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To construct a prototype hybrid vaccine against Shigella and enterotoxigenic Escherichia coli (ETEC), the
genes encoding the production of ETEC CS2 and CS3 fimbriae were isolated and expressed in attenuated
Shigella flexneri 2a guaBA strain CVD 1204. The CS2 cotA to -D genes, isolated from ETEC strain C91F, and
the CS3 cstA to -H genes, subcloned from plasmid pCS100, were cloned into ;15-copy-number-stabilized pGA1
behind the osmotically regulated ompC promoter, resulting in high expression of both fimbriae. Under
nonselective in vitro growth conditions, pGA1-CS2 and pGA1-CS3 were stable in CVD 1204, exhibiting a
plasmid loss of only approximately 1% per duplication. Expression of CS2 and CS3 reduced the invasiveness
of Shigella for HeLa cells and slowed the intracellular growth rate. Guinea pigs immunized intranasally with
CVD 1204(pGA1-CS2) or CVD 1204(pGA1-CS3), or with a mixture of these strains, developed secretory
immunoglobulin A (IgA) in tears and serum IgG antibodies against Shigella lipopolysaccharide, CS2, and CS3
antigens. Moreover, the animals were protected against keratoconjunctivitis following conjunctival challenge
with virulent S. flexneri 2a strain 2457T. Animals immunized with Shigella expressing CS2 or CS3 developed
serum antibodies that agglutinated Shigella as well as an ETEC strain bearing the homologous fimbriae,
whereas animals immunized with combined CVD 1204(pGA1-CS2) and CVD 1204(pGA1-CS3) developed
antibodies that agglutinated all three test strains. These observations support the feasibility of a multivalent
vaccine against shigellosis and ETEC diarrhea consisting of multiple Shigella live vectors expressing relevant
ETEC antigens.

Two bacterial enteric pathogens that have been identified by
the World Health Organization as constituting important tar-
gets for the development of vaccines are enterotoxigenic Esch-
erichia coli (ETEC) and Shigella (35, 38). In developing coun-
tries, ETEC is a major cause of diarrheal dehydration in
infants (4), whereas Shigella is the main agent of bacillary
dysentery in young children (35). Both pathogens contribute in
a major way to the mortality burden attributable to enteric
pathogens (4, 35). ETEC is also the most frequent etiologic
agent associated with traveler’s diarrhea (3, 14, 29, 51),
whereas in many studies Shigella is often the second most
incriminated pathogen (14, 29). Traveler’s diarrhea caused by
Shigella tends to be clinically more severe and debilitating than
that caused by ETEC. Both ETEC and Shigella are deemed to
be worthy targets for immunoprophylaxis of travelers from
industrialized countries who visit developing regions of the
world (45).

Among the promising candidate vaccines against Shigella are
parenteral O polysaccharide-carrier protein conjugates (7, 8),
intranasally administered proteosomes consisting of outer
membrane protein vesicles of group B Neisseria meningitidis to
which Shigella lipopolysaccharide is noncovalently bound (47,

48), and attenuated strains of Shigella used as live oral vaccines
(9, 34). Within the four Shigella species (also referred to as
groups), 39 main serotypes and subtypes are recognized (15,
35), and epidemiologic and experimental observations indicate
that immunity is group-specific and, in many instances, sero-
type-specific (21, 22). Consequently, initial success with proto-
type vaccines will have to be followed by the development of a
final vaccine formulation that incorporates a strategy for con-
ferring broad-spectrum protection against the epidemiologi-
cally most important Shigella serotypes (35, 53).

In recent years, candidate human vaccines against ETEC
have been prepared that are based on stimulating intestinal
antibodies against the colonization factor fimbriae by which
ETEC attaches to enterocytes and on stimulating antitoxin to
neutralize heat-labile enterotoxin (LT) (1, 19, 41, 43, 61, 66,
67). Antigens to stimulate anticolonization immunity have in-
cluded inactivated fimbriated ETEC whole bacteria (1, 16, 19,
60), purified ETEC fimbriae administered in native form (18,
43) or contained within polylactide-polyglycolide microspheres
(67), and live oral vaccines consisting of either fimbriated non-
toxigenic ETEC strains (36, 37) or of attenuated Shigella or
Salmonella enterica serovars Typhi or Typhimurium live vec-
tors expressing ETEC fimbriae and mutant LT or the LT B
subunit (26, 31, 42, 54, 55). ETEC vaccines must also address
the considerable antigenic heterogeneity among ETEC strains
that cause human diarrheal disease (24, 39, 42). It is widely
agreed that an ETEC vaccine should include colonization fac-
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tor antigen I (CFA/I) and coli surface antigens 1 to 6 (CS1 to
CS6) fimbrial antigens (42). The candidate ETEC vaccine that
is furthest along in clinical trials consists of an oral formulation
containing a mixture of inactivated, fimbriated ETEC strains
that express CFA/I and CS1-6, coadministered in combination
with the cholera toxin B subunit (CT-BS) (60, 61). CT and
CT-BS elicit cross-reacting antibodies that can neutralize the
LT variant found in ETEC strains in humans (LTh) (46, 65);
CT-BS, by itself, has conferred short-term protection (for sev-
eral months) against diarrhea caused by LT-producing ETEC
(6, 56).

