun 7:10515. https://doi.org/
10.1038/ncomms10515.

7. McBroom AJ, Kuehn MJ. 2007. Release of outer membrane vesicles by
Gram-negative bacteria is a novel envelope stress response. Mol Micro-
biol 63:545–558. https://doi.org/10.1111/j.1365-2958.2006.05522.x.

8. Hankins JV, Madsen JA, Giles DK, Childers BM, Klose KE, Brodbelt JS, Trent
MS. 2011. Elucidation of a novel Vibrio cholerae lipid A secondary hydroxy-
acyltransferase and its role in innate immune recognition. Mol Microbiol
81:1313–1329. https://doi.org/10.1111/j.1365-2958.2011.07765.x.

9. Bitar A, Aung KM, Wai SN, Hammarstrom ML. 2019. Vibrio cholerae derived
outer membrane vesicles modulate the inflammatory response of human
intestinal epithelial cells by inducing microRNA-146a. Sci Rep 9:7212.
https://doi.org/10.1038/s41598-019-43691-9.

10. Reyes-Robles T, Dillard RS, Cairns LS, Silva-Valenzuela CA, Housman M, Ali
A, Wright ER, Camilli A. 2018. Vibrio cholerae outer membrane vesicles in-
hibit bacteriophage infection. J Bacteriol 200:e00792-17. https://doi.org/
10.1128/JB.00792-17.

11. Schild S, Nelson EJ, Bishop AL, Camilli A. 2009. Characterization of Vibrio
cholerae outer membrane vesicles as a candidate vaccine for cholera.
Infect Immun 77:472–484. https://doi.org/10.1128/IAI.01139-08.

12. Provenzano D, Klose KE. 2000. Altered expression of the ToxR-regulated
porins OmpU and OmpT diminishes Vibrio cholerae bile resistance, virulence
factor expression, and intestinal colonization. Proc Natl Acad Sci U S A
97:10220–10224. https://doi.org/10.1073/pnas.170219997.

13. Conner JG, Teschler JK, Jones CJ, Yildiz FH. 2016. Staying alive: Vibrio chol-
erae's cycle of environmental survival, transmission, and dissemination.
Microbiol Spectr 4:10.1128/microbiolspec.VMBF-0015-2015. https://doi
.org/10.1128/microbiolspec.VMBF-0015-2015.

14. Sack DA, Sack RB, Nair GB, Siddique AK. 2004. Cholera. Lancet 363:223–233.
https://doi.org/10.1016/S0140-6736(03)15328-7.

15. Harris JB, LaRocque RC, Qadri F, Ryan ET, Calderwood SB. 2012. Cholera.
Lancet 379:2466–2476. https://doi.org/10.1016/S0140-6736(12)60436-X.

16. Colwell RR. 1996. Global climate and infectious disease: the cholera par-
adigm. Science 274:2025–2031. https://doi.org/10.1126/science.274
.5295.2025.

17. Childers BM, Klose KE. 2007. Regulation of virulence in Vibrio cholerae: the
ToxR regulon. Future Microbiol 2:335–344. https://doi.org/10.2217/
17460913.2.3.335.

18. Schuhmacher DA, Klose KE. 1999. Environmental signals modulate ToxT-
dependent virulence factor expression in Vibrio cholerae. J Bacteriol
181:1508–1514. https://doi.org/10.1128/JB.181.5.1508-1514.1999.

19. Hulbert RR, Taylor RK. 2002. Mechanism of ToxT-dependent transcrip-
tional activation at the Vibrio cholerae tcpA promoter. J Bacteriol
184:5533–5544. https://doi.org/10.1128/JB.184.20.5533-5544.2002.

20. Duret G, Delcour AH. 2006. Deoxycholic acid blocks Vibrio cholerae OmpT
but not OmpU porin. J Biol Chem 281:19899–19905. https://doi.org/10
.1074/jbc.M602426200.

21. Korotkov KV, Sandkvist M, Hol WG. 2012. The type II secretion system: bio-
genesis, molecular architecture and mechanism. Nat Rev Microbiol
10:336–351. https://doi.org/10.1038/nrmicro2762.

22. Overbye LJ, Sandkvist M, Bagdasarian M. 1993. Genes required for extrac-
ellular secretion of enterotoxin are clustered in Vibrio cholerae. Gene
132:101–106. https://doi.org/10.1016/0378-1119(93)90520-D.

