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Significance

Vibrio cholerae remains a 
significant problem of global 
health. Current oral cholera 
vaccines (OCVs) confer over 65% 
protection to adults and children 
older than 5 y but show poor 
efficacy in children younger than 
5 y in endemic regions. Safe and 
effective cholera vaccines for all 
age groups are needed. Here, we 
reported a polyvalent protein 
immunogen that induced broad 
and functional antibodies, 
reduced over 99% vibrio 
colonization of small intestines, 
and protected 88% of any 
diarrhea and 100% of severe 
diarrhea from O1, O139, and 
non-O1/non-O139 V. 
cholerae infection in an adult 
rabbit colonization model and an 
infant rabbit passive protection 
model. This cross-protective 
polyvalent protein and the rabbit 
models (adult and infant) 
potentially overcome hurdles in 
cholera vaccine development.
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Using epitope- and structure-based multiepitope fusion antigen vaccinology platform, we 
constructed a polyvalent protein immunogen that presents antigenic domains (epitopes) 
of Vibrio cholerae toxin-coregulated pilus A, cholera toxin (CT), sialidase, hemolysin 
A, flagellins (B, C, and D), and peptides mimicking lipopolysaccharide O-antigen on a 
flagellin B backbone. Mice and rabbits immunized intramuscularly with this polyvalent 
protein immunogen developed antibodies to all of the virulence factors targeted by the 
immunogen except lipopolysaccharide. Mouse and rabbit antibodies exhibited functional 
activities against CT enterotoxicity, CT binding to GM1 ganglioside, bacterial motility, 
and in vitro adherence of V. cholerae O1, O139, and non-O1/non-O139 serogroup 
strains. When challenged orogastrically with V. cholerae O1 El Tor N16961 or a non-O1/
non-O139 strain, rabbits IM immunized with the immunogen showed a 2-log (99%) 
reduction in V. cholerae colonization of small intestines. Moreover, infant rabbits born to 
the mother immunized with the protein immunogen acquired antibodies passively and 
were protected from bacterial intestinal colonization (>2-log reduction), severe diarrhea 
(100%), and mild diarrhea (88%) after infection with V. cholerae O1 El Tor (N16961), 
O1 classical (O395), O139 (Bengal), or a non-O1/non-O139 strain. This study demon-
strated that this polyvalent cholera protein is broadly immunogenic and cross-protective, 
and an adult rabbit colonization model and an infant rabbit passive protection model 
fill a gap in preclinical efficacy assessment in cholera vaccine development.

cholera | MEFA | polyvalent | rabbit | vaccine

Vibrio cholerae infection continues to be a threat to public health, especially in South and 
Southeast Asia and sub-Saharan Africa, causing 1.3 to 4 million clinical cholera cases and 
21,000 to 143,000 deaths annually (1), with about half of the cases and deaths being in 
children younger than 5 y (2). In Bangladesh, V. cholerae is one of the top three leading 
etiologies of diarrheal disease requiring hospitalization across all age groups (3).

V. cholerae consists of over 200 serogroups, but serogroup O1 (classical biotype caused 
the first six pandemics and El Tor biotype caused the seventh pandemic) and serogroup 
O139 (which caused a large outbreak in the early 1990s but waned afterward) are asso-
ciated with epidemic cholera. Serogroup O1 is the main target in cholera vaccine devel-
opment historically; however, serogroup O139 remains a concern, and other serogroups 
(non-O1/non-O139) are also able to cause sporadic gastrointestinal infections (4, 5). An 
ideal cholera vaccine would protect against all major V. cholerae serogroups that cause 
gastrointestinal infections.

Current cholera vaccines target O1 or O1 and O139 O-specific polysaccharides (OSP) 
of lipopolysaccharide (LPS) and thus are serogroup specific. Three killed whole-cell oral 
cholera vaccines (OCVs; Dukoral, Euvichol, and Shanchol) prequalified by the World 
Health Organization (WHO) confer >65% efficacy in adults and children older than 5 y (6–8), 
but these OCVs provide significantly less or minimal protection to children younger than 
5 y in endemic countries (8–11). Unlike Dukoral, which includes a killed serogroup O1 
strain (and recombinant cholera toxin (CT) B subunit), Euvichol and Shanchol are “biva-
lent” as they carry killed bacteria of O1 and O139 serogroup strains to induce antibodies 
to the LPS of both serogroups, although their protection against serogroup O139 has not 
been determined. In addition to the killed oral vaccines, a live oral vaccine, Vaxchora, 
which carries an attenuated O1 serogroup strain, is licensed for travelers in the United 
States and assumed to protect against only the O1 serogroup (12).

While immunity to OSP has been the primary target for cellular cholera vaccines, 
there is evidence that immunity to some protein antigens of V. cholerae may also be 
important (13–15). Unlike OSP, which is serogroup specific, many virulence factor 
proteins are shared by V. cholerae serogroups and thus can serve as conserved antigens 
to provide cross-protection. CT and toxin-coregulated pilus A (TcpA) proteins produced 
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by V. cholerae O1 and O139 serogroup strains are the virulence 
determinants in cholera (16–18). CT, an AB5 toxin after binding 
to monosialotetrahexosylganglioside (GM1) gangliosides of 
small intestinal epithelial cells and entering host cells via endo-
cytosis, elevates epithelial cell cyclic adenosine monophosphate 
(cAMP) levels to cause fluid hypersecretion into the gut lumen 
and profuse watery diarrhea. TcpA mediates V. cholerae adher-
ence to host cells and enhances bacterial colonization of small 
intestines by aggregating bacteria into microcolonies. Other 
factors attributing to virulence include sialidase, flagella, and 
possible hemolysin. Sialidase plays a role in CT binding to host 
receptors and CT uptake by host cells (19–21); flagella com-
posed of five flagellins (A, B, C, D, and E) mediate bacterial 
motility, alter morphology, and enhance biofilm development 
and virulence (22–25); hemolysin causes vacuolation in host 
cells (26).

Antibody responses to the abovementioned virulence factors of 
V. cholerae were mounted in cholera patients or vaccinees (27, 28). 
Earlier studies indicated that individuals immunized with Dukoral 
developed robust anti-CT and anti-LPS antibody responses (9, 
29, 30). A recent study profiling immune responses in Bangladesh 
adult patients showed that V. cholerae infection raised systemic 
and mucosal immunoglobulin M (IgM), immunoglobulin G 
(IgG), and immunoglobulin A (IgA) antibodies to CT, TcpA, LPS 
O-antigen, sialidase (neuraminidase; NanH), hemolysin A (HlyA), 
and flagellins (FlaB, FlaC, and FlaD; although FlaA is essential 
for flagellar biosynthesis, antibodies to FlaA were not mounted 
after natural exposure to V. cholerae) (31). While vibriocidal anti-
bodies, which largely represent antibodies to LPS, are associated 
with moderate-to-long-term protection (12, 32) and anti-CT 
antibodies appear to confer short-term protection (9), correlates 
to protection from antibodies to the other virulence factors are 
yet to be established.

In this study, we constructed a polyvalent cholera protein 
immunogen by applying an epitope- and a structure-based vacci-
nology platform called multiepitope fusion antigen (MEFA) (33), 
then characterized the broad immunogenicity of the polyvalent 
MEFA protein, and examined protection from the MEFA pro-
tein–induced antibodies against V. cholerae intestinal colonization 
and clinical diarrhea preclinically. Mice immunized with this 
polyvalent protein were examined for antibody responses to the 
virulence factors targeted by the immunogen, and the derived 
antibodies were then evaluated for in vitro functions, including 
prevention of adherence from different V. cholerae serogroup 
strains, neutralization of CT enterotoxicity, blocking of CT 

binding to host receptor GM1, inhibition of vibrio motility, vibri-
ocidal activity, and the activity against hemolysis. Furthermore, 
we applied two animal models to assess this MEFA immunogen 
for broad protection. First, we intramuscularly (IM) immunized 
adult rabbits and then challenged the rabbits orogastrically with 
a V. cholerae O1 or non-O1/non-O139 strain to assess protection 
against bacterial colonization of small intestines. Second, we IM 
immunized pregnant rabbits and challenged their infant rabbits 
with a V. cholerae O1, O139, or a non-O1/non-O139 serogroup 
strain to evaluate protection against vibrio intestinal colonization 
and clinical cholera.

