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Abstract

Serum vibriocidal antibody assays have long been used to evaluate the immunogenicity of
cholera vaccines formulated with killed whole-cell Vibrio cholerae. However, the antibody
isotypes responsible for the serum vibriocidal activity are not fully characterized. In this
study, we examined 20 clinical serum samples obtained from human subjects who had
been vaccinated with a killed, whole-cell cholera vaccine and a positive control, human con-
valescent sera with high vibriocidal activity, to determine which isotype antibody is associ-
ated with the vibriocidal activity. Antibody isotypes from pooled convalescent sera were
fractionated by size-exclusion column chromatography, and the major vibriocidal activity
was detected in the IgM fraction. Depletion of IgM antibodies in the convalescent sera pro-
duced a significant (P<0.05) decrease in vibriocidal activity (16-fold decrease), whereas
only a small change was observed with depletion of IgG or IgA. In addition, anti-LPS IgM
antibody showed the highest correlation with vibriocidal activity (Spearman correlation
coefficient r= 0.846) among antibody isotypes against heat-killed V. cholerae, lipopolysac-
charide (LPS), or major outer membrane protein (Omp U), while total IgG, IgA, or IgM anti-
body level was not correlated with vibriocidal activity in the 20 human clinical serum
samples. Furthermore, human convalescent sera significantly (P<0.001) inhibited the
attachment of V. cholerae to HT-29, a human intestinal epithelial cell in vitro. Interestingly,
IgM-depleted convalescent sera could not effectively inhibit bacterial adherence compared
with non-depleted sera (P<0.05). Finally, bacterial adhesion was significantly inhibited by
sera with high vibriocidal titer compared with low-titer sera (P=0.014). Collectively, we
demonstrated that anti- V. cholerae LPS IgM is highly correlated with serum vibriocidal
activity and it could be a surrogate antibody isotype representing protective antibodies
against V. cholerae.
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Introduction

Vibrio cholerae causes acute diarrhea by cholera toxin-mediated intestinal fluid secretion in
humans. Humoral immunity rather than cellular immunity has been considered to play a role
in protection against cholera because the bacteria do not invade the intestinal epithelial barrier
and are unable to survive intracellularly [1]. Humoral immunity against V. cholerae has long
been focused on V. cholerae LPS for protective immunity due to its association with protection
in humans [1]. In addition, mucosal and systemic humoral responses against outer membrane
protein [2], cholera toxin B subunit [3], and toxin-coregulated pilus (TCP) [4] have also been
induced in cholera patients.

Although specific antibodies against V. cholerae are known to play a role in protection in
humans, there is no direct evidence as to which antibody isotype is the most important to pro-
vide immunity against cholera. Two isotypes, secretory IgA and serum IgG, have been shown
to provide protective immunity against V. cholerae infection [5, 6], and LPS-specific IgA is
increased in the sera and intestinal fluids from patients and vaccinated individuals [7-9]. Sig-
nificant levels of V. cholerae LPS-specific serum IgG are also augmented in response to V. cho-
lerae infection [10-12].

Given that IgG and IgM can trigger complement-mediated bacterial lysis through the classi-
cal complement pathway [1], IgM could be also responsible for protection against V. cholerae.
It is conceivable that IgM is much superior to IgG in complement-fixing activity because its
pentameric structure has higher functional avidity than monomeric IgG [13]. Single IgM
binds several identical epitopes on bacterial surface and it allows globular heads of Clq initiat-
ing the complement activation, while multiple IgG molecules are required for binding of Clq
[13]. In addition, high vibriocidal and agglutinating antibody titer were observed in both IgM
and IgG fraction of adult cholera cases in endemic area [14]. Furthermore, LPS-specific IgM
was increased in cholera patients [15], and higher levels of IgM than of IgA were found in gut
lavage fluids from infants with acute diarrhea [16].

The vibriocidal assay is an in vitro test that measures the ability of antibodies mediated by
complements to kill virulent V. cholerae. Vibriocidal antibody levels increase by aging and
have been shown to be inversely associated with susceptibility to cholera in endemic area [17,
18]. Moreover, a previous study showed a good correlation between vibriocidal titer and pro-
tection against disease caused by V. cholerae O1 [3]. Therefore, serum vibriocidal antibody
titer has been used as a representative marker of immunity to V. cholerae. In general, although
there is no known threshold of vibriocidal titer for protection from the disease, a 4-fold
increase or higher in vibriocidal titer after the vaccination has been widely accepted as an effec-
tive immunization [19]. For accurate assessment of cholera vaccine-induced immunity, it is
important to identify antibody isotype responsible for vibriocidal activity. Understanding of
immunological properties of protective antibody would facilitate to design more effective vac-
cines. In the present study, we investigated the antibody isotypes and specific antigen associ-
ated with serum vibriocidal function and their inhibitory activity against bacterial colonization
on human intestinal epithelial cells.

Materials and methods
Bacteria and reagents

V. cholerae O1 El Tor Inaba (strain T19479) was kindly provided by Prof. Jan Holmgren
(Gothenburg University, Sweden) and was used as the target bacteria for the vibriocidal assay.
Brain Heart Infusion (BHI) media and Guinea pig complements were purchased from Difco
(San Jose, CA, U.S.A.) and Rockland (Gilbertsville, PA, U.S.A.), respectively. Protein G-
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agarose (PGA) and rabbit anti-human IgM (pu-chain specific) or IgA (a-chain specific) in rab-
bit IgG fraction were purchased from Sigma-Aldrich Co. (St. Louis, MO, U.S.A.).

Serum samples

Convalescent sera with high vibriocidal antibody titers of > 8,000 were pooled from cholera
patients in India and used to deplete target isotype of antibody. Bivalent oral cholera vaccine
(Shanchol, Shantha Biotechnics), formulated with V. cholerae O1 Inaba, O1 Ogawa, and 0139,
was given with two doses at two week interval (days 0 and 14) through clinical trials [20-22].
Blood samples were obtained to use in this study from volunteers at 2 weeks (days 14 and 28)
after first dose and second dose, respectively. Human sera were heated at 56°C for 30 min
before use to inactivate complements. After approval from the ethics committee of the
National Institute of Cholera and Enteric Diseases, the Health Ministry Screening Committee
of India, and the Institutional Review Board of the International Vaccine Institute, all serum
samples were used.

Depletion of antibody isotypes

One milligram of PGA was initially mixed with 100 pg of IgG fraction of rabbit anti-human
IgM (pu-chain specific) or IgA (a-chain specific) at room temperature for 1 h. Convalescent
sera were then mixed with anti-human IgM- or IgA-bound PGA and followed by precipita-
tion of the antibody-agarose complex to deplete serum IgM or IgA. PGA was used to deplete
IgG in the convalescent sera. The supernatants were then incubated again with fresh PGA,
anti-IgM-, or anti-IgA-bound-PGA; this clearance procedure was repeated 7 consecutive
times.

