
Induction and recall of immune memory by mucosal immunization
with a non-toxic recombinant enterotoxin-based chimeric protein

Introduction

The great majority of human infectious diseases are

acquired through the mucosal surfaces such as the gastro-

intestinal, respiratory and genital tracts, where the muco-

sal secretory immune system is the first line of defence.

Immunization at mucosal surfaces such as the gut mucosa

by gastric intubation [the intragastric (i.g.) route] and the

nasopharyngeal tissue by application of small volumes to

the external nares [the intranasal (i.n.) route] induces

humoral and cellular immune responses within the integ-

rated mucosal immune system that are superior in some

instances to those responses induced by systemic immun-

ization alone. However, the delivery of soluble protein

antigens to mucosal surfaces may induce systemic toler-

ance to the immunizing antigen instead of, or even con-

comitantly with, mucosal responses desired for immune

protection against infection.1 Because tolerance is consid-

ered to be the default response of the mucosal immune

system to some non-replicating or soluble antigens, the

effective generation of mucosal immune responses usually

requires the administration of adjuvants or delivery sys-

tems that overcome this tendency.1,2 Among numerous

strategies proposed, the use of cholera toxin (CT) or

other related heat-labile enterotoxins as mucosal adju-

vants has been found to be most effective (reviewed in

reference 2).

Cholera toxin consists of a single toxic A subunit

(CTA1) joined to a pentamer B subunit (CTB) by the lin-

ker A2 subunit. High-affinity binding of the B subunit to

the GM1 ganglioside receptors found on most mammalian

cells is thought to be essential for adjuvant activity.3–5 The

toxic A1 moiety renders the entire molecule of CT unsuit-

able for human use, but considerable attention has been

devoted to non-toxic mutants or derivatives such as the

GM1-binding B subunit as potential adjuvants.6–8

Whether CTB can serve as a mucosal adjuvant when

mixed with antigens has been a matter of controversy,

complicated by the degree of purity of the CTB used.

Some investigators have shown that immunization via the
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Summary

Previous reports have suggested that peroral delivery of antigens chemic-

ally coupled to non-toxic recombinant enterotoxin B subunits, such as

the cholera toxin B subunit (CTB), induces tolerance to the antigen that

may be abrogated by the toxic enzyme activity of intact enterotoxins, such

as cholera toxin (CT). The aim of this study was to examine the immuno-

genicity of a genetically coupled protein composed of the saliva-binding

region (SBR) of the Streptococcus mutans surface antigen AgI/II and the

non-toxic A2 and B subunits of CT (SBR-CTA2/B) compared with that of

recombinant SBR admixed with CT (SBR + CT) and SBR chemically cou-

pled to recombinant CTB (SBR-CTB) following peroral delivery by intra-

gastric (i.g.) immunization. The results showed that i.g. immunization

with SBR-CTA2/B, like SBR + CT, induced antigen-specific serum immuno-

globulin G (IgG) and salivary IgA antibodies, and sensitized splenic

T cells. Comparison studies with SBR-CTB produced serum IgG but not

salivary IgA titres and failed to sensitize splenic cells. Immunization with

SBR-CTA2/B via the intranasal route also primed for the recall of anti-

gen-specific memory antibody responses 6 months later. These findings

show that SBR-CTA2/B is an immunogenic, not tolerogenic, chimeric pro-

tein that can induce and recall antigen-specific memory responses upon

mucosal immunization.
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i.g., i.n., intravaginal or transcutaneous route using intact

enterotoxins such as CT, non-toxic enterotoxin B subunits

such as CTB or non-toxic enterotoxin mutants induces

mucosal and systemic immune responses to antigen across

many species.9–15 Conversely, other researchers have

reported that coupling of antigen to CTB induces a state of

tolerance to the antigen16–18 that depends on the use of a

non-toxic recombinant CTB and may be abrogated by the

addition of small amounts of intact CT.16,19–21 Table 1

outlines the divergent immune responses observed in

rodents following i.n. or i.g. immunization with various

forms of enterotoxins and their subunits.