We have embarked on a long-term project to develop a
multivalent hybrid vaccine to prevent both Shigella dysentery
and ETEC diarrhea caused by the epidemiologically most im-
portant serotypes and antigenic types (34, 39, 53). The ap-
proach consists of engineering five attenuated Shigella strains
(representing five epidemiologically and immunologically crit-
ical serotypes), each expressing two separate ETEC fimbrial
antigens and an antigen to elicit antibodies against LTh (31, 39,
55). Towards this goal, we have prepared improved Shigella
vaccine candidates by introducing a deletion mutation in the
guaBA operon (which encodes two enzymes involved in the
synthesis of guanine nucleotides) in wild-type S. flexneri 2a,
resulting in vaccine strain CVD 1204 as a basis of further
derivatives (34, 54). This serotype is used as a model because
of its epidemiologic importance, the presence in its chromo-
some of a pathogenicity island that includes Shigella entero-
toxin 1 (20, 52), and extensive experience with this serotype in
experimental challenge studies in volunteers (11–13, 32, 33).
The effect of introducing additional attenuating mutations into
CVD 1204, such as deletions in virG (also referred to as icsA,
encoding a protein involved with intracellular and intercellular
spread of Shigella), resulting in CVD 1205 (54), and in the
genes encoding Shigella enterotoxins 1 and 2 (Dset1A, Dsen),
resulting in CVD 1207, have been evaluated (34).

We have previously reported cloning the genes necessary for
the expression of CFA/I by CVD 1204 and the ability of that
live vector to elicit both anti-S. flexneri 2a and anti-CFA/I
antibodies (31). The research reported herein describes the
expression of rigid CS2 fimbriae and flexible CS3 fibrillae by
attenuated S. flexneri 2a strain CVD 1204; an estimation of the
stability of the expression plasmids in CVD 1204; the suitability
of the osmolarity-activated ompC promoter in promoting fim-
brial expression; the ability of the live vector to elicit antibodies
to each fimbrial antigen individually and to both fimbriae si-
multaneously, in addition to S. flexneri O antigen; and, finally,
a demonstration that expression of ETEC fimbriae by the live
vector does not diminish its ability to protect against virulent S.
flexneri 2a in a challenge model.

MATERIALS AND METHODS

Strains and medium. The following strains were used in this work: wild-type
S. flexneri 2a 2457T, originally isolated from a patient in Japan (11); CVD 1204
DguaBA, a guanine-dependent strain derived from S. flexneri 2a strain 2457T by
targeting a specific deletion that inactivates the purine metabolic pathway en-
zymes IMP dehydrogenase and GMP synthetase (54); S. flexneri 2a CVD
1204(pGA1), which contains the expression vector pGA1 (this work), and S.
flexneri 2a CVD 1204(pGA1-CS2), expressing ETEC CS2 fimbriae (this work); S.
flexneri 2a CVD 1204(pGA1-CS3) expressing ETEC CS3 fibrillae (this work);
ETEC strain C91f (O6:K15:H16, biotype C), isolated from a patient with diar-
rhea in Ethiopia (2), was used for isolation of the CS2-encoding genes (23); and

ETEC E9034A (O8:H9), a CS3-producing strain (44). E. coli DH5a was the host
strain for plasmid constructions. E. coli HS (O9:H4), a nonpathogenic smooth
human commensal organism, was used as a control strain in the immunization of
guinea pigs (40). Shigella strains were grown on Trypticase soy agar (TSA)
supplemented with 0.1% Congo red dye (Sigma Chemical Co., St. Louis, Mo.)
and guanine (10 mg/ml). For expression of CS antigens, the ETEC strains were
grown on CFA agar plates (17). Luria-Bertani (LB) broth and LB agar contain-
ing 50 mg of carbenicillin (Sigma Chemical Co.) per ml were used for cloning and
plasmid amplification in E. coli DH5a. To induce fimbria formation in Shigella,
the strains were grown in TS broth (Tryptone, 1.5%; Soytone, 0.5%) supple-
mented with NaCl at different concentrations.

