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Vibrio cholerae is a monoflagellated gram-negative bacterium that causes the severe diarrheal disease
cholera. In contrast to Salmonella enterica serovar Typhimurium infection, which is accompanied by both acute
diarrhea and high-level inflammation, V. cholerae infection is largely noninflammatory in human hosts.
Bacterial flagella are composed of flagellin, a highly conserved protein that is also a target of the innate
immune response. Because the V. cholerae flagellum is covered by a sheath, we hypothesized that it might be
less prone to activation of the innate immune response than nonsheathed flagella, such as those produced by
Salmonella serovar Typhimurium. Indeed, compared with Salmonella serovar Typhimurium flagella, V. cholerae
flagella demonstrated significantly reduced NF-�B activation in A549 human pulmonary epithelial cells.
However, V. cholerae flagellin monomers, FlaD and FlaC, were almost equally potent with purified FliC, a
monomer derived from Salmonella serovar Typhimurium flagella, in NF-�B activation. Heat- and acid-induced
dissociation assays showed that Salmonella serovar Typhimurium flagella disassembled far more readily into
monomeric flagellins than V. cholerae flagella, suggesting that the differential levels of NF-�B activation by V.
cholerae and Salmonella serovar Typhimurium flagella are likely attributable to the difference in their flagellin
shedding. Our results suggest that monomer dissociation of V. cholerae flagella is suppressed likely due to the
presence of the sheath and that this unique structural feature of V. cholerae flagella may have evolved as a
strategy to evade flagellin-triggered host innate immune responses in various host species.

Pathogenic bacteria utilize numerous mechanisms to colo-
nize host surfaces and cells. Among these, flagellum-based
motility is one of the more common mechanisms used by mo-
tile organisms to move toward preferred sites for colonization
typically in the earliest stages of the infection process. Thus,
bacterial flagella have been considered an important virulence
determinant and flagellum-deficient mutants of several patho-
gens have been shown to be avirulent (4, 18, 28, 38, 45). All
bacterial flagella are helical macromolecular structures com-
posed predominantly of a single highly conserved protein
called flagellin. This protein is recognized by the host innate
immune system, the body’s first line of defense against micro-
bial infection (40, 43). The innate response to microbial invad-
ers involves the recognition of conserved microbial products,
termed pathogen-associated molecular patterns, by specific
host receptors (2, 30). Germ line-encoded Toll-like receptors
(TLRs) are the best characterized of these receptors. When
surface-exposed TLRs bind pathogen-associated molecular
patterns, signal transduction events are triggered that lead to
proinflammatory cytokine production (1, 31, 36). The inflam-
matory reactions thus induced can lead to active clearance of
pathogens as well as an enhancement of the adaptive immune
response.

The discovery of TLR5 as a receptor for the bacterial pro-
tein flagellin was somewhat surprising (16), because (i) host

innate immune systems were proposed to detect invariable
structural products of microorganisms and (ii) there was
known to exist a degree of variability among flagellins from
different bacterial species. However, subsequent studies re-
vealed that TLR5 recognizes a highly conserved dipeptide of
flagellin that is essential for both flagellum assembly and mo-
tility in the Gammaproteobacteria (8, 29, 40). This observation
was further confirmed by recent reports that the Alphapro-
teobacteria and Epsilonproteobacteria, whose flagellins differ in
amino acid sequences in the conserved N-terminal region from
those of the Gammaproteobacteria, can evade TLR5 recogni-
tion (3, 22).

Mounting evidence indicates that bacterial flagellins recog-
nized by TLR5 stimulate the significant portions of intestinal
inflammation (13, 34, 44). For example, flagellins were found
to be dominant antigens that mediate the abnormally high
steady-state intestinal inflammation in Crohn’s disease (15). In
addition, flagellins have been demonstrated to act as efficient
vaccine adjuvants (17, 21). The elimination of the residual
intestinal inflammatory-like “reactogenicity” associated with
live attenuated cholera vaccines has been reported to correlate
with a loss of the flagellum from two different vaccine candi-
dates (7, 19).

Vibrio cholerae is a highly motile, gram-negative bacterium
that causes a severe life-threatening diarrheal disease, cholera
(49). V. cholerae flagellum is unique in that it is covered by a
sheath. While the sheath appears microscopically to be an
extension of the outer membrane, the components that make
up the sheath are not clearly defined at the molecular level.
Immunogold staining with monoclonal antibody has detected
lipopolysaccharide O-side chains exposed on the outer surface
of the flagellum sheath (10). Unidentified membrane proteins
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also have been shown to copurify with V. cholerae flagella (26).
Critically, the immunostimulatory activity of the sheathed V.
cholerae flagella has not been determined vis-à-vis unsheathed
flagella from other gram-negative species. In this study, we
demonstrated that sheathed V. cholerae flagella are dramati-
cally reduced in their relative potency to trigger host innate
response compared to unsheathed flagella. This reduced po-
tency appears to be associated with the stability of the sheathed
structure rather than primary alterations in the flagellin amino
acid sequence.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Salmonella enterica serovar Typhi-
murium strain LT2 and V. cholerae seventh pandemic El Tor biotype strain
C6706 were used in this study. Bacterial cultures were grown at 37°C in LB (10
g tryptone, 5 g NaCl, and 5 g yeast extract per liter) with shaking. The antibiotics
streptomycin (200 �g/ml for V. cholerae), kanamycin (100 �g/ml for V. cholerae),
and ampicillin (100 �g/ml for Escherichia coli) were used as required.