Results

Cholera MEFA Protein Carried Epitopes of CT, TcpA, Sialidase, 
HlyA, Flagellins (B, C, and D), and Peptides Mimicking O1 
OSP. A polyvalent MEFA protein immunogen named cholera 
MEFA was produced (Fig. 1). Immunodominant B cell 
epitopes ADSRPPDEIKQS (CTA subunit), SQHIDSQKKA 
(CTB subunit), PATADATAASK (TcpA of O1 classical 395), 
GKVSADEAKNP (TcpA of O1 El Tor N16961, O139 Bengal, 
and non-O1/non-O139), MQDNTNNGSGV (sialidase), 
SNGSNSSSERR (FlaB), LQSQSANGSNSKSE (shared 
by FlaC and FlaD), and TGGVEVSGDGPK (HlyA) were 
identified in silico. These epitopes were predicted antigenic 
and exposed on the surface of the representing virulence factor 
proteins. Additionally, two peptides, LPSAGRGVCYEA and 
QHLNSILLVTK mimicking O1 OSP (mimotopes) (34), 
were included. Flagellin B (FlaB), which is structurally stable 
and strongly antigenic and possesses multiple surface-exposed 
and well-separated continuous epitopes, was selected as the 
backbone to present foreign epitopes. After substitutions of 
backbone epitopes with the epitopes from the target virulence 
factors, a cholera MEFA protein was in silico constructed and 
confirmed for structural stability, epitope surface exposure, and 
antigenicity. Subsequently, a chimeric cholera MEFA gene was 
synthesized after codon optimization, cloned in plasmid pUC57, 
subcloned into expression vector pET28a, and verified by DNA 
sequencing. Cholera MEFA protein (39.2 kDa) expressed 
in Escherichia coli BL21 (DE3) was extracted and refolded, at 
a yield of 40 mg per liter culture broth and purity of greater 
than 90% based on visual assessment of sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) Coomassie blue staining, and 
recognized by anti-CT or anti-TcpA polyclonal antibodies in 
western blot (Fig. 1).

Fig. 1. Construction and characterization of a polyvalent cholera MEFA protein immunogen. B cell immunodominant epitopes of V. cholerae CT subunit A (CTA) 
and subunit B (CTB), TcpA, sialidase (NanH), flagellin C (FlaC), flagellin D (FlaD), hemolysin A (HlyA), and O1 OSP mimotopes were integrated into backbone protein 
flagellin B (FlaB). Recombinant cholera MEFA protein was detected in SDS-PAGE with Coomassie blue staining and western blot with rabbit anti-TcpA antiserum. 
M, molecule marker (kDa); MEFA, cholera MEFA protein; (−), E. coli BL21 host cell proteins.
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Cholera MEFA Protein Induced Broad Antigen-Specific Antibody 
Responses in Mice. Mice IM immunized with 25 µg cholera 
MEFA protein, with or without adjuvant double-mutant heat 
labile toxin (dmLT) [LTR192G/L211A, a double-mutant heat-
labile toxin of enterotoxigenic E. coli (ETEC)], developed IgG 
responses to the target antigens (Fig. 2). Anti-CT, anti-TcpA 
(O1 classical), anti-TcpA (O1 El Tor and O139), anti-sialidase, 
anti-FlaB, anti-FlaC, anti-FlaD, and anti-HlyA IgG titers were 
3.3  ±  0.84, 2.3  ±  0.32, 1.9  ±  0.09, 2.0  ±  0.20, 5.4  ±  0.13, 
5.1 ± 0.23, 4.7 ± 0.34, and 4.7 ± 0.60 (log10), respectively, from 
serum samples of the group immunized with the MEFA protein 
(without dmLT adjuvant). When adjuvant dmLT was included in 
mouse immunization, the IgG titers were 4.8 ± 0.33, 4.2 ± 0.68, 
3.0 ± 0.58, 2.1 ± 0.18, 5.6 ± 0.05, 5.3 ± 0.28, 4.9 ± 0.26, and 
4.8  ±  0.63 (log10), respectively. Anti-CT and anti-TcpA IgG 
responses were significantly greater in the immunized group with 
dmLT adjuvant (P < 0.001) (Fig. 2). IgG response to LPS was not 
detected from either immunized group. No antigen-specific IgG 
responses were detected from serum samples of the control mice 
[IM injected with phosphate buffered saline (PBS)].

When a reduced antigen dose (10 µg cholera MEFA protein) 
or the WHO-prequalified Shanchol was used, at a 3-wk interval, 
antigen-specific IgG titers in the serum samples from the mice IM 
immunized with 10 µg cholera MEFA were the same as the titers 
in the mice IM immunized with 25 µg cholera MEFA (at a 2- or 
3-wk interval) but significantly greater than the titers in the mice 
orogastrically immunized with Shanchol (P < 0.001) except for 
the titers to anti-TcpA (O1 El Tor or O139; P > 0.05) (SI 
Appendix, Fig. S1).

Cholera MEFA-Induced Mouse Antibodies Were Functional 
against the Target Virulence Factors. Sera from the mice 
immunized with cholera MEFA protein showed functional 
activities against V. cholerae adherence, CT enterotoxicity, CT 
binding to GM1, and V. cholerae motility.
Antibodies inhibited adherence of V. cholerae O1, O139, and 
non-O1/non-O139 serogroup strains. Bacterial adherence to host 
receptors initiates V. cholerae intestinal colonization and infection. 
Antibodies inhibiting bacterial adherence serve as the first line of 
defense against cholera. Mouse serum samples (heat-inactivated) 
from each immunized group (with or without adjuvant dmLT) 
significantly inhibited adherence of V. cholerae to Caco-2 cells 

compared with the serum samples from the control mice that 
were injected with PBS (P < 0.01) (Fig. 3). Incubated with the 
sera from the mice immunized with cholera MEFA, V. cholerae O1 
El Tor N16961, O1 classical O395, O139 Bengal, or non-O1/
non-O139 34 D-23 bacteria (in colony forming units;  CFUs) 
adherent to Caco-2 cells were reduced by 70%, 62%, 67%, and 
72%, respectively, compared with the bacteria incubated with 
the serum from the control mice. Treated with the sera from the 
mice immunized with the MEFA protein adjuvanted with dmLT, 
adherence of the four serogroup strains (CFUs) was decreased by 
74%, 68%, 72%, and 80%.
Antibodies neutralized CT enterotoxicity. CT enterotoxicity elevates 
intracellular cAMP levels in intestinal epithelial cells, leading to 
fluid and water hypersecretion and watery diarrhea. Neutralizing 
antibodies can prevent CT enterotoxicity from cAMP elevation 
and water hypersecretion. Mouse serum samples from the group 
immunized with cholera MEFA (with or without adjuvant 
dmLT) prevented CT from elevating intracellular cAMP levels 
in T-84 cells (Fig. 4A). The intracellular cAMP concentrations 
in the T-84 cells exposed to CT premixed with the sera of mice 
immunized with cholera MEFA or cholera MEFA and adjuvant 
dmLT were 17.5 ± 16.8 nM and 8.3 ± 2.2 nM (picomole per ml), 
respectively, which were significantly lower than the cAMP levels 
in the cells exposed to CT premixed with the sera of the control 
mice (88.5 ± 16.8 nM; P < 0.01).
Antibodies blocked CT from binding to GM 1 ganglioside. CT binds 
to GM receptors at host intestinal epithelial cells, via the B subunit 
pentamer, enters host cells, and releases the toxic CTA subunit 
to cause fluid secretion. Functional antibodies block CT from 
binding to GM1 receptors and prevent CT from entering host 
cells. Competitive GM1 enzyme-linked immunosorbentassay 
(ELISA) showed that CT, after incubation with the sera from the 
mice immunized with MEFA protein (with or without dmLT 
adjuvant), exhibited a significant reduction in binding to GM1 
ganglioside (Fig. 4B). The OD650 readings were 0.44 ± 0.05 and 

Fig. 2. Serum IgG titers (in log10) in the mice IM immunization with cholera 
MEFA (▽; n = 8), cholera MEFA and adjuvant dmLT (○; n = 8), or PBS as the 
control (+; n = 8). Serum samples from each mouse were twofold diluted (1:200 
to 1:25,600), in triplicates, and examined in ELISAs for IgG responses to CT, 
TcpA (O1 classical or O1 El Tor), sialidase, flagellin B (FlaB), flagellin C (FlaC), 
flagellin D (FlaD), hemolysin A (HlyA), and O1 LPS. *** indicates a P value <0.001 
based on two-way ANOVA with the Bonferroni post hoc test.