Streptococcus mutans plays a pivotal role in dental caries

and the surface antigen AgI/II mediates its adherence to

the saliva-coated tooth surfaces. The functional domain

of AgI/II responsible for initial adherence is located on

the N-terminal end and is named the saliva-binding

region (SBR).22,23 A recombinant chimeric immunogen

consisting of the non-toxic A2 and B subunits of CT gen-

etically coupled to SBR induces antigen-specific immune

responses subsequent to i.g. or i.n. immunization.24

Although i.g. or i.n. immunization with SBR-CTA2/B

can be effective at inducing antigen-specific immunity, each

route has different inductive sites. The Peyer’s patches and

nasal-associated lymphoid tissue (NALT) are the presumed

inductive sites of i.g. and i.n. immunization, respectively,

and it is here and in the draining lymphoid tissue that anti-

gen-specific memory cells would be expected to be found.

The i.g. route has been used in several studies that have

demonstrated tolerance induction to recombinant CTB-

coupled antigens, and was therefore chosen to evaluate the

immunogenicity of SBR-CTA2/B in these studies. Con-

versely, recombinant enterotoxin B subunits have been

repeatedly used as effective adjuvants via the i.n.

route,11,25–27 and i.n. immunization gives rise to equivalent

immune responses with lower doses of immunogens than

i.g. immunization;28,29 hence this study used the i.n. route

of delivery to assess the ability of SBR-CTA2/B to prime for

recall immune responses to antigen 6 months later.

Because of the controversy surrounding the ability of

CTB-coupled proteins to induce immunity or tolerance

using the i.g. route of delivery, the purpose of this study

was first to evaluate the immunogenicity of genetically

coupled SBR-CTA2/B in comparison to SBR admixed

with CT (SBR + CT) and chemically coupled SBR-CTB

using the i.g. route, and secondly to determine whether

SBR-CTA2/B primes for the recall of immune responses

to antigen 6 months later using i.n. delivery.

Materials and methods

Antigens and adjuvants

Chimeric protein SBR-CTA2/B was purified from peri-

plasmic extracts using ammonium sulphate precipitation,

size-exclusion and anion-exchange chromatography as

previously described.24 A GM1 enzyme-linked immuno-

sorbent assay (ELISA) probed with anti-SBR antibody

(4A1.3A11) was used to detect SBR-CTA2/B in purified

fractions and sodium dodecyl sulphate–polyacrylamide gel

electrophoresis (SDS-PAGE) was performed to test for

the presence of the SBR, CTA2 and CTB subunits in puri-

fied chimeric protein.24 CT was purchased from List

Biological Laboratories, Inc. (Campbell, CA). Purified

SBR-his was provided by Terry D. Connell (University at

Buffalo, Buffalo, NY) by methods described previously.30

Briefly, the plasmid expressing SBR was expressed in

Escherichia coli and the protein was purified by metal che-

lation chromatography from cell lysates. S. mutans surface

protein AgI/II was purified from culture supernatants as

detailed previously.31

Recombinant CTB was purified from an E. coli clone

(MTD-9)32 and chemical conjugate preparations of equi-

molar amounts of recombinant SBR and recombinant

CTB (SBR-CTB) were made using a variation of methods

described previously.33 Briefly, 2 mg of CTB in 1 ml of

phosphate buffer was dialysed to remove the storage Tris

buffer and then treated with 14 ll of N-succinimidyl-3-

(2-pyridyldithio)propionate (SPDP) dissolved in anhydr-

ous ethanol at 8 mg/ml. 1�5 mg of SBR in 2�5 ml of

0�1 M phosphate buffer, pH 7�6, was treated with 4�3 lg
of SPDP at 8 mg/ml. SBR and CTB were treated at room

temperature with SPDP for 30 min. A volume of 10 ll of
ethanolamine was added to the CTB derivative and dia-

lysed overnight against 0�01 M phosphate-buffered saline

(PBS), pH 7�4. Absorption of these derivatives at 343 nm

after reduction with dithiothreitol (DTT)34 was used

to calculate the substitution ratio of moles of SBR or

CTB:moles SPDP, which was routinely approximately

1 : 3. The SBR derivative was reduced with 5 mM DTT

for 30 min, run through a Sephadex G-25 (PD-10)

Table 1. Immune responses to antigens following intragastric or

intranasal immunization with different forms of enterotoxins and/or

their subunits

Type of enterotoxin and/or

enterotoxin subunit

administered with antigen

Immunogenicity to antigen

following immunization?