Purification of flagella and recombinant flagellins. For flagellum purification,
bacterial cell suspension was mechanically sheared by a Tissue-Tearor (model
985370; BioSpec Products, Inc., Bartlesville, OK) for 1 min at full speed. Bac-
terial cells were removed by centrifugation at 10,000 rpm for 10 min. The
supernatant containing flagella was further centrifuged at 210,000 � g for 90 min
at 4°C. Flagellum pellet was resuspended in phosphate-buffered saline and then
subjected to 1.37-g/ml CsCl density gradient ultracentrifugation at 100,000 � g
for 18 h at 25°C. The next day, a flagellum band was isolated by syringe and
dialyzed against water overnight. For recombinant flagellin production, the flaD,
flaC, and fliC genes were PCR-amplified and positionally cloned into pET21b
(Novagen). The resulting plasmid was then transformed into E. coli BL21(DE3).
IPTG (isopropyl-�-D-thiogalactopyranoside) (1 mM) was used to induce over-
expression, and recombinant His-tagged proteins were purified using a nickel-
nitrilotriacetic acid column (Qiagen, Valencia, CA). The purity of the flagella
and recombinant flagellins was assessed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE).

A549 cell culture. Human alveolar A549 epithelial cells, in which a luciferase-
based NF-�B reporter construct was stably transfected (Panomics, Inc., Fremont,
CA), were grown in Dulbecco modified Eagle medium containing 10% fetal
bovine serum, 2 mM L-glutamine, and 100 �g/ml hygromycin at 37°C in a
humidified 5% CO2 incubator. To measure NF-�B activation, 2 � 104 cells were
seeded in each well of a 96-well plate and cultured overnight. The next day, cells
were treated with flagella or flagellins for 4 h. Luciferase activity was measured
using a Bright-Glo luciferase assay kit (Promega). A Spectrafluor Plus plate

reader (Tecan US, Research Triangle Park, NC) was used to measure the
luciferase activity. In the NF-�B reporter assay with a TLR5 neutralizing anti-
body, anti-TLR5 goat polyclonal antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) and purified goat immunoglobulin G (IgG) (Sigma) were used.
A549 cells pretreated with each antibody for 30 min were stimulated with V.
cholerae flagella (250 ng/ml) for 4 h before luciferase assays were performed.

Two-dimensional gel electrophoresis. The Zoom IPGRunner system (Invitro-
gen) was used for isoelectric focusing. The separation of flagellins whose pI
values are close to each other was achieved by using a pH strip with narrow pH
range (pH 4.5 to 5.5; Invitrogen). After isoelectric focusing, the pH strip was
cropped at both ends to match the width of the well of the 4 to 12% gel used for
second-dimensional SDS-PAGE. Protein spots were visualized by silver nitrate
and cut out for identification by mass spectrometry (Taplin Biological Mass
Spectrometry Facility, Department of Cell Biology, Harvard Medical School).

Native gels, motility assay, and electron microscopy. Flagellum disassembly
was assayed by running a native gel of heat- or acid-treated flagella. In this
gel-based assay, only depolymerized flagellins that migrated into the gel were
detected as a band, while intact flagellum filament remained in the loading well.
For acid treatment, 50 mM sodium citrate buffers with pH values ranging from
2.8 to 5.2 were mixed with the same volume of flagellum samples for 10 min.

Statistical analysis. Data are expressed as means � standard errors of the
means. An unpaired Student’s t test was used to analyze the data. A P value of
�0.05 was considered statistically significant.

RESULTS

V. cholerae flagella are less potent in activating the NF-�B
signaling cascade than Salmonella serovar Typhimurium fla-
gella. To examine the capacity of V. cholerae flagella to activate
the innate immune response, A549 luciferase-based NF-�B
reporter cells were treated with V. cholerae or Salmonella se-
rovar Typhimurium flagella, the latter of which are prototypic
bacterial flagella that have been extensively studied in the
context of TLR5-mediated innate responses. V. cholerae and
Salmonella serovar Typhimurium flagella were purified as de-
scribed in Materials and Methods. SDS-PAGE analysis of the
purified flagella clearly showed an �51-kDa FliC, a flagellin
component of Salmonella serovar Typhimurium flagella, and
�40-kDa flagellins derived from V. cholerae flagella (Fig. 1A).
V. cholerae flagellins migrated slower than their molecular
weight on SDS-PAGE. We chose A549 cells because they have

FIG. 1. NF-�B activation by purified flagella of V. cholerae (Vc) and Salmonella serovar Typhimurium (St). (A) SDS-PAGE analysis of purified
flagella. One microgram of each flagellum, purified according to the procedures described in Materials and Methods, was separated in 4 to 12%
SDS-PAGE. MW, molecular weight (in thousands). (B) NF-�B activation in response to flagella. Reporter activities were given as “induction
(fold),” which was calculated by dividing the average activity of flagellum-stimulated A549 cells by the average activity of control phosphate-
buffered saline-treated cells. n 	 8 in each treatment, and the mean � standard error of the mean is presented in each data point. �, P � 0.001;
��, P � 0.01 versus treatment with V. cholerae flagella. (C) NF-�B activation by 250 ng/ml V. cholerae flagella in the presence of anti-TLR5 antibody
or isotype control IgG. A total of 10 �g/ml of antibody was used in each treatment (n 	 8). �, P � 0.01 for NF-�B induction in the absence versus
the presence of anti-TLR5 antibody. mAb, monoclonal antibody.
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been demonstrated to respond strongly to bacterial flagella
(44, 46). As shown in Fig. 1B, significantly reduced NF-�B
activation was detected in cells treated with V. cholerae flagella,
compared to those treated with Salmonella serovar Typhi-
murium flagella. In each case, NF-�B activation was dose de-
pendent. When neutralizing anti-TLR5 antibody was added to
the culture of A549 reporter cells, significantly reduced NF-�B
activation was detected from the same treatment, confirming
the previous reports that TLR5 is responsible for flagellin
recognition (Fig. 1C).