23. Spangler BD. 1992. Structure and function of cholera toxin and the
related Escherichia coli heat-labile enterotoxin. Microbiol Rev 56:622–647.
https://doi.org/10.1128/MMBR.56.4.622-647.1992.

24. Merritt EA, Sarfaty S, van den Akker F, L'Hoir C, Martial JA, Hol WG.
1994. Crystal structure of cholera toxin B-pentamer bound to receptor
GM1 pentasaccharide. Protein Sci 3:166–175. https://doi.org/10.1002/
pro.5560030202.

25. Sanchez J, Holmgren J. 2008. Cholera toxin structure, gene regulation
and pathophysiological and immunological aspects. Cell Mol Life Sci
65:1347–1360. https://doi.org/10.1007/s00018-008-7496-5.

26. Clemens JD, Nair GB, Ahmed T, Qadri F, Holmgren J. 2017. Cholera. Lancet
390:1539–1549. https://doi.org/10.1016/S0140-6736(17)30559-7.

27. Rasti ES, Schappert ML, Brown AC. 2018. Association of Vibrio cholerae
569B outer membrane vesicles with host cells occurs in a GM1-independ-
ent manner. Cell Microbiol 20:e12828. https://doi.org/10.1111/cmi.12828.

28. Chatterjee D, Chaudhuri K. 2011. Association of cholera toxin with Vibrio
cholerae outer membrane vesicles which are internalized by human intes-
tinal epithelial cells. FEBS Lett 585:1357–1362. https://doi.org/10.1016/j
.febslet.2011.04.017.

29. Gardel CL, Mekalanos JJ. 1994. Regulation of cholera toxin by tempera-
ture, pH, and osmolarity. Methods Enzymol 235:517–526. https://doi.org/
10.1016/0076-6879(94)35167-8.

30. Beyhan S, Tischler AD, Camilli A, Yildiz FH. 2006. Differences in gene
expression between the classical and El Tor biotypes of Vibrio cholerae
O1. Infect Immun 74:3633–3642. https://doi.org/10.1128/IAI.01750-05.

31. Kaper JB, Morris JG, Jr., Levine MM. 1995. Cholera. Clin Microbiol Rev
8:48–86. https://doi.org/10.1128/CMR.8.1.48.

32. Iwanaga M, Yamamoto K. 1985. New medium for the production of chol-
era toxin by Vibrio cholerae O1 biotype El Tor. J Clin Microbiol
22:405–408. https://doi.org/10.1128/JCM.22.3.405-408.1985.

33. Bomberger JM, Maceachran DP, Coutermarsh BA, Ye S, O'Toole GA,
Stanton BA. 2009. Long-distance delivery of bacterial virulence factors by
Pseudomonas aeruginosa outer membrane vesicles. PLoS Pathog 5:
e1000382. https://doi.org/10.1371/journal.ppat.1000382.

34. Bielaszewska M, Ruter C, Kunsmann L, Greune L, Bauwens A, Zhang W,
Kuczius T, Kim KS, Mellmann A, Schmidt MA, Karch H. 2013. Enterohemor-
rhagic Escherichia coli hemolysin employs outer membrane vesicles to
target mitochondria and cause endothelial and epithelial apoptosis. PLoS
Pathog 9:e1003797. https://doi.org/10.1371/journal.ppat.1003797.

35. Fengler VH, Boritsch EC, Tutz S, Seper A, Ebner H, Roier S, Schild S, Reidl J.
2012. Disulfide bond formation and ToxR activity in Vibrio cholerae. PLoS
One 7:e47756. https://doi.org/10.1371/journal.pone.0047756.

36. Provenzano D, Lauriano CM, Klose KE. 2001. Characterization of the role
of the ToxR-modulated outer membrane porins OmpU and OmpT in
Vibrio cholerae virulence. J Bacteriol 183:3652–3662. https://doi.org/10
.1128/JB.183.12.3652-3662.2001.

37. Jones EJ, Booth C, Fonseca S, Parker A, Cross K, Miquel-Clopes A,
Hautefort I, Mayer U, Wileman T, Stentz R, Carding SR. 2020. The uptake,
trafficking, and biodistribution of Bacteroides thetaiotaomicron generated
outer membrane vesicles. Front Microbiol 11:57. https://doi.org/10.3389/
fmicb.2020.00057.

