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The enterotoxigenic Escherichia coli (ETEC) strains are major causes of morbidity and mortality due to
diarrheal illness in developing countries. At present, there is no broadly protective vaccine for this diverse
group of pathogens. The EtpA protein, identified in ETEC H10407 in a recent search for candidate immuno-
gens, is a large glycosylated exoprotein secreted via two-partner secretion (TPS). Similar to structurally related
molecules, EtpA functions in vitro as an adhesin. The studies reported here use a recently developed murine
model of ETEC intestinal colonization to examine the immunogenicity and protective efficacy of EtpA. We
report that mice repeatedly exposed to ETEC are protected from subsequent colonization and that they mount
immune responses to both EtpA and its presumed two-partner secretion transporter (EtpB) during the course
of experimental infection. Furthermore, isogenic etpA deletion mutants were impaired in the colonization of
mice, and intranasal immunization of mice with recombinant EtpA conferred protection against ETEC H10407
in this model. Together, these data suggest that EtpA is required for optimal colonization of the intestine,
findings paralleling those of previous in vitro studies demonstrating its role in adherence. EtpA and other TPS
proteins may be viable targets for ETEC vaccine development.

The enterotoxigenic Escherichia coli (ETEC) strains com-
prise a diverse group of pathogens that are responsible for
considerable morbidity in developing countries. Collectively,
these organisms are thought to account for hundreds of mil-
lions of cases of diarrheal illness and as many as 500,000 deaths
annually in young children (43). Perennially the most common
causes of diarrheal illness in travelers (27, 38) and soldiers
deployed to developing countries (7, 25), ETEC strain have
also emerged in several recent large-scale outbreaks in the
United States (2, 13).

ETEC strains have in common the ability to produce heat-
labile and/or heat-stable enterotoxins that cause diarrhea by
activation of chloride channels in the small intestine. Effective
toxin delivery is thought to occur upon colonization of the
small intestine and likely requires intimate association of the
organism with target epithelial cells (15, 45) of the intestinal
mucosa.

Colonization of the small intestine is thought to occur at
least in part via fimbrial colonization factors (CFs) (39). Vac-
cination with CFs (16) or passive oral immunization with
anti-CF immunoglobulin (22, 41) affords significant but type-
specific protection against subsequent ETEC challenge (16,
22). Vaccine development to date has largely focused on the
painstaking identification of CF molecules and their incorpo-

ration into a multivalent vaccine. However, recent molecular
epidemiologic studies have demonstrated that many strains do
not make any of the more than 20 CFs that have been identi-
fied to date (35), prompting a search for additional target
antigens (5).

Another pitfall in ETEC vaccine development has been the
lack of a suitable high-throughput animal model that could be
used to test vaccine candidates. We have recently reported that
adult immunocompetent mice can be effectively colonized with
ETEC strains isolated from humans (1). We sought to further
validate this model and to explore its use in examining recently
identified ETEC exoproteins that might have utility in vaccine
development.

One recently identified ETEC exoprotein, EtpA (21), is a
member of a family of virulence proteins (generically referred
to as TpsA proteins) that are secreted by TPS. TpsA exopro-
teins similar to EtpA play critical roles in bacterial adhesion in
vitro (37) and in the colonization of mucosal surfaces in vivo
(29). Furthermore, these proteins serve as protective antigens
and have been incorporated in the development of highly ef-
fective acellular vaccines for other important mucosal patho-
gens such as Bordetella pertussis (23). Therefore, we performed
additional studies to examine the contribution of EtpA to
colonization of the intestine, and its potential role as a protec-
tive immunogen in the experimental mouse model.

In the studies reported here, we demonstrate that mice re-
peatedly challenged with ETEC are protected from subse-
quent colonization. These mice mount immune responses to
both the secreted EtpA exoprotein and its two-partner secre-
tion transporter, EtpB. Furthermore, we demonstrate that
strains deficient in EtpA are deficient in intestinal colonization
and that vaccination with recombinant EtpA affords protection
from subsequent colonization in this model.