Purified V. cholerae and Salmonella serovar Typhimurium
flagellins are similar in their potency for NF-�B activation in
A549 cells. It has been reported that the TLR5-mediated
proinflammatory signal was stronger in cells treated with pu-
rified flagellins than in cells responding to flagellum filament
(40). Therefore, we asked if decreased NF-�B activation by V.
cholerae flagella was attributed to the reduced potency of V.
cholerae flagellins for NF-�B activation. Since the V. cholerae
genome encodes five different genes encoding flagellins, we
first determined which flagellins are the predominant proteins
in purified V. cholerae flagella by two-dimensional-gel/mass-
spectrometry analysis. Using a narrow-range pH gradient (pH
4.5 to 5.5) for isoelectric focusing and then SDS-PAGE, flagel-
lin components in V. cholerae flagella, which are indistinguish-

able by SDS-PAGE (Fig. 1A), were successfully separated
(Fig. 2A). Our results showed that V. cholerae flagella are
comprised of four different flagellins: FlaD, FlaC, FlaA, and
FlaB. In addition, FlgE (VC2197), the flagellar hook protein,
was also detected in the purified flagellum preparations.

We next examined the signal-activating potential of FlaD
and FlaC relative to FliC using the same A549 cell reporter
system. We selected FlaD and FlaC, because they were iden-
tified as the most abundant subunits in V. cholerae flagella (Fig.
2A). The three flagellin proteins were purified as six-His-
tagged recombinant proteins in E. coli, and the purity of each
protein is shown in Fig. 2B. Primary sequence alignment
showed that all three flagellins are highly homologous in the
first �120 and last �90 amino acids, which were reported to be
essential for motility and form the conserved D1 domain rec-
ognized by TLR5 (40, 46). In particular, 11 out of the 13 amino
acid residues that were determined to be essential for TLR5
signaling by alanine scanning mutagenesis (40) were identical
in all three flagellins (Fig. 2C). The central regions of these
flagellins, however, are significantly variable in both size and
amino acid sequence (data not shown). When A549 cells were
treated with purified flagellins, dose-dependent NF-�B activa-
tion was invariably detected in response to each of the three
flagellins (Fig. 2D). NF-�B activation was slightly higher in

FIG. 2. Identification of predominant flagellins in V. cholerae (Vc) flagella and NF-�B activation by purified flagellins of V. cholerae and
Salmonella serovar Typhimurium (St). (A) Two-dimensional-gel/mass-spectrometry analysis of V. cholerae flagella. One microgram of purified
C6706 flagella was separated via a two-dimensional gel in which a narrow-ranged pH strip (4.5 to 5.5) and 4 to 12% SDS-PAGE were used for
first- and second-dimensional separation, respectively. Proteins were visualized by silver staining and identified by liquid chromatography-tandem
mass spectrometry. pI and MW (in thousands) values for the flagellin proteins are shown together in parentheses. (B) SDS-PAGE analysis of
purified recombinant flagellins. One microgram of each flagellin was separated by 4 to 12% SDS-PAGE. MW, molecular weight (in thousands).
(C) Primary sequence alignment of FlaD (VC2143), FlaC (VC2187), and FliC (AAL20871) in highly homologous N- and C-terminal regions. Black
arrows indicate residues that were determined to be essential for TLR5 signaling in reference 40. Alignment was generated using the ClustalW
program. (D) NF-�B activation in response to flagellins (n 	 8). “Induction (fold)” was measured as described in the legend for Fig. 1B.
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cells treated with FliC than in cells responding to FlaD or FlaC
(Fig. 2D). This result, however, does not fully explain the
significantly reduced NF-�B activation by V. cholerae flagella
shown in Fig. 1B, suggesting that some other factor might be
responsible for the differential NF-�B activation between V.
cholerae and Salmonella serovar Typhimurium flagella. Most
importantly, FlaD or FlaC at a concentration of 25 ng/ml
induced a three- to fourfold-higher NF-�B signal than a cor-
responding amount of flagellum filament (V. cholerae flagella).
In contrast, we observed comparable levels of NF-�B activa-
tion from A549 cells when treated with either Salmonella se-
rovar Typhimurium flagella or a corresponding amount of FliC
(Fig. 2D and 1B).