Purification of V. cholerae LPS and recombinant OmpU

LPS was purified from V. cholerae O1 Inaba (strain T19479) using LPS extraction kit (Intron,
Seongnam, Korea) according to the manufacturer’s instruction as previously described [23].
The ompU gene was amplified from V. cholerae O1 Inaba (strain T19479) by PCR and recom-
binant OmpU was expressed in the E. coli BL21 (DE3), and purified as previously described
[24].

Quantification of antibody isotypes using ELISA

To quantify total antibody isotypes in serum samples, a 96-well plate (Nunc, Roskilde, Den-
mark) was coated with anti-human « and A light chain antibodies (Bethyl Laboratories, Mont-
gomery, TX, USA) overnight at 4°C and blocked with BSA. Serially diluted sera and human
IgM, IgG, or IgA (1 ug/ml) (Jackson Immunoresearch, West Grove, PA, USA) were added.
After incubation at 37°C for 2 h, serum antibody isotypes were detected with alkaline phospha-
tase-conjugated anti-human IgM, IgG, or IgA (Jackson Immunoresearch) and developed with
4-nitrophenyl phosphate (Fluka Chemie, Buchs, Switzerland). Optical density was read at 405
nm using a microplate reader (Molecular Device, Sunnyvale, CA, USA). To measure V. cho-
lerae-specific serum antibodies, plates were coated with V. cholerae LPS (2.5 ug/ml), heat-killed
V. cholerae (HKVC) (108 CFU/ml), or recombinant OmpU (rOmpU, 2.5 pug/ml) at 4°C over-
night. Titers of total antibody and V. cholerae-specific antibody were calculated with Softmax
Pro version 4.8 (Molecular Device). Antibody titers below 40 were considered as 20 for statisti-
cal analysis as described previously [25].
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Vibriocidal assay

The vibriocidal assay was performed as previously described (Yang et al., 2007). Briefly, serum
samples were diluted with 0.85% saline from 1 in 2.5 to 1 in 1,280 or more as necessary. Each
well of a 96-well plate (Nunc, Roskilde, Denmark) was filled with 25 pul of sample. Fresh colo-
nies of V. cholerae O1 (strain T19479) were cultured in 20 ml of BHI media for 2-3 h at 37°C
until they reached mid-log phase. Bacteria were collected by centrifugation, washed with
saline, and diluted with saline containing 10% guinea pig complements to adjust to 1x10°
cells/ml. An equal volume of diluted bacteria was added to the 96-well plate containing seri-
ally-diluted serum samples, and the plates were incubated at 37°C for 1 h. Next, 150 pl of fresh
BHI broth was added, and plates were incubated for an additional 4 h. Bacterial growth was
measured at ODgqg using a microtiter-plate reader (Spectramax 190, Molecular Device, Sunny-
vale, CA, USA). The definition of vibriocidal antibody titer was the reciprocal of the highest
serum-dilution fold completely inhibiting bacterial growth.

Fractionation of convalescent sera

To see which isotype was most closely correlated with vibriocidal activity, convalescent sera
were separated by size exclusion chromatography using Superdex 200 10/300GL (GE Health-
care, USA) as previously described [26]. A 200 pl diluted serum sample (1 in 10) was applied
to the column and run at a flow rate 0.5 ml/min in 0.2 M NaCl (pH 7.0). Forty fractions (0.5
ml) were collected and used to examine the levels of total IgG, IgA, IgM, and vibriocidal titer.

Bacterial adhesion assay

HT-29 cells, cultured in a 24-multi-well plate at 2 x 10° cells per well at 37°C in an incubator
with 5% CO, for 1 week until the cells reached confluence, were used for adhesion assay as pre-
viously described [24]. Briefly, V. cholerae was grown at 37°C overnight in LB broth and
washed three times with PBS. Then, the bacteria (1 x 10° CFU/ml) were incubated with seri-
ally-diluted sera or specific isotype-depleted sera for 1 h at 4°C and added to a 24-well plate
containing HT-29 cells. After 1 h incubation with gentle shaking, HT-29 cells were washed
with PBS to remove unbound bacteria and lysed cells using 0.2% Triton X-100 for 10 min. The
lysed cells were diluted and plated on LB agar plate to determine the number of adherent
bacteria.

Statistical analysis

To compare vibriocidal antibody titers and the levels of LPS-specific antibody isotypes, the
results of each serum sample obtained by two assays were plotted against each other. The rela-
tionship between the two values was examined by Spearman correlation coefficient (r), and P
values were obtained using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA,
USA). Statistical differences between two groups were determined by two-tailed Student’s t-
tests.

Results
Vibriocidal activity profile was coincident with the serum IgM level

To examine the correlations between antibody isotype and vibriocidal activities, pooled conva-
lescent sera from cholera patients were fractionated using size exclusion chromatography. The
vibriocidal activities and the total amounts of IgM, IgG, and IgA were measured in the 40
chronologically-obtained fractions. As shown in Fig 1, vibriocidal titers were measured from
2.5 to 80 in the fractions between No.15 and No. 30. The maximal vibriocidal titer was
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Fig 1. High vibriocidal activities were detected in the IgM fraction of the convalescent sera. Pooled convalescent
sera were fractionated by size exclusion chromatography using Superdex 200 10/300GL. Vibriocidal titers and levels of
total IgG, IgA, and IgM were determined in 40 fractionated serum samples.

https://doi.org/10.1371/journal.pone.0213507.g001

observed as 80 in the fraction between No. 16 and No. 19, and serum IgM was quantified as
7.7 ug/ml with a peak in the fraction No.16. Here, 10.6 ug/ml of IgA and 160.2 ug/ml of IgG
reached their peaks in No. 22 and No. 25, and their vibriocidal titers were 20 and 10, respec-
tively. Vibriocidal titers were decreased in parallel with the level of IgM but were not associated
with the levels of IgG nor IgA, indicating that vibriocidal titers are dependent on IgM level in
the serum.

Depletion of IgM abrogated vibriocidal activity in serum

To confirm that serum IgM plays a critical role in vibriocidal activity, we depleted IgM in the
convalescent sera and then measured the level of IgM and vibriocidal antibody titer. To deplete
IgM, sera were mixed with anti-IgM antibody-bound PGA followed by precipitation of com-
plex. As shown in Fig 2A, the amount of serum IgM was significantly decreased by repeating
the depletion procedure, and only 15% of the original IgM remained. Concomitantly, vibrioci-
dal antibody titers were also sequentially decreased from 32,000 to 2,000 by carrying out the
IgM depletion process. Although the amount of serum IgG and IgA was also decreased, they
still remained at high levels (i.e., 50% and 65% of initial levels) in the final step, respectively,
during the IgM removal procedure despite about 16-fold decrease in the vibriocidal titers (Fig
2A). Serum IgG and IgA were also depleted by incubation with PGA or anti-IgA antibody-
bound PGA, respectively, and we measured the amounts of antibody and vibriocidal antibody
titers in sera (Fig 2B and 2C). Serum IgG and IgA levels were significantly diminished by
repeating the removal step and finally remained at 8% and 2% of the initial levels, respectively.
However, only a two-fold decrease in vibriocidal titer (from 32,000 to 16,000) was observed in
the final step. Therefore, these results indicate that serum IgM might be a crucial isotype for
vibriocidal activity.
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Fig 2. Vibriocidal activities were significantly decreased by depletion of IgM in serum. Pooled convalescent sera
were incubated with anti-human IgM, anti-human IgA-bound protein G-agarose, or protein G-agarose to remove IgM
(A), IgA (B), and IgG (C), respectively. The levels of antibody isotypes (A, IgM; o, IgA; o, IgG) were determined using
ELSIA and were compared with their vibriocidal activity (®) in the supernatant. Values are shown mean * standard
deviation of triplicate assays.

