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Both native and mutant forms of cholera toxin (CT) and heat-labile enterotoxin (LT) are effective adjuvants
for antigens and killed whole-cell preparations. To determine whether these toxin molecules could also boost
the immunogenicity and efficacy of live attenuated vaccines directed against shigellosis, the guinea pig kera-
toconjunctivitis model was used to evaluate the adjuvant effect of these toxin molecules on EcSf2a-3, a AvirG
AaroD Escherichia coli-Shigella flexneri 2a hybrid vaccine strain that was previously found to be less protective
than its parent strain in the guinea pig model. Experiments using native and mutant toxin molecules showed
that both CT and LT and mutant derivatives were effective as an adjuvant for EcSf2a-3 and that the mutant
toxin molecules, which were developed to retain adjuvanticity without the toxicity associated with the native
molecules, were as effective as the native toxin molecules as adjuvants. Protective efficacy was enhanced for
both the oral and intranasal routes of immunization. Serum antibody response to the S. flexneri 2a O antigen,
the primary antigen for protective immunity, was not dependent on the addition of an adjuvant. However,
enumeration of the O-antigen-specific immunoglobulin G (IgG) and IgA antibody-secreting cells in the spleen
and draining lymph nodes following intranasal immunization suggested that enhancement of the local immune
response by the toxin molecules may contribute to the observed increase in protective efficacy. The efficacy of
heat-killed S. flexneri 2a was enhanced only by mutant LT molecules. These results suggest that the best
candidates for enhancing the efficacy of both live attenuated and heat-killed Shigella vaccines with minimal
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reactogenicity are the mutant toxin molecules.

Shigellae are enteric pathogens that cause disease by first
invading the epithelial cells of the colonic mucosa and then
spreading intra- and intercellularly. This intercellular dissem-
ination produces inflammation and ulceration, resulting in di-
arrhea or dysentery. The annual incidence of shigellosis is
estimated at 100 to 200 million cases resulting in about 650,000
deaths (16). Mortality rates are particularly high in young chil-
dren in developing countries where shigellae are endemic.
Shigellosis is also a problem for immunologically naive civilian
and military personnel from industrialized countries traveling
to areas where the disease is endemic. Development of an
efficacious vaccine directed against the most common Shigella
serotypes is thus a major goal.

Mucosal immunization is thought to be the most effective
route for pathogens that invade mucosal surfaces to initiate
disease. Immunization by the mucosal route provides stimula-
tion of mucosal immunity against relevant virulence antigens,
making it possible to prevent the initial infection by the patho-
gen at the mucosal surface (2, 4, 5, 19, 24). Parenteral immu-
nizations with inactivated bacteria or subunit vaccines rely on
serum antibodies and cell-mediated immunity to protect
against organisms that have a systemic phase, such as Salmo-
nella typhi. However, parenteral vaccines do not elicit a muco-
sal secretory immunoglobulin A (IgA) response unless previ-
ous mucosal exposure to the immunizing antigen has occurred
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and thus cannot prevent infection by organisms that interact
with a mucosal surface (23, 24, 26, 30). Earlier studies showed
that killed Shigella whole-cell vaccines did not elicit protective
immunity when administered orally and that live noninvasive
strains were impractical because of the large and frequent
doses required (11). Parenteral immunization with live or
killed shigellae did not prevent infection in earlier experiments
(11). Therefore, recent efforts have led to the development of
attenuated invasive vaccine strains that can invade the colonic
epithelial cells as in a natural infection, eliciting mucosal im-
munity against the O antigen and other virulence genes. A
recurring problem with these strains has been balancing im-
munogenicity and protective efficacy with reactogenicity. This
is exemplified by the case of EcSf2a-2, an Escherichia coli-
Shigella flexneri 2a hybrid vaccine strain, which is an E. coli
K-12 strain containing the invasion plasmid of S. flexneri 5a and
the chromosomal O-antigen genes of S. flexneri 2a (25). Im-
munizing doses of EcSf2a-2 that were large enough to elicit a
vigorous immune response were too reactogenic in human
volunteers (18, 32). EcSf2a-3, a virG deletion derivative of
EcSf2a-2 which cannot spread intra- and intercellularly in co-
lonic epithelial cells, was constructed to provide a less reacto-
genic strain, but it was less protective in the guinea pig kera-
toconjunctivitis model than EcSf2a-2 (1). Both of these hybrid
strains show variability in invasive properties (unpublished ob-
servations) which may also contribute to the decreased efficacy
observed in human studies with EcSf2a-2 (11) and animal
studies with both strains (unpublished observations; 1).