Monomer dissociation of V. cholerae flagellum is reduced,
while Salmonella serovar Typhimurium flagellum dissociates
into its monomer subunits readily. Since V. cholerae flagella
are sheathed and TLR5 recognizes a conserved domain of
flagellin, we next asked whether the NF-�B activating potential
of V. cholerae flagella would be influenced by their unique
sheathed structure. Since no mutants exist that specifically
eliminate the sheath from V. cholerae flagella, we developed
biochemical assays to assess the propensity of sheathed V.
cholerae flagella to shed monomeric flagellins compared to
nonsheathed Salmonella serovar Typhimurium flagella. The
assay involved native PAGE in which flagellin monomers and
filamentous flagella were easily distinguished (Fig. 3A and C).
Flagellins were detected as a distinct band in the gel, while
filamentous flagella did not migrate into the gel. When purified
flagella were heat treated at 80°C for 15 min, both Salmonella
serovar Typhimurium and V. cholerae flagella completely dis-
sociated into their respective flagellins (Fig. 3A). Flagellins
derived from V. cholerae flagella migrated slightly faster than
Salmonella serovar Typhimurium flagellins, likely due to their
smaller size. During incubation at 50°C, however, only Salmo-
nella serovar Typhimurium flagella, not V. cholerae flagella,

dissociated into monomers. These results indicate that V. chol-
erae flagella are physically stronger than Salmonella serovar
Typhimurium flagella. Interestingly, even before thermal treat-
ment, a significant portion of Salmonella serovar Typhimurium
flagellum preparations migrated as flagellins, suggesting that
monomer dissociation occurs readily for Salmonella serovar
Typhimurium flagella. Reassembled Salmonella serovar Typhi-
murium flagellum filaments were not detected even after 30
min of cooling down to room temperature (data not shown),
suggesting that monomer dissociation was not reversible. Next,
A549 reporter cells were incubated with 25 ng/ml of each
flagellum that was pretreated at 80°C or 50°C for 10 min.
Figure 3B shows the NF-�B activation by heat-treated flagella.
Salmonella serovar Typhimurium flagella pretreated at either
temperature for 10 min elicited a high level of NF-�B activa-
tion (Fig. 3B). In contrast, a comparable NF-�B induction by
V. cholerae flagella was detected only at 80°C, not at 50°C (Fig.
3B). These results confirmed the previous finding that the
higher level of NF-�B signaling is triggered by flagellin mono-
mers rather than by their filamentous flagella counterparts and
suggested that the remarkably delayed NF-�B activation by V.
cholerae flagella shown in Fig. 1B was due to their diminished
monomer dissociation.

Finally, we also asked if these two flagella exhibit differential
disassembly patterns under acidic stress. As shown in Fig. 3C,
disassembly of Salmonella serovar Typhimurium flagella started
at a pH of 4.4, while depolymerization of V. cholerae flagella
occurred at pH 3.6 or lower. These results indicate that V.
cholerae flagella are also more resistant to acid-induced depo-
lymerization than Salmonella serovar Typhimurium flagella.
While the differences observed in the thermo and acid stabil-
ities of V. cholerae and Salmonella serovar Typhimurium fla-
gella might reflect differences in the stability of the two differ-
ent flagellar filaments per se, it is also possible that the sheath
of the V. cholerae flagella represents a specific barrier to the

FIG. 3. Heat- and acid-induced flagellum disassembly and NF-�B activation by heat-treated flagella. (A) Native gels of heat-treated flagella.
Both flagella were incubated at either 50°C or 80°C for 15 min. Samples at 5-, 10-, and 15-min time points were loaded onto the 4 to 12% gel.
Results are representative of three independent experiments. St, Salmonella serovar Typhimurium; Vc, V. cholerae. (B) NF-�B activation by
heat-treated flagella. Both flagella at 25-ng/ml concentrations were treated at 50°C or 80°C for 10 min and added to A549 reporter cells.
Experimental conditions were identical with those described in the legend for Fig. 1B and 2D. �, P � 0.01 versus treatment with Salmonella serovar
Typhimurium flagella pretreated at 50°C. (C) Native gels of acid-treated flagella. Flagella were mixed with the same volume of each citrate buffer
(50 mM) with the pH value shown at the top of the gel. After 10 min, samples were loaded onto the gel. Results are representative of three
independent experiments.
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release of flagellin subunits under physical and pH stresses;
alternatively, the sheath might improve the stability of flagel-
lum filaments in the face of such stresses.

DISCUSSION

A hallmark of V. cholerae is the ability to cause watery
diarrhea without stimulating host inflammation (11). Although
this unique disease progression could be due to rapid bacterial
“washout” by fluid secretion, resulting in a reduced level of
bacterial contact with the intestinal epithelium, accumulating
evidences suggest that V. cholerae infection is largely nonin-
flammatory. The predominant virulence factor that is respon-
sible for the severe diarrhea is cholera toxin (CT), a product of
the ctxA and ctxB genes carried on transmissible phage CTX

(47). CT has been reported to suppress the production of
proinflammatory cytokines in cultured macrophages (5) and
human dendritic cells (12). In accordance with this finding, live
attenuated vaccine strains that do not produce CT caused a
more inflammatory diarrhea in volunteer studies (39). How-
ever, the immune suppressive mechanisms of CT are not
clearly defined, and the proinflammatory activities of V. chol-
erae may be upregulated by other mechanisms in nontoxigenic
mutants. In addition, the flagellum-mediated immune stimula-
tory effects in V. cholerae infection have also received consid-
erable attention, because undesirable reactogenicity detected
in multiple-toxin-deficient vaccine candidate strains (27, 42)
was abrogated when flagellum-based motility was disrupted
(19, 32). This suggests that V. cholerae flagella contribute to
part of the organism’s reactogenicity but are dispensable for
immunogenicity. Although flagellum-mediated motility has
been shown to contribute to V. cholerae pathogenesis (6, 35),
the role of the sheathed flagellum as an immunogenic factor
remains elusive. A detailed understanding of the ability of V.
cholerae sheathed flagella to induce proinflammatory re-
sponses is therefore of practical clinical interest and needs to
be investigated further. In this work, we revealed unique struc-
tural characteristics of V. cholerae flagella affecting their po-
tential to stimulate host innate immune responses.