Fig. 3. V. cholerae O1 El Tor N16961, O1 classical O395, O139 Bengal, or 
non-O1/non-O139 El Tor 34 D23 bacteria (CFUs in %; with the CFUs from the 
group treated with the control mouse sera referred to as 100%) adhered to 
Caco-2 cells after incubation with the sera of the mice IM injected with PBS 
(control; n = 8), cholera MEFA protein alone (n = 8), or cholera MEFA protein 
and adjuvant dmLT (n = 8); five replicates for each treatment. *, **, and *** 
indicate P values < 0.05, 0.01, and <0.001, respectively, based on two-way 
ANOVA with the Bonferroni post hoc test. Boxes and bars are means and SDs.

https://www.pnas.org/lookup/doi/10.1073/pnas.2202938119#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2202938119#supplementary-materials


4 of 12   https://doi.org/10.1073/pnas.2202938119 pnas.org

0.22 ± 0.08, respectively, in the wells incubated with CT and 
the serum samples of the group immunized with cholera MEFA 
protein alone or along with dmLT adjuvant, significantly lower 
than the optical density (OD) in the wells incubated with CT and 
the control mouse serum samples (1.12 ± 0.07; P < 0.001) or CT 
and PBS (1.30 ±0.07; P < 0.001).
Antibodies impaired V. cholerae motility. Bacterial motility assists 
V. cholerae to penetrate intestinal mucosal barriers and enhances 
biofilm development and virulence. Functional antibodies 
can inhibit or impair bacterial motility to alleviate infections. 
Microscopic examination observed that motility of V. cholerae 
O1 El Tor N16961, O1 classical O395, O139 Bengal, or non-O1/
non-O139 34 D-23 was reduced when the sera from the mice 
immunized with cholera MEFA protein (with or without dmLT 
adjuvant) were added to the bacterial suspension. Bacterial motility 
was unaltered or less altered when the sera of the control mice were 
added (SI Appendix, Fig. S2, and Video S1).

Vibriocidal antibody titers and antibody activity against hemol-
ysis were not detected in mouse serum samples. The OD values 
in the wells with V. cholerae O1 El Tor N16961 incubated with 
the sera of the immunized mice or the control mice were 
0.32 ± 0.07 and 0.33 ± 0.03, respectively, showing no reduction 
compared with the OD values in the growth control wells 
(0.24 ± 0.04). Colonies of V. cholerae O1 El Tor N16961, O1 
classical O395, O139 Bengal, or non-O1/non-O139 34 D-23 
exhibited hemolytic characteristics on sheep blood agar plates 
coated with sera from the immunized or control mice after over-
night growth at 30°C, showing no morphological alteration com-
pared with the colonies on the plates without mouse serum 
treatment.

Cholera MEFA Protein Induced Broadly Functional Antibodies 
in Adult Rabbits. Rabbits IM immunized with cholera MEFA 
protein developed broad antibody responses to the V. cholerae 
virulence factors targeted by the immunogen (Fig. 5). Anti-CT, 
anti-TcpA (O1 classical), anti-TcpA (O1 El Tor and O139), anti-
sialidase, anti-FlaB, anti-FlaC, anti-FlaD, and anti-HlyA IgG 
titers (log10) were 1.7 ± 0.44, 3.3 ± 0.19, 2.7 ± 0.19, 1.6 ± 0.53, 
4.3 ± 0.20, 2.9 ± 0.35, 3.5 ± 0.20, and 3.7 ± 0.28, respectively, in 

the serum samples of the group immunized with cholera MEFA 
protein. The IgG titers in the sera of the group immunized with 
cholera MEFA and dmLT adjuvant were 2.6 ± 0.41, 3.1 ± 0.43, 
2.5 ± 0.61, 2.4 ± 0.40, 4.0 ± 0.19, 3.7 ± 0.19, 3.3 ± 0.22, and 
3.3 ± 0.47 (log10), respectively. Anti-LPS response was not detected 
in the immunized rabbits. No antigen-specific IgG responses were 
detected from the serum samples of the rabbits injected with PBS 
(control).

Mild IgA antibody responses were detected from the cecum con-
tent of the rabbits immunized with cholera MEFA protein. Anti-CT, 
anti-TcpA (O1 classical), anti-TcpA (O1 El Tor and O139), anti-
FlaB, anti-FlaC, anti-FlaD, and anti-HlyA IgA titers (in log2) were 
0.54 ± 0.24, 0.30 ± 0.87, 0.46 ± 0.37, 0.62 ± 0.49, 0.60 ± 0.31, 
0.58 ± 0.34, and 0.57 ± 0.50, respectively, from the cecum content 
suspensions of the rabbits IM immunized with cholera MEFA and 
were 1.1 ± 0.30, 0.43 ± 0.26, 0.95 ± 0.79, 1.0 ± 0.43, 0.95 ± 0.57, 

A
** ** 1.5

1.0

0.5

0

G
M

1 
E

LI
S

A
O

D
65

0B
******

in
tr

ac
el

lu
la

r
cA

M
P

(n
M

)

0
20

60
40

80
100
120
140
160

Fig. 4. Antibody neutralization of CT enterotoxicity and blocking CT from binding to GM1. (A) Direct cAMP EIA Kit (Enzo Life) measured intracellular cyclic AMP 
levels (nM, pico mole per ml) in T-84 cells exposed to CT and the serum from the mice IM immunized with cholera MEFA (MEFA), cholera MEFA and adjuvant 
dmLT (MEFA/dmLT), or PBS the control (−); n = 2 and two replicates for each treatment. Cells treated with culture medium indicate cAMP baseline level, and cells 
exposed to CT (+ PBS, no sera) show stimulation of intracellular cAMP in T-84 cells. (B) Competitive GM1 ELISA to measure mouse serum antibodies for blocking 
CT from binding to GM1, after incubation with CT, and the serum of the mice IM immunized with cholera MEFA protein (▲), cholera MEFA protein with adjuvant 
dmLT (♦), or PBS (■); wells incubated with CT (+ PBS, no sera;●) as a positive control. ** and *** indicate the P values < 0.01 and <0.001 based on one-way 
ANOVA with Tukey’s test. Boxes and bars are means and SDs.

Fig. 5. The IgG titers (in log10) from the serum samples of the NZW adult 
rabbit IM immunized with cholera MEFA (▽; n = 4), cholera MEFA and adjuvant 
dmLT (○; n = 8), or PBS (●; n = 8). Rabbit serum dilutions (1:200 to 1:25,600) 
were titrated for IgG to CT, TcpA (O1 classical or O1 El Tor), sialidase, flagellin 
B (FlaB), flagellin C (FlaC), flagellin D (FlaD), hemolysin A (HlyA), and O1 LPS. 
Five replicates for each treatment. *** indicates a P value <0.001 based on 
two-way ANOVA with the Bonferroni post hoc test.
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1.4 ± 0.57, and 1.0 ± 0.30 (log2), respectively, in the cecum content 
suspensions of the rabbits IM immunized with cholera MEFA adju-
vanted with dmLT. IgA to sialidase or O1 OSP was not detected 
from either immunized group. No antigen-specific IgA was detected 
in the cecum contents of the control rabbits. Additionally, the 
cecum content supernatants of the two adult rabbits orogastrically 
administered with the live attenuated Vaxchora had mild IgA 
responses detected (SI Appendix, Fig. S3).

Rabbit serum samples from the group immunized with cholera 
MEFA protein (with or without dmLT adjuvant) neutralized CT 
enterotoxicity, blocked CT from binding to GM1, impaired bac-
terial motility, and significantly inhibited adherence of V. cholerae 
O1 El Tor N16961, O1 classical O395, O139 Bengal, and non-
O1/non-O139 34 D-23 to Caco-2 cells (P < 0.001; Fig. 6A). Sera 
from the rabbits immunized with MEFA protein and dmLT adju-
vant showed significantly better adherence inhibition activities 
than the sera of the rabbits immunized with MEFA protein with-
out dmLT adjuvant (P < 0.001).

Adult Rabbits IM Immunized with Cholera MEFA Protein Showed 
a 2-log Reduction in Intestinal Colonization by the Challenge 
V. cholerae O1 or non-O1/non-O139 Strain. Adult rabbits IM 
immunized with cholera MEFA protein, with or without dmLT 
adjuvant, showed a 2-log reduction in intestinal colonization by 
V. cholerae O1 El Tor N16961 or non-O1/non-O139 34 D-23 
strain (Fig. 6B) (O1 classical and O139 Bengal strains were not 
examined). Rabbits remained normal and showed no diarrhea 
or fluid accumulation in the intestine or cecum after orogastric 
inoculation with V. cholerae O1 El Tor N16961. Vibrio bacteria 
recovered from the distal ileal segment (CFUs per gram) of the 
rabbits immunized with cholera MEFA alone or cholera MEFA 
and dmLT adjuvant were (3.4 ± 0.88) × 107 and (3.0 ± 0.89) 
× 106, respectively. This was more than 2 logs of reduction (>99%) 
compared with the rabbits injected with PBS (5.5 ± 1.54) × 109 
CFUs (P < 0.001). PCR screening with TcpA-specific primers 
showed that the colonies were 100% positive for V. cholerae. 
Similarly, adult rabbits IM immunized with a reduced dose of 
cholera MEFA protein (100 µg dose, two doses) or orogastrically 

inoculated with Vaxchora (5 × 109 CFUs, two doses) showed over 
two logs of reduction in vibrio colonization of the small intestine 
when they were challenged with V. cholerae El Tor N16961 
(SI Appendix, Fig. S4).

