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The gram-negative bacterium Vibrio cholerae releases outer membrane vesicles (OMVs) during growth. In this study,
we immunized female mice by the intranasal, intragastric, or intraperitoneal route with purified OMVs derived from V.
cholerae. Independent of the route of immunization, mice induced specific, high-titer immune responses of similar levels
against a variety of antigens present in the OMVs. After the last immunization, the half-maximum total immunoglobulin
titer was stable over a 3-month period, indicating that the immune response was long lasting. The induction of specific
isotypes, however, was dependent on the immunization route. Immunoglobulin A, for example, was induced to a
significant level only by mucosal immunization, with the intranasal route generating the highest titers. We challenged the
offspring of immunized female mice with V. cholerae via the oral route in two consecutive periods, approximately 30 and
95 days after the last immunization. Regardless of the route of immunization, the offspring was protected against
colonization with V. cholerae in both challenge periods. Our results show that mucosal immunizations via both routes with
OMVs derived from V. cholerae induce long-term protective immune responses against this gastrointestinal pathogen.
These findings may contribute to the development of “nonliving,” OMV-based vaccines against V. cholerae and other
enteric pathogens, using the oral or intranasal route of immunization.

The devastating diarrheal disease cholera is caused by the
gram-negative, motile, curved-rod bacterium Vibrio cholerae
(56). Over 200 serogroups of V. cholerae have been identified;
however, epidemics are caused only by strains of serogroup O1
and the recently emerged serogroup O139 (27). Cholera is
transmitted via the fecal-oral route. The infectious dose can
vary tremendously, from 103 to 1011 cells, depending on mul-
tiple factors, including the specific V. cholerae isolate as well as
the diet, age, blood type, and health status of the patient (16,
61, 79). In addition, it has been recently reported that V.
cholerae secreted by the host is more infectious than in vitro-
cultured V. cholerae (1, 12, 63). The existence of such a hyper-
infectious state is supported by a mathematical model based on
epidemiological data (41) and could help to explain the explo-
sive nature of cholera outbreaks.

Soon after oral ingestion, V. cholerae reaches the small
bowel, its primary site of colonization, and induces virulence
factors, such as toxin-coregulated pilus (TCP) and cholera
toxin (CT) (17, 42, 87). A complex regulatory cascade includ-
ing ToxT as well as the inner membrane proteins ToxR/S and
TcpP/H controls the expression of virulence factors (54, 78).
With the infant mouse and rabbit ileal loop animal models of
infection, several factors of V. cholerae have been demon-
strated to be important for colonization. Interestingly, a large
number of these factors are associated with the outer mem-
brane (OM), including lipopolysaccharide (LPS), OM porins
(OMPs), TCP, and flagella (5, 19, 68, 73, 84, 88, 100). Acute
secretory diarrhea, which is mediated primarily by CT, causes

massive dehydration. If untreated, the fluid loss can result in
hypotensive shock and death within hours of the onset of
diarrhea (6). Without treatment, the case fatality rate for se-
vere cholera can be as high as 50% (82). Even today, treatment
of cholera consists essentially of a simple rehydration therapy,
sometimes in combination with antimicrobial agents (49, 82).
The treatment is effective; however, appropriate sterile intra-
venous or oral solutions and medical expertise are not always
available during cholera outbreaks. The global morbidity and
mortality of cholera are difficult to determine because of gross
underreporting, but the incidence may reach as high as 2 mil-
lion cases globally in a given year (82, 97).

Three oral cholera vaccines have been developed for com-
mercial use (98). The first is produced in Sweden and consists
of killed whole-cell V. cholerae O1 and the purified recombi-
nant B subunit of CT (44–46). The second is based on the live
attenuated V. cholerae strain CVD-103-HgR. This vaccine was
available in parts of Europe, but production was stopped in
2004 after it failed to demonstrate significant protection in a
field trial (80, 92). The third, currently produced and used in
Vietnam, is a variant of the first without the recombinant B
subunit of CT (89). New live oral cholera vaccines are in
testing, including the Peru-15 and the Cuban 638 strains (31,
74, 75). In addition, similar approaches are currently under
way to develop live oral vaccines that protect against O139,
including CVD112 and Bengal-15 (21, 86). However, licensing
and large-scale use of live vaccines are uncertain because of
the potential risk of reversion to a virulent state and dissemi-
nation of the vaccine in the population. In addition, efforts are
being taken to develop cholera subunit vaccines and conjugate
vaccines, focusing so far on V. cholerae antigens like LPS, TCP,
and CT (3, 15, 35, 58). Despite their benefits, all commercially
available vaccines have field use and logistical (“fieldability”)
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disadvantages. They require the use of a cold chain with large
storage capacity, limited long-term protection, and compli-
cated formulation as well as trained health care staff. Cur-
rently, no vaccine is licensed for children under the age of 2
years and none of the commercially available vaccines protect
against cholera caused by O139 (81).