This study was initiated based on an intriguing observation
that flagella derived from V. cholerae elicited significantly re-
duced TLR5-mediated NF-�B activation compared to flagella
purified from Salmonella serovar Typhimurium. Salmonella
species are invasive organisms that usually induce acute intes-
tinal inflammation during their colonization (24–26). The goal
of the current study was to ask whether differences in the
abilities to shed flagellins might account in part for the differ-
ences seen in intestinal inflammation encountered after V.
cholerae versus Salmonella serovar Typhimurium infections.
Our first experiments tested the idea that flagellin monomers
from V. cholerae and Salmonella serovar Typhimurium might
have differential activities in NF-�B activation assays. Since V.
cholerae possesses five different flagellin-encoding genes dis-
tributed at two different loci of the chromosome, we sought to
find the relative expression level of each flagellin in the V.
cholerae flagella. Using two-dimensional-gel/mass-spectrome-
try analysis, we found that (i) each of four different flagellins
(FlaA, FlaB, FlaC, and FlaD) was incorporated as a part of the
flagella and (ii) among them, FlaD and FlaC were most abun-
dant (Fig. 2A). This was surprising because FlaA appeared to

be the essential component, based on a previous study where
the loss of FlaA was found to result in a loss of motility (20).
Consistent with this finding, mutant derivatives of strain C6706
defective in the FlaB, FlaC, or FlaD genes still exhibited wild-
type-level motility (data not shown). This result suggests that
V. cholerae, as a highly motile bacterium, might utilize flagellin
redundancy for some other purpose. Since V. cholerae FlaD
and FlaC were found to be proinflammatory in cellular assays
(Fig. 2D), it is conceivable that these alternative flagellins
could play a proinflammatory role in the V. cholerae-host in-
teraction. Consistent with this idea is the recent report that
FlaD and FlaC are secreted outside the cells in the culture of
flaA-deficient nonflagellated mutants (48). If conditions exist
that downregulate FlaA, V. cholerae might become more
proinflammatory through the secretion of FlaD and FlaC. Be-
cause the synthesis of FlaD or FlaC is not affected by the
absence of FlaA, this result might also suggest that flagellum
assembly depends strictly on the presence of FlaA.

In A549 reporter cells, purified FlaD or FlaC induced com-
parable levels of NF-�B activation as purified FliC (Fig. 2D).
An analysis of sequence alignment showed that all three flagel-
lins were 52% identical in both the first 120 and last 83 amino
acids. Recognition of FliC by TLR5 was reported to involve the
conserved fold of the protein, which consists of N- and C-
terminal regions (3, 9, 40, 46). Especially, five residues in the
region of amino acids 89 to 98 that were determined to be
essential for TLR5 signaling (40, 46) were identical among
these flagellins (Fig. 2C). These results imply that the flagellin
monomers from these two bacteria are similar to each other,
albeit different in size, in terms of the three-dimensional fold
of these conserved domains and thus likely to be equivalently
recognized by TLR5 and thus elicit similar levels of NF-�B
activation.

Both V. cholerae and Salmonella serovar Typhimurium
belong to the family of Gammaproteobacteria. Recently,
Andersen-Nissen and colleagues reported that flagellins de-
rived from several bacterial species in this family strongly in-
duced TLR5 signaling (3). However, all Vibrio species, includ-
ing V. cholerae, possess flagella with a distinct structural
feature, i.e., the presence of a sheath around the flagellum
protofilament, which is not observed in other members of
Gammaproteobacteria. We obtained compelling evidence indi-
cating that flagella isolated from V. cholerae and Salmonella
serovar Typhimurium differ in their tendencies to dissociate
into monomeric subunits (Fig. 3A and C). V. cholerae flagella
were resistant to heat- and acid-induced depolymerization,
while Salmonella serovar Typhimurium flagella were easily dis-
assembled into monomeric subunits. This suggests that
sheathed flagella are less fragile and thus that monomer shed-
ding could be minimized during infection. It is also possible
that the unique multiflagellin composition of V. cholerae fla-
gella also contributes to their improved thermo and pH stabil-
ities. Because flagella play a critical role in chemotaxis, it is
possible that the improved stability of Vibrio sp. flagella may
also be a reflection of the nutritionally challenging environ-
mental niche to which members of this genus are so well
adapted.