Intragastric Intranasal

Chemically coupled

recombinant enterotoxin B

subunit

No16,18 Yes11,27,43

‘Split’ tolerance44

No17

Admixed recombinant

enterotoxin B subunit

Yes25 Yes26,27,52

No19

Enterotoxin B subunit + CT Yes16,19–21,33,41,53 Yes20,27

Non-toxic enterotoxin

mutants

Yes6,54 Yes6–8,26

No19,42

Genetically coupled CTA2/B Yes24,35 Yes24

CT, cholera toxin; CTA2/B, non-toxic A2 and B subunits of CT.
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column (Amersham Biosciences, Uppsala, Sweden) in

PBS and immediately added to the CTB derivative and

incubated overnight at 4�. A343 was used to calculate

SBR:CTB substitution ratios. A280 was used to estimate

protein concentration. The sample was then passed

through a Superose HR6 16/50 chromatography column

(Amersham Biosciences) and the SBR-CTB conjugate, free

SBR and CTB were identified as separate peaks. GM1

ELISA probed with anti-SBR antibody was used to con-

firm SBR-CTB affinity.

All proteins were tested for endotoxin content using

the limulus amebocyte lysate endochrome assay (Charles

River Endosafe, Charlestown, SC) whereby the concentra-

tion of endotoxin in the sample was determined by end-

point chromagenic assay. The endotoxin levels in all of

those used were less than the equivalent of 0�026 ng of

E. coli lipopolysaccharide per lg of protein.

Animals and immunizations

Female BALB/c mice 6–8 weeks old were purchased from

Harlan Sprague Dawley, Indianapolis, IN and housed at

the University at Buffalo Laboratory Animal Facility in

compliance with National Institutes of Health guidelines

for animal care. The Institutional Animal Care and Use

Committee approved all procedures used in this study.

Mice were given food and water ad libitum.

The dose and schedule of i.g. or i.n. priming were

based on previous titrations and studies.24,27,30,35 Groups

of mice (n ¼ 4–6) were immunized i.g. by gastric intuba-

tion 3 times at 10-day intervals with 100 lg of SBR-

CTA2/B, 100 lg of SBR-CTB or 40 lg of SBR with or

without 5 lg of CT in 400 ll of 0�35 M NaHCO3 buffer.

Control animals were immunized with 5 lg of CT alone

or sham-immunized with buffer using an identical sched-

ule. Certain groups of animals were given subcutaneous

(s.c.) systemic challenge immunizations at later time-

points as described in the Results section, consisting of

50 lg of AgI/II in 250 ll of Alhydrogel (HCI Biosector,

Frederikssund, Denmark). Intranasal immunizations using

25 lg of SBR-CTA2/B in 10 ll of PBS were administered

3 times at 10-day intervals and boosted 6 months later

with a further one, two or three doses of SBR-CTA2/B at

10-day intervals.

Serum and saliva samples were collected before and

after immunization as described in the Results section.

Blood was collected from the tail vein and saliva was col-

lected at the same time by stimulating secretion with 5 lg
of carbachol injected intraperitoneally.33 Samples were

stored at )80� until assayed.

Cell isolation and culture

Groups of mice (n ¼ 4–6) were killed 8 days after final

i.g., s.c. or i.n. immunization. Spleens were excised and

passed through a 40-lm nylon cell strainer and red blood

cells were lysed with ammonium chloride red blood cell

lysis buffer.36 NALT, superficial cervical lymph nodes

(CLNs) and iliac lymph nodes (ILNs) were also removed

from animals immunized i.n. and tissue was passed

through a nylon cell strainer. Cells were suspended in

complete medium consisting of RPMI-1640 (Gibco,

Grand Island, NY) supplemented with 10% fetal bovine

serum (Gibco), 2 mM L-glutamine, 10 mM Hepes, 0�05 M

2-mercaptoethanol, 100 lg/ml penicillin and 100 lg/ml

streptomycin. Cells were suspended in trypan blue

(Gibco) and viable cells were counted using a haema-

cytometer.