After challenge with non-O1/non-O139 strain El Tor 34-D 
23, the rabbits IM immunized with cholera MEFA and dmLT 
adjuvant remained healthy and had (4.0 ± 1.6) × 107 CFUs V. 
cholerae isolated per gram of the distal ileal segment. In contrast, 
two of the four control rabbits shed loose feces and had yellowish 
fluid accumulated in the small intestine and cecum; the rabbits 
in this group had significantly more vibrio bacteria recovered from 
the distal segment of the small intestine (2.2 ± 1.5) × 109 (CFUs 
per gram) compared with the immunized rabbits (P <0.01).

Infant Rabbits Born to the Mothers IM Immunized with Cholera 
MEFA Protein Were Protected from Diarrhea after Challenge 
with O1, O139, or non-O1/non-O139 V. cholera. Thirteen rabbits 
of timed pregnancy were included to reproduce infant rabbits 
for assessing the preclinical efficacy of cholera MEFA-derived 
antibodies against clinical diarrhea. With two immunized rabbits 
showing false pregnancy, five immunized (with cholera MEFA 
protein and dmLT adjuvant) and six control (PBS and dmLT 
adjuvant) mothers delivered 34 and 40 infant rabbits, respectively. 
After IM administration with two doses of cholera MEFA protein 
and adjuvant dmLT, robust IgG (titers in log10) in serum samples 
and moderate IgG and IgA (OD650 values were shown due to 
high background) in milk samples, to all of the targeted virulence 
factors except LPS, were detected from the immunized mother 
rabbits (Fig. 7 A–C). Antigen-specific IgG antibodies (except anti-
LPS) were detected from the sera of the infant rabbits born to the 
immunized mothers (Fig. 7D). In contrast, no antigen-specific 
IgG or IgA antibodies, except moderate anti-CT serum IgG, were 
detected from the control mother rabbits (which were IM injected 
with PBS and dmLT adjuvant) or the infant rabbits born to the 
control mothers.

The infant rabbits born to the immunized mothers or the con-
trol mothers were divided into four groups and infected with 
V. cholerae O1 El Tor N16961, O1 classical O395 strain, O139 

A B

Fig. 6. Rabbit antibody protection against V. cholerae adherence and intestinal colonization. (A) In vitro adherence of O1 El Tor N16961, O1 classical O395, O139 
Bengal, and non-O1/non-O139 El Tor 34 D23 (CFUs in %; with the number of bacteria treated with the control serum referred to as 100%) to Caco-2 cells, after 
incubation with the sera of the adult rabbits IM immunized with PBS (control; n = 4), cholera MEFA protein alone (n = 4), or cholera MEFA protein and dmLT 
adjuvant (n = 4), in five replicates. (B) V. cholerae colonization in the small intestine (CFUs in %) of the rabbits (n = 4) IM immunized with cholera MEFA and dmLT 
(black) or PBS control (white) after orogastric inoculation with non-O1/non-O139 strain El Tor 34 D-23 or in the rabbits (n = 4) IM immunized with cholera MEFA 
(gray), cholera MEFA adjuvanted with dmLT (black), or PBS control (white) after orogastric inoculation with O1 El Tor N16961, with five replicates for each rabbit. 
** and *** indicate P values of <0.01 and 0.001 based on two-way ANOVA with the Bonferroni post hoc test. Boxes and bars are means and SDs.

https://www.pnas.org/lookup/doi/10.1073/pnas.2202938119#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2202938119#supplementary-materials
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Bengal strain, or non-O1/non-O139 El Tor 34-D 23 strain. After 
orogastric inoculation, the infant rabbits born to the immunized 
mothers were protected from diarrhea. Only 3 (of 15 challenged 
with V. cholerae El tor N16961) and 1 (of 6 inoculated with O139 
Bengal strain) infant rabbits born to immunized mothers devel-
oped mild diarrhea. In contrast, all of the infant rabbits (n = 40) 
born to the control mothers (IM immunized with PBS and dmLT 
adjuvant) developed diarrhea (6 with mild diarrhea and 34 with 
severe diarrhea) after the challenge with the four serogroup strains 
(Table 1). The efficacy against any diarrhea was 88.4%, with 80%, 
100%, 83.3%, and 100% for V. cholerae O1 El Tor N16961, O1 
classical O395 strain, O139 Bengal strain, and non-O1/non-O139 
El Tor 34-D 23 individually. The efficacy against severe diarrhea 
from these four V. cholerae strains was 100%.

Additionally, the infant rabbits born to the immunized mothers 
showed a positive weight gain 24-h postchallenge (3.1 ± 2.5; %), 
whereas the infant rabbits born to the control mothers lost body 
weight (−17.6 ± 2.8; P < 0.001). Furthermore, the infant rabbits 
born to the immunized mothers had a 2-log reduction in vibrio 
bacteria colonization of small intestines compared with the infant 
rabbits born to the control mothers; the reduction was 99.9%, 
99.7%, 99.8%, and 99.9%, respectively, for the challenge strain 
V. cholerae O1 El Tor N16961, O1 classical O395 strain, O139 
Bengal strain, and non-O1/non-O139 El Tor 34-D 23 (Table 1).

Discussion

Cholera progresses from V. cholerae adherence to host receptors 
on the epithelial cells and colonization of the small intestine, fol-
lowed by the delivery of CT into epithelial cells. CT secreted by 
bacteria binds to host GM1 receptors (by CTB pentamer) and 
enters host cells to elevate intracellular cyclic AMP levels (by the 
CTA subunit), causing a massive efflux of fluid into the intestinal 
lumen and clinical cholera. A vaccine can prevent cholera if it 
induces antibodies to prevent this cascade of events by preventing 

V. cholerae adherence to host small intestinal enterocytes and col-
onization of small intestines, blocking CT from binding to host 
GM1 receptors, and neutralizing CT enterotoxicity. Data from 
this study showed that a polyvalent multiepitope fusion protein 
induces broadly functional antibodies to multiple V. cholerae vir-
ulence factors and protects rabbits from V. cholerae intestinal col-
onization and clinical diarrhea. Similar to cholera patients after 
natural exposure to V. cholerae (35), mice and rabbits IM immu-
nized with this cholera MEFA protein developed robust antibody 
responses to CT, TcpA, HlyA, FlaB, FlaC, FlaD, and sialidase. 
The MEFA-derived antibodies neutralized CT enterotoxicity, 
blocked CT from binding to GM1 receptor, impaired V. cholerae 
motility, and inhibited adherence of O1, O139, and non-O1/
non-O139 serogroup strains. Moreover, intramuscular immuni-
zation of cholera MEFA protein leads to a 99% reduction in V. 
cholerae intestinal colonization in adult rabbits and passively pro-
tects infant rabbits from 88.4% any diarrhea and 100% severe 
diarrhea when challenged with an O1, an O139, or a non-O1/
non-O139 V. cholerae strain. These results may suggest a potential 
application of this cholera MEFA protein immunogen for  
the development of a cross-protective protein-based cholera 
vaccine.