TLR5 was shown to be expressed exclusively on the baso-
lateral surface of intestinal and gastric epithelia (14, 33, 37).
This indicates that flagellins might need to be translocated
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across the epithelium to activate TLR5 signaling. This might
suggest that intestinal epithelial cells selectively respond to
flagellins derived from invasive, not commensal (noninvasive),
bacteria. Recently, Lyons and colleagues reported that flagel-
lins of Salmonella serovar Typhimurium are transcytosed and
delivered to basolateral TLR5 through the host vesicular traf-
ficking system during infection (23). Interestingly, the flagellin
transcytosis occurred even in a nonflagellated mutant strain
that still secretes the flagellin monomers, suggesting that (i)
flagellin uptake by the host epithelium is not associated with
bacterial motility per se and (ii) flagellum depolymerization
into flagellin monomers is the critical step for the recognition
of flagellin by TLR5. In this respect, reduced monomer shed-
ding, as observed in V. cholerae flagella, could serve as a novel
protective mechanism for an evasion of host innate immunity.

In summary, we have shown evidence for a novel mechanism
by which bacteria with sheathed flagella can potentially evade
flagellin-dependent host innate immune responses. The fla-
gella of invading pathogenic bacteria are recognized as a major
target of the host innate immune system, and the intestinal
epithelium is highly specialized to respond to bacterial flagellin
(14, 41). Our data suggest that V. cholerae might utilize a more
stable sheathed flagellum during intestinal colonization and
thus minimize the release of flagellin and induction of proin-
flammatory responses that might be deleterious to this organ-
ism’s infection process.

ACKNOWLEDGMENT

This work was supported by National Institutes of Health grant
AI-18045 (to J.J.M.).

REFERENCES

1. Akira, S., K. Hoshino, and T. Kaisho. 2000. The role of Toll-like receptors
and MyD88 in innate immune responses. J. Endotoxin Res. 6:383–387.

2. Akira, S., and S. Sato. 2003. Toll-like receptors and their signaling mecha-
nisms. Scand. J. Infect. Dis. 35:555–562.

3. Andersen-Nissen, E., K. D. Smith, K. L. Strobe, S. L. Barrett, B. T. Cookson,
S. M. Logan, and A. Aderem. 2005. Evasion of Toll-like receptor 5 by
flagellated bacteria. Proc. Natl. Acad. Sci. USA 102:9247–9252.

4. Carsiotis, M., D. L. Weinstein, H. Karch, I. A. Holder, and A. D. O’Brien.
1984. Flagella of Salmonella typhimurium are a virulence factor in infected
C57BL/6J mice. Infect. Immun. 46:814–818.

5. Cong, Y., A. O. Oliver, and C. O. Elson. 2001. Effects of cholera toxin on
macrophage production of co-stimulatory cytokines. Eur. J. Immunol. 31:
64–71.

6. Correa, N. E., F. Peng, and K. E. Klose. 2005. Roles of the regulatory
proteins FlhF and FlhG in the Vibrio cholerae flagellar transcription hierar-
chy. J. Bacteriol. 187:6324–6332.

7. Coster, T. S., K. P. Killeen, M. K. Waldor, D. T. Beattie, D. R. Spriggs, J. R.
Kenner, A. Trofa, J. C. Sadoff, J. J. Mekalanos, and D. N. Taylor. 1995.
Safety, immunogenicity, and efficacy of live attenuated Vibrio cholerae O139
vaccine prototype. Lancet 345:949–952.

8. Donnelly, M. A., and T. S. Steiner. 2002. Two nonadjacent regions in en-
teroaggregative Escherichia coli flagellin are required for activation of toll-
like receptor 5. J. Biol. Chem. 277:40456–40461.

9. Eaves-Pyles, T. D., H. R. Wong, K. Odoms, and R. B. Pyles. 2001. Salmonella
flagellin-dependent proinflammatory responses are localized to the con-
served amino and carboxyl regions of the protein. J. Immunol. 167:7009–
7016.

10. Fuerst, J. A., and J. W. Perry. 1988. Demonstration of lipopolysaccharide on
sheathed flagella of Vibrio cholerae O:1 by protein A-gold immunoelectron
microscopy. J. Bacteriol. 170:1488–1494.

11. Fullner, K. J., J. C. Boucher, M. A. Hanes, G. K. Haines III, B. M. Meehan,
C. Walchle, P. J. Sansonetti, and J. J. Mekalanos. 2002. The contribution of
accessory toxins of Vibrio cholerae O1 El Tor to the proinflammatory re-
sponse in a murine pulmonary cholera model. J. Exp. Med. 195:1455–1462.

12. Gagliardi, M. C., F. Sallusto, M. Marinaro, A. Langenkamp, A. Lanzavec-
chia, and M. T. De Magistris. 2000. Cholera toxin induces maturation of
human dendritic cells and licences them for Th2 priming. Eur. J. Immunol.
30:2394–2403.

13. Gewirtz, A. T. 2006. Flag in the crossroads: flagellin modulates innate and
adaptive immunity. Curr. Opin. Gastroenterol. 22:8–12.

14. Gewirtz, A. T., T. A. Navas, S. Lyons, P. J. Godowski, and J. L. Madara.
2001. Cutting edge: bacterial flagellin activates basolaterally expressed TLR5
to induce epithelial proinflammatory gene expression. J. Immunol. 167:
1882–1885.

15. Gewirtz, A. T., M. Vijay-Kumar, S. R. Brant, R. H. Duerr, D. L. Nicolae, and
J. H. Cho. 2006. Dominant-negative TLR5 polymorphism reduces adaptive
immune response to flagellin and negatively associates with Crohn’s disease.
Am. J. Physiol. Gastrointest. Liver Physiol. 290:G1157–G1163.