Single-cell suspensions were prepared in sterile com-

plete medium and triplicate cultures were established in

96-well white-walled flat-bottom sterile microplates

(Cambrex Bio Science, Rockland, ME). Microplates were

set up in duplicate. Cultures were incubated at 37�, under
5% CO2 for 5 days in the presence of 5 lg/ml AgI/II,

2�5 lg/ml concanavalin A or complete medium only

(unstimulated). Cell responses were evaluated by deter-

mining ATP concentration using the ViaLightTM HS kit

(Cambrex Bio Science).37 According to the manufacturer,

this method has the sensitivity to detect as few as 10 cells

per microwell and, when compared with conventional

methods using [3H] thymidine, has r-values of 0�99 or

greater. On a previously optimized day of harvest (day 5)

and following the manufacturer’s instructions, the cul-

tured cells were lysed and the addition of the enzyme

luciferase catalysed the formation of light from cellular

ATP and luciferin. The intensity of the emitted light,

expressed as relative light units (RLUs), depended linearly

on ATP concentration and was measured using a lumi-

nometer (Wallac, Turku, Finland). An ATP standard

curve ranging from 5 · 10)7 to 7�8 · 10)9 M was pre-

pared in duplicate on each assay plate. The luminometer

output data in RLUs were interpolated as ATP concentra-

tion (M) using the standard curve. The mean ATP con-

centration was determined from triplicate cultures. This

technique of measuring cell responses to antigen was

compared with procedures that require [3H] thymidine.

Briefly, splenic cells from mice immunized i.g. with

SBR-CTA2/B were cultured in identical conditions in

flat-bottomed 96-well plates. Approximately 8 hr before

harvesting, the cells were pulsed with 0�5 lCi of [3H]

thymidine and uptake was determined by liquid scintilla-

tion counting and expressed as mean counts per minute

(c.p.m.) of replicate cultures. Cell proliferation was also

expressed as a stimulation index (SI ¼ mean c.p.m.

stimulated cultures ‚ mean c.p.m. of unstimulated cul-

tures). The same cells used to establish cultures that were

later evaluated by [3H] thymidine uptake were also used

to create identical cultures in 96-well white-walled plates.

Responses to antigen in these cultures were expressed as

the mean ATP concentration in replicate cultures.
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Antibody responses

ELISA was used to determine AgI/II-specific antibodies in

serum and saliva as well as total salivary IgA. As previ-

ously described,33 microtitre plates were coated with

AgI/II, GM1 (Calbiochem, La Jolla, CA) and CT, or with

anti-mouse IgA (Southern Biotechnology Associates, Inc.,

Birmingham, AL). Peroxidase-conjugated goat anti-mouse

IgA and IgG (Southern Biotechnology Associates) and

o-phenylenediamine dihydrochloride plus H2O2 were used

to develop the assay. The colorimetric reaction was

stopped with sulphuric acid and read using a VERSAmax

microplate reader (Molecular Devices, Sunnyvale, CA).

Unknown values were calculated from standard curves

using SOFTMAX PRO software (Molecular Devices). The

geometric means and standard deviations (SDs) of groups

were plotted as log-transformed data.

Statistics

Antibody responses using log-transformed data and cell

responses to antigen were analysed using the paired and

unpaired Student’s t-test with GRAPHPAD INSTAT (Graph-

Pad, San Diego, CA). Differences between groups were

considered significant when P < 0�05. The results are

representative of duplicate experiments.

Results

Systemic and mucosal antibody responses
to i.g. immunization

To evaluate the oral immunogenicity of SBR-CTA2/B,

mice were immunized i.g. with three doses of SBR-CTA2/

B at days 0, 10 and 20 and responses were compared with

those obtained in mice immunized with an equimolar

amount (40 lg) of SBR admixed with 5 lg of CT

(SBR + CT) or 100 lg of chemically coupled SBR-CTB.

Compared to mice sham-immunized or immunized with

CT or SBR alone, mice immunized with SBR-CTA2/B,

SBR + CT or SBR-CTB developed significant antigen-spe-

cific IgG antibodies in serum (P < 0�001) (Fig. 1a). There
was no significant difference in the response amongst

groups immunized with SBR-CTA2/B, SBR + CT or

SBR-CTB (P > 0�05). In saliva (Fig. 1b), AgI/II-specific

IgA antibodies were also detected in those groups immun-

ized with SBR-CTA2/B or SBR + CT, but not in mice

immunized with SBR-CTB, CT or SBR alone, or in sham-

immunized controls. Compared to preimmune titres,

significant AgI/II-specific IgA titres were detected in

groups immunized with SBR-CTA2/B or SBR + CT

(P < 0�05). Therefore, i.g. immunization with SBR-CTA2/B

induced antibody titres in serum that were comparable to

those from mice immunized with CT or SBR-CTB chem-

ical conjugate as well as detectable salivary IgA titres.