Therefore, there is need for the development of novel chol-
era vaccines that can meet the needs of fieldability as well as
long-term protection. Recent studies revealed induction of a
stable immune response and/or successful protection in mice
after immunization with OM vesicles (OMVs) derived from
Neisseria meningitidis, Porphyromonas gingivalis, Salmonella en-
terica serovar Typhimurium, or Helicobacter pylori (2, 22, 38,
51, 53, 83). The existence of OMVs, which are released from
the envelopes of growing cells, has now been demonstrated to
occur in a variety of gram-negative bacterial species, such as
Escherichia coli (30, 43), Salmonella spp. (91, 93), Shigella spp.
(26, 47), Neisseria spp. (24, 25), Bacteroides spp., H. pylori (28),
and Pseudomonas aeruginosa (48). Most of the best-character-
ized OMVs are produced by pathogens, since they are impli-
cated to play a role in virulence. For example, OMVs function
in transport of virulence factors, adherence to and entry into
host cells, or modulation of the host response (7, 59). In the
case of V. cholerae, however, only the existence of OMVs has
been described so far (18, 57). OMVs largely reflect the com-
position of the OM and periplasm of their donor gram-nega-
tive bacteria. Some proteins have been found to be enriched,
whereas others are excluded in the OMVs compared to the
OM, suggesting some specific sorting pathways (50, 72, 93, 96).
Thus, the vesicles provide high concentrations of many of the
most important surface antigens for immunization. The LPS,
OMPs, and parts of flagella, fimbriae, or pili are known not
only to be highly immunogenic and to have qualities as adju-
vants but also to provide in most cases a strain-specific immune
response. Hence, we investigated the use of OMVs derived
from V. cholerae as a potential vaccine. In the following study,
we demonstrate the immune response due to immunization
with V. cholerae OMVs via intraperitoneal (i.p.), intragastric
(i.g.), and intranasal (i.n.) routes by measuring antibody titers
and by using a previously described protection model (34)
whereby the offspring of immunized female mice are chal-
lenged orally.

MATERIALS AND METHODS

Strain constructions and growth conditions. V. cholerae AC53, a spontaneous,
streptomycin (Sm)-resistant mutant of V. cholerae E7946 (O1 El Tor Inaba, a
clinical isolate from Bahrain, ATCC 55056, with hapR�), was used as a wild-type
strain in all experiments (65, 90). For genetic manipulations, E. coli strain
SM10�pir was used (66). Unless stated otherwise, bacteria were grown in Luria-
Bertani broth (LB) at 37°C with aeration. Supplements were used at the follow-
ing final concentrations: for Sm, 100 �g/ml; and for ampicillin (Ap), 50 �g/ml in
combination with other antibiotics or 100 �g/ml alone. Deletion of ompU in
AC53 was generated as described previously (85), using the suicide plasmid
p�ompU (70). Briefly, the suicide plasmid was transferred from SM10�pir into
V. cholerae by conjugation, which was achieved by cross-streaking colonies of
recipient and donor cells on an LB plate and incubating them at 37°C for 6 h.
Transfer into V. cholerae and integration on the chromosome were selected by
isolating Smr Apr colonies. After one passage in LB in the absence of antibiotics,
sucrose selection was used to obtain Aps colonies in which the plasmid had been
excised. The correct chromosomal deletion was confirmed by PCR using an
oligonucleotide pair consisting of ompU-F (5�-CAGCATGGTATTCCGCATT
C-3�) and ompU-R (5�-GATCAGGTTTGTCGGACTCTTG-3�).

Preparation of OMVs. OMVs were isolated from AC53 late-exponential-
phase cultures by using a procedure adapted from the method of Balsalobre et
al. (4). Briefly, 10 ml of an AC53 LB stationary-phase culture was used to
inoculate 1 liter of LB and grown to late exponential phase for 8 h. Bacterial cells
were removed by centrifugation (4,500 � g, 15 min, 4°C), and the supernatant
was consecutively filtered through 0.45-�m- and 0.22-�m-pore-size filters. To
confirm the absence of viable bacteria, 1 ml of the filtrate was plated on an LB
agar plate, incubated overnight at 37°C, and examined for colonies. In all prep-
arations, no colonies were observed. In order to prevent possible protein deg-
radation, protease inhibitor (complete EDTA-free protease inhibitor cocktail,
one tablet per liter of filtrate; Roche) was added to the filtrate and stored at 4°C.
Within the same week, OMVs were subsequently purified from the filtrate by
ultracentrifugation (140,000 � g, 4 h, 4°C) using a Beckmann SW32Ti or 50.2Ti
rotor, washed once with phosphate-buffered saline (PBS), and finally resus-
pended in 625 �l of PBS. The protein concentration was determined by using a
modified Lowry protein assay kit (Pierce) and adjusted to 2.5 �g/�l using PBS.
Purified OMVs were stored at �80°C.

Preparation of OM proteins. In order to isolate the proteins of the OM, 50 ml
of the respective strain was grown to late exponential phase as described above.
Cells were harvested (4,500 � g, 15 min, 4°C), washed once in 10 mM HEPES,
pH 7.5, and resuspended in 10 mM HEPES, pH 7.5, with one tablet per liter of
protease inhibitor. Cells were disrupted using a Mini-BeadBeater (Biospec) and
0.1-mm silica beads (Biospec). Unbroken cells were removed by centrifugation
(13,000 � g, 1 min). The supernatant containing the OM proteins was transferred
into a new tube and centrifuged again (13,000 � g, 30 min, 4°C). The pellet was
resuspended in 0.8 �l 10 mM HEPES, pH 7.5, plus 1% sarcosyl and incubated for
30 min. After centrifugation (13,000 � g, 30 min, 4°C), the pellet was washed
once with 1 ml of 10 mM HEPES, pH 7.5, and resuspended in 50 �l of 10 mM
HEPES, pH 7.5. The protein concentration was determined as described above
and adjusted to 2.5 �g/�l by using 10 mM HEPES, pH 7.5. Purified OM proteins
were stored at �80°C.