* Corresponding author. Mailing address: Research (151), Veterans
Affairs Medical Center, Memphis, 1030 Jefferson Avenue, Memphis,
TN 38104. Phone: (901) 523-8990, ext. 6447. Fax: (901) 577-7273.
E-mail: jflecke1@tennessee.edu.

† Present address: Biomedical Resource Center, Medical College of
Wisconsin, Milwaukee, WI.

‡ Present address: University of Arkansas for Medical Sciences,
Little Rock, AR.

� Published ahead of print on 19 February 2008.

2106



MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in these
studies are included in Table 1. ETEC strain H10407 is a fully virulent human
isolate originally isolated from a child with severe diarrheal illness in Bangladesh
(17). This strain, serotype O78:H11, produces heat-labile toxin (LT), heat-stable
toxin (ST), and CFAI, as well as the recently identified ETEC two-partner
secretion system (21). H10407S is a spontaneous streptomycin-resistant mutant
of the wild type (WT). jf1289 is an isogenic etpA deletion mutant constructed
from H10407S as previously described (21). AAEC191A used as a control in
these studies is an afimbriate avirulent laboratory isolated derived from E. coli
K-12 (3). E. coli BL21(DE3) [F� ompT hsdSB(rB

� mB
�) gal dcm (DE3)] was

used as the host strain for expression of recombinant proteins in these studies. To
create a strain for competition assays, we first used plasmid pJL017 (containing
the etpB and etpA genes cloned into pBADmycHisA; Invitrogen) as the target for
in vitro transposon mutagenesis using pGPS4 (New England Biolabs) as the
transposon donor. Plasmid pJMF1019 resulting from this mutagenesis contains a
transposon insertion encoding a chloramphenicol resistance (Cmr) cassette at
etpA nucleotide position 328. An 8,590-bp XhoI/HindIII restriction fragment
from pJMF1019 containing this mutagenized etpA locus was then introduced into
H10407 by lambda red-mediated allelic exchange as previously described (14) to
generate the etpA-negative, Cmr mutant (jf1668) used for the competition ex-
periments. Verification of the etpA deletion was performed by PCR with the
primers jf092605.3 (5�-CAGATTGTGGCAGGTTCA-3�) and jf122205.1 (5�-CT
AAAACAGAATCCCGCTATC-3�) to distinguish the mutant etpA::Cmr se-
quence (3,064 bp) from the WT etpA sequence (1,692 bp). jf1668 was then
complemented with either pJL017 or the vector control plasmid pBADmycHisA.
After induction with 0.0002% arabinose, the production of recombinant EtpA
(rEtpA) was confirmed by immunoblotting trichloroacetic acid-precipitated cul-
ture supernatants (21).

Preparation and administration of antigens. Recombinant polyhistidine-
tagged EtpA (rEtpA) was prepared by nickel affinity chromatography in the
presence of 8 M urea as previously described (21). Urea was subsequently
removed by sequential dialysis against 2, 1, and 0.5 M urea in phosphate-buffered
saline (PBS; pH 7.4). This rEtpA molecule represents approximately the first 110
kDa of the mature EtpA molecule (�170 kDa) and, unlike the native molecule,
it is not glycosylated. The IVX908 (Protillin; ID Biomedical) used in these
studies is a novel mucosal adjuvant based on Neisseria outer membrane proteins
noncovalently complexed to lipopolysaccharide (10) and was kindly supplied by
the laboratory of James Dale. After the mice were anesthetized with isofluorane,
they were immunized with either 7.5 �g of IVX908 alone or IVX908 (7.5 �g)
with rEtpA (30 �g) in a total volume of 20 �l (10 �l/nostril).