Plasmid constructions. Synthesis of the 7-nm-diameter rod-like CS2 fimbriae
requires four contiguous chromosomal genes, cotB, cotA, cotC, and cotD, which
encode the structural and assembly proteins as deduced by homology to CooD
and CfaE (5, 23). CotA is the 16.5-kDa major fimbrial subunit protein (63). CotD
is a minor fimbrial protein of 38.9 kDa found at the fimbrial tip. In CS1 and
CFA/I fimbriae, the tip proteins encoded by cooD and cfaE, respectively, are
essential for fimbria-mediated hemagglutination and for adherence of ETEC to
intestinal cells (58). CotB (24.8 kDa) and CotC (94.6 kDa) proteins are respon-
sible for the assembly of the fimbriae on the cell surface. By homology to CS1,
CotB is a periplasmic protein that manifests chaperone-like activity that may
prevent the misfolding and degradation of the synthesized fimbrial proteins. The
CotC outer membrane protein is believed to be involved in secretion of the
fimbrial proteins from the periplasm across the outer membrane (59).

CS3, which is encoded by the cstA to -H gene cluster, is a thin, flexible, wiry
thread, 2 nm in diameter. CstH, the major fimbrial protein, is produced as a
17.5-kDa precursor (69). Removal of either 15 or 22 N-terminal amino acids
results in two proteins of 15.5 and 14.5 kDa (44). The remaining genes, cstA to
-G, encode the assembly cassette: cstA encodes a 27-kDa protein with homology
to the fimbrial chaperones; cstB encodes a 104-kDa protein that is homologous
to the outer membrane usher proteins (30, 49, 69).

The genes encoding CS2 and CS3 were cloned in pGA1 (Fig. 1A), which was
derived from pGEN91 (25) by replacing gfp with an 84-bp synthetic DNA frag-
ment that contains multiple cloning sites (MCS) for BssHI, KpnI, PstI, EcoRV,
HindIII, SalI, EagI, BamHI, BglII, SphI, XhoI, and NheI. The linker was synthe-
sized by overlapping PCR using the following four primers: ZA3, GGGTCGC
GAGCGCGCGGTACCCTGCAGGATATCAAGCTTGTCGACCGGCCGG
GATCCAGATCTGCATGCC; ZA4, CCCGCTAGCCTCGAGGCATGCAGA
TCTGGATCCCGGCCGGTCGACAAGCTTGATATCCTGCAGGGTACCG;
ZA5, GGGTCGCGAGCGCGCGGTACC; and ZA6, CCCGCTAGCCTCGAG
GCATGC. The PCR fragment was cleaved with NruI and NheI enzymes and
ligated to pGEN91 that was digested with EcoRV/NheI to construct plasmid
pGA1.

The plasmid contains the ori15A region (which maintains the copy number at
approximately 15 per cell), an osmotically regulated ompC promoter that is
located 40 bp upstream of the MCS, two transcription termination sites (trpA and
T1, which are located immediately and 665 bp downstream of the MCS, respec-
tively), and bla, which encodes b-lactamase production and carbenicillin resis-
tance.

Cloning of CS2 operon. The chromosomal CS2 operon consists of four genes,
cotA to -D (23). Based on analysis of the DNA sequence (NCBI accession
number Z47800), the total genomic DNA of strain C91f was digested with the
restriction enzymes PstI (a site located 422 bp upstream of the ATG codon in
CotA) and EcoRV (a site 150 bp downstream of the stop codon for CotD). DNA
fragments between 5 and 8 kb were gel purified and cloned in pBluescript KS
(Stratagene, La Jolla, Calif.). DH5a transformants were picked into 96-well
microtiter plates, and pools of colonies were analyzed by PCR by using specific
DNA primers that amplified a DNA fragment of 1,333 bp from the CS2 operon.
The primers used were CS2a, 59-CACTGTAACTGCTAGC GTTGATCCAAC-
39, and the reverse primer CS2b, 59-ATCGGGTTAAC ATAACGGTTACTGG
CGATG-39. Individual colonies from positive pools were further analyzed by
PCR. Approximately 2% of 900 screened colonies were positive in the PCR assay
and were further analyzed for fimbria production by agglutination tests using
rabbit antiserum against purified CS2 fimbriae. The genes encoding CS2 were
further subcloned as an EcoRV/PstI fragment into pGA1 to generate the
8,587-bp CS2 fimbria-expressing plasmid pGA1-CS2 (Fig. 1B).

Cloning of CS3 operon. The genes encoding CS3 (cstA to -H) were isolated
from pCS100 as a 4,746-bp HindIII fragment (26, 55) and cloned in pGA1,
resulting in the 7,628-bp pGA1-CS3 (Fig. 1C). Expression of CS3 fibrillae in
DH5a transformants was confirmed by bacterial agglutination using rabbit an-
tiserum against purified CS3 (44).

Transformation of Shigella strains. Electroporation of competent S. flexneri 2a
strain CVD 1204 was accomplished by growing the bacteria in L broth supple-
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mented with guanine to an optical density at 600 nm (OD600) of 0.6. The cells
were precipitated, washed twice with cold H2O and once with cold 10% glycerol,
and resuspended to 1/100 of the original volume. A mixture containing 150 ml of
bacteria plus plasmid DNA was electroporated in 0.2-cm cuvettes in a Gene
Pulser (Bio-Rad Laboratories, Hercules, Calif.) using 2.5 kV, 200 V, and 25 mF.
Transformants were selected on TSA plates supplemented with carbenicillin,
guanine, and Congo red.