Animals. BALB/c mice (Charles River Laboratories or Jackson Laboratories)
were used in all experiments. Mice were housed with food and water ad libitum
and monitored under the care of full-time staff and in accordance with the rules
of the Department of Laboratory Animal Medicine at Tufts Medical Center. All
animals were acclimated for at least 1 week before use.

Immunization protocol. Seven-week-old female mice were immunized at days
0, 14, and 28 with OMVs via the i.p., i.g., or i.n. route, using the following
concentrations: for i.n. treatment, 25 �g in 10 �l PBS (5 �l per naris) for all
immunizations; for i.g. treatment, 25 �g in 100 �l PBS for all immunizations; and
for i.p. treatment, 1 �g in 50 �l PBS for the initial immunization at day 0 and 0.25
�g in 50 �l PBS at days 14 and 28. These immunization doses were based on
recently published studies of immunization with OMVs derived from various
gram-negative bacterial species (22, 29, 37, 51, 83). In these studies, the OMV
doses ranged from 0.1 to 10 �g for i.p. and 10 to 250 �g for i.n. immunizations.
Mice were anesthetized by inhalation of 2.5% isoflurane gas prior to all immu-
nizations. Nonvaccinated control mice were housed in parallel with vaccinated
mice for the duration of the experiment. A total of two independent rounds of
immunizations, with two or three or with four or five animals per group, were
conducted. At the end, each group of vaccinated mice and nonvaccinated mice
had a total of at least six mice.

Collection of samples. Blood was collected from the lateral tail vein at days 0,
14, 28, and 38, as well as 3 to 9 days after the first challenge, and by cardiac
puncture 3 to 9 days after the second challenge. The collected blood was allowed
to clot at room temperature (RT) for 30 min, after which serum was isolated by
removing the blood clot with a sterile toothpick, followed by centrifugation
(1,000 � g, 15 min). The supernatant was removed and diluted threefold in PBS.
After addition of sodium azide to give a final concentration of 0.05%, the serum
was stored at �80°C.

Determining the infectious dose of AC53. In order to determine the infectivity
of AC53 in neonatal mice from naı̈ve dams, 10-week-old pregnant, naı̈ve mice
were monitored for birth. For all infections in this study, including this one using
neonatal mice from naı̈ve dams, 5- to 6-day-old mice were separated from their
dams for 1 h, anesthetized by inhalation of 2.5% isoflurane gas, and then inoc-
ulated i.g. by oral gavage with 50 �l of the appropriate serial dilution of the
inoculum. To prepare the inoculum, �60 colonies of AC53, grown overnight on
an LB Sm plate, were resuspended in LB and adjusted to an optical density at
600 nm of 1, which is �2 � 109 CFU/ml. Dilutions of this suspension were
prepared as inocula at the following ratios for infection: 1:10, 1:50, 1:100, 1:1,000,
1:10,000, and 1:100,000. The exact titer for the dilution series was determined by
plating on LB-Sm plates in triplicate. The inoculated neonatal mice were kept
either with or away from their dams for 24 h. At 24 h postinoculation, the mice
were euthanized by humane measures consistent with the recommendations of
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the Panel on Euthanasia of the American Veterinary Medicine Association. The
small bowel from each neonatal mouse was removed by dissection and mechan-
ically homogenized in 1 ml LB with 20% glycerol. Appropriate dilutions of the
homogenate, starting at 100 �l, were plated on LB-Sm plates in duplicate. Thus,
our limit of detection was 10 CFU per small bowel. The dose at which 50% of
mice were colonized (ID50) was determined graphically from the plotted data.

Challenge. Control and vaccinated female mice were mated with age-matched
males at a 2:1 ratio. After at least 14 days, the mice were separated, and the
females were monitored for birth. Five- to six-day-old neonatal mice from con-
trol and vaccinated dams were challenged at two doses, which were �7- and
70-fold above the ID50 in the first challenge period, from day 55 to 67, and �70-
and 700-fold above the ID50 in the second challenge period, from day 117 to 130.
Neonatal mice from each litter were split equally for infection with the different
doses, with the higher dose being favored in each case of uneven numbers of
mice. The first-challenge experiments were conducted on neonatal mice obtained
from the breeding period of days 41 to 55, and the second-challenge experiments
were conducted on neonatal mice obtained from the breeding period of days 90
to 105 or 95 to 120. After i.g. inoculation, the neonatal mice were placed back in
the presence of their respective dams. After 24 h, the neonatal mice were
euthanized, and the small bowel of each neonatal mouse was harvested and
analyzed as described above.