The effectiveness of mucosal immunization can be increased
by the addition of mucosal adjuvants. Many studies have indi-
cated that Escherichia coli heat-labile enterotoxin (LT) and
cholera toxin (CT) are effective mucosal adjuvants for orally
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administered antigens (6, 9, 10, 33). The addition of CT or LT
as an adjuvant augmented the immunogenicity and protective
efficacy of killed whole-cell preparations of Helicobacter pylori
and Campylobacter sp. in animal models (3, 21). To avoid using
native toxin molecules as adjuvants for human vaccines, mu-
tant toxin molecules have been developed that have retained
adjuvanticity but have little or no toxicity. Mutant molecule
mLT(R192G) contains an alteration in the proteolytically sen-
sitive A subunit of LT, thus preventing trypsin activation (8),
while mCT(K63) and mLT(K63) have an alteration in amino
acid 63 in the crevice where NAD binding and catalysis occur
(28). These mutants have retained adjuvant activity in experi-
ments using antigens such as ovalbumin (8) and more recently
using killed whole-cell preparations (4, 21).

Since native and mutant toxin molecules are strong mucosal
adjuvants, coadministration of these molecules with live atten-
uated vaccines could potentially increase the immunogenicity
and protective efficacy of these strains. This is particularly
relevant in the case of a vaccine strain such as EcSf2a-3, which
required much larger doses to give protection equivalent to
that of its parent strain in the guinea pig model. In this study,
the guinea pig keratoconjunctivitis model was used to test
whether native and mutant toxin molecules could enhance the
efficacy of live attenuated vaccine strain EcSf2a-3, as well as
heat-killed S. flexneri 2a strain 2457T, and to determine
whether the mutant molecules are as effective as the native
toxin molecules as adjuvants. Both serum and local immune
responses to the S. flexneri 2a O antigen, which is the primary
antigen in producing protective immunity against shigellosis,
were measured to determine the effect of the toxin molecules
on the immunogenicity of the vaccines.

MATERIALS AND METHODS

Bacterial strains and media. EcSf2a-3 is a streptomycin-resistant E. coli-S.
flexneri 2a hybrid vaccine strain with deletions in aroD and virG (1). S. flexneri 2a
strain 2457T was obtained from the Walter Reed Army Institute of Research
collection. EcSf2a-3 was streaked from lyophilized cultures onto Trypticase soy
agar plates (TSA; Difco Laboratories, Detroit, Mich.) containing 0.01% Congo
red. Congo red-binding colonies were then passed through HeLa cell monolayers
as previously described (1) to select for invasive colonies. Strain 2457T was
streaked from frozen cultures onto Congo red-TSA plates, and Congo red-
binding colonies were selected. Cultures used for immunization or challenge
were grown overnight on TSA plates at 37°C and harvested in 5 ml of phosphate-
buffered saline (PBS). Heat-killed bacteria were prepared by heating harvested
cultures at 60°C for 30 min.

Toxin molecules. Native CT and LT were obtained from Berna Products Inc.,
Coral Gables, Fla. Recombinant mLT(R192G) was kindly provided by John D.
Clements, Tulane University School of Medicine, New Orleans, La. mCT(K63)
and mLT(K63) were kindly provided by Rino Rappuoli, Immunobiological Re-
search Institute Siena, Siena, Italy.