To prepare recombinant EtpB (rEtpB), the region of the etpB gene encoding
amino acids 47 to 602 of EtpB was first amplified by PCR with the primers
jf071405.5 (5�-AATAATAGATCTAGCTCCGGTGCTCCAGAAT-3�) and
jf071405.6 (5�-AATAATGCGGCCGCTCACGTTTTCAGGGCTGACAG-3�).
(The underlined regions represent the BglII and NotI sites, respectively.) The
resulting amplicon was then directionally cloned into the corresponding sites on
pET30a(�) in frame with the region encoding an amino-terminal polyhistidine

tag to create pJY034. pJY034 was then used to transform E. coli BL21(DE3) to
kanamycin resistance. After the induction of BL21(DE3)/pJY034 with IPTG
(isopropyl-�-D-thiogalactopyranoside), polyhistidine-tagged rEtpB42-607 was iso-
lated by nickel affinity chromatography as previously described (21).

Mouse challenge studies. All experimental procedures were reviewed and
approved by the University of Tennessee Health Science Center Institutional
Animal Care and Use Committee. Experimental procedures were performed in
compliance with the Animal Welfare Act and the Guide for the Care and Use of
Laboratory Animals (26).

Bacteria were prepared for mouse challenge experiments as previously de-
scribed (1). Briefly, bacteria were grown overnight from frozen glycerol stocks in
2-ml cultures of Luria broth at 37°C and 250 rpm. On the morning of the
challenge, cultures were diluted 1:100 in side-arm flasks containing 100 ml of
Luria broth and incubated until the optical density at 600 nm (OD600) reached
�0.14. A 40-ml portion of the resulting culture was then centrifuged at 4°C and
10,000 rpm for 10 min, the supernatant was discarded, and the resulting pellet
was resuspended in 1.6 ml of sterile PBS to achieve a bacterial concentration of
�109 CFU/ml. Bacteria were further diluted in PBS to achieve the final desired
inoculum in 400 �l. Actual inocula were determined by plating serial dilutions of
this final suspension onto Luria agar plates. These studies followed protocols
previously outlined in detail in earlier work (1). Briefly, for each challenge the
mice were pretreated with streptomycin and cimetidine to facilitate colonization.
As before, intestinal colonization in these experiments was assessed by quanti-
fication of the bacteria in saponin lysates of segments of small intestine. For
experiments in which WT ETEC strains lacking an antibiotic resistance marker
(e.g., H10407) were used as the challenge organism, colony PCR for LT was used
to confirm that recovered bacteria were the inoculum strain. As in prior studies
(1), we used the primers jf030204.1 (5�-CCCCAGTCTATTACAGAA-3�) and
jf030204.2 (5�-CTAGTTTTCCATACTGAT-3�), which flank the eltAB operon
encoding the LT holotoxin of H10407.

In repeated exposures to either AAEC191A or H10407, mice were prepared
as described above, followed by the administration of �107 CFU of bacteria by
gavage. After exposure, the mice were returned to their respective cages and
permitted immediate access to food and water until the next administration of
bacteria. Prior to the first administration of bacteria, baseline fecal pellets and
blood were obtained. Bacteria were administered on days 0, 14, and 68. Fecal and
blood samples were obtained again on day 95, and then four to five mice from
each group were challenged with either 6 � 107 or 6 � 103 CFU of WT H10407.

In experiments comparing single strains (e.g., the WT ETEC H10407 strain
versus the isogenic etpA mutant jf1289), mice were challenged with equal num-
bers of organisms and sacrificed after 24 h. The degree of colonization was then
determined by plating dilutions of intestinal lysates and colony counting as
previously described (1).

For competition experiments, mutant strain jf1668, containing etpA inter-
rupted by a Cmr marker (etpA::Cmr) was complemented either with the vector
plasmid alone (pBAD/mycHisA) or plasmid pJL017, which expresses the etpBA
locus. To examine the relative ability of these complemented etpA mutants to
colonize the murine small intestine, 10 mice were each inoculated via gavage with

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant genotype or descriptiona Source or reference

Bacterial strains
H10407 ETEC serotype O78:H11, LT� ST� 17
H10407-S Spontaneous Smr derivative of H10407
jf1289 Isogenic deletion mutant of etpA 21
AAEC191A fim deletion mutant of E. coli K-12 (MG1655) 3
BL21(DE3) F� ompT hsdSB(rB