38. Bielaszewska M, Ruter C, Bauwens A, Greune L, Jarosch KA, Steil D, Zhang
W, He X, Lloubes R, Fruth A, Kim KS, Schmidt MA, Dobrindt U, Mellmann
A, Karch H. 2017. Host cell interactions of outer membrane vesicle-associ-
ated virulence factors of enterohemorrhagic Escherichia coli O157: intra-
cellular delivery, trafficking and mechanisms of cell injury. PLoS Pathog
13:e1006159. https://doi.org/10.1371/journal.ppat.1006159.

39. Olofsson A, Nygard Skalman L, Obi I, Lundmark R, Arnqvist A. 2014.
Uptake of Helicobacter pylori vesicles is facilitated by clathrin-depend-
ent and clathrin-independent endocytic pathways. mBio 5:e00979-14.
https://doi.org/10.1128/mBio.00979-14.

40. Canas MA, Gimenez R, Fabrega MJ, Toloza L, Baldoma L, Badia J. 2016.
Outer membrane vesicles from the probiotic Escherichia coli Nissle 1917
and the commensal ECOR12 enter intestinal epithelial cells via clathrin-
dependent endocytosis and elicit differential effects on DNA damage.
PLoS One 11:e0160374. https://doi.org/10.1371/journal.pone.0160374.

41. Bonnington KE, Kuehn MJ. 2014. Protein selection and export via outer
membrane vesicles. Biochim Biophys Acta 1843:1612–1619. https://doi
.org/10.1016/j.bbamcr.2013.12.011.

42. Horstman AL, Kuehn MJ. 2000. Enterotoxigenic Escherichia coli secretes
active heat-labile enterotoxin via outer membrane vesicles. J Biol Chem
275:12489–12496. https://doi.org/10.1074/jbc.275.17.12489.

43. Wai SN, Lindmark B, Soderblom T, Takade A, Westermark M, Oscarsson
J, Jass J, Richter-Dahlfors A, Mizunoe Y, Uhlin BE. 2003. Vesicle-medi-
ated export and assembly of pore-forming oligomers of the enterobac-
terial ClyA cytotoxin. Cell 115:25–35. https://doi.org/10.1016/S0092
-8674(03)00754-2.

44. Keenan J, Day T, Neal S, Cook B, Perez-Perez G, Allardyce R, Bagshaw P.
2000. A role for the bacterial outer membrane in the pathogenesis of Heli-
cobacter pylori infection. FEMS Microbiol Lett 182:259–264. https://doi
.org/10.1111/j.1574-6968.2000.tb08905.x.

45. Mondal A, Tapader R, Chatterjee NS, Ghosh A, Sinha R, Koley H, Saha DR,
Chakrabarti MK, Wai SN, Pal A. 2016. Cytotoxic and inflammatory
responses induced by outer membrane vesicle-associated biologically
active proteases from Vibrio cholerae. Infect Immun 84:1478–1490.
https://doi.org/10.1128/IAI.01365-15.