Immunization of guinea pigs. Hartley male guinea pigs were immunized by
using three routes of immunization—oral, intranasal, and ocular. On days 0 and
14, orally immunized animals were given 10'° CFU of live or heat-killed bacteria
with or without the addition of 25 pg of toxin molecules by gastric lavage 10 min
after administration of 1 ml of 5% sodium bicarbonate solution. Animals were
immunized intranasally on days 0 and 14 with 3 X 107 to 5 X 107 CFU of bacteria
with or without the addition of 25 ug of toxin. For intranasal immunization,
animals were sedated by using a mixture of 0.75 mg of xylazine hydrochloride
(Rompun; Bayer Corporation, Shawnee Mission, Kans.) and 1.5 mg of ketamine
hydrochloride (Ketaset; Fort Dodge Laboratories, Inc., Fort Dodge, Iowa). An-
imals were immunized ocularly on days 0 and 14 with 5 X 10 CFU of bacteria
per eye with 10 ng of toxin. Animals were inoculated orally and intranasally with
heat-killed bacteria at the same dosage as the live vaccine strain with 25 ug of
toxin.

Protective efficacy. Ocular challenge with 4 X 10% CFU of virulent 2457T per
eye was carried out 4 weeks after the last immunization. Following challenge,
animals were examined for 5 days for development and severity of disease by
using the following rating scale: 0, no disease or mild irritation; 1, mild conjunc-
tivitis or late development and/or rapid clearing of disease; 2, keratoconjuncti-
vitis with no purulence; 3, fully developed keratoconjunctivitis with purulence.
Protection percentage was defined as follows: full, percentage of eyes with no
disease or mild irritation (rating of 0); partial, percentage of eyes with mild
disease (rating of 1); combined, sum of full and partial percentages.
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Sampling of the immune response. Blood samples for use in enzyme-linked
immunosorbent assays were collected 14 days after the boosting immunization in
all experiments. In experiments not studying the antibody-secreting cell (ASC)
response, animals were bled by using an ear prick. A 100- to 200-pl volume of
blood was collected into a Microtainer brand serum separator tube (Becton
Dickinson & Co). Blood was obtained from animals used in ASC studies by
cardiac puncture following sedation as described above. Animals were then
euthanized. Mononuclear cells for measurement of the ASC response were
isolated from the spleen and superficial ventral cervical lymph nodes (SVCLN),
which drain the head region, and washed in RPMI 1640 medium with 50 pg of
gentamicin per ml prior to use in the ELISPOT assay as previously described
(14).

ASC. Washed spleen and lymph node cells were counted and diluted in culture
medium (RPMI 1640 medium with 2 mM glutamine, 50 ng of gentamicin per ml,
and 10% fetal bovine serum) to a density of 2.5 X 10%ml. A 100-ul volume of the
cell suspension was inoculated into microwells previously coated with 1 pg of S.
flexneri 2a lipopolysaccharide (LPS; prepared by the method of Westphal and
Jann [34]) in carbonate coating buffer, pH 9.6, or coating buffer alone. Each
sample was assayed in quadruplicate. After incubation at 37°C for 4 h, plates
were washed and rabbit anti-guinea pig IgG (1:1200), IgA (1:700), or IgM (1:800)
(ICN Laboratories, Costa Mesa, Calif.) was added. After overnight incubation at
4°C, plates were washed and alkaline phosphatase-conjugated goat anti-rabbit
serum (Sigma Chemical Co., St. Louis, Mo.) at a dilution of 1:1,200 was added.
After 2 h at 37°C, plates were washed and spots were visualized by the addition
of 100 wl of molten agarose containing 100 wg of 5-bromo-4-chloro-3-in-
dolylphosphate per ml. Spot-forming cells were then counted with a stereomi-
croscope.

Enzyme-linked immunosorbent assay. Alternating columns of polyvinyl mi-
crotiter wells were coated with 50 wl of LPS (10 pg/ml) in coating buffer or with
coating buffer alone. Sera were serially diluted in paired columns beginning at
1:50 for IgG and 1:25 for IgA. Plates were incubated for 2 h at 37°C and washed,
and bound antibodies were detected with antisera as described above for ASC.
After the final washing of the plates, 100 wl of pNP substrate was added to all
wells and the optical density (OD) at 405/570 nm was measured. Blank-well
values were subtracted from corresponding test well values to yield the net OD.
The endpoint titer was defined as the highest dilution with a net OD of =0.100.