16. Hayashi, F., K. D. Smith, A. Ozinsky, T. R. Hawn, E. C. Yi, D. R. Goodlett,
J. K. Eng, S. Akira, D. M. Underhill, and A. Aderem. 2001. The innate
immune response to bacterial flagellin is mediated by Toll-like receptor 5.
Nature 410:1099–1103.

17. Honko, A. N., N. Sriranganathan, C. J. Lees, and S. B. Mizel. 2006. Flagellin
is an effective adjuvant for immunization against lethal respiratory challenge
with Yersinia pestis. Infect. Immun. 74:1113–1120.

18. Kennedy, M. J., E. L. Rosey, and R. J. Yancey, Jr. 1997. Characterization of
flaA� and flaB� mutants of Serpulina hyodysenteriae: both flagellin subunits,
FlaA and FlaB, are necessary for full motility and intestinal colonization.
FEMS Microbiol. Lett. 153:119–128.

19. Kenner, J. R., T. S. Coster, D. N. Taylor, A. F. Trofa, M. Barrera-Oro, T.
Hyman, J. M. Adams, D. T. Beattie, K. P. Killeen, D. R. Spriggs, et al. 1995.
Peru-15, an improved live attenuated oral vaccine candidate for Vibrio chol-
erae O1. J. Infect. Dis. 172:1126–1129.

20. Klose, K. E., and J. J. Mekalanos. 1998. Differential regulation of multiple
flagellins in Vibrio cholerae. J. Bacteriol. 180:303–316.

21. Lee, S. E., S. Y. Kim, B. C. Jeong, Y. R. Kim, S. J. Bae, O. S. Ahn, J. J. Lee,
H. C. Song, J. M. Kim, H. E. Choy, S. S. Chung, M. N. Kweon, and J. H.
Rhee. 2006. A bacterial flagellin, Vibrio vulnificus FlaB, has a strong mucosal
adjuvant activity to induce protective immunity. Infect. Immun. 74:694–702.

22. Lee, S. K., A. Stack, E. Katzowitsch, S. I. Aizawa, S. Suerbaum, and C.
Josenhans. 2003. Helicobacter pylori flagellins have very low intrinsic activity
to stimulate human gastric epithelial cells via TLR5. Microbes Infect.
5:1345–1356.

23. Lyons, S., L. Wang, J. E. Casanova, S. V. Sitaraman, D. Merlin, and A. T.
Gewirtz. 2004. Salmonella typhimurium transcytoses flagellin via an SPI2-
mediated vesicular transport pathway. J. Cell Sci. 117:5771–5780.

24. McCormick, B. A., S. P. Colgan, C. Delp-Archer, S. I. Miller, and J. L.
Madara. 1993. Salmonella typhimurium attachment to human intestinal ep-
ithelial monolayers: transcellular signalling to subepithelial neutrophils.
J. Cell Biol. 123:895–907.

25. McCormick, B. A., S. I. Miller, D. Carnes, and J. L. Madara. 1995. Trans-
epithelial signaling to neutrophils by salmonellae: a novel virulence mecha-
nism for gastroenteritis. Infect. Immun. 63:2302–2309.

26. McGovern, V. J., and L. J. Slavutin. 1979. Pathology of salmonella colitis.
Am. J. Surg. Pathol. 3:483–490.

27. Mel, S. F., K. J. Fullner, S. Wimer-Mackin, W. I. Lencer, and J. J. Mekalanos.
2000. Association of protease activity in Vibrio cholerae vaccine strains with
decreases in transcellular epithelial resistance of polarized T84 intestinal
epithelial cells. Infect. Immun. 68:6487–6492.

28. Montie, T. C., D. Doyle-Huntzinger, R. C. Craven, and I. A. Holder. 1982.
Loss of virulence associated with absence of flagellum in an isogenic mutant
of Pseudomonas aeruginosa in the burned-mouse model. Infect. Immun.
38:1296–1298.

29. Murthy, K. G., A. Deb, S. Goonesekera, C. Szabo, and A. L. Salzman. 2004.
Identification of conserved domains in Salmonella muenchen flagellin that
are essential for its ability to activate TLR5 and to induce an inflammatory
response in vitro. J. Biol. Chem. 279:5667–5675.

30. Netea, M. G., C. van der Graaf, J. W. Van der Meer, and B. J. Kullberg. 2004.
Toll-like receptors and the host defense against microbial pathogens: bring-
ing specificity to the innate-immune system. J. Leukoc. Biol. 75:749–755.

31. Philpott, D. J., and S. E. Girardin. 2004. The role of Toll-like receptors and
Nod proteins in bacterial infection. Mol. Immunol. 41:1099–1108.

32. Qadri, F., M. I. Chowdhury, S. M. Faruque, M. A. Salam, T. Ahmed, Y. A.
Begum, A. Saha, A. Al Tarique, L. V. Seidlein, E. Park, K. P. Killeen, J. J.
Mekalanos, J. D. Clemens, and D. A. Sack. 2007. Peru-15, a live attenuated
oral cholera vaccine, is safe and immunogenic in Bangladeshi toddlers and
infants. Vaccine 25:231–238.

33. Reed, K. A., M. E. Hobert, C. E. Kolenda, K. A. Sands, M. Rathman, M.
O’Connor, S. Lyons, A. T. Gewirtz, P. J. Sansonetti, and J. L. Madara. 2002.
The Salmonella typhimurium flagellar basal body protein FliE is required for
flagellin production and to induce a proinflammatory response in epithelial
cells. J. Biol. Chem. 277:13346–13353.