Zingl et al. ®

May/June 2021 Volume 12 Issue 3 e00534-21 mbio.asm.org 16

https://doi.org/10.1016/j.chom.2019.12.002
https://doi.org/10.1016/j.chom.2019.12.002
https://doi.org/10.1111/j.1365-2958.2006.05272.x
https://doi.org/10.1111/j.1365-2958.2006.05272.x
https://doi.org/10.1038/ncomms10515
https://doi.org/10.1038/ncomms10515
https://doi.org/10.1111/j.1365-2958.2006.05522.x
https://doi.org/10.1111/j.1365-2958.2011.07765.x
https://doi.org/10.1038/s41598-019-43691-9
https://doi.org/10.1128/JB.00792-17
https://doi.org/10.1128/JB.00792-17
https://doi.org/10.1128/IAI.01139-08
https://doi.org/10.1073/pnas.170219997
https://doi.org/10.1128/microbiolspec.VMBF-0015-2015
https://doi.org/10.1128/microbiolspec.VMBF-0015-2015
https://doi.org/10.1016/S0140-6736(03)15328-7
https://doi.org/10.1016/S0140-6736(12)60436-X
https://doi.org/10.1126/science.274.5295.2025
https://doi.org/10.1126/science.274.5295.2025
https://doi.org/10.2217/17460913.2.3.335
https://doi.org/10.2217/17460913.2.3.335
https://doi.org/10.1128/JB.181.5.1508-1514.1999
https://doi.org/10.1128/JB.184.20.5533-5544.2002
https://doi.org/10.1074/jbc.M602426200
https://doi.org/10.1074/jbc.M602426200
https://doi.org/10.1038/nrmicro2762
https://doi.org/10.1016/0378-1119(93)90520-D
https://doi.org/10.1128/MMBR.56.4.622-647.1992
https://doi.org/10.1002/pro.5560030202
https://doi.org/10.1002/pro.5560030202
https://doi.org/10.1007/s00018-008-7496-5
https://doi.org/10.1016/S0140-6736(17)30559-7
https://doi.org/10.1111/cmi.12828
https://doi.org/10.1016/j.febslet.2011.04.017
https://doi.org/10.1016/j.febslet.2011.04.017
https://doi.org/10.1016/0076-6879(94)35167-8
https://doi.org/10.1016/0076-6879(94)35167-8
https://doi.org/10.1128/IAI.01750-05
https://doi.org/10.1128/CMR.8.1.48
https://doi.org/10.1128/JCM.22.3.405-408.1985
https://doi.org/10.1371/journal.ppat.1000382
https://doi.org/10.1371/journal.ppat.1003797
https://doi.org/10.1371/journal.pone.0047756
https://doi.org/10.1128/JB.183.12.3652-3662.2001
https://doi.org/10.1128/JB.183.12.3652-3662.2001
https://doi.org/10.3389/fmicb.2020.00057
https://doi.org/10.3389/fmicb.2020.00057
https://doi.org/10.1371/journal.ppat.1006159
https://doi.org/10.1128/mBio.00979-14
https://doi.org/10.1371/journal.pone.0160374
https://doi.org/10.1016/j.bbamcr.2013.12.011
https://doi.org/10.1016/j.bbamcr.2013.12.011
https://doi.org/10.1074/jbc.275.17.12489
https://doi.org/10.1016/S0092-8674(03)00754-2
https://doi.org/10.1016/S0092-8674(03)00754-2
https://doi.org/10.1111/j.1574-6968.2000.tb08905.x
https://doi.org/10.1111/j.1574-6968.2000.tb08905.x
https://doi.org/10.1128/IAI.01365-15
https://mbio.asm.org


46. Boardman BK, Meehan BM, Fullner Satchell KJ. 2007. Growth phase regu-
lation of Vibrio cholerae RTX toxin export. J Bacteriol 189:1827–1835.
https://doi.org/10.1128/JB.01766-06.

47. Orlandi PA, Fishman PH. 1998. Filipin-dependent inhibition of cholera
toxin: evidence for toxin internalization and activation through caveo-
lae-like domains. J Cell Biol 141:905–915. https://doi.org/10.1083/jcb
.141.4.905.

48. Lajoie P, Kojic LD, Nim S, Li L, Dennis JW, Nabi IR. 2009. Caveolin-1 regula-
tion of dynamin-dependent, raft-mediated endocytosis of cholera toxin-B
sub-unit occurs independently of caveolae. J Cell Mol Med 13:3218–3225.
https://doi.org/10.1111/j.1582-4934.2009.00732.x.

49. Holmgren J, Lonnroth I, Mansson J, Svennerholm L. 1975. Interaction of
cholera toxin and membrane GM1 ganglioside of small intestine. Proc Natl
Acad Sci U S A 72:2520–2524. https://doi.org/10.1073/pnas.72.7.2520.

50. Torgersen ML, Skretting G, van Deurs B, Sandvig K. 2001. Internalization
of cholera toxin by different endocytic mechanisms. J Cell Sci
114:3737–3747. https://doi.org/10.1242/jcs.114.20.3737.

51. Heggelund JE, Burschowsky D, Bjornestad VA, Hodnik V, Anderluh G,
Krengel U. 2016. High-resolution crystal structures elucidate the molecu-
lar basis of cholera blood group dependence. PLoS Pathog 12:e1005567.
https://doi.org/10.1371/journal.ppat.1005567.

52. Sethi A, Wands AM, Mettlen M, Krishnamurthy S, Wu H, Kohler JJ. 2019.
Cell type and receptor identity regulate cholera toxin subunit B (CTB)
internalization. Interface Focus 9:20180076. https://doi.org/10.1098/rsfs
.2018.0076.