� mB
�) gal dcm (DE3) Novagen

jf1668 Isogenic deletion mutant of etpA bearing a Cmr cassette in etpA This study

Plasmids
pBAD/Myc-His A Arabinose-inducible expression plasmid; Ampr Invitrogen
pJL017 etpBA cloned into pBAD/myc-His A This study
pGPS4 Transposon donor; Cmr NEBb

pJMF1019 pJL017 containing etpA mutagenized (::Cmr) with the GPS4
transposon

This study

pJY034 EtpB cloned in-frame with polyhistidine tag on pET-30a(�) This study
pET-30a(�) IPTG-inducible expression plasmid; Kmr Novagen

a Ampr, Kmr, Cmr, and Smr represent ampicillin, kanamycin, chloramphenicol, and streptomycin resistance, respectively.
b NEB, New England Biolabs.
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�105 CFU of jf1668(pBadmycHisA)/ml and an equal number of jf1668(pJL017)
CFU in a total volume of 0.4 ml of PBS containing 100 �g of ampicillin/ml and
0.0002% arabinose. The inoculum for each strain was determined by plating
serial dilutions of each onto Luria agar plates containing chloramphenicol (20
�g/ml) and ampicillin (100 �g/ml) before combining them in suspension. Imme-
diately following inoculation, the water supply for the mice was changed to
include both ampicillin (50 �g/ml) and arabinose (0.0002%) to maintain plasmid
selection and to promote production of rEtpA. At 24 h after inoculation, mice
were sacrificed, and organisms were recovered by plating dilutions of intestinal
extracts onto chloramphenicol-ampicillin plates. Colony PCR using primers
jf092605.3 (5�-CAGATTGTGGCAGGTTCA-3�) and jf122205.1 (5�-CTAAAA
CAGAATCCCGCTATC-3�) was then performed to distinguish colonies con-
taining only the mutant etpA::Cmr sequence (3,064 bp) from those carrying the
WT etpA sequence cloned on pJL017 (1,692 bp). The competitive index (CI) for
each colonized mouse was then calculated as follows: CI � {(etpA::Cmr/
etpA)output PCR/[jf1668(pBADmycHisA)/jf1668(pJL017)]input CFU}, where the out-
put fraction of mutant jf1668(pBADmycHisA) versus recombinant jf1668(pJL017)
was determined by PCR, and the input fraction was determined directly by colony
counting (CFU).

Immunoassays. After the application of anesthesia with isofluorane, blood was
obtained from mice by periorbital bleeding using capillary tubes or by intracar-
diac puncture upon sacrifice of the animals after challenge. After clotting, serum
was centrifuged briefly to remove remaining cells and transferred to fresh tubes
and stored at �80°C for subsequent assay. To obtain fecal antibodies, five fresh
pellets were obtained for each animal. These were placed immediately into 1.5
ml of fecal reconstitution buffer containing Tris (10 mM), NaCl (100 mM),
Tween 20 (0.05%), and sodium azide (5 mM) at pH 7.4. Samples were vortex
mixed to homogeneity and spun at 1,500 � g at 4°C for 10 min to remove the
insoluble material. Supernatants were saved and stored at �80°C for subsequent
analysis.

Purified rEtpA and rEtpB, prepared by nickel affinity chromatography, were
diluted in 0.1 M NaHCO3 buffer (pH 8.6) to a final concentration of �4 �g/ml.
A total of 50 �l of each respective solution was used to coat individual wells of
an enzyme-linked immunosorbent assay (ELISA) plate (Immunolon; Nunc)
overnight at room temperature. After a washing step to remove excess antigen,
the plate was blocked with a solution of 1% bovine serum albumin (Blocker;
Pierce) in PBS containing 0.05% Tween 20 (PBST) for 1 h at room temperature.
After removal, 50 �l of each antibody-containing solution diluted in PBST was
added, followed by incubation for 1 h. The plate was washed with PBST and
developed with horseradish peroxidase-labeled goat anti-mouse (immunoglobu-
lin G [IgG], IgM, and IgA) antibody, followed by washing and detection with
tetramethylbenzidine-H2O2 peroxidase substrate (Kierkegaard & Perry Labora-
tories). To detect IgA responses, horseradish peroxidase-labeled goat anti-mouse
IgA antibodies (Santa Cruz) were used at a concentration of 1:2,000. Reactions
were stopped after significant color development by the addition of 1 M H2SO4,
and the OD405 was determined spectrophotometrically.