https://doi.org/10.1371/journal.pone.0213507.g002
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Vibriocidal titers were highly correlated with anti-V. cholerae LPS IgM
level

Total serum IgG, IgA, and IgM levels were measured to determine correlation with vibriocidal
antibody titers in 20 clinical sera from vaccinees given the cholera vaccine (Table 1). Twenty
serum samples were shown to have various amounts of isotypes in ranges from 7.97 to 15.88
mg/ml for IgG, 0.49 to 2.18 mg/ml for IgA, and 0.34 to 1.86 mg/ml for IgM. No correlation
was found between total amount of each isotype and vibriocidal titer of clinical sera.

Next, we quantified antibody isotypes against heat-killed V. cholerae (HKVC), LPS, or
recombinant outer-membrane protein U (rOmpU), which is the most abundant outer-mem-
brane protein of V. cholreae, to see whether there was a correlation between V. cholerae-spe-
cific antibody isotype and vibriocidal titer. As shown in Fig 3, the levels of LPS-specific and
HKVC-specific serum IgM were significantly correlated with vibriocidal titer. Statistical analy-
ses demonstrated that the Spearman correlation coefficient (r) between IgM and vibriocidal
titer was 0.846 (P < 0.001) against V. cholerae LPS, 0.741 (P < 0.001) against HKVC, and
0.320 (P = 0.169) against OmpU. In contrast, serum vibriocidal titer was shown to be more
weakly correlated with V. cholerae-specific IgA or IgG; r = 0.439 (P = 0.053) for anti-LPS IgG,
r=0.473 (P = 0.035) for anti-LPS IgA, r = 0.458 (P = 0.043) for anti-HKVC IgG, r = 0.416
(P =0.068) for anti-HKVC IgA, r = -0.306 (P = 0.189) for anti-OmpU IgG, and r = 0.083
(P =0.728) for anti-OmpU IgA. These results imply that serum anti-LPS IgM is most highly
correlated with vibriocidal antibody.

Clinical sera with high vibriocidal titer significantly inhibited bacterial
adhesion to intestinal epithelial cells

Since V. cholerae colonizes to the intestinal epithelial layer to cause disease [27], interference
of interactions between the pathogen and host cells at early stage is essential for prevention of

Table 1. Total amount of antibodies and vibriocidal titers in the clinical sera.

Arbitrary No. Antibody (mg/ml) Vibriocidal titer
IgM IgG IgA

1 0.63 15.56 1.45 640
2 0.60 14.13 0.52 640
3 1.50 15.88 1.82 2560
4 0.98 11.65 2.18 2560
5 0.55 15.68 1.53 2560
6 0.61 14.29 0.63 640
7 1.86 10.97 0.62 5120
8 0.57 12.59 0.49 5120
9 1.55 7.97 0.62 5120
10 0.34 14.31 1.16 5120
11 0.54 15.90 1.04 5120
12 0.77 12.54 0.82 1280
13 0.62 13.25 0.72 5120
14 0.62 9.59 1.37 5120
15 1.05 11.94 0.62 5120
16 0.69 12.68 1.61 5120
17 0.76 10.11 1.31 20480
18 0.65 11.40 1.50 20480
19 0.54 12.90 1.39 10240
20 0.62 10.81 1.62 10240

https://doi.org/10.1371/journal.pone.0213507.t001
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Fig 3. Vibriocidal titer was highly correlated with anti-V. cholerae LPS IgM level. The levels of serum IgM, IgG, and IgA against
V. cholerae LPS (A), heat-killed V. cholerae (HKVC) (B), and V. cholerae OmpU (C) in 20 clinical serum samples were determined
using ELISA and compared with their vibriocidal activities. Diagonal lines indicate regression between the two results. The
Spearman correlation coefficient (r) and P value were obtained to compare the two results.

https://doi.org/10.1371/journal.pone.0213507.g003

disease. To investigate a role of anti- V. cholerae sera in the inhibition of bacterial adherence,
bacteria pre-incubated with various dilutions of human convalescent sera and washed were
applied to HT-29 human intestinal epithelial cells. As shown in Fig 4A, normal serum obtained
from a placebo did not affect the binding ability of V. cholerae to HT-29 cells, but all diluted
convalescent sera significantly inhibited bacterial adhesion compared with the control group
(P < 0.001). Next, to see which isotype(s) of antibodies is(are) important for inhibition of
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https://doi.org/10.1371/journal.pone.0213507.g004

bacterial adherence, V. cholerae was mixed with each isotype-depleted convalescent serum for
1 h at4°C and applied to HT-29 cells (Fig 4B). Non-depleted and IgG-depleted sera signifi-
cantly blocked bacterial adhesion to 21% and 11%, respectively, while bacterial adherence was
significantly restored up to 44% and 41% when V. cholerae was pre-treated with IgM-depleted
sera (P < 0.05) and IgA-depleted sera (P = 0.107), respectively. These data indicate that human
anti- V. cholerae antibodies play a pivotal role in prevention of the bacterial colonization in the
human epithelial layer. Our results suggest that IgM is the isotype responsible for inhibition of
bacterial adherence, with IgA playing a less important role.

To further confirm whether serum vibriocidal activities have a correlation with bacterial
adhesion, 16 human sera with high and low vibriocidal titers were selected from clinical sam-
ples and divided into low- and high-titer groups. As shown in Fig 5A, vibriocidal titers were 20
or 40 in the low-titer group and 640 or 1280 in the high-titer group. Adhesion of V. cholerae to
differentiated HT-29 cells was significantly (P < 0.05) inhibited by pre-treatment with high-
titer sera compared with pre-treatment with low-titer sera (Fig 5B). Interestingly, the geomet-
ric mean titer of anti-LPS IgM for the high-titer group was significantly (P< 0.001) higher at
729 (range from 417 to 1163) than that for the low-titer group at 199 (range from 56 to 433)
(Fig 5C). Considering that vibriocidal titers are inversely correlated with bacterial adhesion
and positively associated with the amount of IgM against V. cholerae LPS, this antibody isotype
in serum would be an indirect functional marker for prevention of bacterial attachment in the
intestinal mucosa.