53. Cervin J, Wands AM, Casselbrant A, Wu H, Krishnamurthy S, Cvjetkovic A,
Estelius J, Dedic B, Sethi A, Wallom KL, Riise R, Backstrom M, Wallenius V,
Platt FM, Lebens M, Teneberg S, Fandriks L, Kohler JJ, Yrlid U. 2018. GM1
ganglioside-independent intoxication by cholera toxin. PLoS Pathog 14:
e1006862. https://doi.org/10.1371/journal.ppat.1006862.

54. Metheny NA, Stewart BJ, Smith L, Yan H, Diebold M, Clouse RE. 1997. pH
and concentrations of pepsin and trypsin in feeding tube aspirates as pre-
dictors of tube placement. JPEN J Parenter Enteral Nutr 21:279–285.
https://doi.org/10.1177/0148607197021005279.

55. Green GM, Nasset ES. 1980. Importance of bile in regulation of intralumi-
nal proteolytic enzyme activities in the rat. Gastroenterology 79:695–702.
https://doi.org/10.1016/0016-5085(80)90247-4.

56. Miyasaka K, Green GM. 1984. Effect of partial exclusion of pancreatic juice
on rat basal pancreatic secretion. Gastroenterology 86:114–119. https://
doi.org/10.1016/0016-5085(84)90596-1.

57. Miller JH. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

58. Miller VL, Mekalanos JJ. 1988. A novel suicide vector and its use in con-
struction of insertion mutations: osmoregulation of outer membrane pro-
teins and virulence determinants in Vibrio cholerae requires toxR. J Bacter-
iol 170:2575–2583. https://doi.org/10.1128/JB.170.6.2575-2583.1988.

59. Pressler K, Vorkapic D, Lichtenegger S, Malli G, Barilich BP, Cakar F, Zingl
FG, Reidl J, Schild S. 2016. AAA1 proteases and their role in distinct

stages along the Vibrio cholerae lifecycle. Int J Med Microbiol
306:452–462. https://doi.org/10.1016/j.ijmm.2016.05.013.

60. Seper A, Fengler VH, Roier S, Wolinski H, Kohlwein SD, Bishop AL, Camilli
A, Reidl J, Schild S. 2011. Extracellular nucleases and extracellular DNA
play important roles in Vibrio cholerae biofilm formation. Mol Microbiol
82:1015–1037. https://doi.org/10.1111/j.1365-2958.2011.07867.x.

61. Donnenberg MS, Kaper JB. 1991. Construction of an eae deletion mutant
of enteropathogenic Escherichia coli by using a positive-selection suicide
vector. Infect Immun 59:4310–4317. https://doi.org/10.1128/IAI.59.12
.4310-4317.1991.

62. Schild S, Lamprecht AK, Reidl J. 2005. Molecular and functional characteriza-
tion of O antigen transfer in Vibrio cholerae. J Biol Chem 280:25936–25947.
https://doi.org/10.1074/jbc.M501259200.

63. Laemmli UK. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680–685. https://doi.org/10
.1038/227680a0.

64. Kang D, Gho YS, Suh M, Kang C. 2002. Highly sensitive and fast protein
detection with Coomassie brilliant blue in sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. Bull Kor Chem Soc 23:1511–1512. https://
doi.org/10.5012/bkcs.2002.23.11.1511.

65. Schild S, Nelson EJ, Camilli A. 2008. Immunization with Vibrio cholerae
outer membrane vesicles induces protective immunity in mice. Infect
Immun 76:4554–4563. https://doi.org/10.1128/IAI.00532-08.

66. Shevchenko A, Wilm M, Vorm O, Mann M. 1996. Mass spectrometric
sequencing of proteins from silver-stained polyacrylamide gels. Anal
Chem 68:850–858. https://doi.org/10.1021/ac950914h.

67. Vorkapic D, Mitterer F, Pressler K, Leitner DR, Anonsen JH, Liesinger L,
Mauerhofer LM, Kuehnast T, Toeglhofer M, Schulze A, Zingl FG, Feldman
MF, Reidl J, Birner-Gruenberger R, Koomey M, Schild S. 2019. A Broad spec-
trum protein glycosylation system influences type II protein secretion and
associated phenotypes in Vibrio cholerae. Front Microbiol 10:2780. https://
doi.org/10.3389/fmicb.2019.02780.