Quantitation of Igs. Levels of immunoglobulin A (IgA), IgG1, IgG2, and IgM
isotype antibodies to OMVs were determined by an enzyme-linked immunosor-
bent assay (ELISA) using 96-well ELISA microplates (BD Falcon). Plates were
coated by incubation with OMVs (5 �g/ml in PBS) at 4°C for 2 days. To generate
standard curves for each isotype, plates were coated in triplicate with twofold
dilutions of the appropriate purified mouse Ig isotype standard (IgA, IgG1,
IgG2a, or IgM; BD Biosciences), starting at 1 �g/ml, in PBS. After four washes
with 0.05% Tween in PBS (PBS-T), nonspecific binding sites were blocked with
10% heat-inactivated fetal calf serum in PBS (PBS-F) for 1 h at RT. Starting at
1:400 in PBS-F, appropriate fivefold dilutions of the test samples were applied on
the OMV-coated wells in triplicate, whereas PBS-F was used for the wells coated
with the isotype standards. The plates were incubated for 1 h at RT and washed
four times with PBS-T. The plates were then incubated for 1 h at RT with the
appropriate alkaline phosphatase-conjugated, affinity-purified goat antibodies
against mouse IgA (	-chain specific; Southern Biotech), IgG1 (
1-chain specific;
Southern Biotech), IgG2a (
2a-chain specific; Southern Biotech), or IgM (�-
chain specific; Southern Biotech). After four washes with PBS-T, the plates were
developed using the BluePhos Microwell phosphatase substrate system and stop
solution (KPL) according to the manufacturer’s instructions. Optical densities were
read at 620 nm with a Synergy HT plate reader (Biotek Inc.). Titers were calculated
using values from the appropriate dilutions of test samples, and a log-log regression
was calculated from at least four dilutions of the isotype standards.

Half-maximum total Ig titers (IgA, IgG, and IgM) were determined by ELISA
as described above, with the exceptions that alkaline phosphatase-conjugated,
affinity-purified goat antibodies against mouse (IgM plus IgG plus IgA, heavy
plus light chains; Southern Biotech) served as a secondary antibody, no Ig
standard was used, and at least four fivefold dilutions, starting at 1:4 and in-
creasing to 1:400, were used to calculate the titers. Half-maximum titers were
calculated using the solution of the sigmoidal line of the plot of the log of the
reciprocal dilutions of mouse sera and the resulting absorbances to determine
the reciprocal that gave half of the maximum optical density.

SDS-PAGE. The standard sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) procedure (60) in combination with 4 to 15% gradient
Ready Gels (Tris-HCl; Bio-Rad) was used. Gels were stained with the Imperial
protein stain (Pierce).

Immunoblot analysis. Five micrograms of purified OMVs was separated by
SDS-PAGE and transferred onto a nitrocellulose membrane (Invitrogen). The
membrane was blocked by incubation in 10% skim milk in TBS (10 mM Tris-Cl,
pH 7.5, 150 mM NaCl) for 2 h at RT. The membrane was washed twice in
TBS-TT (20 mM Tris-Cl, pH 7.5, 500 mM NaCl, 0.05% Tween 20, 0.2% Triton
X-100) and once in TBS for 10 min each wash. For use as the primary antibody,
the mouse serum was diluted 1:500 in 10% skim milk in TBS. The diluted serum
was added to a membrane and incubated with gentle rocking at 4°C overnight.
The membrane was then washed as described above. After being washed, the
membrane was incubated for 1 h in the secondary antibody solution by using
horseradish peroxidase-conjugated anti-mouse IgG from sheep (GE Healthcare
UK Limited) in 10% skim milk in TBS. The membrane was washed four times
in TBS-TT for 10 min each wash. Chemiluminescence detection was performed
by using the ECL plus Western blotting detection system (GE Healthcare UK
Limited) and exposure to X-ray film (Kodak).

Statistical analysis. Data were analyzed using the Mann-Whitney U test or a
Kruskal-Wallis test and post hoc Dunn multiple comparisons. Differences were
considered significant at P values of �0.05.

RESULTS

V. cholerae produces OMVs. To analyze whether the V. chol-
erae serogroup O1 strain E7946 produces OMVs during growth in
LB broth, we developed a purification method using filtration of
culture supernatant and ultracentrifugation based on OMV iso-
lation protocols previously described for E. coli (4, 94). The pu-
rified material, which was tested for the absence of culturable
bacteria, was examined by negative-stain transmission electron
microscopy and was found to contain numerous spherical vesicles,
ranging in diameter from 50 to 300 nm, with about 80% of them
being in the smaller size range (data not shown). A comparison at
the protein level of the purified vesicles and the OM isolated from
the wild type (Fig. 1, lanes 1 and 3) revealed similar patterns.
Some protein bands are present or absent in the OMVs com-
pared to the OM samples, but enrichment or exclusion of specific
proteins in OMVs has also been reported for other organisms (50,
72, 93, 96). Furthermore, a deletion mutant for the most abun-
dant OMP, OmpU, removes the corresponding protein band of
37 kDa in both the OM and the OMV samples (lanes 2 and 4),
indicating that the proteins in the OMVs reflect the protein pro-
file of the OM.

Immunization with OMVs induces strong antibody responses.
We immunized mice by i.n., i.g., and i.p. administration with
OMVs as described in Materials and Methods. An overview of
the experimental design is shown in Fig. 2. A nonvaccinated
control group was housed in parallel for the duration of the
experiment. Antibody titers in serum were monitored at six
time points before, during, and after the immunization period.