Plasmid stability tests. CVD 1204 strains that express ETEC CS2 or CS3
fimbriae were grown for 24 h in LB broth plus guanine. Ten-fold dilutions of the
bacterial cultures were plated on LB guanine plates, and after 24 h single
colonies were replica plated on LB guanine agar plates with and without car-
benicillin. Colonies that failed to grow on the antibiotic-containing plates were
scored for loss of the plasmid.

Detection of fimbrial synthesis. CVD 1204 strains that expressed CS2 or CS3
were cultured in TS broth containing 0, 50, 150, or 300 mM NaCl until the
logarithmic phase of growth. The bacteria were assayed for fimbria production by
either dot immunoassays (DIAs) of whole bacteria or by immunoblotting of cell
extracts. For the DIAs, the bacterial cultures were serially diluted in phosphate-
buffered saline (PBS); 5 ml of each dilution was spotted on a 0.45-mm nitrocel-
lulose filter (Micron Separations Inc., Westboro, Mass.) and blocked with PBS
containing 2% bovine serum albumin and 0.05% Tween 20. After washing in
PBS-Tween buffer, rabbit anti-CS2 or anti-CS3 was added to the blocking buffer
for 60 min at room temperature. After five washings, the second antibody, goat
anti-rabbit immunoglobulin G (IgG) labeled with alkaline phosphatase (Gibco
BRL, Grand Island, N.Y.), was added for 30 min. After five washings, the
positive dots were detected with phosphatase substrate (Kirkegaard & Perry
Laboratories, Gaithersburg, Md.) reagent. The highest dilution with a positive
signal was determined. For immunoblotting experiments, the bacterial cultures
were adjusted to an OD600 of 10 and boiled for 10 min in Laemmli sample buffer

(Bio-Rad). The cell extract proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (15%), transferred to nitrocellulose (MSI) or
0.2 mm polyvinylidene fluoride (Bio-Rad) filters, and probed with rabbit anti-
serum against purified CS2 or CS3 fimbriae. The protein bands on the polyvi-
nylidene fluoride membrane were developed by adding chemiluminescent sub-
strate (Immun-Star; Bio-Rad) and exposing the filter to X-ray film.

Invasion assays. HeLa cells (;2 3 105 cells/ml) in 24-well plates were inoc-
ulated with ;107 bacteria grown on TSA-Congo red-guanine plates. The infected
cells were incubated for 90 min in antibiotic-free Dulbecco’s modified Eagle’s
medium containing guanine and 10% calf serum, washed with Hanks balanced
salt solution buffer containing 100 mg of gentamicin (Gibco BRL) per ml, and
incubated in Dulbecco’s modified Eagle’s medium containing gentamicin for 30
min (time zero) or 4 h. At 30 min or 4 h, the infected cells were washed with
Hanks balanced salt buffer and lysed with PBS containing Triton X-100 (0.5%),
and the free bacteria were plated on TSA plates containing Congo red, guanine,
and carbenicillin.

Immunization. Guinea pigs anesthetized subcutaneously with ketamine HCl
(40 mg/kg of body weight) and xylazine (5 mg/kg) were inoculated intranasally on
days 1 and 15 with ;2 3 109 bacteria that were grown on TSA-Congo red-
guanine plates and harvested in PBS. Five groups of animals were inoculated:
group 1 was immunized with CVD 1204; group 2 received CVD 1204(pGA1-
CS3); group 3 received CVD 1204(pGA1-CS2); group 4 received a mixture of
CVD 1204(pGA1-CS3) plus CVD 1204(pGA1-CS2); and group 5, serving as a
placebo control, received 2 3 1010 CFU of E. coli HS. Groups 1 to 4 contained
5 animals each, whereas group 5 had 15 guinea pigs. Sera were obtained on days
0, 14, and 30 by anterior vena cava puncture of anesthetized animals. Tears were
collected on the same days by lacrimal stimulation with flakes of Capsicum
bacatum, as described previously (54).

Protective efficacy. In order to assess the protective efficacy of immunization
with CVD 1204 expressing CS2 or CS3, or of immunization with a mixture of
both live vector constructs, in preventing Shigella keratoconjunctivitis, the “Ser-
eny” test was performed (62). Control animals were immunized with E. coli HS.
The guinea pigs were challenged 21 days following the second dose with 10 ml
containing 108 CFU of wild-type S. flexneri 2a 2457T in the conjunctival sac. The
animals were examined daily for 4 days, and their inflammatory responses were
graded as follows: 0 5 normal eye indistinguishable from the contralateral
nonchallenged eye; 1 5 lacrimation or eyelid edema; 2 5 1 plus mild conjuctival
hyperemia; 3 5 2 plus slight exudate; and 4 5 full purulent keratoconjuctivitis
(54).