34. Rhee, S. H., E. Im, M. Riegler, E. Kokkotou, M. O’Brien, and C. Pothoulakis.
2005. Pathophysiological role of Toll-like receptor 5 engagement by bacterial
flagellin in colonic inflammation. Proc. Natl. Acad. Sci. USA 102:13610–
13615.

35. Richardson, K. 1991. Roles of motility and flagellar structure in pathoge-
nicity of Vibrio cholerae: analysis of motility mutants in three animal models.
Infect. Immun. 59:2727–2736.

36. Roeder, A., C. J. Kirschning, R. A. Rupec, M. Schaller, G. Weindl, and H. C.

VOL. 76, 2008 POTENTIAL OF V. CHOLERAE FLAGELLA TO EVADE HOST IMMUNE RESPONSE 1287

 on N
ovem

ber 2, 2014 by Y
O

N
S

E
I U

N
IV

 M
E

D
 LIB

R
A

R
Y

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


Korting. 2004. Toll-like receptors as key mediators in innate antifungal
immunity. Med. Mycol. 42:485–498.

37. Schmausser, B., M. Andrulis, S. Endrich, S. K. Lee, C. Josenhans, H. K.
Muller-Hermelink, and M. Eck. 2004. Expression and subcellular distribu-
tion of Toll-like receptors TLR4, TLR5 and TLR9 on the gastric epithelium
in Helicobacter pylori infection. Clin. Exp. Immunol. 136:521–526.

38. Schmitt, C. K., S. C. Darnell, V. L. Tesh, B. A. Stocker, and A. D. O’Brien.
1994. Mutation of flgM attenuates virulence of Salmonella typhimurium, and
mutation of fliA represses the attenuated phenotype. J. Bacteriol. 176:368–
377.

39. Silva, T. M., M. A. Schleupner, C. O. Tacket, T. S. Steiner, J. B. Kaper, R.
Edelman, and R. Guerrant. 1996. New evidence for an inflammatory com-
ponent in diarrhea caused by selected new, live attenuated cholera vaccines
and by El Tor and Q139 Vibrio cholerae. Infect. Immun. 64:2362–2364.

40. Smith, K. D., E. Andersen-Nissen, F. Hayashi, K. Strobe, M. A. Bergman,
S. L. Barrett, B. T. Cookson, and A. Aderem. 2003. Toll-like receptor 5
recognizes a conserved site on flagellin required for protofilament formation
and bacterial motility. Nat. Immunol. 4:1247–1253.

41. Steiner, T. S., J. P. Nataro, C. E. Poteet-Smith, J. A. Smith, and R. L.
Guerrant. 2000. Enteroaggregative Escherichia coli expresses a novel flagel-
lin that causes IL-8 release from intestinal epithelial cells. J. Clin. Invest.
105:1769–1777.

42. Tacket, C. O., K. L. Kotloff, G. Losonsky, J. P. Nataro, J. Michalski, J. B.
Kaper, R. Edelman, and M. M. Levine. 1997. Volunteer studies investigating

the safety and efficacy of live oral El Tor Vibrio cholerae O1 vaccine strain
CVD 111. Am. J. Trop. Med. Hyg. 56:533–537.

43. Takeda, K., and S. Akira. 2005. Toll-like receptors in innate immunity. Int.
Immunol. 17:1–14.

44. Tallant, T., A. Deb, N. Kar, J. Lupica, M. J. de Veer, and J. A. DiDonato.
2004. Flagellin acting via TLR5 is the major activator of key signaling
pathways leading to NF-�B and proinflammatory gene program activation in
intestinal epithelial cells. BMC Microbiol. 4:33.

45. Tamura, Y., M. Kijima-Tanaka, A. Aoki, Y. Ogikubo, and T. Takahashi.
1995. Reversible expression of motility and flagella in Clostridium chauvoei
and their relationship to virulence. Microbiology 141:605–610.

46. Verma, A., S. K. Arora, S. K. Kuravi, and R. Ramphal. 2005. Roles of
specific amino acids in the N terminus of Pseudomonas aeruginosa flagellin
and of flagellin glycosylation in the innate immune response. Infect. Immun.
73:8237–8246.

47. Waldor, M. K., and J. J. Mekalanos. 1996. Lysogenic conversion by a fila-
mentous phage encoding cholera toxin. Science 272:1910–1914.

48. Xicohtencatl-Cortes, J., S. Lyons, A. P. Chaparro, D. R. Hernandez, Z.
Saldana, M. A. Ledesma, M. A. Rendon, A. T. Gewirtz, K. E. Klose, and J. A.
Giron. 2006. Identification of proinflammatory flagellin proteins in superna-
tants of Vibrio cholerae O1 by proteomics analysis. Mol. Cell. Proteomics
5:2374–2383.

49. Yoon, S. S., and J. J. Mekalanos. 2006. 2,3-Butanediol synthesis and the
emergence of the Vibrio cholerae El Tor biotype. Infect. Immun. 74:6547–
6556.

Editor: V. J. DiRita

1288 YOON AND MEKALANOS INFECT. IMMUN.

 on N
ovem

ber 2, 2014 by Y
O

N
S

E
I U

N
IV

 M
E

D
 LIB

R
A

R
Y

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/