FIG. 1. V. cholerae secretes OMVs. Shown are Coomassie blue-
stained polyacrylamide gradient gels (4 to 15%) loaded with 5 �g
protein from each sample: OM of wild-type AC53 (lane 1), OM of the
ompU mutant (lane 2), OMVs of wild-type AC53 (lane 3), and OMVs
of the ompU mutant (lane 4). Lines to the left indicate the molecular
masses of the protein standards in kDa.
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We challenged the respective offspring of the immunized fe-
male adult mice with V. cholerae via the oral route. Thus, we
were able to monitor the immune response both biochemically
and functionally up to 3 months after the last immunization.
Two consecutive breeding cycles allowed two challenge periods
at �30 and 90 days after the last immunization.

The temporal IgA, IgG1, IgG2, and IgM responses are
shown in Fig. 3. The overall antibody titers for all three routes
of immunization increased during the vaccination period, with
a peak at day 38 or day 78. In general, this peak of the titers
was followed by slight declines for IgG1 and IgG2 and mod-
erate declines for IgA and IgM and then a leveling off. Except
for the IgG1 titers in the i.p. immunized mice, the changes in
antibody titers between day 78 and the end point were not
significantly different (P � 0.05 and P � 0.3, respectively;
Mann-Whitney U test). At day 0, the titers of isotype-specific
antibodies against OMVs were below the limit of detection in
all mice. Antibody titers in sera were also monitored for the

nonvaccinated control mice, but the titers stayed below the
limit of detection during the entire experiment for all isotypes
tested (data not shown). IgM levels were already above the
detection limit after the initial immunization at day 14 in all
three immunization routes. For all other isotypes, the first
point of detection was after one boost at day 28. The i.p.
immunized mice exhibited the highest levels for IgG1, IgG2,
and IgM on day 38, whereas IgA stayed almost undetectable in
this group. Throughout the entire experiment, the highest IgA
levels were observed in the i.n. immunized mice. Compared to
the i.p. immunized group, mice immunized via the i.n. or i.g.
route showed delayed but robust responses for IgG1 and IgG2,
with a peak at day 78. The antibody responses in the i.n.
immunized mice lasted longer than those in the other groups,
because the end point median titers for both IgG isotypes were
the highest in the i.n. group. The end point IgG2 and IgM titers
were not significantly different for the three immunization
routes, whereas the i.n. immunized group exhibited signifi-
cantly higher IgA and IgG1 titers than mice immunized via the
other routes (P � 0.05; Kruskal-Wallis test and post hoc Dunn
multiple comparisons).

We determined the half-maximum total Ig titers on day 38
(Fig. 4A) and at the end point (Fig. 4B). All vaccinated mice
had comparable half-maximum total Ig titers at both time
points, which were significantly higher than those for the
nonvaccinated control mice (P � 0.05; Kruskal-Wallis test
and post hoc Dunn multiple comparisons). A comparison of
the half-maximum total Ig titers for the immunized groups
at both time points revealed that only the decrease in the i.p.
group was significantly different (P � 0.05; Mann-Whitney
U test).

FIG. 2. Schematic timetable of the immunization and challenge
experiment. The timeline is given by a horizontal arrow from left to the
right, starting with the initial immunization on day 0. Each vertical bar
marks the day of a bleed, indicated by B. Mice were boosted on days
14 and 28. Immunizations are highlighted by vertical arrows. The
breeding periods are indicated by gray rectangles, and the challenge
periods for the infant mice are indicated by black rectangles.

FIG. 3. Ig titers in sera of mice immunized with OMVs. Shown are the median titers over time of IgA (A), IgG1 (B), IgG2 (C), and IgM
(D) antibodies to OMVs in sera from i.n. (solid line), i.g. (dashed line), and i.p. (dotted line) immunized mice (n � 6 for each group). The error
bars indicate the interquartile range of each data set for each time point.
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Specificity of the antibody response. Immunoblots using
OMVs as the antigen were used to test the specificity of the
antibody response. Figure 5 shows representative immunoblots
utilizing sera from one mouse of each immunization group and
control group collected on day 78. No bands were detected on
the immunoblot using the serum from a nonvaccinated control
mouse, whereas multiple bands in the OMV protein profile
were detected using the sera from vaccinated mice, demon-
strating that the OMVs contained numerous proteins that can
serve as antigens. The comparable intensities of the detected
bands confirm that vaccinated mice from all routes of immu-
nization have induced comparable levels of serum IgG re-
sponse against OMV proteins at this time point. Furthermore,
the comparable banding patterns indicated that, at least for the
IgG isotype, there were no qualitative differences in antigen
target between the routes of immunization. The most-reactive
bands are located between 32.5 and 47.5 kDa, which correlates
with the area of the most abundant proteins in the OMVs (Fig.
1). We also examined sera from convalescent cholera patients
and healthy European volunteer controls in immunoblots us-

ing OMVs as the antigen. We detected multiple bands recog-
nized by sera from the convalescent patients that were absent
in immunoblots incubated with the control sera (data not
shown).