Antibodies. The sera and tears from immunized animals were assayed for
antibodies by serum agglutination using Shigella and ETEC strains and by en-
zyme-linked immunosorbent assay using purified Shigella lipopolysaccharide
(LPS) and CS2 and CS3 fimbriae as antigens. Secretory IgA (sIgA) antibodies
were determined in guinea pig tears using rabbit anti-guinea pig IgA a chain-
specific antibody (Bethyl Lab., Montgomery, Tex.) followed by phosphatase-
conjugated goat anti-rabbit IgG antibody (Kirkegaard & Perry Laboratories).
Serum IgG antibodies were determined using a goat anti-guinea pig IgG (Kirke-
gaard & Perry Laboratories) conjugate. The starting dilution of samples was 1:40
for tears and 1:25 for sera. Under these conditions, the preimmune sera were
negative to the tested antigens. The final dilution considered positive had an OD
value that was higher than two standard deviations above the mean OD values
obtained from unimmunized animals.

Antigens. S. flexneri 2a LPS was prepared from strain 2457T by the hot-water–
phenol method (68). CS2 and CS3 fimbriae were purified from strains C91f and
E9034A, respectively, by a method that involved shearing, differential centrifu-
gation, gel filtration, and density-gradient ultracentrifugation (28, 44).

RESULTS

Cloning cotA to -D. The cotA to -D cluster that encodes the
CS2 fimbria was cloned from ETEC strain C91f chromosomal
DNA as a 5.7-kb PstI/EcoRV DNA fragment. The entire CS2
operon was cloned into pBluescript KS and subsequently into
pGA1 (Fig. 1A), downstream from the ompC promoter (Fig.
1B). Transformation of E. coli DH5a and S. flexneri 2a CVD
1204 with pKS-CS2 or pGA1-CS2 resulted in the synthesis of
CS2 fimbriae. Fimbria formation was confirmed by positive
colony agglutination with rabbit anti-CS2 antisera. Western
immunoblotting of whole-cell lysates of CVD 1204(pGA1-
CS2) probed with rabbit antiserum against purified CS2 fur-

FIG. 1. Maps of CS2 and CS3 fimbria-expressing plasmids. (A)
Map of the cloning vector pGA1, derived from pGEN91 by replacing
gfp with a synthetic linker containing multiple cloning sites. (B) Map of
pGA1-CS2, constructed by cloning 5,696 bp of the CS2 operon into
pGA1. (C) Map of pGA1-CS3, constructed by cloning 4,746 bp of the
CS3 operon into pGA1.
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ther validated the expression of CS2. As shown in Fig. 2, a
unique 16.5-kDa band, corresponding to the CS2 major fim-
brial subunit, was visible in CVD 1204(pGA1-CS2) but not in
CVD 1204(pGA1) containing the vector alone.

Cloning cstA to -H. The cstA to -H cluster, which is located
on plasmids in ETEC that encode CS3, was previously cloned
as a 4.7-kb HindIII DNA fragment (26, 55). The cstA to -H
cluster was subcloned into vector pGA1 downstream of the
ompC promoter (Fig. 1C), and CS3 fibrillae were expressed in
both E. coli DH5a and S. flexneri 2a CVD 1204. CS3 expression
was verified by bacterial agglutination assays, dot immunoas-
says (see Table 2), and Western immunoblotting assays of
bacterial lysates probed with rabbit antiserum against purified
CS3. The CS3 major fimbrial subunit is produced as a precur-
sor protein; removal of either 22 or 7 amino acids from its
signal peptide gives rise to two proteins of approximately 15.5
and 14.5 kDa (44). These two subunit species were seen in
CVD 1204(pGA1-CS3) (Fig. 2).

Stability of cloned cotA to -D and cstA to -H genes. The
stability of pGA1, pGA1-CS2, and pGA1-CS3 in CVD 1204
was tested by growing the strains in antibiotic-free medium.
The results, presented in Table 1, indicate that 86% of CVD
1204(pGA1-CS2) cells and 93% of CVD 1204(pGA1-CS3)
cells maintained the plasmid during 7 and 13 duplications,

respectively; 100% of CVD 1204(pGA1) cells retained the
plasmid during 7 duplications.

Induction of fimbria formation by increased osmolarity.
Since the ompC promoter from E. coli is osmotically regulated,
the induction of fimbrial synthesis was assayed by growing
CVD 1204(pGA1-CS2) and CVD 1204(pGA1-CS3) in me-
dium that contained increasingly higher concentrations of
NaCl (0, 50, 150, and 300 mM). Fimbrial expression was tested
by DIA and immunoblotting experiments. DIA results (Table
2) indicated that growth in 150 mM NaCl led to a 16-fold
induction of synthesis of CS2 fimbriae and a 4-fold induction of
CS3. NaCl concentrations of 300 mM had an inhibitory effect
on production of both CS2 and CS3 fimbriae. Immunoblot-
ting of cell extracts of CVD 1204(pGA1-CS2) and CVD
1204(pGA1-CS3) (Fig. 3) confirmed the DIA results. Salt con-
centrations of up to 150 mM NaCl induced fimbrial synthesis,
while higher concentrations had an inhibitory effect. No fim-
briae were detected in CVD 1204(pGA1).