RESULTS

Mice repeatedly exposed to ETEC recognize ETEC-specific
antigens and are protected from subsequent colonization. In

FIG. 1. Mice repeatedly inoculated with ETEC mount immune
responses to ETEC TPS proteins and are protected from subsequent
challenge. (A) Mouse inoculations and challenge timeline. Mice were
inoculated with �107 CFU of either avirulent strain AAEC191A (ƒ)
or ETEC prototype strain H10407 (�) on days 0, 14, and 68. Sera and

stool stamples were collected on days 0 and 95 prior to challenge, and
samples were frozen at �80°C for subsequent ELISA. (B) ELISA
determination of total serum antibody to EtpA or EtpB after repeated
inoculation with AAEC191A (E) or H10407 (F). ELISA values rep-
resent net increases in OD450 from pre- to postimmune (��, P � 0.014;
�, P � 0.047). (C) ELISA of fecal antibody responses to EtpA (P �
0.012) and EtpB (P � 0.012). All values reflect determination of total
IgG, IgA, and IgM. (D) Mouse challenge. Both groups of mice (those
previously inoculated with H10407 [F] or AAEC191A [E]) were chal-
lenged with H10407 at two different doses: 6 � 107 CFU and 6 � 103

CFU. After 24 h, mice were sacrificed, and the degree of ileal coloni-
zation was determined by plate counting. (�, P � 0.029 and P � 0.016
for the 107 and 103 CFU challenge groups, respectively, as determined
by two-tailed Mann-Whitney test). (For two mice in the 103 challenge
group, no bacteria were recovered. These were arbitrarily assigned
values of 1 CFU, the theoretical limit of detection.) Dashed horizontal
lines represent the geometric mean values for each group. 	, anti.
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developing countries, children under the age of 5 years are
disproportionately affected by diarrhea caused by ETEC, with
a peak incidence in the first 2 years of life (36, 44), while adults
who travel from industrialized regions to areas of endemicity
are highly susceptible to infection with these pathogens (6).
Detailed studies in children during the first year of life also
suggest that prior infections with ETEC protect against subse-
quent diarrheal illness caused by these organisms (12). This
suggests that naturally occurring infections are immunizing
against diarrheal disease due to ETEC (40). Therefore, we set
out to examine whether repeated exposure to ETEC in the
murine model would afford significant protection against sub-
sequent intestinal colonization, thereby mimicking natural in-
fections in humans.

To examine this question, we repeatedly exposed mice to
either human ETEC isolate H10407, which effectively colo-
nizes murine intestines, or the avirulent noncolonizing (1) lab-
oratory E. coli strain AAEC191A (3, 4). We then challenged
both groups of previously exposed mice with two different
doses of ETEC H10407.

Repeated exposure to infections with ETEC H10407 re-
sulted in significant serum (Fig. 1B) and fecal (Fig. 1C) anti-
body (total IgG, IgM, and IgA) responses to both EtpA and
EtpB, components of the recently identified ETEC two-part-
ner secretion system. Mice exposed to H10407 developed mod-
est but significant increases in fecal anti-EtpA IgA responses
by ELISA relative to those exposed to AAEC191A (geometric
mean increases in the OD450 of 0.124 and 0.047, respectively
[P � 0.01]). Together, these data suggest that EtpA and EtpB
are expressed in vivo in this model and that mice recognize
extracellular ETEC proteins during the course of experimental
infection.