RESULTS

Adjuvant effect of toxin molecules on protective efficacy of
EcSf2a-3. To determine the effect of toxin molecules as adju-
vants for live vaccines, guinea pigs were immunized with
EcSf2a-3 alone and in combination with native and mutant CT
and LT by two different mucosal routes, the oral and intranasal
routes (Table 1). Earlier experiments had shown that CT alone
did not protect against a challenge with virulent shigellae in
this model (13). In initial experiments with EcSf2a-3, native
and mutant CT and LT from E. coli were used to ascertain the
effectiveness of these molecules as adjuvants. Animals were
immunized twice on days 0 and 14 and challenged 4 weeks
after the last immunization (Table 1: oral immunization, ex-
periment 1; intranasal immunization, experiments 1 and 2). In
these experiments, 100% of the control animals, immunized
with PBS, developed disease, giving a protection rate of 0%.
Oral immunization of EcSf2a-3 with CT, LT, and
mLT(R192G) significantly increased the protective efficacy of
EcSf2a-3 over that obtained with the vaccine alone (P =
0.0052, P = 0.0009, and P = 0.0052, respectively, by the Wil-
coxon rank-and-sum test; Table 1, oral immunization experi-
ment 1). In initial experiments using the intranasal route of
immunization, vaccine strain EcSf2a-3 was coadministered
with native CT and LT and the three available mutant toxin
molecules mCT(K63), mLT(K63), and mLT(R192G) (Table 1,
intranasal immunization experiments 1 and 2). Statistical anal-
ysis of the sum of these two experiments using intranasal im-
munization showed that significant increases in protective ef-
ficacy were obtained in the groups using toxin molecules as an
adjuvant compared to the groups receiving only the vaccine
except for the group receiving CT as an adjuvant, and this
group had a higher percentage of animals fully protected
against disease (rating of 0) than did the group receiving only
the vaccine [CT, P = 0.0557; LT, P = 0.0325; mLT(R192G),
P = 0.0030; mCT(K63), P = 0.0007; mLT, P = 0.0041]. There
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TABLE 1. Comparative protective efficacies of EcSf2a-3 with and without addition of native or mutant toxin molecules following challenge
with virulent S. flexneri 2a*

Route of EcSf2a-3 No adjuvant CT LT mLT(R192G) mCT(K63) mLT(K63)
vaccine immunization

and expt no. F P C F P C F P C F P C F P C F P C

Oral
1 0 0 0 0 50 50 0 75 75 0 50 50 ND* ND ND ND ND ND
2 13 13 25 ND ND ND 13 38 50 13 63 75 ND ND ND 13 50 63

Intranasal
1 0 38 38 38 38 75 25 63 88 38 50 88 63 38 100 50 50 100
2 25 50 75 63 0 63 50 38 88 75 13 88 50 50 100 50 38 88
3 50 50 100 ND ND ND 8 13 100 88 13 100 ND ND ND ND ND ND
4 0 50 50 ND ND ND 25 75 100 50 50 100 ND ND ND ND ND ND

“ The percent protection for the control animals, which were immunized with PBS, was 0 to 13% for all experiments following challenge with virulent S. flexneri 2a
strain 2457T. Protection percentages were defined as follows: full (F), percentage of eyes with no disease; partial (P), percentage of eyes with mild conjunctivitis;

combined (C), sum of F and P.
» ND, not done.

was no significant difference in the adjuvant effect of the native
versus the mutant molecules, nor was there any significant
difference between different mutant toxin molecules in any of
the experiments.