Cholera MEFA-induced antibodies are functional, demon-
strated by antibody in vitro activities against CT enterotoxicity 
and GM1 binding, vibrio adherence, and bacterial motility, and 
the precise role of the antibodies to each target epitope can be 
further defined. Data from current studies showed that mouse or 
rabbit antibodies, derived from IM immunization of cholera 
MEFA alone (without dmLT adjuvant), neutralized CT entero-
toxicity and blocked CT from binding to GM1 receptor, indicating 
that the representative CTA epitope or at least the CTB epitope is 
functional. CT enterotoxicity is mediated by the toxin A subunit, 
and CT binding to GM1 receptor is controlled by the B subunit 
pentamer; antibodies from a neutralizing CTA epitope can prevent 
CT from stimulating cAMP levels in epithelial cells, whereas 
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Fig. 7. IgG and IgA responses from the pregnant rabbits immunized with cholera MEFA and dmLT adjuvant (gray box) or PBS and dmLT (white box) or from 
the infant rabbits born to immunized (gray box) or control (white box) rabbits. (A) Antigen-specific IgG titers (log10) from the sera of the immunized (n = 7) or 
control (n = 6) mother rabbits. (B) The OD650 values of IgG ELISAs from the milk samples of the immunized (n = 5) or the control (n = 6) mother rabbits. (C) The 
OD650 values of IgA ELISAs from the milk samples of the immunized (n = 5) or the control (n = 6) mother rabbits. (D) Antigen-specific IgG titers (log10) from the 
serum samples of infant rabbits born to the immunized (n = 34) or control (n = 40) mothers. * and *** indicate P values <0.05 and <0.001, respectively, based 
on two-way ANOVA with the Bonferroni post hoc test. Boxes and bars are means and SDs.
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antibodies from a protective CTB epitope block CT from binding 
to GM1. Blocking of binding to GM1 can prevent CT from enter-
ing host cells and thus CT toxic activity. The TcpA epitopes carried 
by this MEFA immunogen appear functional since MEFA-
induced antibodies inhibited V. cholerae adherence. Similarly, the 
flagellin epitopes can be functional because MEFA-induced anti-
bodies impaired vibrio motility, although it is unknown whether 
each flagellin epitope (FlaB, FlaC, or FlaD) plays a role or whether 
two or all of the three epitopes (potentially the remaining peptides 
of FlaB backbone) worked synergistically.

The OSP and hemolysin epitopes carried by this MEFA, by 
contrast, are not functional, and the functional activity of the 
sialidase epitope was not examined. Despite the two peptides 
mimicking V. cholerae O1 LPS O-antigen were reported to induce 
protective anti-LPS antibodies after being conjugated to bovine 
serum albumin (34), the current study showed that these mimo-
topes failed in inducing anti-LPS antibodies or vibriocidal anti-
bodies when presented on this cholera MEFA protein. While a 
vibriocidal antibody titer is considered a marker of protection (12, 
36), it is not a true correlate of protection (37, 38). Results from the 
current study suggest that protein antigens can contribute to 
immune protection. This cholera MEFA immunogen, neverthe-
less, can be improved to carry OSP mimotopes that induce vibri-
ocidal antibodies or to be combined with protective OSP antigens 
or OSP conjugates. Additionally, although the sialidase or hemo-
lysin epitope induced antigen-specific antibody response, antibody 
function against hemolytic activity was not detected, and assays 
to test anti-sialidase antibody functional activity were not devel-
oped in the laboratory. Ideally, using functional hemolysin and 
OSP epitopes, as well as better functional epitopes from the other 

virulence factors which can be identified from future empirical 
epitope mapping studies, can further improve the immunogenicity 
and protection of this polyvalent protein antigen.

An infant rabbit passive protection model and an adult rabbit 
colonization model were applied synergistically to characterize 
cholera MEFA antigen protection against V. cholerae small intes-
tinal colonization and clinical diarrhea. Early studies indicated 
that rabbit small intestines can be colonized by O1 and non-O1 
V. cholerae and that inoculation with V. cholerae protects against 
subsequent homologous or heterologous infections (39, 40). 
Moreover, rabbits and humans likely share similar or identical 
mechanisms of intestinal colonization by V. cholerae (41). 
Therefore, surgical or nonsurgical adult and infant rabbit models 
were applied to study V. cholerae intestinal colonization or clinical 
cholera in the past. In this study, we modified the adult rabbit 
colonization model by anesthetizing rabbits during orogastric 
inoculation and 2–3 h afterward to slow down peristalsis (instead 
of using opium to temporarily introduce hypoperistalsis) to 
improve V. cholerae intestinal colonization. This modification ena-
bled V. cholerae to effectively colonize small intestines, shown by 
over 108 to 109 CFU (per gram of the ground distal ileum segment) 
V. cholerae colonized in rabbits 24-h postinoculation. Our results 
showed that immunization with cholera MEFA protein (with or 
without adjuvant dmLT or the live attenuated Vaxchora) reduced 
99% intestinal colonization of V. cholerae O1 El Tor N16961 or 
non-O1/non-O139 strain 34 D-23. We need to point out that 
because V. cholerae colonizes the ileum more effectively, only rabbit 
distal ileal segments were collected to assess MEFA-mediated pro-
tection against V. cholerae colonization. Additional challenge stud-
ies using other serogroup strains including O1 classical O395 and 

Table 1. Infant rabbit passive protection model to show cholera MEFA-induced antibodies for cross-protection 
against V. cholerae O1, O139, and non-O1/non-O139 challenge
Infant rabbits No. of rabbits with clinical outcome % efficacy against

Clinical 
 outcome Healthy Mild diarrhea

Severe 
 diarrhea Any diarrhea

Severe 
 diarrhea

Infant rabbit 
daily wt. gain 

(%)

V. cholerae 
colonized at 
small intes-
tine (CFUs)

Challenged with O1 El Tor N16961

Immunized 
(n = 15)

12 3 0 80 100 1.54 ± 3.64*** 2.4 ± 1.6 
(×106)***

Control 
(n = 16)

0 2 14 −18.0 ± 3.92 1.7 ± 0.7 
(×109)

Challenged with O1 classical O395

Immunized 
(n = 7)

7 0 0 100 100 6.84 ± 6.51*** 1.0 ± 1.3 
(×106)***

Control (n = 9) 0 0 9 −17.92 ± 6.05 4.0 ± 1.7 
(×108)

Challenged with O139 (Bengal)

Immunized 
(n = 6)

5 1 0 83.3 100 1.89 ± 1.49*** 1.9 ± 0.6 
(×106)**

Control (n = 8) 0 3 5 −20.57 ± 8.43 7.8 ± 6.9 
(×108)

Challenged with non-O1/non-O139 El Tor 34-D 23

Immunized 
(n = 6)

6 0 0 100 100 2.16 ± 1.00*** 1.5 ± 0.9 
(×106)*

Control (n = 7) 0 1 6 −13.91 ± 6.64 2.5 ± 4.6 
(×109)

NZW rabbits of timed pregnancy were IM immunized with cholera MEFA protein (adjuvanted with dmLT) (n = 5) or PBS (with dmLT adjuvant as the control) (n = 6), and the born infant 
rabbits were orogastrically inoculated with V. cholerae O1 El Tor N16961, O1 classical O395, O139 Bengal, or non-O1/non-O139 strain El Tor 34-D 23. Mild diarrhea was defined as yel-
low-stained hindquarters or pasty feces, and severe diarrhea is defined as liquid stool and loss of 20% of body weight within 24 h. Efficacy = [(% with diarrhea in the control group − % with 
diarrhea in the immunized group)/% with diarrhea in the control group] × 100. *, **, and *** indicate P values less than 0.05, 0.01, and 0.001, respectively.
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O139 Bengal, at an increased sampling size, will allow us to better 
assess MEFA-mediated antibodies for cross-protection against V. 
cholerae intestinal colonization.

The infant rabbit passive protection model developed in this 
study may benefit cholera vaccine development. Currently, there 
are no suitable animal models to assess vaccine preclinical efficacy 
against symptomatic cholera. The adult rabbit model, although it 
can be used to assess protection against V. cholerae intestinal col-
onization, is unable to evaluate protection against clinical diarrhea 
or cholera because adult rabbits rarely develop or sustain cholera 
unless an extremely high inoculum dose (1011 bacteria) is used 
(40). In contrast, infant rabbits developed diarrhea after V. cholerae 
inoculation, and they have been used to evaluate a live vaccine 
candidate (42); however, such protection against clinical diarrhea 
in infant rabbits was from the probiotic effect or physical exclusion 
from the vaccine live bacteria but not vaccine-induced immunity. 
By immunizing mother rabbits and challenging the suckling new-
born, this infant rabbit passive protection model allows us to 
measure protection from vaccine-induced antibodies against clin-
ical disease and thus evaluate the candidacy of this polyvalent 
immunogen for a cross-protective cholera vaccine. While the cur-
rent infant rabbit passive protection model represents an applica-
ble animal model to assess the preclinical efficacy of cholera 
vaccine candidates, it measures protection from passively acquired 
antibodies rather than active immunity. Future studies with a 
WHO-prequalified OCV product as the reference can further 
validate this infant rabbit passive protection model and its appli-
cation in evaluating the efficacy of this cholera MEFA vaccine 
candidate. Eventually, controlled human infection model studies 
will determine the protection of this protein-based vaccine can-
didate against clinical cholera.