Discussion

Serum vibriocidal antibody titer has been widely used to evaluate protective immunity to chol-
era in populations suffering from infection or in those administered cholera vaccines [28, 29].
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Fig 5. Clinical sera with high vibriocidal titer had a large amount of anti-V. cholerae LPS IgM and significantly inhibited bacterial adhesion to
HT-29 cells. Sixteen sera containing low or high vibriocidal antibody (A) were examined for inhibitory activity of bacterial adhesion to HT-29 cells (B)
and anti-V. cholerae LPS IgM level (C). To see the effect of clinical sera on bacterial adhesion to intestinal epithelial cells, HT-29 cells (2 x 10° cells/ml)
were cultured in a 24-well plate for 8 days until cells reached confluence. V. cholerae O1 Inaba (10° CFU/ml) were pre-incubated with each clinical sera
with low or high vibriocidal activity for 1 h, added to HT-29 cells, and then incubated for 1 h. HT-29 cells were washed with PBS and detached with
0.2% TritonX 100. Adherent bacteria were cultured overnight on LB agar plates and counted. Results are plotted as average of triplicates.

https://doi.org/10.1371/journal.pone.0213507.9005

Previous reports have indicated that serum IgG is an important isotype for protection against
cholera [6, 30]. However, the serum antibody isotypes responsible for vibriocidal antibody
activity are not fully understood. In the present study, we found that total IgG, IgA, or IgM
antibody level was not associated with vibriocidal titer, but V. cholerae LPS-specific IgM was
highly correlated with its bactericidal activity in the clinical specimen. The correlation was fur-
ther demonstrated by showing that the fractions responsible for vibriocidal activity were IgM
rather than IgG or IgA, and that depletion of IgM showed significant decrease in vibriocidal
titer, which was not shown with either IgG or IgA depletion. In addition, sera with high vibrio-
cidal titer and anti- V. cholerae LPS IgM level substantially inhibited the attachment of V. cho-
lerae to intestinal epithelial cells, while sera with low vibriocidal titer or IgM-depleted sera did
not. All these data indicate that serum anti- V. cholerae LPS IgM is responsible for vibriocidal
activity and inhibition of bacterial adhesion to intestinal mucosa.

Our results suggest that anti-V. cholerae LPS IgM is responsible for vibriocidal activity in
serum, which was also found in other studies on V. cholerae as well as other bacterial infectious
diseases [11, 14, 31, 32]. For example, serum IgM against pneumococcal capsular polysaccha-
ride showed higher correlation with opsonophagocytic activity than IgG in individuals immu-
nized with pneumococcal conjugate vaccine [32]. In addition, lack of serum bactericidal
activity against Escherichia coli in patients with liver cirrhosis was also associated with dimin-
ished IgM [33]. In another study, purified IgG and IgM from sera of adults immunized with
Haemophilus influenzae Type b conjugate vaccine showed bactericidal activity and protective
immunity in an infant rat model [31]. However, IgG1 and IgG3, but not IgM, are responsible
for protection against meningococcal infection and are positively correlated with bactericidal
activity [34, 35]. In cholera, it has been also reported that V. cholerae LPS-specific IgG1, 1gG3,
and IgM are important for vibriocidal activity and agglutination antibody [11, 14]. In
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particular, IgM is a major isotype responsible for the vibriocidal activity after the primary
exposure to V. cholerae or the vaccination. On the other hand, IgG1 and IgG3 are also associ-
ated with vibriocidal antibody as well as IgM in the secondary exposure [11, 14]. Recently, IgM
against O-specific polysaccharide of LPS may specifically mediate vibriocidal antibody
responses in the vaccinee administered with oral cholera vaccine [36]. Thus, IgM and/or IgG
tend to have a positive correlation with serum bactericidal activity, and the bactericidal anti-
body isotype may differ by vaccine.

V. cholerae LPS is considered as a major virulence factor, and anti-V. cholerae LPS antibody
is closely associated with protective immunity against cholera [37, 38]. In fact, oral cholera vac-
cination effectively elicited serum IgG, IgM, and IgA antibody responses against LPS or OSP
while magnitude of antibody levels between IgG and IgM was similar in adults [39] and chil-
dren [36]. It is consistent with our results that geometric mean titer of anti-LPS IgG and IgM
was not significantly different (data not shown). The role of LPS was further supported by a
previous result that cross-serotype challenge of V. cholerae O1 after primary exposure to either
O1 Inaba or O1 Ogawa in human volunteers elicited prolonged stool excretion of vibrio com-
pared with homologous serotype challenge [11]. In the present study, we first demonstrated
that elevated anti- V. cholerae LPS IgM and vibriocidal antibody titer after cholera vaccination
have a positive correlation with inhibition of bacterial colonization in human epithelial cells.
Similar results have been reported previously, indicating that vibriocidal antibody, but neither
anti- V. cholerae LPS IgG nor anti-toxin IgA, is associated with protection against V. cholerae
01 colonization and disease occurrence [3]. Notably, vibriocidal antibody has been detected in
the bile fluid [40], and a 10-fold increase of IgM was reported in the intestinal fluid from chil-
dren with acute diarrheal disease [16]. Previous studies have shown that V. cholerae O1
adheres to M cells in the human small intestine and is transported to Peyer’s patches for induc-
tion of immune responses [41, 42]. Fewer V. cholerae O1 cells were attached to M cells in
immunized rats compared with unimmunized animals, suggesting that V. cholerae infection
interferes with active mucosal immune responses [41]. Anti-V. cholerae LPS IgM may play a
role in the inhibition of bacterial adherence.

Here, we found that bacterial adherence to human epithelial cells increased by depletion of
IgA as well as by depletion of IgM in serum, although the effect of IgA was not statistically sig-
nificant (Fig 4B). Polymeric IgA specific to V. cholerae in serum may be an indirect indicator
of blocked bacterial adhesion to intestinal cells. In fact, a small proportion of IgA may be
directly secreted from gut-derived B cells in the blood [43], and up to 20% of serum IgA is
found as dimer (the major form), trimer, or tetramer [44]. Furthermore, previous results
showed that V. cholerae LPS-specific secretory IgA is increased in convalescent sera and intes-
tinal fluids of cholera patients [7, 8]. In addition, serum IgA level correlates with protection
against subsequent cholera infection [45]. It is important to note that secretory IgA does not
induce complement-mediated bacterial lysis in a classical manner, and its main role is to pre-
vent bacterial attachment in the gut [46, 47]. Thus, serum IgA may reflect the magnitude of
secretory IgA in the gut, and its ability to block bacterial adhesion in vitro may be useful to
assess intestinal colonization of V. cholerae.

IgM-mediated inhibition of bacterial adhesion seems to be associated with agglutination of
V. cholerae. The colonization of V. cholerae to the epithelium of small intestine has been well
described in several factors including TCP [48], GbpA [49], outer membrane proteins [50],
and LPS [38]. Antibodies against colonization factors inhibited bacterial colonization, for
example, anti-LPS antibodies inhibited bacterial adhesion to intestinal mucosa and induced
agglutination of V. cholerae but such effect was not observed with antiserum devoid of anti-
LPS antibodies [38]. Moreover, the previous study demonstrated that agglutination occurred
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in the both IgM and IgG-IgA fraction [14] which is consistent with our result that IgM-
depleted or IgA-depleted sera could not inhibit bacterial adhesion whereas non-depleted
serum did so. V. cholerae OSP or LPS-specific antibodies may arrest and/or agglutinate
bacteria in the mucosal area and reduce opportunity to interact with intestinal epithelium [30,
51, 52].