Serum antibody responses to systemic challenge
after i.g. priming

To determine whether mucosal priming with SBR-CTA2/B

induced tolerance to subsequent systemic immuniza-

tion, mice were immunized i.g. with 100 lg of SBR-

CTA2/B on days 0, 10 and 20, and 2 weeks later were

challenged s.c. with AgI/II. Control animals that had not

been primed were similarly immunized s.c. with AgI/II.

AgI/II-specific IgG responses in serum were significantly

greater in those animals primed i.g. with SBR-CTA2/B

and challenged with AgI/II s.c. (P < 0�01) (Fig. 2a). An

additional group of mice that were primed with SBR-

CTA2/B admixed with 5 lg of CT (SBR-CTA2/B + CT)

also mounted a significant serum IgG response to chal-

lenge with AgI/II (P < 0�001) (Fig. 2a). However, the

addition of CT to i.g. priming with SBR-CTA2/B did not

enhance the serum IgG response either before or after

systemic challenge. Another group i.g. primed with SBR-

CTB showed similar significant AgI/II-specific titres in

response to challenge (P < 0�001) (Fig. 2a). Thus, in each

case, priming by i.g. immunization with SBR coupled

(genetically or chemically) to CTB led to enhanced

responses to AgI/II upon subsequent challenge without

the need for coadministered CT.
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Figure 1. Surface antigen AgI/II-specific immunoglobulin G (IgG)

in serum (a) and AgI/II-specific and total IgA levels in saliva (b) on

day 27 following intragastric (i.g.) immunization of groups of mice

(n ¼ 4) on days 0, 10 and 20. Data are represented as geometric

mean and standard deviation (a) or antibody responses from indi-

vidual animals (b; closed symbols, specific IgA; open symbols, total

IgA). The line denotes the lowest detectable limit of 0�5 lg/ml. SBR,

saliva-binding region; CT, cholera toxin; SBR-CTA2/B, a genetically

coupled protein composed of the SBR of the Streptococcus mutans

surface antigen AgI/II and the non-toxic A2 and B subunits of CT;

SBR+CT, recombinant SBR admixed with CT; SBR-CTB, SBR chem-

ically coupled to the recombinant CT B subunit; Sham, buffer only.
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If the systemic challenge with AgI/II was delayed for

5 months after i.g. priming with SBR-CTA2/B, there was

still a potent serum IgG response to AgI/II (P < 0�05)
(Fig. 2b), even though the anti-AgI/II antibody levels in

unchallenged mice had declined markedly in this interval.

In all studies, immune responses to the systemic challenge

with AgI/II were at least as great as those mounted in the

s.c. immunized controls (Figs 2a and b). Thus, there was

no evidence from these experiments that mucosal

immunization with SBR coupled to CTB either chemically

or genetically induced tolerance to AgI/II.

T-cell responses to AgI/II following i.g. immunization

As i.g. immunization with SBR-CTA2/B induced antibody

responses with no evidence for tolerance induction in the

B-cell compartment, the question arose whether the T

cells were tolerized by mucosal immunization as reported

in other studies.38,39 To address this question, spleen cells

from mice immunized with SBR-CTA2/B, SBR + CT or

SBR-CTB were cultured in vitro with or without AgI/II,

and T-cell responses were measured in terms of ATP pro-

duction by metabolically active cells (Fig. 3a). Compared

with splenic cultures treated with culture medium alone,

cells from animals immunized with SBR-CTA2/B or

SBR + CT responded significantly in the presence of

AgI/II (P < 0�01 and P < 0�05, respectively). However,

cells from control animals and those administered

SBR-CTB showed no response to AgI/II (P > 0�05). Thus,
mucosal immunization with SBR-CTA2/B appeared to

sensitize T cells for an antigen-specific response, in a simi-

lar manner to SBR + CT but unlike SBR-CTB conjugate.

All cell cultures showed strong responses of similar mag-

nitude when stimulated with the mitogen concanavalin A

(Con A) (data not shown).

In order to compare this assay for measuring T-cell

responses with conventional methods of [3H] thymidine

uptake, splenic cells from the same animals were cultured

under identical conditions and later assayed by each

method. Both assays showed significant T-cell responsive-
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Figure 2. Surface antigen AgI/II-specific immunoglobulin G (IgG)

in serum following intragastric (i.g.) immunization with or without

systemic challenge. Groups (n ¼ 4–6) were immunized on days 0, 10

and 20 with a genetically coupled protein composed of the saliva-

binding region (SBR) of the Streptococcus mutans surface antigen

AgI/II and the non-toxic A2 and B subunits of cholera toxin (CT)

(SBR-CTA2/B), recombinant SBR admixed with CT (SBR-CTA2/

B + CT) or SBR chemically coupled to the recombinant CT B sub-

unit (SBR-CTB), and challenged with AgI/II subcutaneously (s.c.)