Interestingly, mice that were repeatedly exposed to ETEC
were significantly protected from subsequent intestinal coloni-
zation with H10407 compared to those previously inoculated
with the afimbriate noncolonizing AAEC191A strain (Fig.
1D). Together, these results suggest that during the course of
repeated infection with ETEC, mice in this model develop
protective immune responses that are directed against ETEC-
specific antigens and, likewise, that this model may be used to
examine the protective efficacy of candidate immunogens.

EtpA is required for optimal colonization of murine intes-
tine. As demonstrated in Fig. 2A, an isogenic etpA mutant was
deficient in colonization of murine intestine compared to the
WT strain (P � 0.0014). Similarly, in direct competition assays
(Fig. 2B), when etpA mutant jf1668 was complemented with
EtpA expression plasmid pJL017, it exhibited a distinct colo-
nization advantage relative to the same mutant complemented
with only the vector control plasmid (P � 0.0062). Conversely,
we found no difference in the levels of growth of these strains,
jf1668(pJL017) and jf1668(pBAD/myc-HisA), when grown to-
gether in vitro. These studies strongly suggest that EtpA, sim-
ilarly to other TpsA exoproteins, plays an essential role in the
colonization of mucosal surfaces.

Immunogenicity and protective efficacy of EtpA. Next, we
immunized mice with either a proteosome/lipopolysaccharide-
based mucosal adjuvant, IVX908 (28), or IVX908 plus rEtpA.
When administered intranasally, the IVX908-rEtpA formula-
tion was highly immunogenic (Fig. 3A), resulting in high-titer
(�1:1,024) serologic responses in each of the immunized mice

(Fig. 3B). We also detected significant responses to EtpA in
saliva (Fig. 3C), although we failed to identify significant in-
creases in fecal antibody in EtpA-vaccinated mice relative to
controls (data not shown).

Finally, we challenged mice that had been immunized in this
fashion with �8 � 104 CFU of WT ETEC H10407. As shown
in Fig. 3D, mice immunized in this fashion were afforded
significant protection from ETEC colonization relative to con-
trols.

DISCUSSION

Studies of ETEC pathogenesis have been significantly ham-
pered by the availability of a tractable animal model. As with
most other diarrheagenic Escherichia coli pathotypes, ETEC
strains exhibit significant species specificity in their ability to

FIG. 2. EtpA promotes colonization of murine small intestine.
(A) Mice pretreated with cimetidine and streptomycin were challenged
with either WT ETEC (H10407S) or an isogenic 
etpA deletion mu-
tant (jf1289). The inoculum as determined by serial dilution and plate
counting was 8.8 � 102 CFU/inoculum (WT) and 9.4 � 102 CFU/
inoculum (
etpA). Shown on the y axis are the number of CFU/ml
recovered from intestinal lysates obtained approximately 24 h after
challenge. In three mice challenged with the jf1289 strain no organisms
were recovered from intestinal lysates, and these are arbitrarily repre-
sented at the theoretical limit of detection (1 CFU on the graph). The
dashed horizontal lines for each data set indicate the respective geo-
metric mean values. P � 0.001 by (two-tailed) Mann-Whitney analysis
of the data sets. (B) Competition experiment between etpA mutant
jf1668 complemented with either pBADmyc-HisA (pBAD vector con-
trol) or EtpA expression plasmid pJY017. Each point on the graph
represents the CI calculated from a single mouse. To calculate the CI,
the ratio of vector colonies (jf1668 complemented with the vector only)
to recombinant colonies (jf1668 complemented with the pJL017 EtpA
expression plasmid) was first determined by PCR of Cmr Ampr colo-
nies grown from intestinal lysates (i.e., [vector/recombinant]output PCR).
An average of nine Cmr Ampr colonies were tested per mouse. This
ratio was then divided by the ratio of vector to recombinant-comple-
mented colonies present in the initial inoculum as determined by
plating dilutions of each strain (i.e., [vector/recombinant]input CFU).
One mouse was colonized with jf1668(pJY017), but no jf1668
(pBADmyc/HisA) colonies were identified by PCR, and this mouse is
represented as having a CI of 0.07 on the graph, indicating the limits
of detection for this assay. The dashed horizontal line represents the
geometric mean CI (�0.19), implying that on average the strain com-
plemented with the EtpA expression plasmid was �5-fold more fit for
colonization than that complemented with the vector alone under
these conditions. P � 0.0062 by Mann-Whitney (two-tailed) testing of
the two groups. For the inset graph, data were obtained by anti-EtpA
immunoblotting of trichloroacetic acid-precipitated supernatants of
jf1668 complemented with either pJL017 (shown on left) or vector
control pBADmycHisA (shown on right) after induction with 0.0002%
arabinose.
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cause diarrheal illness. Despite these inherent shortcomings,
the studies reported here, performed with a recently developed
animal model of ETEC infection, are potentially relevant to
the investigation of the pathogenesis of human ETEC infec-
tions for several reasons. First, the development of a protective
immune response after repeated exposures to ETEC in these
mice parallels previous epidemiologic observations made in
children in developing countries, suggesting that prior exposures
to enterotoxigenic E. coli provide protection against subsequent