Invasion and replication in HeLa cells. The strains were
tested to ascertain whether the expression of CS2 or CS3
fimbriae in CVD 1204 interfered with the ability of the Shigella
vaccine strain to invade HeLa cells and to maintain intracel-
lular growth thereafter. CVD 1204(pGA1-CS2) and CVD
1204(pGA1-CS3) were more than 100-fold less invasive, and

FIG. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and Western blots of CS2- and CS3-expressing CVD 1204. (A) Fast-Page
BluPrint satin; (B) Western blot probed with anti-CS3 polyclonal antibody; (C) Western blot probed with anti-CS2 polyclonal antibody. Lane 1,
CVD 1204(pGA1-CS3); lane 2, CVD 1204(pGA1); lane 3, purified CS3 pili; lane 4, CVD 1204(pGA1-CS2); lane 5, CVD 1204(pGA1); lane 6,
purified CS2 pili.

TABLE 1. Stability of plasmids expressing CS2 or CS3 in CVD 1204

Strain Relevant
phenotype

No. of colonies
screened

No. of Ampr

colonies
% of cells that maintained

the plasmid

CVD 1204(pGA1)a Ampr 324 324 100
CVD 1204(pGA1-CS2)b Ampr CS21 621 535 86
CVD 1204(pGA1-CS3)a Ampr CS31 620 577 93

a Cells underwent 7 doublings.
b Cells underwent 13 doublings.
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CVD 1204(pGA1) was approximately 10-fold less invasive
than CVD 1204 (Table 3). Following invasion, the strains
maintained their ability to grow intracellularly, albeit to a
somewhat diminished degree compared to the host: CVD
1204(pGA1-CS2) demonstrated two replications and CVD
1204(pGA1-CS3) exhibited three replications, compared to
the four to five replications achieved by CVD 1204 during 4 h
of growth in HeLa cells.

Immunization of guinea pigs. The immunogenicity and pro-
tective efficacy induced by CVD 1204(pGA1-CS2) and CVD
1204(pGA1-CS3) were tested in guinea pigs. The animals were
immunized with two intranasal administrations of live bacterial

cultures. Serum, as a source of IgG, and tears, as a source of
sIgA, were collected 1 day prior to the first dose and 14 days
following each dose.

Bacterial agglutination assays performed with sera obtained
2 weeks after the second immunization showed that all of the
animals immunized with either CVD 1204 alone, CVD
1204(pGA1-CS2), or CVD 1204(pGA1-CS3) developed anti-
bodies capable of agglutinating wild-type S. flexneri 2a (Table
4). Animals immunized with CVD 1204 expressing CS3 or
CS2 fimbriae developed antibodies which agglutinated the
wild-type ETEC strain bearing the corresponding fimbriae.
Moreover, animals immunized with the mixture of CVD
1204(pGA1-CS2) and CVD 1204(pGA1-CS3) produced anti-
bodies that agglutinated both fimbriated wild-type ETEC
strains.

Specific immune responses to each fimbria and the Shigella
vector itself were quantitated by enzyme-linked immunosor-
bent assay. All animals immunized with CVD 1204(pGA1-
CS3) alone (group 2) or as a mixture (group 4) responded with
high levels of both mucosal IgA and serum IgG anti-CS3 fol-
lowing a single dose (Fig. 4B and E). These titers were boosted
to even higher levels following the second dose. Anti-CS3 IgG
titers ranged in group 2 from 51,200 to 204,800 and in group 4
from 12,800 to 204,800.

All animals immunized with CVD 1204(pGA1-CS2) (groups
3 and 4) developed anti-CS2 mucosal IgA and serum IgG
following a single dose (Fig. 4C). Two immunizations were
required to elicit anti-CS2 serum IgG responses in all animals
(Fig. 4F). Antifimbrial titers were comparable in groups re-
ceiving a single strain or a mixture of strains. Anti-CS2 IgG

FIG. 3. Induction of fimbrial expression by salt concentration. (A)
Western blot probed with anti-CS2 polyclonal antibody. Lane 1, puri-
fied CS2 pili; lanes 2 to 5, CVD 1204(pGA1-CS2) grown in the indi-
cated NaCl concentrations (millimolar). (B) Western blot probed with
anti-CS3 polyclonal antibody. Lane 1, purified CS3 pili; lanes 2 to 5,
CVD 1204(pGA1-CS3) grown in the indicated NaCl concentrations.