Although the mechanism and correlates to protection against 
cholera are not fully understood, IgA antibodies particularly 
mucosal secretory IgA (sIgA), even at a low level, are believed to 
play an important role in persistent protection against cholera 
(28). While we were unable to collect enough fecal or intestinal 
wash samples to titrate sIgA antibodies in the current study, we 
detected mild IgA antibody responses from the cecum content or 
milk samples of the rabbits immunized with the cholera MEFA 
protein. Rabbit sIgA to flagellins (B, C, and D), TcpA, and CT 
may play roles in inhibiting V. cholerae motility, virulence, and 
adherence to host receptors and thus preventing V. cholerae from 
intestinal colonization, and the passive IgA (and IgG) antibodies 
likely contributed to cross-protection of infant rabbits from V. 
cholerae intestinal colonization and clinical diarrhea.

The double-mutant heat-labile toxin of enterotoxigenic E. coli 
(dmLT, LTR192G/L211A) used as the adjuvant also served as an anti-
gen. Because of the genetic and antigenic homology between LT 
and CT, anti-LT antibodies from adjuvant dmLT can supplement 
MEFA-induced anti-CT antibodies to neutralize CT enterotox-
icity and prevent CT from binding to GM1. Indeed, mice or 
rabbits immunized with cholera MEFA and dmLT adjuvant devel-
oped greater anti-CT IgG titers (Figs. 2 and 5). CT was reported 
to enhance V. cholerae intestinal colonization in adult rabbits (41); 
therefore, anti-LT antibodies derived from dmLT adjuvant likely 
assisted MEFA-induced anti-CT antibodies in inhibiting V. chol-
erae bacterial colonization in rabbit small intestines. Rabbit sera 
of the group immunized with cholera MEFA and dmLT adjuvant 
exhibited significantly better activities against adherence from O1, 
O139, and non-O1/non-O139 strains (Fig. 6A) compared with 
the sera of the rabbits immunized with cholera MEFA alone (a 
lack of significance in antibody adherence inhibition from mouse 
sera in Fig. 3 is likely caused by use of a lower dmLT adjuvant 
dose, 0.1 µg dmLT used in mice versus 1 µg in rabbits). More, 

when challenged with strain O1 El Tor N16961, the rabbit immu-
nized with cholera MEFA and dmLT adjuvant showed one more 
log reduction in bacterial colonization of the small intestine than 
the rabbits immunized without dmLT adjuvant (Fig. 6B). Passive 
antibodies from dmLT adjuvant (at a dose of 1 µg) alone, however, 
were insufficient to protect infant rabbits from clinical diarrhea, 
shown by the infant rabbits born to the mothers immunized with 
PBS and dmLT developed severe diarrhea after the challenge with 
V. cholerae. Whether the passive anti-dmLT antibodies alleviated 
disease severity was unknown since a group immunized with PBS 
only was not included in the infant rabbit passive protection study.

Data from this study support the application of the epitope- and 
structure-based MEFA vaccinology platform for the construction 
of broadly protective polyvalent immunogens. This MEFA vacci-
nology platform combines epitope vaccinology and structural 
vaccinology concept and has been used to construct polyvalent 
immunogens for the development of a broadly protective vaccine 
against enterotoxigenic E. coli diarrhea (43–45). Results from the 
current study showed that IM administration of polyvalent cholera 
MEFA protein elicited broadly functional antibodies in mice and 
rabbits. This cholera MEFA protein, ideally improved with func-
tional LPS mimotopes and hemolysin epitope(s), can be explored 
as an add-on to a parenteral vaccine or be combined with other 
polyvalent antigens, for example, ETEC MEFA antigens 
3xSTaN12S-mnLTR192G/L211A and CFA/I/II/IV(MecVax) (46), for 
the potential development of a combination vaccine against two 
or more groups of enteric pathogens.

Protection from protein antigens in the absence of an immunity 
to OSP found in this study and an early study (47) argues with 
our current understanding of immune protection from cholera. 
Previously, inoculation with a live attenuated vaccine Vaxchora 
induced protection against a wild-type O1 V. cholerae but not 
O139 (48), and patients convalescent from cholera due to sero-
group O1 or O139 V. cholerae developed vibriocidal antibodies 
only to the homologous serogroup (49), indicating that protection 
is serogroup specific and mainly because of OSP. Although current 
OCVs including Vaxchora also carry most of the virulence pro-
teins targeted by this cholera MEFA protein and the fact that 
natural exposure to V. cholerae does not provide cross-protection, 
the high dose of specific antigens (represented by epitopes) and 
perhaps the absence of immune mask effect from excessive somatic 
antigens may amplify the protection of this cholera MEFA protein, 
leading to protection against different V. cholerae serogroups.

Methods and Materials

Ethics Statement. Animal immunization and challenge studies 
complied with the Animal Welfare Act (1996 National Research 
Council Guidelines), the United State Department of Agriculture 
Animal Welfare Act Regulations, and the public health service Policy 
on Humane Care and Use of Laboratory Animals. Protocols were 
approved by the Institutional Animal Care and Use Committee 
of the University of Illinois at Urbana-Champaign; animal studies 
were supervised by institutional attending veterinarians and staff.

Bacteria and Plasmids. V. cholerae and recombinant E. coli 
strains used in this study are listed in SI Appendix, Table S1. V. 
cholerae O1, O139, and non-O1/non-O139 strains provided by 
the Biodefense and Emerging Infections Resources Repository 
(BEI Resources, Manassas, VA) were used for PCR amplification 
of virulence genes tcpA, flaB, flaC, flaD, nanH, and hlyA (PCR 
primers in SI Appendix, Table S2), in vitro antibody function assays, 
adult rabbit colonization, and infant rabbit challenge studies. Vector 
pET28α (Novagen, Madison, WI) and E. coli BL21-CodonPlus 

https://www.pnas.org/lookup/doi/10.1073/pnas.2202938119#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2202938119#supplementary-materials
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(DE3) RP strain (Agilent Technologies, Santa Clara, CA) were 
used to express cholera MEFA and V. cholerae virulence factor 
proteins.

Cholera MEFA Gene Construction and Expression. Backbone 
protein and immunodominant B cell epitopes from CT, TcpA, 
FlaB, FlaC, FlaD, sialidase, and HlyA were identified in silico 
by using Immune Epitope Database epitope prediction program 
(https://www.iedb.org) (50), protein homology/analogY 
Recognition Engine (51), and Python Moledular Modelling 
(PyMol) (https://www.pymol.org) (52). Linear epitopes with 
the highest antigenicity score and surface exposure were selected. 
Additionally, two peptides mimicking O1 OSP antigens 
(mimotopes) (34) were included. Epitope homology was examined 
among the four V. cholerae serogroup strains that were included 
in this study as well as strains randomly selected from the NCBI 
GenBank database, and the conserved epitopes were chosen for 
cholera MEFA construction. A second TcpA epitope was added 
to overcome the heterogeneity among serogroups.

To generate polyvalent cholera MEFA protein, we selected vir-
ulence factors that have been demonstrated to induce protective 
antibodies or to mount dominant host immune responses after V. 
cholerae infection. Using FlaB as the backbone, we replaced the 
surface-exposed and immunodominant backbone epitopes (except 
the most immunodominant FlaB epitope) with linear epitopes of 
CT, TcpA, FlaC (or FlaD, an epitope shared by FlaC and FlaD), 
sialidase (neuraminidase), hemolysin A, and two OSP mimotopes. 
The resultant cholera MEFA was examined in silico for protein 
structure and stability with PyMol and Expert Protein Analysis 
System (https://www.expasy.org) and modified by alternating 
epitope positions on the backbone (53).

The cholera MEFA gene was synthesized and cloned into vector 
pUC57 after codon optimization by GenScript, then subcloned 
into vector pET28α, and expressed in E. coli BL21-CodonPlus 
(DE3) RP strain. To extract recombinant cholera MEFA protein, 
a single colony grown overnight at an Lysogeny Broth/Kan agar 
plate was cultured in 5 mL Lysogeny Broth containing kanamycin 
(30 μg/ml) in a 37°C incubator shaker (220 rpm). Then, 3 mL 
overnight growth was transferred to 200 mL 2 × Yeast Extract 
Tryptone (YT; Fisher Scientific) with kanamycin (30 μg/mL) and 
grew for approximately 3 h or until the OD595 reached 0.5 to 0.7. 
Bacteria were then induced with isopropyl β-D-1-thiogalactopyra-
noside (IPTG; Sigma; 1 mM) for 4 h and were harvested by 
centrifugation (13,000 × g) at 4°C for 15 min. Bacterial pellets 
frozen overnight in a −80°C freezer were thawed and incubated 
with 10 mL bacterial protein extraction reagent (B-PER; Thermo 
Fisher Scientific). Bacterial suspension, after vigorous vortex, was 
incubated at 4°C on a shaker (120 rpm) for 30 min and sonicated 
on ice. Bacterial lysates were centrifuged (16,200 × g at 4°C for 
15 min), and inclusion body proteins were extracted using B-PER 
by following the manufacturer’s protocol.