episodes of ETEC infection and symptomatic diarrheal illness
(40). Similarly, these mouse studies are reminiscent of the
results of earlier human volunteer studies demonstrating that
prior infection offers protection from diarrheal illness on sub-
sequent challenge (32). Second, to our knowledge, these are
the first experiments to demonstrate that a protein other than
the known toxins (1) or CFs might contribute to intestinal
colonization, a critical step in the virulence of these pathogens.
Likewise, these are the first studies to suggest that a virulence
factor other than the intensively investigated CF molecules or
toxins might serve as viable targets in vaccine development.

Our results suggest that the mouse model of colonization
may be useful in evaluating potential ETEC vaccine candi-
dates, such as EtpA. In its present form the murine model has
as its major limitation the fact that mice do not get diarrhea
even after prolonged exposures to high doses of ETEC that
would normally cause diarrheal illness in humans. However,
the ability to colonize the intestinal mucosa is thought to be a
critical parameter in the development of diarrhea, and our own
in vitro studies demonstrate that intimate association of the
bacteria with target epithelial cells is required for effective
toxin delivery (15).

The competition studies included here demonstrate that an
etpA mutant strain engineered to secrete rEtpA can outcom-
pete the same mutant bearing only the plasmid vector. The
study design used here imposes some limitations that deserve
discussion. The use of the same antibiotic markers in both
strains and the use of PCR to distinguish vector controls from
recombinants could have had a potential impact on the sensi-
tivity of these assays. In addition, it is not clear what level of
EtpA expression is required for optimal intestinal colonization.
Furthermore, on the basis of these data we cannot exclude the
possibility that rEtpA secreted by the recombinant partially
restored the ability of the mutant vector control strain to col-
onize. Despite these inherent shortcomings, the competition
experiments included here support a role for EtpA in intestinal
colonization and may provide an avenue for future EtpA struc-
ture-function studies.

Although EtpA appears to facilitate colonization of mouse
intestine, the mechanism by which this happens is not com-
pletely clear. Studies in our laboratory to date suggest that this
protein is largely secreted from the organism, and it has been
difficult to find EtpA associated with the outer membrane of
ETEC. Indeed, EtpA lacks carboxy-terminal cysteine residues
that have been shown to be important in anchoring other
known TpsA adhesins to the bacterial surface (9). However,
TcpF, a soluble virulence factor of Vibrio cholerae, has also
been shown to enhance colonization in an in vivo mouse col-
onization model (30). Regardless of the mechanism by which
EtpA acts to facilitate colonization, these studies suggest that
EtpA contributes to the virulence of ETEC and that it may
serve as a suitable target in vaccine development.