The human colon carcinoma cell line, HT-29 cells, have been widely used for in vitro model
for interaction between host and enteric pathogens due to the similarity of structure and their
function [53, 54]. Especially, phenotypes of HT-29 cells after the differentiation are similar to
those of small intestinal enterocytes in terms of their structure with brush-border microvilli
and formation of tight junction, expression of the brush border-associated hydrolases, and the
time course of the differentiation process [54]. In addition, HT-29 cells contain goblet cells
secreting mucus that is abundant in the gastrointestinal epithelium and limits the colonizing
bacteria in the gut [55]. Although adhesion of V. cholerae in the HT-29 cell may be useful in
vitro tool to investigate the interaction with intestinal epithelium, there are some limitations to
reflect in vivo phenomena of small intestine in respect to the different mucus layer. Goblet
cells of small intestine secrete highly glycosylated mucin, MUC-2, and have higher viscosity
and complex structure [56] while HT-29 cells contain a low proportion (<5%) of mucin-pro-
ducing cells [55]. Furthermore, V. cholerae colonizes differently in the regions (proximal vs.
distal) of small intestine [57].

Previous study reported that oral cholera vaccination preferentially increased intestinal
IgG-secreting cells rather than IgM-secreting cells in the IgA-deficient patients [58]. Therefore,
IgA-deficient patients might avoid vaccination with oral cholera vaccines because it may cause
unexpected severe diseases, especially in patients with chronic inflammatory gut diseases in
relation to IgG-mediated pathology such as inflammatory bowel disease and coeliac disease
[59].

In conclusion, we demonstrated that anti- V. cholerae LPS IgM is highly correlated with
serum vibriocidal activity and it could be a surrogate antibody isotype representing protective
antibodies against V. cholerae.

Author Contributions

Conceptualization: Seung Hyun Han.

Data curation: Jae Seung Yang, So Jung An, Mi Seon Jang.
Formal analysis: Jae Seung Yang.

Funding acquisition: Jae Seung Yang, Seung Hyun Han.
Investigation: Jae Seung Yang, So Jung An, Mi Seon Jang.
Methodology: Jae Seung Yang, Seung Hyun Han.

Project administration: Seung Hyun Han.

Resources: Jae Seung Yang, Manki Song, Seung Hyun Han.
Supervision: Seung Hyun Han.

Validation: Jae Seung Yang, So Jung An.

Visualization: Jae Seung Yang.

Writing - original draft: Jae Seung Yang.

Writing - review & editing: Manki Song, Seung Hyun Han.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213507 March 7,2019 12/16


https://doi.org/10.1371/journal.pone.0213507

'PLOS|ONE

Anti- Vibrio cholerae LPS IgM is responsible for serum vibriocidal activity

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Provenzano D, Kovac P, Wade WF. The ABCs (Antibody, B cells, and Carbohydrate epitopes) of chol-
era immunity: considerations for an improved vaccine. Microbiol Immunol. 2006; 50(12):899-927.
PMID: 17179659.

Neoh SH, Rowley D. The antigens of Vibrio cholerae involved in the vibriocidal action of antibody and
complement. J Infect Dis. 1970; 121(5):505-13. PMID: 4986889.

Glass RI, Svennerholm AM, Khan MR, Huda S, Huq MI, Holmgren J. Seroepidemiological studies of
El Tor cholera in Bangladesh: association of serum antibody levels with protection. J Infect Dis. 1985;
151(2):236—42. PMID: 3968450.

Asaduzzaman M, Ryan ET, John M, Hang L, Khan Al, Faruque AS, et al. The major subunit of the toxin-
coregulated pilus TcpA induces mucosal and systemic immunoglobulin A immune responses in patients
with cholera caused by Vibrio cholerae O1 and O139. Infect Immun. 2004; 72(8):4448-54. https://doi.
org/10.1128/1A1.72.8.4448-4454.2004 PMID: 15271902.

Holmgren J, Svennerholm AM. Bacterial enteric infections and vaccine development. Gastroenterol
Clin North Am. 1992; 21(2):283-302. PMID: 1512046.

Robbins JB, Schneerson R, Szu SC. Perspective: hypothesis: serum IgG antibody is sufficient to confer
protection against infectious diseases by inactivating the inoculum. J Infect Dis. 1995; 171(6):1387-98.
PMID: 7769272,

Qadri F, Ryan ET, Faruque AS, Ahmed F, Khan Al, Islam MM, et al. Antigen-specific immunoglobulin A
antibodies secreted from circulating B cells are an effective marker for recent local immune responses
in patients with cholera: comparison to antibody-secreting cell responses and other immunological
markers. Infect Immun. 2003; 71(8):4808—14. https://doi.org/10.1128/IAl.71.8.4808-4814.2003 PMID:
12874365.

Levine MM, Black RE, Clements ML, Cisneros L, Nalin DR, Young CR. Duration of infection-derived
immunity to cholera. J Infect Dis. 1981; 143(6):818-20. PMID: 7252264.

Migasena S, Desakorn V, Suntharasamai P, Pitisuttitham P, Prayurahong B, Supanaranond W, et al.
Immunogenicity of two formulations of oral cholera vaccine comprised of killed whole vibrios and the B
subunit of cholera toxin. Infect Immun. 1989; 57(1):117-20. PMID: 2909484.

Qadri F, Wenneras C, Albert MJ, Hossain J, Mannoor K, Begum YA, et al. Comparison of immune
responses in patients infected with Vibrio cholerae 0139 and O1. Infect Immun. 1997; 65(9):3571-6.
PMID: 9284121.

Losonsky GA, Yunyongying J, Lim V, Reymann M, Lim YL, Wasserman SS, et al. Factors influencing
secondary vibriocidal immune responses: relevance for understanding immunity to cholera. Infect
Immun. 1996; 64(1):10-5. PMID: 8557325.

Qadri F, Ahmed F, Karim MM, Wenneras C, Begum YA, Abdus Salam M, et al. Lipopolysaccharide-
and cholera toxin-specific subclass distribution of B-cell responses in cholera. Clin Diagn Lab Immunol.
1999; 6(6):812—8. PMID: 10548569.

Murphy K, Travers P, Walport M, Janeway C. Janeway’s immunobiology. New York: Garland Science;
2012.

Ahmed A, Bhattacharjee AK, Mosley WH. Characteristics of the serum vibriocidal and agglutinating
antibodies in cholera cases and in normal residents of the endemic and non-endemic cholera areas. J
Immunol. 1970; 105(2):431—-41. Epub 1970/08/01. PMID: 5433700.

Nandy RK, Albert MJ, Ghose AC. Serum antibacterial and antitoxin responses in clinical cholera caused
by Vibrio cholerae O139 Bengal and evaluation of their importance in protection. Vaccine. 1996; 14
(12):1137—42. PMID: 8911010.