Inclusion body proteins were solubilized and refolded by follow-
ing the manufacturer’s protocol (Novagen). Briefly, inclusion body 
protein suspension was incubated with 50-volume freshly made 
1× IB solubilization buffer (50 mM CAPS, pH 11.0) supplemented 
with 0.3% N-lauroylsarcosine and 1 mM dithiothreitol (DTT) at 
room temperature for 1 h. Solubilized protein in the supernatant 
was collected after centrifugation (16,200 × g for 10 min), trans-
ferred to molecular porous membrane tubing (Spectrum 
Laboratories, Inc., Rancho Dominguez), and dialyzed in dialysis 
buffer (1M Tris-HCl at pH 8.5) supplemented with DTT (0.1 mM 
in final concentration) at 4°C for 4 h. After two exchanges of dialysis 
buffer without DTT, approximately 8 h apart, refolded protein in 
the supernatant was collected and stored in a −80°C freezer.

Cholera MEFA protein was characterized in 15% sodium dode-
cyl SDS-PAGE with Coomassie blue staining and western blot 
using rabbit anti-CT polyclonal antibodies (Sigma) and anti-TcpA 
antisera.

Mouse Intramuscular Immunization with Cholera MEFA Protein. 
Eight-wk-old female BALB/c mice (Charles River Laboratories 
International, Inc.), in three groups (eight mice per group), were 
IM immunized with 25 µg cholera MEFA protein (in 25 µL PBS), 
25 µg cholera MEFA protein (in 25 µL PBS) and 0.1 µg adjuvant 
dmLT (in 1  µL; double-mutant heat-labile toxin of ETEC, 
LTR192G/L211A supplied by PATH), or 25 µL PBS as the control. 
Two boosters of the same dose as the primary were followed at an 
interval of 2 wk. All mice were euthanized 2 wk after the second 
booster. Serum samples were collected from each mouse and stored 
at −20°C until use.

In a second study, four groups of mice, eight per group, were 
IM immunized with PBS as the control, 10 µg MEFA protein or 
25 µg MEFA protein, or orogastrically immunized with 100 µL 
Shanchol (Shantha), with three doses at a 3-wk interval.

Mouse Serum Antigen-Specific Antibody Titration. Mouse serum 
IgG responses to each virulence factor targeted by cholera MEFA 
were titrated in ELISAs, and 96-well microtiter 2HB plates 
(Thermo Fisher Scientific) coated with CT (Sigma), recombinant 
protein TcpA (of O1 El Tor), TcpA (of O1 classical), FlaB, FlaC, 
FlaD, sialidase (Nan H) or HlyA, or O1 LPS, 100 ng per well (in 
100 µL coating buffer; 15 mM Na2CO3 and 35 mM NaHCO3 
at pH 9.6) were incubated 1 h at 37°C, washed with PBS-0.05% 
Tween-20 (PBST), blocked with 10% skim milk (in PBST), and 
then incubated with two-fold serum dilutions (1:200 to 1:25,600) 
1 h at 37°C in triplicates. Wells were washed and then incubated 
with horseradish peroxidase (HRP)–conjugated goat anti-mouse 
IgG (1:5,000; Sigma) for 1 h at 37°C. After three washes with PBST, 
wells were incubated with the 3,3′,5,5′-tetramethylbenzidine 
(TMB) microwell peroxidase substrate system (2-C) (KPL). 
Antibody titers were calculated by multiplying the highest serum 
dilution which gave an OD650 that is three times the control OD 
or >0.3 (after subtraction with background OD value, typically 
0.05–0.1) with the adjusted OD and expressed in a log10 scale 
(44, 54–56).

Mouse Serum Antibody In Vitro Assays. Mouse serum samples 
were examined for antibody  functional activities against CT 
enterotoxicity, CT binding to GM1, bacterial adherence, bacterial 
motility, vibriocidal activity, and hemolytic activities.
Neutralization against CT enterotoxicity. Cyclic AMP EIA Kit (Enzo 
Life Sciences) and T-84 cells American Type Culture Collection 
(ATCC, #CCL-248) were used to examine mouse serum antibody 
neutralization against CT enterotoxicity. As described (57, 58), 
T84 cells (1–2 × 105 per well) cultured in a 24-well BD Falcon 
cell culture plate (Fisher Scientific), in Dulbecco's Modified 
EagleMedium/Nutrient Mixture/F12 medium containing 0.3 
mM 3-Isobutylxanthine-1-Methyl (per well) to 95 to 100% 
confluence, were incubated with 10 ng CT (10 µL), which was 
premixed with 30 µL heat-inactivated mouse serum sample, in a 
CO2 incubator at 37°C for 3 h. After gentle washes with PBS, cells 
were lysed with 300 µL 0.1M HCl with 0.5% Triton X-100 on a 
shaker (130 rpm) at room temperature for 30 min and collected 
by centrifugation (1,000 x g for 10 min). Intracellular cAMP levels 
were measured following the manufacturer’s protocol (Enzo Life).
Blocking CT from binding to GM1. Competitive GM1 ELISA was 
used to measure the cholera MEFA-induced (anti-CTB) antibodies 
against CT (B pentamer) binding to GM1. As described previously 
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(59, 60), Maxisorb microtiter plates (Nunc) coated with GM1 
ganglioside (Sigma; 80 ng per well) overnight at 4°C were washed 
with PBST and incubated with 5% skim milk at 37°C for 1 h. 
After 3× washes with PBST, wells were incubated with CT (20 
ng) and mouse serum dilutions (1:200–1:12,800). Washed with 
PBST, wells were incubated with rabbit anti-CT polyclonal 
antiserum (Sigma; 1:3,000), followed by HRP-conjugated goat-anti-
rabbit secondary antibodies (Sigma; 1:5,000 dilution). OD650 was 
measured with TMB peroxidase substrate system (2-C) (KPL).
Vibrio adherence inhibition. Mouse serum antibody functional 
activity against V. cholerae adherence was examined with Caco-2 
cells (ATCC #HT-37). As described (43, 54–56), with minor 
modification, V. cholerae strain O1 El Tor N16961, O1 classical 
O395, O139 Bengal, or non-O1/non-O139 El Tor 34-D 23 (1.25 
× 104 bacteria), after incubation with 15 µL mouse serum sample 
(heat-inactivated) at room temperature for 30 min on a shaker 
incubator (50 rpm), was added to 95 to 100% confluent Caco-
2 cells and incubated in a 37°C CO2 incubator for 1 h. Cells 
were washed (to remove nonadherent bacteria), dislodged, and 
harvested. Collected cells (with adherent bacteria) were suspended, 
serially diluted, and plated on LB agar plates. V. cholerae bacteria 
(CFUs) were counted after overnight growth at 30°C.
Vibrio motility inhibition. Ten microliter V. cholerae bacteria (of 
OD 0.1) incubated with heat-inactivated mouse serum dilution 
(40 µL) at room temperature for 30 min were transferred to a glass 
slide. Bacterial motility was visually examined using a microscope 
(Zeiss Axiovert 200M with the Apotome Structured Illumination 
Optical Sectioning System) at 100X objective and recorded with 
Axiocam 506 with a high-resolution black and white camera.
Vibriocidal and hemolytic activity. Serum samples from different 
treatment groups were examined for vibriocidal activity. Briefly, 
25 µL (in 1:10 initial dilution) heat-inactivated serum samples 
were twofold serially diluted in a 96-well flat-bottom microtiter 
plate, mixed with an indicator [a bacteria–complement–saline 
mixture composed of 150 µL V. cholerae (1 × 106 CFU, OD600 = 
0.3), 300 µL guinea pig complement serum, and 2,550 µL PBS, 
for a full plate], 25 µL per well, and incubated at 37°C for 1 h on 
a shaker (50 rpm). After being added with brain heart infusion 
broth (150 µL per well), the mixture was cultured for 2 to 4 h at 
37°C until OD595 in the growth control well (no serum) reached 
0.2 to 0.28. The highest serum dilution with greater than 50% 
OD reduction was considered the vibriocidal antibody titer.