2 weeks (a) or 5 months (b) later. Control animals received AgI/II

s.c. only. Samples were collected 7 days following the final i.g. or s.c.

immunization. Results are represented as the geometric mean and

standard deviation. *P < 0�05, **P < 0�01 and ***P < 0�001 com-

pared with the corresponding group that was not challenged.
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Figure 3. (a) In vitro responses of splenic cells isolated from groups

(n ¼ 4) intragastrically (i.g.) immunized with a genetically coupled

protein composed of the saliva-binding region (SBR) of the Strepto-

coccus mutans surface antigen AgI/II and the non-toxic A2 and B

subunits of cholera toxin (CT) (SBR-CTA2/B), recombinant SBR

admixed with CT (SBR-CTA2/B + CT), SBR chemically coupled to

the recombinant CT B subunit (SBR-CTB) or sham-immunized con-

trols. Cell responses were quantified by assay of ATP produced in

metabolically active cells cultured with surface antigen AgI/II (solid

bars) or culture medium alone (open bars). *P < 0�05 and

***P < 0�001 relative to unstimulated cultures. (b) Comparison of

ATP and [3H] thymidine uptake assays for measuring T-cell

responses to stimulus. Responses of spleen cells to AgI/II and conca-

navalin A (Con A) were evaluated by ATP production (hatched bars)

and [3H] thymidine uptake (solid bars). *P < 0�05 and **P < 0�01
relative to unstimulated cultures. SI, stimulation index.
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ness to stimulation with AgI/II (ATP P < 0�05; [3H]

thymidine P < 0�01, SI ¼ 4�4) and Con A (ATP P < 0�01;
[3H] thymidine P < 0�001, SI ¼ 29�1) (Fig. 3b) and the

ATP assay was found to be a sensitive and reproducible

system for determining T-cell responses.

Recalling systemic and mucosal memory following
mucosal immunization with SBR-CTA2/B

Groups of mice were immunized i.n. with 25 lg of SBR-

CTA2/B on days 0, 10 and 20, rested for 6 months, and

boosted i.n. with 25 lg of SBR-CTA2/B either 1, 2 or 3

times at 10-day intervals. Serum and saliva samples were

collected 7 days after the final booster immunization in

each case. A control group was immunized but not boos-

ted and samples were collected from these animals at the

7-month time-point. Levels of AgI/II-specific IgG anti-

bodies in serum (Fig. 4a) progressively increased with

the number of booster doses and attained significance

(P < 0�05) in comparison to pre-boost levels after one or

more booster doses. At least two booster immunizations

were required to reveal an increase in salivary IgA anti-

bodies (Fig. 4b).

To determine whether Ag-specific T cells were present

in local lymphoid tissues (NALT and CLNs) or in the

spleen (as a central lymphoid organ) prior to or during

recall (booster) immunization, mononuclear cells were

isolated from these tissues and from the ILNs as a remote

site for comparison, and cultured with AgI/II. Prior to

boosting, cells capable of responding to AgI/II were found

in the spleen, but not in the NALT, CLNs or ILNs

(Fig. 5). AgI/II-responsive cells continued to be found in

the spleen after one and two booster immunizations, and

were present in CLNs but not other tissues after three

booster doses (Fig. 5). It is unclear why such cells

declined in the spleen after the third booster dose, but

background response in medium only also declined in

these cultures. However, these and all other cultures

responded strongly to Con A (data not shown).