Croft NM, Hodges M. IgM: mucosal response in acute diarrhoeal disease of infants. Scand J Gastroen-
terol. 2005; 40(8):965—71. https://doi.org/10.1080/00365520510015908 PMID: 16165711.

Mosley WH, Ahmad S, Benenson AS, Ahmed A. The relationship of vibriocidal antibody titre to suscepti-
bility to cholera in family contacts of cholera patients. Bull World Health Organ. 1968; 38(5):777-85.
PMID: 5303331.

Mosley WH, Benenson AS, Barui R. A serological survey for cholear antibodies in rural east Pakistan.
1. The distribution of antibody in the control population of a cholera-vaccine field-trial area and the rela-
tion of antibody titre to the pattern of endemic cholera. Bull World Health Organ. 1968; 38(3):327-34.
PMID: 5302327.

Anh DD, Canh do G, Lopez AL, Thiem VD, Long PT, Son NH, et al. Safety and immunogenicity of a
reformulated Vietnamese bivalent killed, whole-cell, oral cholera vaccine in adults. Vaccine. 2007; 25
(6):1149-55. https://doi.org/10.1016/j.vaccine.2006.09.049 PMID: 17055622.

Mahalanabis D, Lopez AL, Sur D, Deen J, Manna B, Kanungo S, et al. A randomized, placebo-con-
trolled trial of the bivalent killed, whole-cell, oral cholera vaccine in adults and children in a cholera

PLOS ONE | https://doi.org/10.1371/journal.pone.0213507 March 7,2019 13/16


http://www.ncbi.nlm.nih.gov/pubmed/17179659
http://www.ncbi.nlm.nih.gov/pubmed/4986889
http://www.ncbi.nlm.nih.gov/pubmed/3968450
https://doi.org/10.1128/IAI.72.8.4448-4454.2004
https://doi.org/10.1128/IAI.72.8.4448-4454.2004
http://www.ncbi.nlm.nih.gov/pubmed/15271902
http://www.ncbi.nlm.nih.gov/pubmed/1512046
http://www.ncbi.nlm.nih.gov/pubmed/7769272
https://doi.org/10.1128/IAI.71.8.4808-4814.2003
http://www.ncbi.nlm.nih.gov/pubmed/12874365
http://www.ncbi.nlm.nih.gov/pubmed/7252264
http://www.ncbi.nlm.nih.gov/pubmed/2909484
http://www.ncbi.nlm.nih.gov/pubmed/9284121
http://www.ncbi.nlm.nih.gov/pubmed/8557325
http://www.ncbi.nlm.nih.gov/pubmed/10548569
http://www.ncbi.nlm.nih.gov/pubmed/5433700
http://www.ncbi.nlm.nih.gov/pubmed/8911010
https://doi.org/10.1080/00365520510015908
http://www.ncbi.nlm.nih.gov/pubmed/16165711
http://www.ncbi.nlm.nih.gov/pubmed/5303331
http://www.ncbi.nlm.nih.gov/pubmed/5302327
https://doi.org/10.1016/j.vaccine.2006.09.049
http://www.ncbi.nlm.nih.gov/pubmed/17055622
https://doi.org/10.1371/journal.pone.0213507

® PLOS |ONE

Anti- Vibrio cholerae LPS IgM is responsible for serum vibriocidal activity

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

endemic area in Kolkata, India. PLoS One. 2008; 3(6):e2323. Epub 2008/06/05. https://doi.org/10.
1371/journal.pone.0002323 PMID: 18523643

Kanungo S, Paisley A, Lopez AL, Bhattacharya M, Manna B, Kim DR, et al. Immune responses follow-
ing one and two doses of the reformulated, bivalent, killed, whole-cell, oral cholera vaccine among
adults and children in Kolkata, India: a randomized, placebo-controlled trial. Vaccine. 2009; 27
(49):6887-93. Epub 2009/09/19. https://doi.org/10.1016/j.vaccine.2009.09.008 PMID: 19761838.

Sur D, Kanungo S, Sah B, Manna B, Ali M, Paisley AM, et al. Efficacy of a low-cost, inactivated whole-
cell oral cholera vaccine: results from 3 years of follow-up of a randomized, controlled trial. PLoS Neg|
Trop Dis. 2011; 5(10):e1289. Epub 2011/10/27. https://doi.org/10.1371/journal.pntd.0001289 PMID:
22028938

Yang JS, Kim HJ, Kang SS, Kim KW, Kim DW, Yun CH, et al. TLR2, but not TLR4, plays a predominant
role in the immune responses to cholera vaccines. J Leukoc Biol. 2015; 98(4):661-9. Epub 2015/06/17.
https://doi.org/10.1189/jlb.4A1014-498R PMID: 26078314.

Yang JS, Jeon JH, Jang MS, Kang SS, Ahn KB, Song M, et al. Vibrio cholerae OmpU induces IL-8
expression in human intestinal epithelial cells. Mol Immunol. 2018; 93:47-54. Epub 2017/11/18. https://
doi.org/10.1016/j.molimm.2017.11.005 PMID: 29145158.

Madan A, Ferguson M, Sheldon E, Segall N, Chu L, Toma A, et al. Immunogenicity and safety of an
AS03-adjuvanted H7N1 vaccine in healthy adults: A phase I/1l, observer-blind, randomized, controlled
trial. Vaccine. 2017; 35(10):1431-9. Epub 2017/02/12. https://doi.org/10.1016/j.vaccine.2017.01.054
PMID: 28187952.

JoJH, Kim S, Jeon TW, Jeong TC, Lee S. Investigation of the Regulatory Effects of Saccharin on Cyto-
chrome P450s in Male ICR Mice. Toxicol Res. 2017; 33(1):25-30. Epub 2017/01/31. https://doi.org/10.
5487/TR.2017.33.1.025 PMID: 28133510

Yamamoto T, Yokota T. Electron microscopic study of Vibrio cholerae O1 adherence to the mucus coat
and villus surface in the human small intestine. Infect Immun. 1988; 56(10):2753-9. Epub 1988/10/01.
PMID: 3417355

Svennerholm AM, Jertborn M, Gothefors L, Karim AM, Sack DA, Holmgren J. Mucosal antitoxic and
antibacterial immunity after cholera disease and after immunization with a combined B subunit-whole
cell vaccine. J Infect Dis. 1984; 149(6):884-93. PMID: 6736680.

Levine MM P N, editor Immunity and vaccine development. cholera; 1992; New York.

Bougoudogo F, Vely F, Nato F, Boutonnier A, Gounon P, Mazié JC, Fournier JM. Protective activities of
serum immunoglobulin G on the mucosal surface to Vibrio cholerae O1. Bulletin de I'Institut Pasteur.
1995; 93(4):273-83. https://doi.org/10.1016/0020-2452(96)85762-9

Schreiber JR, Barrus V, Cates KL, Siber GR. Functional characterization of human IgG, IgM, and IgA
antibody directed to the capsule of Haemophilus influenzae type b. The Journal of infectious diseases.
1986; 153(1):8—16. Epub 1986/01/01. PMID: 3484506.