Since LT molecules were as effective as CT molecules as
adjuvants and LT is less toxic to both humans and animals (29),
subsequent experiments concentrated on the use of mutant
and native LT molecules as adjuvants. A second experiment
using oral immunization of EcSf2a-3 with native and mutant
LT molecules also showed increased efficacy in the groups
receiving an adjuvant (Table 1, oral experiment 2). The pro-
tection in the group receiving mLT(R192G) was significantly
greater than that of those immunized with EcSf2a-3 alone (P =
0.0415), and the groups receiving LT and mLT(K63) had at
least twice as great a percentage of combined protection as the
group receiving the vaccine alone. In two additional experi-
ments using the intranasal route of immunization, significant
enhancement of efficacy [LT, P = 0.0205; mLT(R192G), P =
0.0062] was also observed when LT and mLT(R192G) were
used as adjuvants (Table 1, intranasal immunization experi-
ments 3 and 4) and no significant difference in the adjuvant
effect of native versus mutant molecules was observed. For all
experiments, the percent protection rate for the control ani-
mals, immunized with PBS, was 0 to 13%.

An additional mucosal immunization route, the conjunctival
route, was tested by using ocular immunization. Four animals
per group were immunized with EcSf2a-3 alone or with CT and
LT as adjuvants. The animals receiving CT showed transient
irritation of the eyes following immunization, while LT did not
produce any reaction, thus confirming that LT is less reacto-
genic than CT. The animals receiving vaccine alone showed
38% full protection and 38% partial protection (combined
protection, 75%), while animals receiving vaccine plus CT
showed 25% full protection and 63% partial protection (com-
bined protection, 88%). Only the animals receiving vaccine
plus LT showed significantly greater protection than those
given the vaccine alone (88% full protection, 13% partial pro-
tection, 100% combined protection, P = 0.042).

Adjuvant effect of LT and mLT on a decreased immunizing
dose. Since toxin molecules increased the protective efficacy of
EcSf2a-3, it is possible that a smaller dose of the vaccine could
be given when coadministered with an adjuvant, thus reducing
the possibility of reactogenicity. This is important for attenu-
ated vaccines such as EcSf2a-3, which require very large doses
for adequate immunogenicity and efficacy. Four animals in
each group were immunized intranasally with 3 X 10° CFU of

EcSf2a-3, 1 log less than the previously used dose of 3 X 107 to
5 X 107 CFU. As is shown in Fig. 1, the addition of LT and
mLT(R192G) increased the efficacy of EcSf2a-3 at the smaller
dose (P = 0.010 and 0.052, respectively) and protection was
comparable to that obtained with the larger dose.

Adjuvant effect on serum immune response to S. flexneri 2a
antigen. The O antigen of Shigella is the dominant antigen
involved in the development of protective immunity against
disease. To examine the role of the serum immune response in
the enhanced efficacy obtained when toxin molecules are co-
administered with EcSf2a-3, the serum IgG and IgA antibody
responses to the S. flexneri 2a O antigen were determined 14
days after the second immunization in all experiments. In all
experiments using the three routes of immunization, no signif-
icant difference was detected in either the IgG or the IgA
serum response among the groups, indicating that the magni-
tude of the serum antibody response to the 2a O antigen did
not appear to be dependent upon the addition of toxin mole-
cules during immunization (data not shown).