Discussion

Our results clearly show that a protein antigen coupled to

the recombinant B subunit of CT in the form of a gen-

etically constructed chimeric protein is immunogenic via

the i.g. route of administration without any requirement

for intact toxin such as CT as a coadministered adjuvant.
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Figure 4. Surface antigen AgI/II-specific immunoglobulin (IgG) in

serum (a) and AgI/II-specific and total IgA in saliva (b) following

one, two or three intranasal (i.n.) booster immunizations. Groups

(n ¼ 5–6) were primed i.n. with a genetically coupled protein com-

posed of the saliva-binding region (SBR) of the Streptococcus mutans

surface antigen AgI/II and the non-toxic A2 and B subunits of chol-

era toxin (CT) (SBR-CTA2/B) on days 0, 10 and 20 and rested for

6 months before boosting i.n. with SBR-CTA2/B 1, 2 or 3 times at

10-day intervals. Animals not boosted (zero boost) served as a con-

trol. Samples were collected 7 days after the final booster immuniza-

tion or at the 7-month time-point for the group not boosted. Serum

antibody data are represented as the geometric mean and standard

deviation. *P < 0�05 and **P < 0�01 compared with animals not

boosted (a). Salivary antibody responses are shown for individual

animals (b; closed symbols, specific IgA; open symbols, total IgA).

The line denotes the lowest detectable limit of 0�5 lg/ml.
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Figure 5. Responses of cells isolated from the nasal-associated lym-

phoid tissue (NALT), cervical lymph nodes (CLNs), iliac lymph

nodes (ILNs) and spleen following one, two or three booster immu-

nizations. Animals not boosted (zero boost) were used as a control

group. Animals were killed 8 days after final booster immunization

or at the 7-month time-point for those not boosted. Cells were cul-

tured with surface antigen AgI/II (solid bars) or culture medium

alone (open bars), and proliferation was determined by quantifying

cellular ATP concentrations from individual cultures. The signifi-

cance of differences was evaluated between AgI/II-stimulated and

unstimulated cultures. *P < 0�05; **P < 0�01.
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There was no evidence in our system for the induction

of tolerance, in either B- or T-cell compartments, as

immunization did not diminish the antibody response to

parenteral challenge with AgI/II, or weaken the response

of T cells cultured with AgI/II. This is in contrast to find-

ings reported by others11,40 showing that mucosal

immunization with antigens chemically conjugated to

recombinant CTB induces profound tolerance to the sub-

sequent parenteral administration of the same antigen.

However, there are several differences between the two

systems that may account for these divergent findings.

An important difference concerns the nature of the

antigen–B subunit complex, i.e. recombinant chimeric

protein versus chemical conjugate. In the former, a pro-

tein antigen is genetically fused to form a holotoxin-like

chimeric molecule. Conversely, chemical conjugates yield

covalent complexes of ill-defined and somewhat variable

molecular structure. Even though the ganglioside-binding

properties of both types of construct are preserved, as this

is thought to be essential for uptake by the immune

system, it is expected that the detailed molecular mecha-

nisms of uptake and intracellular processing by antigen-

presenting cells will be different. Chemical conjugates of

AgI/II and CTB have been shown to be immuno-

genic upon i.g. administration but antibody responses

were dependent on coadministration of intact CT as an

adjuvant.33,41

In order to directly compare genetically coupled (SBR-

CTA2/B) with chemically coupled proteins, we prepared a

conjugate protein consisting of recombinant SBR and

recombinant CTB (SBR-CTB). Interestingly, IgG antibody

titres in serum following i.g. immunization with SBR-

CTB were comparable to those from animals adminis-

tered SBR-CTA2/B. However, unlike the chimeric protein,

immunization with SBR-CTB conjugate did not induce

detectable AgI/II-specific IgA titres in saliva, nor sensiti-

zed lymphoid cells in the spleen. These findings suggest

that SBR-CTB is partially immunogenic when delivered

via the i.g. route, although the response is restricted to

circulating antibody. Conceivably, this limited antibody

response to SBR-CTB is related to the lack of T-cell

responses in the spleen. These results also indicate that

the nature of the CTB and SBR coupling may contribute

to its capacity to induce an immune response, at least

under the conditions of immunization used in this study.

There has been considerable controversy over the

requirement for toxic enzyme activity in the immuno-

enhancing property of the heat-labile enterotoxins such as

CT and the closely related E. coli heat-labile toxin (LT).

Despite an early finding to the contrary,42 mutants of

either toxin lacking detectable toxicity or ADP-ribosyl-

transferase activities have been shown to possess adjuvant

activity when coadministered with soluble antigens by

mucosal routes.6,7 Furthermore, recombinant CTB or LTB

can function as an adjuvant for some antigens adminis-

tered by the i.n. route.27,43 Therefore, it is likely that other

factors contribute to the outcome, i.e. active immunity

or tolerance. Moreover, ‘split’ tolerance can occur after

mucosal immunization in which mucosal IgA antibody

responses develop concomitantly with systemic T-cell tol-

erance.38,39 It is notable that the T-cell compartment is

much easier to tolerize than the B-cell compartment.