Simell B, Nurkka A, Ekstrom N, Givon-Lavi N, Kayhty H, Dagan R. Serum IgM antibodies contribute to
high levels of opsonophagocytic activities in toddlers immunized with a single dose of the 9-valent pneu-
mococcal conjugate vaccine. Clin Vaccine Immunol. 2012; 19(10):1618-23. Epub 2012/08/10. https://
doi.org/10.1128/CV1.00248-12 PMID: 22875604

Fierer J, Finley F. Deficient serum bactericidal activity against Escherichia coliin patients with cirrhosis
of the liver. J Clin Invest. 1979; 63(5):912-21. Epub 1979/05/01. https://doi.org/10.1172/JCI109391
PMID: 376551

Naess LM, Aarvak T, Aase A, Oftung F, Hoiby EA, Sandin R, et al. Human IgG subclass responses in
relation to serum bactericidal and opsonic activities after immunization with three doses of the Norwe-
gian serogroup B meningococcal outer membrane vesicle vaccine. Vaccine. 1999; 17(7-8):754-64.
Epub 1999/03/06. PMID: 10067680.

de Kleijn E, van Eijndhoven L, Vermont C, Kuipers B, van Dijken H, Rumke H, et al. Serum bactericidal
activity and isotype distribution of antibodies in toddlers and schoolchildren after vaccination with RIVM
hexavalent PorA vesicle vaccine. Vaccine. 2001; 20(3—4):352—-8. Epub 2001/10/24. PMID: 11672897.

Uddin T, Aktar A, Xu P, Johnson RA, Rahman MA, Leung DT, et al. Immune responses to O-specific
polysaccharide and lipopolysaccharide of Vibrio cholerae O1 Ogawa in adult Bangladeshi recipients of
an oral killed cholera vaccine and comparison to responses in patients with cholera. Am J Trop Med
Hyg. 2014; 90(5):873-81. Epub 2014/04/02. https://doi.org/10.4269/ajtmh.13-0498 PMID: 24686738

Holmgren J, Svennerholm AM. Mechanisms of disease and immunity in cholera: a review. The Journal
of infectious diseases. 1977; 136 Suppl:S105—12. Epub 1977/08/01. PMID: 197173.

Chitnis DS, Sharma KD, Kamat RS. Role of somatic antigen of Vibrio cholerae in adhesion to intestinal
mucosa. J Med Microbiol. 1982; 15(1):53-61. Epub 1982/02/01. https://doi.org/10.1099/00222615-15-
1-53 PMID: 7143426.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213507 March 7,2019 14/16


https://doi.org/10.1371/journal.pone.0002323
https://doi.org/10.1371/journal.pone.0002323
http://www.ncbi.nlm.nih.gov/pubmed/18523643
https://doi.org/10.1016/j.vaccine.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19761838
https://doi.org/10.1371/journal.pntd.0001289
http://www.ncbi.nlm.nih.gov/pubmed/22028938
https://doi.org/10.1189/jlb.4A1014-498R
http://www.ncbi.nlm.nih.gov/pubmed/26078314
https://doi.org/10.1016/j.molimm.2017.11.005
https://doi.org/10.1016/j.molimm.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29145158
https://doi.org/10.1016/j.vaccine.2017.01.054
http://www.ncbi.nlm.nih.gov/pubmed/28187952
https://doi.org/10.5487/TR.2017.33.1.025
https://doi.org/10.5487/TR.2017.33.1.025
http://www.ncbi.nlm.nih.gov/pubmed/28133510
http://www.ncbi.nlm.nih.gov/pubmed/3417355
http://www.ncbi.nlm.nih.gov/pubmed/6736680
https://doi.org/10.1016/0020-2452(96)85762-9
http://www.ncbi.nlm.nih.gov/pubmed/3484506
https://doi.org/10.1128/CVI.00248-12
https://doi.org/10.1128/CVI.00248-12
http://www.ncbi.nlm.nih.gov/pubmed/22875604
https://doi.org/10.1172/JCI109391
http://www.ncbi.nlm.nih.gov/pubmed/376551
http://www.ncbi.nlm.nih.gov/pubmed/10067680
http://www.ncbi.nlm.nih.gov/pubmed/11672897
https://doi.org/10.4269/ajtmh.13-0498
http://www.ncbi.nlm.nih.gov/pubmed/24686738
http://www.ncbi.nlm.nih.gov/pubmed/197173
https://doi.org/10.1099/00222615-15-1-53
https://doi.org/10.1099/00222615-15-1-53
http://www.ncbi.nlm.nih.gov/pubmed/7143426
https://doi.org/10.1371/journal.pone.0213507

® PLOS |ONE

Anti- Vibrio cholerae LPS IgM is responsible for serum vibriocidal activity

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Leung DT, Uddin T, Xu P, Aktar A, Johnson RA, Rahman MA, et al. Immune responses to the O-specific
polysaccharide antigen in children who received a killed oral cholera vaccine compared to responses
following natural cholera infection in Bangladesh. Clin Vaccine Immunol. 2013; 20(6):780-8. Epub
2013/03/22. https://doi.org/10.1128/CVI.00035-13 PMID: 23515016

Champsaur H, Iscaki S, Bernard O, Dodin A. Induction of Vibrio cholerae specific biliary antibodies after
oral immunisation with a cholera cell-wall fraction. Lancet. 1985; 1(8440):1276—7. Epub 1985/06/01.
PMID: 2860476.

Owen RL, Pierce NF, Apple RT, Cray WC Jr. M cell transport of Vibrio cholerae from the intestinal
lumen into Peyer’s patches: a mechanism for antigen sampling and for microbial transepithelial migra-
tion. The Journal of infectious diseases. 1986; 153(6):1108—18. Epub 1986/06/01. PMID: 2422297

Yamamoto T, Yokota T. Vibrio cholerae O1 adherence to human small intestinal M cells in vitro. The
Journal of infectious diseases. 1989; 160(1):168—9. Epub 1989/07/01. PMID: 2732514.

Leong KW, Ding JL. The unexplored roles of human serum IgA. DNA Cell Biol. 2014; 33(12):823-9.
Epub 2014/09/05. https://doi.org/10.1089/dna.2014.2639 PMID: 25188736

Mestecky J, Moro |, Kerr MA, Woof JM. Mucosal Immunoglobulins. In: Mestecky J, Lamm ME, Ogra P,
Strober W, Bienenstock, McGhee J, Mayer L, editors. Mucosal Immunology 3rd ed. Academic Press;
2005. p.153-81

Harris JB, LaRocque RC, Chowdhury F, Khan Al, Logvinenko T, Faruque AS, et al. Susceptibility to Vib-
rio cholerae infection in a cohort of household contacts of patients with cholera in Bangladesh. PLoS
Negl Trop Dis. 2008; 2(4):e221. Epub 2008/04/10. https://doi.org/10.1371/journal.pntd.0000221 PMID:
18398491

Bollinger RR, Everett ML, Palestrant D, Love SD, Lin SS, Parker W. Human secretory immunoglobulin
A may contribute to biofilm formation in the gut. Inmunology. 2003; 109(4):580—7. Epub 2003/07/23.
https://doi.org/10.1046/j.1365-2567.2003.01700.x PMID: 12871226

Brandtzaeg P. Role of secretory antibodies in the defence against infections. Int J Med Microbiol. 2003;
293(1):3—15. Epub 2003/05/21. https://doi.org/10.1078/1438-4221-00241 PMID: 12755363.