TABLE 2. DIA test for CS2 and CS3 fimbriae produced by CVD
1204 strains containing the cotA to -D and cstA to -H genes induced

by NaCl

Strain NaCl concn
(mM)

Positive end point
in DIA testa

CVD 1204(pGA1-CS2) 0 1:16
50 1:64

150 1:256
300 1:64

CVD 1204(pGA1-CS3) 0 1:64
50 1:256

150 1:256
300 1:32

a The final culture dilution considered positive in the DIA test.

TABLE 3. Invasion and replication of CVD 1204 strains carrying
plasmids harboring cotA to -D and cstA to -H operons and

producing CS2 and CS3 fimbriae in HeLa cells

Strain
CFU/105 HeLa cellsa at time (h):

0 4

CVD 1204 (1.6 6 0.9) 3 104 (3.7 6 0.6) 3 105

CVD 1204(pGA1) (1.0 6 0.4) 3 103 (1.3 6 0.2) 3 104

CVD 1204(pGA1-CS2) 4 3 101 (1.26 6 1.0) 3 102

CVD 1204(pGA1-CS3) (8.2 6 1.8) 3 101 (7.7 6 3.2) 3 102

a Arithmetic mean 6 standard deviation of data points from three wells.

TABLE 4. Agglutination of Shigella, ETEC strain C91f (CS21), and
ETEC strain E9034A (CS31) by postimmunization sera from guinea

pigs immunized with various vaccines

Vaccine straina

Agglutinationb by postimmunization
sera of bacterial strain:

CVD 1204 E9034A C91f

CVD 1204 111 2 2
CVD 1204(pGA1-CS3) 1 111 2
CVD 1204(pGA1-CS2) 1 2 111
CVD 1204(pGA1-CS3) plus

CVD 1204(pGA1-CS2)
11 1 111

Control (preimmunization sera) 2 2 2

a The assays were performed with pooled sera from each immunized group, 34
days postimmunization with the designated strain.

b 111, very strong; 11, strong; 1, weak; 2, none.
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titers ranged in group 3 from 100 to 1,600 and in group 4 from
100 to 1,600.

All animals in every group responded to the vector strain
itself with anti-Shigella LPS mucosal IgA and serum IgG fol-

lowing two doses, with comparable titers in all groups (Fig. 4A
and D). Following a single dose of any CVD 1204 inoculum,
half of the animals responded with anti-Shigella LPS mucosal
IgA, whereas three-fourths of the animals responded with anti-

FIG. 4. Production of sIgA and serum IgG antigen-specific antibodies in guinea pigs immunized with Shigella strains expressing CS2 and CS3
fimbriae. The immunized groups were as follows: group 1, CVD 1204; group 2, CVD 1204(pGA1-CS3); group 3, CVD 1204(pGA1-CS2); and
group 4, a mixture of CVD 1204(pGA1-CS3) and CVD 1204(pGA1-CS2). Antibody titers were determined in preimmune sera, following a single
immunization (day 14) and following two immunizations (day 28). Antibodies elicited against Shigella LPS, CS2, and CS3 antigens were
quantitated. The titers of tear sIgA are presented in panels A (LPS), B (CS3), and C (CS2); the titers of serum IgG are presented in panels D
(LPS), E (CS3), and F (CS2).
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Shigella LPS serum IgG. Anti-Shigella LPS IgG titers ranged in
group 1 from 400 to 1,600, in group 2 from 800 to 3,200, in
group 3 from 400 to 3,200, and in group 4 from 100 to 200.

Protective efficacy. Upon Sereny test challenge with wild-
type S. flexneri 2a, all 15 animals vaccinated intranasally with
the placebo strain of E. coli HS developed severe keratocon-
junctivitis (Table 5). In contrast, none of the animals (5 per
group) immunized with either native CVD 1204 or CVD 1204
expressing ETEC fimbriae developed severe keratoconjuncti-
vitis (P 5 0.000064 for each comparison; Fisher’s exact test).
One animal in the group immunized with CVD 1204(pGA1-
CS2) had a score of 1 on day 3. One animal in the group
immunized with CVD 1204(pGA1-CS3) had a score of 2 on
days 3 and 4.

DISCUSSION

Shigella and ETEC are important human pathogens that
cause diarrheal disease in children in developing countries and
in travelers. One of the daunting obstacles that faces vaccine
developers of both Shigella and ETEC vaccines is that multiple
antigenic types of these pathogens cause disease in humans,
and so for each a multivalent vaccine will be necessary to
provide broad-spectrum protection. It is the contention of our
group that a multivalent Shigella vaccine containing five sero-
types could confer broad protection. The serotypes should
include Shigella dysenteriae 1 (the cause of severe epidemic
Shiga dysentery in the least-developed countries of the world)
(35); S. flexneri 2a, S. flexneri 3a, and S. flexneri 6 (which to-
gether bear group- or type-specific antigens that are shared
with the other 12 S. flexneri types and subtypes and demon-
strate cross-protection against them in guinea pig challenge
studies [53]); and Shigella sonnei (the main cause of traveler’s
shigellosis and of persisting foci of disease in endemic areas in
industrialized countries) (29, 35).