Protection against colonization of V. cholerae. In order to
determine whether the immunization with OMVs was protective
against colonization with V. cholerae, we used a modified version
of the infant mouse model wherein the offspring of immunized
dams were challenged and the level of protection was measured
by the degree of colonization in the small bowel. To allow for a
continuous transfer of antibodies from the immunized dams to
the offspring, the infected neonatal mice were given back to their
respective dams for the challenge period of 24 h. Normally, in this
model the infected neonatal mice are kept separate from their
mothers, during the infection period to minimize variation in
colonization due to the effects of milk. In order to investigate if
the placement of the infant mice back with their mothers affected
colonization, we infected neonatal mice from naı̈ve dams with
different doses of V. cholerae in an ID50 experiment (12, 13). The
results of these colonization experiments are shown in Fig. 6.
When the neonatal mice were given back to their dams, a maxi-
mal colonization level of around 107 CFU per small bowel within
24 h was achieved by infection with �1,500 or more CFU (Fig.
6A). In contrast, when mice were kept separated from their moth-
ers, a maximal colonization level of around 106 CFU was achieved
with �15,000 or more CFU (Fig. 6B). Thus, the overall coloni-
zation level was higher when neonatal mice were given back to
their dams, although this increase was significantly different only
for the group receiving a dose of �1,500 CFU (P � 0.05; Mann-
Whitney U test). The ID50s were in both cases determined to be
�200 CFU (data not shown). Thus, the milk from naı̈ve BALB/c
mice had no negative effect on colonization of V. cholerae and, if
anything, appeared to enhance colonization at low inoculum
doses.

After it was determined that a stable colonization can be
achieved with a dose of �1,500 or more CFU, neonatal mice
from control and vaccinated dams were challenged with V.
cholerae by using �1,500 or 15,000 CFU per mouse, which is
about 7- or 70-fold above the ID50, respectively. The results for
the first challenge period, from day 67 to 75, are presented in
Fig. 7A to D. The neonatal mice for the first challenge period
were born �27 days and challenged �33 days after the third
and final immunization of the dams. Panel A shows the colo-
nization results for neonatal mice from the control dams. With

FIG. 4. Half-maximum total Ig titers in sera of mice immunized with OMVs derived from V. cholerae and the control group. Results are shown
for sera collected at day 38 (A) and days 125 to 135 (B) from mice immunized via the i.n., i.g., and i.p. routes and the nonvaccinated control group.
Each circle represents the half-maximum total Ig titer of one mouse. The horizontal bars indicate the median of each data set.

FIG. 5. Immunoblot analysis of IgG reactivity in sera from immu-
nized mice. Shown are representative immunoblots loaded with OMVs
and incubated with sera collected at day 78 from mice immunized via
the i.n., i.g., and i.p. routes and the nonvaccinated control group. Lines
to the left indicate the molecular masses of the protein standards in kDa.
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both doses, the median colonization level was around 7 � 106

CFU per small bowel and is therefore comparable to the re-
sults obtained with neonatal mice from naı̈ve dams by using the
same dose (Fig. 6A). In contrast, neonatal mice from i.g. and

i.n. immunized dams exhibited full protection and no CFU
were recovered (Fig. 7B and C). For the neonatal mice from
i.p. immunized dams, colonization with V. cholerae was detect-
able in 2 out of 36 neonatal mice, but at least 10,000-fold-lower

FIG. 6. Suckling from naı̈ve dams does not interfere with colonization of V. cholerae in neonatal mice. Shown are the numbers of recovered CFU per
small bowel on the y axis, correlated with the respective inoculum doses on the x axis. Each circle represents the number of CFU from one neonatal
mouse. The infected neonatal mice were either given back to their naı̈ve dams for the 24-h infection period (A) or kept separate for this period (B). Due
to the nature of the experiment (explained in Materials and Methods), the exact numbers of CFU for the inoculum dose varied from day to day, ranging
from 11 to 18, 137 to 150, 1,124 to 1,673, 11,235 to 15,000, and 150,000 to 156,000 CFU for the individual 10-fold dilutions of the inoculation mix. When
no bacteria were recovered, the numbers of CFU were set to the limit of detection of 10 CFU/small bowel. The numbers of infected mice are given above
the respective inoculum doses as follows: number of mice with detectable colonization/total number of challenged mice.

FIG. 7. Neonatal mice from immunized dams show short- and long-term protection against colonization with V. cholerae. The numbers of
recovered CFU per small bowel are shown on the y axis, versus the respective inoculum doses on the x axis. Results from the first challenge period,
from day 67 to 75, are shown for neonatal mice born to the nonvaccinated control (A), i.n. immunized (B), i.g. immunized (C), or i.p. immunized
(D) mice. Results from the second challenge period, from day 117 to 130, are shown for neonatal mice born to the nonvaccinated control (E), i.n.
immunized (F), i.g. immunized (G), or i.p. immunized (H) mice. Each circle represents the number of CFU from one neonatal mouse. Due to the
nature of the experiment (explained in Materials and Methods), the exact numbers of CFU for the inoculum doses varied from day to day, ranging
from 1,100 to 2,740, 11,000 to 31,200, and 128,300 to 171,600 for the individual 10-fold dilutions of the inoculation mix. When no bacteria were
recovered, the numbers of CFU were set to the limit of detection of 10 CFU/small bowel. The numbers of infected mice are given above the
respective inoculum doses as follows: number of mice with detectable colonization/total number of challenged mice.
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numbers of CFU were recovered than in the infection of naı̈ve
animals (Fig. 7D and 6). Therefore, neonatal mice from im-
munized dams, independent of the route of immunization,
were protected from infection.