Local antibody response to S. flexneri 2a O antigen. To
assess the contribution of toxin molecules to the local immune
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FIG. 1. Adjuvant effects of LT and mLT on a decreased immunizing dose of
EcSf2a-3 using the intranasal route of immunization. Four animals in each group
were immunized two times intranasally with 3 X 10° CFU, 1 log less than the
usual dose of 3 X 107 to 5 X 107 CFU, and were challenged 4 weeks after the
second dose with virulent S. flexneri 2a.
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response, the O-antigen-specific ASC response in the lymph
A W EcSf2a3 nodes draining the head (SVCLN), which represent the local
E= EcSf2a-3+LT response to immunization, and in the spleen, which represents
EcSf2a-3+mLT(R192G)  — the migration of activated B lymphocytes to distal mucosal
NG sites, was examined. Since LT and mLT enhanced protective
efficacy as well as or better than CT and mCT, LT and
mLT(R192G) were used as adjuvants in these experiments.
Figures 2 and 3 show the pooled results of two identical ex-
periments (a total of eight animals) postimmunization and
postchallenge, respectively. The mean and standard error of
the mean of the O-antigen-specific ASC response in the SV-
CLN and the spleen 7 days following the second immunization
are shown in Fig. 2A and B, respectively, and the mean and
standard error of the mean of the total O-antigen ASC re-
sponse postimmunization are shown in Fig. 2C. Both LT and
mLT(R192G) enhanced the mean O-antigen-specific IgG and
IgA response over that observed in the group receiving no
adjuvant. Specifically, the addition of LT as an adjuvant in-
creased the total mean O-antigen-specific IgG ASC response
by 41% and the total mean IgA ASC response by 53% over
that observed in the group receiving no adjuvant. The addition
of mLT(R192G) as an adjuvant increased the total mean O-
antigen-specific IgG ASC response by 53% and the total mean
B M Ecsf2a3 IgA ASC response by 77%. The mLT group values were sig-
E= EcSf2a-3+LT nificantly higher than those observed in the EcSf2a-3-only
SRa-3+mLT(R192G) | group by the Wilcoxon rank-sum test (IgG, P = 0.029; IgA,
—ne P = 0.0052). The mean and standard error of the mean of the
O-antigen-specific ASC responses in the SVCLN and the
spleen 7 days postchallenge are shown in Fig. 3A and B, re-
spectively, and the mean and standard error of the mean of the
total ASC response postchallenge are shown in Fig. 3C. In the
postchallenge animals, the O-antigen-specific IgG and IgA
ASC responses were noticeably higher in the groups receiving
LT or mLT(R192G) as an adjuvant, although the differences
were not significant. Use of LT as an adjuvant increased the
total mean O-antigen-specific IgG ASC response by 34% and
the total mean specific IgA ASC response by 23%, while use of
mLT(R192G) as an adjuvant increased the total mean specific
IgG ASC response by 41% and the total mean specific IgA
ASC response by 26% over the values obtained when no ad-
juvant was used. As observed in earlier experiments, there was
no significant difference in O-antigen-specific IgG and IgA
titers in serum in the three groups both postimmunization and
postchallenge (data not shown).