68. Deo P, Chow SH, Hay ID, Kleifeld O, Costin A, Elgass KD, Jiang JH, Ramm G,
Gabriel K, Dougan G, Lithgow T, Heinz E, Naderer T. 2018. Outer membrane
vesicles from Neisseria gonorrhoeae target PorB to mitochondria and induce
apoptosis. PLoS Pathog 14:e1006945. https://doi.org/10.1371/journal.ppat
.1006945.

69. Mosmann T. 1983. Rapid colorimetric assay for cellular growth and sur-
vival: application to proliferation and cytotoxicity assays. J Immunol
Methods 65:55–63. https://doi.org/10.1016/0022-1759(83)90303-4.

70. Kunsmann L, Ruter C, Bauwens A, Greune L, Gluder M, Kemper B, Fruth A,
Wai SN, He X, Lloubes R, Schmidt MA, Dobrindt U, Mellmann A, Karch H,
Bielaszewska M. 2015. Virulence from vesicles: novel mechanisms of host
cell injury by Escherichia coli O104:H4 outbreak strain. Sci Rep 5:13252.
https://doi.org/10.1038/srep13252.

71. Leitner DR, Lichtenegger S, Temel P, Zingl FG, Ratzberger D, Roier S,
Schild-Prüfert K, Feichter S, Reidl J, Schild S. 2015. A combined vaccine
approach against Vibrio cholerae and ETEC based on outer membrane
vesicles. Front Microbiol 6:823. https://doi.org/10.3389/fmicb.2015.00823.

Porin-Dependent Cholera Toxin Delivery via OMVs ®

May/June 2021 Volume 12 Issue 3 e00534-21 mbio.asm.org 17

https://doi.org/10.1128/JB.01766-06
https://doi.org/10.1083/jcb.141.4.905
https://doi.org/10.1083/jcb.141.4.905
https://doi.org/10.1111/j.1582-4934.2009.00732.x
https://doi.org/10.1073/pnas.72.7.2520
https://doi.org/10.1242/jcs.114.20.3737
https://doi.org/10.1371/journal.ppat.1005567
https://doi.org/10.1098/rsfs.2018.0076
https://doi.org/10.1098/rsfs.2018.0076
https://doi.org/10.1371/journal.ppat.1006862
https://doi.org/10.1177/0148607197021005279
https://doi.org/10.1016/0016-5085(80)90247-4
https://doi.org/10.1016/0016-5085(84)90596-1
https://doi.org/10.1016/0016-5085(84)90596-1
https://doi.org/10.1128/JB.170.6.2575-2583.1988
https://doi.org/10.1016/j.ijmm.2016.05.013
https://doi.org/10.1111/j.1365-2958.2011.07867.x
https://doi.org/10.1128/IAI.59.12.4310-4317.1991
https://doi.org/10.1128/IAI.59.12.4310-4317.1991
https://doi.org/10.1074/jbc.M501259200
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.5012/bkcs.2002.23.11.1511
https://doi.org/10.5012/bkcs.2002.23.11.1511
https://doi.org/10.1128/IAI.00532-08
https://doi.org/10.1021/ac950914h
https://doi.org/10.3389/fmicb.2019.02780
https://doi.org/10.3389/fmicb.2019.02780
https://doi.org/10.1371/journal.ppat.1006945
https://doi.org/10.1371/journal.ppat.1006945
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1038/srep13252
https://doi.org/10.3389/fmicb.2015.00823
https://mbio.asm.org

	RESULTS
	V. cholerae OMVs are readily taken up by human intestinal cells.
	Uptake of OMVs depends on outer membrane porins.
	OMV uptake is blocked by nystatin or dynasore.
	OMVs deliver bioactive CT to host cells in a porin-dependent manner.
	OMVs protect CT from degradation in the intestinal milieu.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth conditions.
	Construction of in-frame deletion mutants and expression plasmids.
	Isolation of OMVs from V. cholerae strains.
	Size measurement.
	SDS-PAGE and immunoblot analysis.
	Silver staining.
	CT ELISA.
	Rhodamine staining of OMVs.
	Cell culture conditions.
	Uptake assay.
	cAMP assay.
	Colocalization studies.
	Trypsin susceptibility assay.
	Ethics statement.
	Stability and activity of CT in intestinal loops.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