Similarly, ETEC strains associated with human diarrheal
disease exhibit an array of colonization fimbriae, of which the
most common are CFA/I, the CFA/II family, and the CFA/IV
family. CFA/I strains consist of a single antigenic moiety (37,
42). In contrast, all CFA/II strains produce CS3 but, in addi-
tion, may coexpress either CS1 or CS2. Similarly, CFA/IV
strains express CS6, either alone or together with CS4 or CS5
fimbriae (24, 42, 50).

Since Shigella and ETEC are two of the most important
bacterial enteric pathogens targeted for immunoprophylaxis,
we have embarked on a long-term program to develop a mul-

tivalent hybrid vaccine against both pathogens that consists of
attenuated Shigella strains of the above-mentioned five sero-
types, each expressing different fimbrial antigens and an anti-
gen (either mutant LTh or LTh B subunit) to stimulate LT
antitoxin. The results described herein, relating further
progress in the development of this complex multivalent live
oral vaccine, communicate the construction of a prototype
combined vaccine consisting of an attenuated DguaBA S. flex-
neri 2a strain expressing either CS2 or CS3 fimbriae. The fim-
briae are expressed from a circa 15-copy-number plasmid and,
as shown in Table 1, both pGA1-CS2 and pGA1-CS3 exhibited
a high degree of stability upon in vitro culture in the absence
of selective antibiotic. In vivo, plasmids sometimes are less
stable than might be predicted by in vitro data. Therefore,
future constructs that are currently in preparation will involve
inserting the cloned CS2 and CS3 gene sequences reported
herein onto the highly stabilized plasmid expression vectors
recently described by Galen et al. (25). High-level expression
of CS2 and CS3 was achieved under the direction of the os-
motically activated promoter, ompC (Table 2).

Carriage of plasmids by CVD 1204 diminishes HeLa cell
invasiveness 10-fold. However, the expression of CS2 or CS3
fimbriae decreased invasiveness an additional 10-fold, presum-
ably by sterically preventing the Shigella invasion plasmid an-
tigens from coming in contact with the surface of the eukary-
otic cells. In practical terms, this diminished invasiveness
would be expected to further attenuate the Shigella vaccine
strain for humans. Shigella bacteria that were internalized un-
derwent several replications (Table 3). Although the Shigella
live vectors expressing CS2 or CS3 had 100-fold-diminished
invasiveness for cells in tissues culture, the live vector vaccines
were nevertheless highly immunogenic in eliciting both anti-
Shigella and anti-ETEC fimbrial antibodies in mucosal secre-
tions (tears) and in the blood. Particularly important is the
observation that concomitant mucosal immunization with a
mixture of pGA1-CS2 and pGA1-CS3 bacteria resulted in
strong antibody responses to both CS2 and CS3 antigens.
There was no diminution in responses to either fimbria when
coadministered with the other. It is known that antifimbrial
antibodies can prevent ETEC strains bearing the homologous
fimbria from attaching to intestinal mucosa and thus prevent
diarrhea (10, 18, 27, 37, 57, 67). Since responses against two
fimbria types were accomplished with a mixture of two strains,
we are highly encouraged to proceed in future studies with the
administration of a mixture containing multiple Shigella live
vector strains expressing different fimbrial antigens.

Another important observation made in this study is that the
live vectors that elicited anti-CS antibodies in guinea pigs still
conferred upon those guinea pigs protection against challenge
with virulent Shigella in the Sereny test (62). These findings
constitute additional encouraging preclinical data that will help
to advance the project towards proof-of-principle clinical trials
in humans with further improved prototype live vector con-
structs. Next steps will include studies with live vectors carrying
further-modified stabilized plasmids carrying a kanamycin re-
sistance gene rather than an ampicillin or carbenicillin resis-
tance gene (which is more acceptable to regulatory agencies)
and cloned CS operons with mutant LTh (e.g., K63) or the LTh
B subunit.

TABLE 5. Protection of immunized guinea pigs against
conjunctivitis following challenge with wild-type S. flexneri 2a

Immunization regimen No. of guinea
pigs challenged

No. of guinea pigs
exhibiting severe

keratoconjunctivitisa

CVD 1204 5 0
CVD 1204(pGA1-CS3) 5 0
CVD 1204(pGA1-CS2) 5 0
CVD 1204(pGA1-CS3) plus

CVD 1204(pGA1-CS2)
5 0

E. coli HS 15 15

a CVD 1204 versus HS, P 5 0.000004; CVD 1204(pGA1-CS3) versus HS, P 5
0.000064; CVD 1204(pGA1-CS2) versus HS, P 5 0.000064; CVD 1204(pGA1-
CS3) plus CVD 1204(pGA1-CS2) versus HS, P 5 0.000064.
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