Adjuvant effect on heat-killed shigellae. To determine
B EcSf2a-3 whether toxin molecules can enhance the protective efficacy of
E=] EcSf2a-3+LT inactivated whole-cell vaccines, 5 X 107 CFU of heat-killed S.
] EcSf2a-3+mLT(R192G) | flexneri 2a strain 2457T, alone and with native and mutant
NG toxins as adjuvants, were administered intranasally to four an-
imals per group on days 0 and 14. Four weeks after the second
a immunization, immunized and unimmunized animals were
challenged ocularly with 2457T (Fig. 4). When either form of
mLT was used as an adjuvant, the percentage of totally pro-
- tected animals (rating of 0) increased over that obtained when
no adjuvant was used (63% for both mLT molecules versus
38% for heat-killed bacteria alone), as did the total percentage
of protection [100% for mLT(R192G) and 88% for mLT(K63)
versus 63% for heat-killed bacteria alone], although the differ-
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FIG. 2. S. flexneri 2a O-antigen-specific ASC responses detected 7 days after
the second immunization in the SVCLN (A) and spleen (B) and the total ASC
response (C) from animals immunized intranasally with EcSf2a-3 with and with-
out toxin molecules LT and mLT(R192G). Each data point represents the mean
and standard error of the mean of values from eight animals. MNC, mononuclear
cells; NC, nonimmunized control animals.
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B cosas ences were not statistically signiﬁca.nt.. When apimals were
A = EcspaailT 1mmunlzcd' by the oral route of administration with EcSf2a-3
300 |- B alone or with LT, mLT(R192G), or mLT(K63), there was no
EcSf2a-3+mLT(R192G) . ) S .
[ Ne protection when th; vaccine a.lone was administered whll.e 25,
63, and 25% partial protection was observed, respectively,
250 when the adjuvants were coadministered (data not shown).
Only the addition of mLT(R192G) significantly increased pro-
g tection over that obtained with heat-killed bacteria alone (P =
= 200 0.0074). As was observed with the live vaccine EcSf2a-3, the
é serum IgG and IgA antibody responses to the O antigen were
= not significantly different among the groups for either immu-
T 150 nization route (data not shown).
3
<
100 DISCUSSION
The use of CT and LT as mucosal adjuvants for killed whole-
50 cell and subunit vaccines directed against bacterial and viral
pathogens has been extensively examined. These studies have
focused on the ability of these molecules to enhance the im-
0 munogenicity and protection afforded by killed whole-cell
IgG IgA igM Campylobacter preparations (3), inactivated influenza virus
(17), and subunit vaccines such as urease from Helicobacter
spp. (21, 35), pneumococcal surface protein A (36), and mea-
B Ecsi2a-3 sles virus synthetic peptides (27). These and other studies have
300 E= EcSf2a-3+LT - suggested that LT and CT can be used effectively in mucosal
EcSf2a-3+mLT(R192G) immunization with killed cells or virulence-associated antigens
NG of pathogens that enter the host by a mucosal route. Following
250 - the construction of mutant detoxified CT and LT molecules (8,
o 28), experiments have shown that these molecules are also
= effective as mucosal adjuvants (4, 21, 27). The effects of re-
E 200 - combinant Salmonella typhimurium clones expressing native
8 and mutant toxins in the absence and presence of coexpressed
s heterologous antigens have been examined, and the results
5 150 |- indicate that toxins expressed by Salmonella vectors can stim-
? ulate higher levels of immune response to the toxin molecule
< and the heterologous antigen (7, 12). However, the effective-
100 - ness of coadministered native and mutant toxin molecules as
mucosal adjuvants for protective antigens of live attenuated
vaccines has not been examined.
S0 This study shows that mutant and native toxin molecules are
also effective in enhancing the protective immunity developed
0 by a live attenuated vaccine. Significantly higher efficacy with
IgA IgM all immunization routes was observed when toxins were ad-
ministered concurrently with the vaccine strain EcSf2a-3. The
mutant toxins were as effective as the native toxin molecules as
550 H EcSf2a-3 . adjuvants. Although there was some variability in the efficacy
E= EcSf2a-3+LT of EcSf2a-3 alone, probably due to the instability of the inva-
S00 EcSPa-3+mLT(R192G) | sive properties of the strain, the addition of toxins as adjuvants
450 1 NG cgnsmtently. gave a h}gher percentage of fu.ll.protecthn against
disease (rating of 0) in all experiments. This increase in efficacy
400 was also observed when animals were immunized with 1 log
e fewer bacteria coadministered with LT or mLT(R192G).
5 3% These results suggest that coadministration of mutant toxins
é 300 might allow the administration of a smaller dose of a live,
= reactogenic vaccine.
= 250 When toxin molecules were used as an adjuvant with heat-
8 killed whole-cell bacteria, the increase in efficacy was not as
< 200 pronounced. In fact, only the mLT molecules were effective in
150
100 . . .
FIG. 3. S. flexneri 2a O-antigen-specific ASC responses detected 7 days post-
50 challeng": in tl'le'S'VCL'N (A)'and 'spleen (B) aqd the total ASC response ©)
from animals initially immunized intranasally with EcSf2a-3 with and without
0 toxin molecules LT and mLT(R192G) and then challenged with strain 2457T 28

1A IgM days after the second immunization. Each data point represents the mean and
standard error of the mean of values from eight animals. MNC, mononuclear
cells; NC, nonimmunized control animals.



5846 HARTMAN ET AL.

Intranasal Immunization % PROTECTION

Regimen

(V1)

= N @ E ©
=} ) =3 <} (<} =} S S S S
T T T T T

- 00}
< 0L

EE FULL

2457THK
[ PARTIAL
2457THK +CT

2457THK + LT

2457T HK + LT(R192G)

2457THK + CT(K63)

2457T HK + LT(K63)

Nonimmunized

FIG. 4. Protection against challenge in animals receiving two intranasal im-
munizations with heat-killed S. flexneri 2a strain 2457 or heat-killed 2457T plus
native or mutant toxin molecules as adjuvants. Animals were challenged with
virulent strain 2457T 4 weeks after the second immunization.

increasing the percentage of fully protected animals following
intranasal immunization and only mLT(R192G) had a signifi-
cant effect on efficacy following oral immunization.