To measure long-term protection, dams were mated again after
the first challenge period and neonatal mice from control and
immunized dams from this round were challenged with even
higher doses of V. cholerae, �70 and 700-fold above the ID50.
These second challenge experiments were conducted on neonatal
mice born �81 days and challenged �87 days after the third and
final immunization of the dams. The results are shown in Fig. 7E
to H. Similar to the results obtained from the experiments with
naı̈ve mice and the first challenge round, the neonatal mice from
control dams were colonized with �107 CFU, whereas neonatal
mice from i.n., i.g., and i.p. immunized dams showed in most of
the cases no colonization. When the mice were challenged with a
dose of �1,500 CFU, we found that 5 to 13% of the mice were
colonized, which increased to 13 to 30% when a dose of �15,000
CFU was used. This result was independent of the immunization
route, since colonized mice were found for each infectious dose in
each group. However, it should be emphasized that the coloniza-
tion level in mice from immunized dams was on average at least
1,000-fold lower than that in mice from naı̈ve or control dams. In
summary, neonatal mice from immunized dams demonstrated
robust long-term protection independent of the immunization
route.

DISCUSSION

The major goal of this study was to analyze the potential use
of OMVs derived from V. cholerae as a new vaccine strategy.
According to a previous report, V. cholerae produces OMVs
when grown exponentially; however, purification of OMVs was
successful only in the presence of glutaraldehyde (57). Adapt-
ing protocols established for OMV purification in other gram-
negative bacterial species, we were able to isolate milligram
quantities of vesicles from supernatants of V. cholerae cultures.
Comparison of the OM and OMV protein profiles of the wild
type and an ompU mutant, which lacks one of the most abun-
dant OM proteins, showed that the isolated OMVs reflect the
OM composition. Thus, we have established a simple protocol
for isolation and purification of OMVs derived from V. chol-
erae that is amenable to scaling up.

We compared the immune responses of mice immunized via
different routes with OMVs derived from V. cholerae and ana-
lyzed the protection resulting from this acquired immunity. Given
that V. cholerae grows extracellularly in the small intestine, we
focused on mucosal immunization via the i.g. and i.n. routes. The
i.p. route of immunization, which is frequently used to obtain
antibodies against specific antigens, was used as a positive control
in this study. Based on recently published immunization protocols
with OMVs derived from various gram-negative bacterial species
(22, 29, 37, 51, 83), we decided to do an initial immunization, with
two boosters at days 14 and 28. Immunization via all routes
elicited specific systemic antibody responses. The half-maximum
total Ig titers of immunized mice were at least 1,000-fold higher
than those in the control group, indicating the substantial immu-
nogenic capacity of OMVs even without the aid of an immuno-
adjuvant. Interestingly, the overall immune responses in the three
differently immunized groups were very similar, as demonstrated

by the comparable half-maximum total Ig titers. The temporal
stability of the immune response is shown by the minimal declines
in the half-maximum total Ig titers over a 3-month period without
further immunization.

Although the titers for specific isotypes in the control group
stayed below the limit of detection for the entire experiment,
increases of the half-maximum total Ig titers of the control group
were unexpectedly observed. However, this could be explained by
the design of our challenge experiment, wherein the infected
offspring were given back to the dams. Hence, during the 24-h
infection period, the dams from the control group might have had
contact with V. cholerae shed from the neonatal mice, and this
could have triggered a slight immune response.

The specific isotype immune responses were different in the
mice immunized via different routes. For example, i.p. immu-
nization resulted in high IgG1 and IgG2 titers but failed to
induce an IgA response. In contrast, i.n. immunized mice ex-
hibited very high IgA titers and, additionally, high levels of
IgG1 and IgG2. This is consistent with other OMV vaccination
studies reporting high levels of IgG after i.p. or intravenous
immunization and high levels of IgA after i.n. immunization
(36, 83). In this study, we analyzed Ig titers in sera only. How-
ever, previous studies have demonstrated induction of secreted
Ig, especially by i.n. immunization with OMVs (38, 51, 83). The
importance of the specific isotypes for protection against chol-
era is unknown. However, high levels of mucosally secreted Igs
in addition to systemic immunity might be advantageous in
humans for prevention of gastrointestinal colonization by V.
cholerae (10). It has been demonstrated that intestinal secre-
tion of IgA protects against V. cholerae infection (99). It has
also been shown that IgA in the milk of subcutaneously im-
munized dams contributes to passive protection of suckling
mice from a lethal challenge of V. cholerae, although antibody
titers and mucosal vaccination routes were not investigated
(34). In the present study, i.n. immunized mice had the highest
median titers in three of the four isotypes and had the highest
half-maximum total Ig titers at the end of the experiment,
�100 days after the last immunization. Thus, of the three
routes tested, i.n. immunization induced the most stable, long-
lasting immune response. The reason for this difference is
unclear. It could be hypothesized that antigens delivered i.p. or
i.g. are either rapidly diluted, degraded (11, 67), or excreted.
Thus, antigens delivered i.p. or i.g. may result only in a stimulus
of limited duration. In contrast, antigens delivered i.n. could
stay immunogenic and remain on the nasopharyngeal mucosal
surface for a longer period of time.