Attridge SR, Manning PA, Holmgren J, Jonson G. Relative significance of mannose-sensitive hemag-
glutinin and toxin-coregulated pili in colonization of infant mice by Vibrio cholerae El Tor. Infection and
immunity. 1996; 64(8):3369—-73. Epub 1996/08/01. PMID: 8757877

Bhowmick R, Ghosal A, Das B, Koley H, Saha DR, Ganguly S, et al. Intestinal adherence of Vibrio cho-
lerae involves a coordinated interaction between colonization factor GbpA and mucin. Infection and
immunity. 2008; 76(11):4968—77. Epub 2008/09/04. https://doi.org/10.1128/IA1.01615-07 PMID:
18765724

Kaper JB, Morris JG Jr, Levine MM. Cholera. Clin Microbiol Rev. 1995; 8(1):48-86. Epub 1995/01/01.
PMID: 7704895

Bishop AL, Schild S, Patimalla B, Klein B, Camilli A. Mucosal immunization with Vibrio cholerae outer
membrane vesicles provides maternal protection mediated by antilipopolysaccharide antibodies that
inhibit bacterial motility. Infection and immunity. 2010; 78(10):4402—20. Epub 2010/08/04. https://doi.
org/10.1128/1A1.00398-10 PMID: 20679439

Levinson KJ, Baranova DE, Mantis NJ. A monoclonal antibody that targets the conserved core/lipid A
region of lipopolysaccharide affects motility and reduces intestinal colonization of both classical and El
Tor Vibrio cholerae biotypes. Vaccine. 2016; 34(48):5833-6. Epub 2016/10/25. https://doi.org/10.1016/
j.vaccine.2016.10.023 PMID: 27773473

Cencic A, Langerholc T. Functional cell models of the gut and their applications in food microbiology—a
review. Int J Food Microbiol. 2010; 141 Suppl 1:S4—14. Epub 2010/05/07. https://doi.org/10.1016/.
iffoodmicro.2010.03.026 PMID: 20444515.

Alain Zweibaum ML, Etienne Grasset, Daniel Louvard. Use of Cultured Cell Lines in Studies of Intestinal
Cell Differentiation and Function. Comprehensive Physiology. 2011;Supplement 19:223-55. https:/
doi.org/10.1002/cphy.cp060407

Huet G, Kim |, de Bolos C, Lo-Guidice JM, Moreau O, Hemon B, et al. Characterization of mucins and
proteoglycans synthesized by a mucin-secreting HT-29 cell subpopulation. J Cell Sci. 1995; 108 (Pt
3):1275-85. Epub 1995/03/01. PMID: 7622610.

Johansson ME, Sjovall H, Hansson GC. The gastrointestinal mucus system in health and disease. Nat
Rev Gastroenterol Hepatol. 2013; 10(6):352—61. Epub 2013/03/13. https://doi.org/10.1038/nrgastro.
20183.35 PMID: 23478383

Millet YA, Alvarez D, Ringgaard S, von Andrian UH, Davis BM, Waldor MK. Insights into Vibrio cholerae
intestinal colonization from monitoring fluorescently labeled bacteria. PLoS Pathog. 2014; 10(10):
€1004405. Epub 2014/10/03. https://doi.org/10.1371/journal.ppat. 1004405 PMID: 25275396

PLOS ONE | https://doi.org/10.1371/journal.pone.0213507 March 7,2019 15/16


https://doi.org/10.1128/CVI.00035-13
http://www.ncbi.nlm.nih.gov/pubmed/23515016
http://www.ncbi.nlm.nih.gov/pubmed/2860476
http://www.ncbi.nlm.nih.gov/pubmed/2422297
http://www.ncbi.nlm.nih.gov/pubmed/2732514
https://doi.org/10.1089/dna.2014.2639
http://www.ncbi.nlm.nih.gov/pubmed/25188736
https://doi.org/10.1371/journal.pntd.0000221
http://www.ncbi.nlm.nih.gov/pubmed/18398491
https://doi.org/10.1046/j.1365-2567.2003.01700.x
http://www.ncbi.nlm.nih.gov/pubmed/12871226
https://doi.org/10.1078/1438-4221-00241
http://www.ncbi.nlm.nih.gov/pubmed/12755363
http://www.ncbi.nlm.nih.gov/pubmed/8757877
https://doi.org/10.1128/IAI.01615-07
http://www.ncbi.nlm.nih.gov/pubmed/18765724
http://www.ncbi.nlm.nih.gov/pubmed/7704895
https://doi.org/10.1128/IAI.00398-10
https://doi.org/10.1128/IAI.00398-10
http://www.ncbi.nlm.nih.gov/pubmed/20679439
https://doi.org/10.1016/j.vaccine.2016.10.023
https://doi.org/10.1016/j.vaccine.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27773473
https://doi.org/10.1016/j.ijfoodmicro.2010.03.026
https://doi.org/10.1016/j.ijfoodmicro.2010.03.026
http://www.ncbi.nlm.nih.gov/pubmed/20444515
https://doi.org/10.1002/cphy.cp060407
https://doi.org/10.1002/cphy.cp060407
http://www.ncbi.nlm.nih.gov/pubmed/7622610
https://doi.org/10.1038/nrgastro.2013.35
https://doi.org/10.1038/nrgastro.2013.35
http://www.ncbi.nlm.nih.gov/pubmed/23478383
https://doi.org/10.1371/journal.ppat.1004405
http://www.ncbi.nlm.nih.gov/pubmed/25275396
https://doi.org/10.1371/journal.pone.0213507

@ PLOS | 0 N E Anti-Vibrio cholerae LPS IgM is responsible for serum vibriocidal activity

58. Nilssen DE, Friman V, Theman K, Bjorkander J, Kilander A, Holmgren J, et al. B-cell activation in duo-
denal mucosa after oral cholera vaccination in IgA deficient subjects with or without IgG subclass defi-
ciency. Scand J Immunol. 1993; 38(2):201-8. Epub 1993/08/01. PMID: 8346420.

59. Brandtzaeg P, Halstensen TS, Kett K, Krajci P, Kvale D, Rognum TO, et al. Immunobiology and immu-
nopathology of human gut mucosa: humoral immunity and intraepithelial lymphocytes. Gastroenterol-
ogy. 1989; 97(6):1562—-84. Epub 1989/12/01. PMID: 2684725.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213507 March 7,2019 16/16


http://www.ncbi.nlm.nih.gov/pubmed/8346420
http://www.ncbi.nlm.nih.gov/pubmed/2684725
https://doi.org/10.1371/journal.pone.0213507