The mechanisms by which toxin molecules augment immu-
nogenicity and efficacy are only partly understood. It has been
shown that the toxin molecules must be administered concur-
rently with the antigen by the same route to achieve an adju-
vant effect (20). Based on studies with coadministered antigens
or killed whole-cell vaccines, the following basic mechanisms
of adjuvanticity have been suggested for CT (see reference 10
for a good review): (i) enhanced uptake of coadministered
antigen caused by changes in gut permeability or increased
delivery into intestinal follicles, (ii) enhanced antigen presen-
tation by affecting antigen-presenting cells, (iii) enhanced
priming of CD4 T cells specific for the toxin and for the
coadministered antigen, and (iv) effects on B-cell develop-
ment, including increased switching to IgA and IgG. Although
similar methods of adjuvanticity have been proposed for LT,
there are some important differences between LT and CT. LT
is thought to stimulate both the Th1 and Th2 responses, while
CT apparently enhances only the Th2 response (22, 31). LT
and its mutant derivatives differ from CT in that LT has an
affinity for galactose-containing molecules, including glycopro-
teins and LPSs. Thus, LT has a broader receptor range than
CT, which only binds to G,y (15).

In this study, enhanced efficacy was observed when toxin
molecules were coadministered with live attenuated Shigella
vaccine strain EcSf2a-3. At the present time, we can only
speculate on the mechanism(s) by which these molecules en-
hance the efficacy of a live vaccine strain. Since the vaccine
strain is invasive, increased permeability of the gut may not
contribute to the adjuvant effect. There did not appear to be a
significant difference between CT versus LT molecules, includ-
ing the mutant forms, suggesting that receptor range does not
contribute to the adjuvant effect. The coadministration of toxin
molecules may enhance the presentation of the relevant Shi-
gella antigens and enhance the mucosal immune response at
the site of exposure. There was no significant difference in the
serum antibody response in animals that received toxin mole-
cules during immunization with EcSf2a-3, indicating that se-
rum immune responses did not appear to be dependent on the
presence of an adjuvant, but the increase in the total mean
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O-antigen-specific IgG and IgA ASC response over that ob-
tained with vaccine alone indicated an enhancing effect on the
local immune response which was still evident after challenge.
Further immune studies including cytokine responses and fur-
ther examination of the local antibody response by measure-
ments of secretory IgA in tears and lung lavage fluids from
immunized animals are necessary to better determine the
mechanism of action of these mucosal adjuvants.

The adjuvant mechanism for killed whole-cell vaccines may
be different than that for live invasive organisms, and an in-
crease in gut permeability may play a role in the action of toxin
molecules coadministered with killed whole-cell bacteria. Ex-
periments with mice orally immunized with a killed whole-cell
Campylobacter vaccine showed enhancement of the mucosal
response to Campylobacter-specific antigens as measured by
intestinal secretory IgA responses (3). Further experiments
with dosages of killed shigellae, coupled with examination of
the local immune response, is necessary to determine whether
a killed whole-cell vaccine coadministered with toxin mole-
cules is a potential vaccine candidate for protection against
shigellosis.

In conclusion, the data presented here indicate that entero-
toxin molecules are effective as mucosal adjuvants for live
attenuated vaccines in this model. Both the efficacy and ASC
results suggest that the mutant molecules are at least as effec-
tive as adjuvants for live attenuated vaccines as the native
molecules. In these studies, there was no significant difference
in the adjuvant effects of the different mutant molecules on the
live attenuated vaccine, while only the mLT molecules ap-
peared to appreciably increase the efficacy of the killed whole-
cell shigellae. The use of mLT or mCT with an efficacious but
reactogenic vaccine administered at a lower dose or with mul-
tivalent vaccines to increase the immune response to several
Shigella serotypes are possibilities that should be further ex-
plored. For use in human clinical trials, a dose-response curve
for the mutant toxins coadministered with live vaccines should
be examined.
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