Challenge of immunized mice is necessary for demonstra-
tion of protection since Ig levels do not always correlate with
reduced colonization, as recently demonstrated for H. pylori
(52). The infant mouse model simulates most aspects of the
human infection and is the most frequently used animal model
for V. cholerae colonization studies (55). Colonization experi-
ments using adult mice are complicated since the normal gas-
trointestinal flora must be reduced to allow for V. cholerae
colonization. This either requires the use of germfree mice
(14) or is achieved by oral treatment with antibiotics (64, 69).
Thus, we decided to use the infant mouse model by mating
vaccinated female mice and challenging their offspring as de-
scribed by Guentzel and Berry (33). In both challenge rounds,
the majority of neonatal mice from immunized dams were
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completely protected from V. cholerae. A minority of neonatal
mice from immunized dams was colonized, but the level of
colonization was significantly lower than that in mice from
naı̈ve or nonvaccinated control dams. Thus, all routes of im-
munization resulted in similar levels of short- and long-term
protection against V. cholerae infection. Even at the highest
inoculum dose, less than half of the neonatal mice in all im-
munized groups were colonized. Thus, we were not able to
determine the ID50s for the neonatal mice from immunized
dams. However, we can state that the immunization resulted in
an increase in ID50 of at least 700-fold. The protection is
clearly due to the induced immune response in the dams, but
at this point the mechanism of protection can only be specu-
lated upon. Immunity could be acquired prenatally via placen-
tal transfer of Igs or postnatally through suckling. Protection of
breast-fed human infants against cholera has been shown in
multiple studies (20, 77, 101). Furthermore, the level of this
protection could be correlated with the level of the IgA anti-
bodies in the mother’s milk, and the majority of those antibod-
ies are directed against V. cholerae surface structures and CT
(32, 40). Hence, it is predicted to be advantageous for a cholera
vaccine to induce an IgA response against OM structures, as
exhibited by the i.n. and i.g. immunizations in this study.

Immunoblot analysis of the sera of immunized mice revealed
diverse immune responses against many antigens present in
the OMVs. No gross difference in specificity of immune re-
sponse between the different routes of immunization was de-
tected. However, some antigens are more immunogenic than
others, as indicated by a massive response directed against
proteins between 35 to 45 kDa. Similarly, analysis of convales-
cent patient sera revealed antibodies against multiple OMV
antigens. Thus, antigens provided by the OMVs and/or the
bacterial cells themselves are recognized by the human im-
mune system during infection and are expressed by V. cholerae
in vivo, as has been demonstrated previously (39, 62, 76). The
human immune response against OMV antigens further sup-
ports the immunogenic potential of OMVs as a vaccine.

A cholera vaccine that is affordable for developing countries,
does not require a cold chain, and can be easily administered
is currently lacking. The available oral cholera vaccines require
a buffer solution, and the hypothesized poor stability of anti-
gens in killed vaccines delivered via the oral route may be a
disadvantage (9, 67). In addition, oral vaccinations have been
associated with complications like mild diarrhea and more-
severe complications, such as intussusception, observed for
example for a rotavirus vaccine (71, 95). Besides live attenu-
ated oral vaccines, research currently focuses on subunit vac-
cines or conjugated vaccines. Expression and purification of
single antigens and development of conjugated vaccines are
time-consuming and costly. Most likely, the production of such
vaccines will be very expensive. Besides a low production cost,
administration of a vaccine intended for use in developing
countries should be simple. OMVs are naturally released by
gram-negative bacteria, can be purified relatively easily, and
are ready for use without further treatment. OMVs naturally
contain important features for a good vaccine, since they rep-
resent the composition of the OM and therefore contain some
of the most immunogenic and important antigens. As indicated
by a variety of clinical studies with meningococcal OMVs, they
can be used safely and with high efficacy (8, 23, 102). As

demonstrated by the present study, OMVs can be easily iso-
lated from the supernatant of a V. cholerae culture. Our pro-
tocol does not demand any specialized equipment, with the
exception of an ultracentrifuge. It can be speculated that pu-
rified OM proteins or whole-cell lysates might induce similar
immune responses. However, both would require the produc-
tion of cell lysates and, in the case of purified OM proteins,
multiple extraction steps. The stability of such purified proteins
or whole-cell lysates at ambient temperatures is questionable,
as demonstrated by the requirement of a cold chain and buffer
solutions for the killed whole-cell vaccine (44–46). According
to the WHO, an ideal cholera vaccine should not require a cold
chain or accessory buffer solutions (98). Qualitative analysis by
SDS-PAGE indicates that V. cholerae OMVs purified by our
method are very stable, since no significant protein degrada-
tion was observed after incubation at 37°C for a month (data
not shown). OMVs were administered in all immunizations
without any accessory buffer solutions. Thus, a cold chain and
accessory buffer solutions are unlikely to be required for ship-
ping and administration of a V. cholerae OMV vaccine.

To our knowledge, this is the first study characterizing
OMVs as a candidate vaccine against cholera and also the first
report to demonstrate protection against a gastrointestinal
pathogen by i.n. immunization with OMVs. As such, this opens
a new route of administration for vaccines against cholera and
other gastrointestinal diseases. Future studies will be required
to elucidate the mechanism(s) of protection against V. cholerae
in this mouse immunization and challenge model.
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