To examine antibody function against the hemolytic activity, 
V. cholerae inoculum was streaked on a TSA w/5% sheep blood 
agar plate (Thermo Scientific), which was spread with 100 µL 
heat-inactivated mouse (or rabbit) sera. Cultured at 30°C for 24 
to 36 h, colonies were visually examined for hemolytic character-
istics (61).

Adult Rabbit Immunization and Challenge, a Rabbit Colonization 
Model to Assess Antibody Protection against Vibrio Colonization 
of the Small Intestine. Adult rabbits were IM immunized with 
cholera MEFA protein and then orogastrically challenged with 
V. cholerae serogroup strains. Rabbit serum and cecum content 
samples were collected and examined for antigen-specific antibody 
responses, and rabbit intestinal distal segments were collected to 
quantify vibrio colonization to assess the protection of MEFA-
induced antibodies against V. cholerae intestinal colonization.
Rabbit immunization. Twenty New Zealand White (NZW) rabbits 
weighed between 1.5 and 2 kg (Charles River Laboratories) were 
divided into five groups, four rabbits per group, and included 
in two studies. In the first study, one group was IM immunized 
with 200 µg cholera MEFA protein (in 200 µL) and 1 µg dmLT 
adjuvant (1  µL), and the other was IM injected with 200  µL 

PBS as the control. In the second study to examine whether 
dmLT adjuvant enhances MEFA in vivo protection against V. 
cholerae intestinal colonization, three groups were included for IM 
immunization, cholera MEFA alone, cholera MEFA and adjuvant 
dmLT, and PBS (as the control). Two booster injections were 
followed with the same dose as the primary at an interval of 2 wk. 
Serum samples were collected from each rabbit before the primary 
and every 2 wk afterward and stored at −80°C until use.

In a separate pilot study, two rabbits per group were IM admin-
istered with 100 µg cholera MEFA protein or 100 µL PBS (as the 
control), or orogastrically inoculated with Vaxchora (5 × 109 
CFUs), at a regimen of two doses (one primary and one booster) 
and a 2-wk interval.
Rabbit orogastric challenge with V. cholera. Two weeks after the 
final dose, each rabbit was orogastrically inoculated with 5 × 1010 
CFU V. cholerae O1 El Tor strain (N16961) or non-O1/non-O139 
strain (34-D 23) (in 1 mL PBS). Rabbits were IV administered 
with famotidine (Pepcid, 0.75 mg per kg body weight) via ear 
vein 3 h before inoculation, sedated with dexmedetomidine (0.10 
mg per kg body weight; IM), and anesthetized with inhalation of 
3 to 5% isoflurane. With a 16’ intermittent red rubber catheter, 
rabbits were administered with 3 mL 5% sodium bicarbonate, 
then bacterial inoculum (5 × 1010 CFUs in 1 ml PBS), and 
followed with 3 mL sodium bicarbonate. Rabbits were monitored 
for abnormal signs including loose feces 24-h postinoculation.

Rabbits were euthanized 24-h postinoculation. Rabbits were 
sedated with dexmedetomidine, followed by inhalation of isoflu-
rane, then exsanguinated with a cardiac puncture, and finally 
intracardiac injection of KCl (2 mg/mL). At necropsy, fecal for-
mation and fluid accumulation in intestines and cecum were 
examined, and the distal ileal segment (10 cm) and cecum content 
were collected.
Rabbit antibody titration and antibody in vitro protection. Rabbit 
serum and cecum content suspension samples were examined 
in ELISAs for IgG and IgA responses to the virulence factors 
targeted by the MEFA immunogen, as described in the above 
mouse antibody titration except for the use of HRP-conjugated 
goat anti-rabbit IgG and IgA secondary antibodies. Rabbit cecum 
content was suspended in fecal suspension buffer (10 mM Tris, 
100 mM NaCl, 0.05% Tween-20, and 5 mM sodium azide at pH 
7.4) supplemented with 0.5 mM phenylmethylsulfonyl fluoride 
and one-gram cecum content in 5 mL buffer (1:6 dilution). 
After centrifugation, the supernatant was collected and used for 
antibody titration.

Rabbit serum samples were examined for antibody functional 
activities against CT enterotoxicity, CT binding to GM1, vibrio 
adherence, vibrio motility, and vibriocidal and hemolytic activities, 
as described in the above mouse serum antibody in vitro assays. 
Cecum content suspensions were also used for bacterial adherence 
inhibition assays.
Rabbit small intestine quantitative colonization assay. The distal 
ileal segment collected from each rabbit at necropsy was cut open 
and ground in PBS (1 g tissue in 9 mL sterile PBS) in a glass 
grinder after a gentle but thorough rinse with PBS to remove feces 
as we previously described in pig quantitative colonization assay 
(59). The homogenized solution was serially diluted and plated 
on LB agar plates. Bacteria (CFUs) grown overnight at 30°C were 
counted and recorded. Twenty colonies randomly selected from a 
plate were screened in PCRs with TcpA- or CT-specific primers 
to verify V. cholerae.

Immunization of Pregnant Rabbits with Cholera MEFA Protein and 
Challenge of the Born Infant Rabbits with V. cholerae, an Infant 
Rabbit Passive Protection Model to Assess Preclinical Efficacy 
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against Clinical Diarrhea. We developed an infant rabbit passive 
protection model to evaluate cholera MEFA-induced antibodies for 
cross-protection against clinical diarrhea by immunizing pregnant 
rabbits with the MEFA protein and challenging born infant rabbits 
with different V. cholerae serotype strains.
Pregnant rabbit immunization. NZW rabbits of timed pregnancy 
(Charlies River Laboratories) were randomly divided into two 
groups. Four days after mating, one group was IM immunized 
with 250 µg cholera MEFA protein (in 250 µL) and 1 µg dmLT 
adjuvant (1 µL) and the other group with 250 µL PBS and 1 µg 
dmLT as the control. One booster was followed 2 wk later at 
the same dose as the primary. Sera collected before the primary 
and 2 wk after the booster and milk collected at necropsy were 
examined in ELISAs for IgG and IgA responses to the target 
virulence factors.
Infant rabbit orogastric challenge with different V. cholerae 
serogroup strains. After suckling for 3 d, the infant rabbits born 
to the immunized or the control mother rabbits were anesthetized 
with IV administration of 50 to 100 µL famotidine 2-3 h before the 
challenge inoculation. Anesthetized infant rabbits received 250 µL 
5% sodium carbonate before orogastric inoculation with V. cholerae 
O1 El Tor N16961, O1 classical O395, O139 Bengal, or non-O1/
non-O139 El Tor 34-D 23 (2.5x109 CFUs in 500 µL PBS) and 
then 250 µL 5% sodium carbonate after the vibrio challenge.

The challenged infant rabbits were monitored every 6 h during 
the first 12 h and then hourly afterward during 24-h postinocu-
lation. Clinical outcomes were recorded as cholera or severe diar-
rhea (profuse diarrhea and dehydration and loss of 20% body 
weight), watery diarrhea (watery feces), moderate diarrhea (loose 
and unformed feces), mild diarrhea (semiformed feces), or normal 
(with formed fecal pellets). Infant rabbits were euthanized 24-h 
postinoculation or earlier if they developed cholera or severe dehy-
dration. All rabbits were measured for body weight before the 
challenge and at 6-, 18-, and 24-h postinoculation or the time of 
euthanasia.

At necropsy, fecal formation and fluid accumulation in the small 
intestine, colon, and cecum were examined and recorded; addition-
ally, blood and an ileal distal segment were collected from each infant 
rabbit. Serum samples were titrated for IgG or IgA responses to the 
virulence factors targeted by the cholera MEFA protein. Ileal distal 
segments were homogenized, diluted, and plated on LB agar plates. 
After overnight growth at 30°C, CFUs were counted. Twenty col-
onies were screened in PCR with primers specific to TcpA.
Assessment of antibody passive protection against clinical cholera or 
diarrhea. Antigen-specific antibody responses from the immunized 
mothers and the born infant rabbits were titrated and examined 
for correlates to clinical protection in infant rabbits, including 
reduction in V. cholerae intestinal colonization, prevention of weight 
loss, and most importantly protection against clinical diarrhea.

Statistical Analyses. Antibody titration, antibody neutralization 
activity, and rabbit colonization data were presented as means and 
SDs. Statistical differences among treatment groups were analyzed 
using two-way ANOVA with the Bonferroni post hoc test or 
one-way ANOVA with Tukey’s test, based on the number of the 
variance, by using GraphPad Prism 7 software (San Diego, CA). A 
calculated P value of less than 0.05 indicated a significant difference.
Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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