Furthermore, i.n. immunization with conjugates of

Schistosoma mansoni glutathione S-transferase and recom-

binant CTB has been shown to induce antibody responses

and simultaneously to suppress inflammatory pathology.44

The route of mucosal immunization may also play a

part. Intranasal immunization has usually been found to

be more efficient than i.g. immunization in that equival-

ent responses are obtained with lower doses of immuno-

gen. In part this may be a result of less degradation by

digestive processes and more immediate access to the pre-

sumed inductive sites, these being NALT and Peyer’s pat-

ches in the case of i.n and i.g. immunization, respectively.

However, differences in the requirement for such factors

as coupling of antigen to B subunit and dependence

on holotoxin adjuvants29,33 suggest that there may be

important differences in the way the two sites function to

generate immune responses.

Mucosal immunization with SBR-CTA2/B also primed

for anamnestic recall responses. This was observed in the

recall of circulating IgG responses after systemic challenge

with AgI/II and further examined in animals primed and

boosted i.n. with SBR-CTA2/B. In these studies, one or

two i.n. boosts were sufficient to recall serum IgG and

salivary IgA antibody responses, respectively. This may be

consistent with the finding that memory cells persisted in

the spleen for 6 months prior to booster immunization

and could be identified by their ability to respond to

AgI/II in vitro. Similar results have also been reported

using AgI/II and purified CTB conjugated proteins.45

Booster immunization did not further enhance splenic

responses, which instead declined after three booster

immunizations. This may have been a result of the devel-

opment of regulatory cells that would suppress such

responses to AgI/II46 and may indicate the development

of ‘split’ tolerance. AgI/II-responsive cells could not be

identified in NALT or CLNs 6 months after priming but

before boosting. After i.n. boosting, a modest increase in

AgI/II-specific proliferation was found in cells from the

CLNs that drain the nasal mucosa, but not in the NALT

or a remote lymph node such as the ILN. Thus, it appears

that recall of mucosal memory responses depends upon a

pool of memory cells that are not immediately available

at the inductive sites but must be recruited from more

central lymphoid organs such as the spleen or possibly

the deeper CLNs as suggested by Wu et al.45,47

With respect to the properties of the antigen chosen for

study, extensive experience has shown that AgI/II is a

potent immunogen;48 this may influence the ability of CT
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or CTB to serve as an adjuvant or as a coupled delivery

system for its SBR segment. Moreover, AgI/II is prone to

induce T helper type 2 (Th2) responses in mice, such that

attempts to use it in a model of delayed-type hypersensi-

tivity that might be amenable to tolerization by mucosal

immunization were unsuccessful (M. W. Russell, unpub-

lished observations). Other studies on mucosal adjuvants

have used such conventional antigens as ovalbumin, which

in itself appears to be readily capable of inducing mucosal

tolerance and has been widely used in studies of this phe-

nomenon.49,50 The dose and scheduling of the antigen–

CTB protein complex may also influence the induction of

immunity. Possibly, the regimens followed by previous

investigators that demonstrated tolerance induction using

CTB–antigen conjugates skewed the immune response

towards tolerance rather than immunity.16,51 The animal

model in which studies are performed also affects the out-

come. Mice are clearly responsive to mucosal immuniza-

tion with SBR-CTA2/B by the i.g. and i.n. routes without

additional CT as adjuvant (this study and reference 24),

but in rats it was necessary to coadminister intact CT in

order to obtain responses to SBR-CTA2/B given i.n.28

What influences the differences found in response to

dissimilar antigens, the varied ability of CTB (or the B

subunits of other heat-labile enterotoxins) to function as

mucosal adjuvants, and the exact function of the toxic

enzyme activity associated with the enterotoxin A subunit

in different species remains incompletely understood.

Indeed, it appears that the mechanisms that give rise to

tolerance or immunity using enterotoxin B subunits are

quite complex and depend on factors such as the type of

antigen coupling, the purity of the B subunit, the nature

of the antigen, previous priming with antigen, and T-cell

or B-cell compartments. Nevertheless, while numerous

factors interact to determine the outcome, enterotoxin B

subunits such as CTB can be used effectively as mucosal

adjuvants or genetically coupled delivery systems to

enhance immunogenicity.
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