In the preliminary studies reported here we chose to admin-
ister EtpA via an intranasal route similarly to prior studies of
the effect of subunit vaccines on the intestinal colonization of
Campylobacter jejuni in mice (31). We recognize that direct
delivery of EtpA and other antigens to the intestinal mucosa
may be required to provide optimal protection (8, 24, 42), and
our failure to identify significant increases in fecal immuno-
globulin after intranasal immunization possibly reflects com-

FIG. 3. Immunogenicity and protective efficacy of recombinant
EtpA tested in a murine model of ETEC colonization. Mice immu-
nized intranasally with either IVX908 alone (controls) or IVX908 plus
recombinant, nonglycosylated polyhistidine-tagged EtpA (30 �g/dose)
on days 0, 22, and 42. On day 63 the mice were given 8.5 � 104 CFU
of WT ETEC (H10407) by oral gavage, and the degree of colonization
was assessed approximately 24 h after inoculation. (A) Anti-EtpA
(total IgG, IgM, and IgA) responses (ELISA) in serum obtained on
day 63 prior to challenge. Control sera have been diluted 1:50;
IVX908/rEtpA sera were diluted 1:1,028. (P � 0.0001 [two-tailed
Mann-Whitney]). (B) Titers of anti-EtpA antibody in mice vaccinated
with either IVX908 or IVX908/rEtpA. Horizontal lines represents
geometric mean titers (GMT). (C) ELISA data for salivary antibody
from mice (at a saliva dilution of 1:2) immunized with either IVX908
or IVX908/rEtpA (P � 0.0001 [two-tailed Mann-Whitney]).
(D) ETEC H10407 recovered from the small intestine after challenge
of mice vaccinated with either IVX908 or IVX908/rEtpA (P � 0.01
[one-tailed Mann-Whitney]). Dashed horizontal bars represent geo-
metric mean values throughout. Bacteria were recovered from the
small intestine as previously described (1).
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partmentalization of secretory IgA responses. Our ability to
achieve some degree of protection in these studies may reflect
small amounts of antibody that leak from the lamina propria to
the mucosal surface (8, 43). Administration of live, attenuated,
orally delivered vaccines that express multiple relevant anti-
gens will likely afford optimal protection against these impor-
tant enteric pathogens. However, future ETEC vaccine strat-
egies (43) will need to take into account the precedent set by
highly effective parenterally administered vaccines for other
enteric pathogens such as the Vi-EPA conjugate vaccine for
Salmonella enterica serovar Typhi (33).

It is important to note that not all ETEC strains express
EtpA. Our previous studies do suggest that EtpA may be
among the more highly conserved antigens described to date,
being present in ETEC strains of multiple CF groups from
diverse geographic origins (21). Further studies will be re-
quired to define the true prevalence of strains expressing this
molecule. However, these preliminary experiments point to the
promise of novel virulence molecules that might be incorpo-
rated into a multivalent broadly protective vaccine.

In addition, while EtpA appears to contribute to virulence in
the murine model, it is not clear how it might contribute to the
virulence of H10407 and other EtpA-expressing strains in hu-
mans. We are intrigued by the observation that H10407 (CFAI
LT� ST�), originally isolated from a Bangladeshi child with
severe cholera-like diarrheal illness (18), appears to be signif-
icantly more virulent than strain B7A (CS6 LT� ST�), which
lacks etpA and other candidate virulence loci (19, 20, 34). In
human clinical challenge studies of these two organisms, the
volume of diarrhea in volunteers that ingested H10407 was
nearly twofold that of those who were infected with the same
dose of B7A (11). Additional studies that define virulence
traits associated with organisms capable of causing more se-
vere illness would be of potential importance in the develop-
ment of vaccines for deployment to developing countries,
where deaths occur after rapid dehydration from voluminous
ETEC-induced diarrhea.

Together, the data reported here suggest that the murine
intestinal colonization model using human ETEC strains (1)
can serve as a platform for examining the contribution of novel
candidate virulence molecules such as EtpA to the pathogen-
esis of these organisms. More importantly, this model may
provide a relatively high-throughput, inexpensive avenue for
preclinical testing of the viability of newly defined ETEC an-
tigens in vaccine development.
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