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Abstract
A plethora of human pathogens invade and/or colonize mucosal surfaces. Elaboration of strong,
protective immune responses against those pathogens by mucosal vaccination, however, is
hampered by endogenous regulatory systems in the mucosae that dampen responses to foreign
antigens (Ag). To overcome those natural barriers, mucosal adjuvants must be employed. Using a
mouse mucosal immunization model and AgI/II, a weak immunogen from Streptococcus mutans,
LT-IIc, a new member of the type II subgroup of the heat-labile enterotoxin family, was shown to
have potent mucosal adjuvant properties. In comparison to mice intranasally immunized only with
AgI/II, co-administration of AgI/II with LT-IIc enhanced production of Ag-specific IgA antibodies
in the saliva and vaginal fluids and Ag-specific IgA and IgG in the serum. Secretion of IL-2, IL-6,
IL-17, IFN-γ, and TNF-α was enhanced in cultures of AgI/II-stimulated splenic cells isolated from
mice that had received LT-IIc as a mucosal adjuvant. In contrast, secretion of IL-10 was
suppressed in those cells. This pattern of cytokine secretion suggested that LT-IIc stimulates both
Th1 and Th2 immune responses. In contrast to LT-IIa and LT-IIb, the original members of the
type II subgroup that also are mucosal adjuvants, LT-IIc dramatically enhanced secretion of IL-1α
and IL-1β in peritoneal macrophages that had been co-cultured with LPS. Furthermore, the B
pentameric subunit of LT-IIc augmented uptake of Ag by bone marrow-derived dendritic cells to
levels that exceeded those attained by use of LPS or by the B pentamers of LT-IIa or LT-IIb.
These data confirmed that LT-IIc is a strong mucosal adjuvant with immunomodulatory properties
that are distinguishable from those of LT-IIa and LT-IIb and which has immunomodulatory
properties that may be exploitable in vaccine development.
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INTRODUCTION
The oral/gastrointestinal, nasopharyngeal, respiratory, and vaginal mucosae are continuously
confronted with antigenic substances from the environment. The vast majority of those
substances are harmless and, in most cases, the mucosae are unresponsive to those antigens
(Ag) or respond only in a muted manner (15). The various mucosae, however, represent
natural sites for entry of many human pathogens. Protection against those pathogens requires
the use of vaccines to evoke strong pathogen-specific, protective immune responses on the
mucosae. Unfortunately, the same endogenous immunoregulatory systems in the mucosae
that suppress immune responses to harmless environmental Ags also suppress immune
responses to potentially protective Ags. To overcome or bypass those natural immune
barriers in the mucosae, mucosal adjuvants are required (5,7,28,29).

Members of the A1B5 family of oligomeric ADP-ribosylating heat-labile enterotoxins (HLT)
(14) have been shown to be potent systemic and mucosal adjuvants (5,18). Based on
similarities and differences in genetic, biochemical, and immunological characteristics, the
family is divided into two major subfamilies (5,14). Cholera toxin (CT) produced by Vibrio
cholerae and heat-labile enterotoxin (herein referred to as LT-I) produced by
enterotoxigenic Escherichia coli are members of the type I HLT subfamily. The members of
the type II subfamily (LT-IIa and LT-IIb), are distinguishable antigenically and structurally
from the members of the type I subfamily (10,11,14).

A compendium of research has demonstrated that the distinctive immunomodulatory
activities of LT-IIa, LT-IIb, CT, and LT-I are dependent upon the enterotoxins’ binding
patterns for gangliosides, a family of sugar-containing lipids that are embedded in the
plasma membrane of eukaryotic cells (34). Binding of an enterotoxin to its ganglioside
receptor(s), directly or indirectly, triggers responses that regulate specific immune functions
of T cells, B cells, and/or (DC) cells (1,2,24). The types of responses observed in each of
those cells are determined by the ganglioside(s) to which each of the HLT binds (5). CT and
LT-I bind with high affinity to GM1 (although LT-I also has affinity for an unknown
glycoprotein) (32). CT also binds with low affinity (in descending order) to GM2, GD1a,
GM3, GT1b, GD1b, and asialo-GM1 (16). LT-IIa binds specifically, in descending order of
avidity, to gangliosides GD1b, GM1, GT1b, GQ1b, GM2, GD1a, and GM3 (8). LT-IIb binds
avidly only to GD1a and to GM2 and GM3 with much lower affinity (8).

Recently, a new HLT was cloned from a strain of enterotoxigenic E. coli that was obtained
from the fecal material of a diarrheic ostrich (27). Comparative studies of the predicted
amino acid sequences demonstrated that the new HLT produced by an E. coli colonizing a
non-mammalian host was distantly related to CT or LT-I, but closely related to LT-IIa and
LT-IIb (31). The amino acid sequences of the catalytic A polypeptide of the new HLT were
very similar to the amino acid sequences of the A polypeptides of LT-IIa and LT-IIb (79%
and 72%, respectively). Major divergence in amino acid sequences between LT-IIa, LT-IIb,
and the new HLT, however, was observed in the B polypeptides that bind the HLT to their
cellular receptors. Specifically, the B polypeptide of the new HLT exhibited only 53%
amino acid sequence similarity to the B polypeptide of LT-IIa and only 54% amino acid
sequence similarity to the B polypeptide of LT-IIb (31). Notably, the B polypeptide of the
new HLT had no detectible amino acid sequence similarity to the B polypeptides of CT and
LT-I. Thus, the new enterotoxin, designated LT-IIc, was assigned as the third member of the
type II subfamily of HLT.

The divergence in the amino acid sequences of the LT-IIc B polypeptide suggested that LT-
IIc likely had binding affinities for gangliosides that would be different from those of LT-
IIa, LT-IIb, CT, or LT-I. In fact, LT-IIc bound strongly to GD1a, GM1, GM2, and GM3, but
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had no detectible affinity for GD1b, GT1b, or GQ1b (31). Since the distinctive
immunomodulatory properties of LT-IIa, LT-IIb, CT, and LT-I are dependent upon their
capacity to bind to different gangliosides (2,5,24), it was hypothesized that distinctive
immunomodulatory properties would be conferred upon LT-IIc by its distinctive
ganglioside-binding properties. Experiments reported herein supported that model and
provide additional evidence for the roles of gangliosides in immunomodulation.

MATERIALS AND METHODS
Cloning and purification of a His-tagged LT-IIc

Cloning of recombinant His-tagged LT-IIc holotoxin has been described (31). To engineer a
recombinant His-tagged version of the B- subunit of LT-IIc (LT-IIc-B5), The EcoRI/XhoI
fragment of pJCH6.2 which encodes the B polypeptide of LT-IIc was ligated into
pBluescript II SK- (Stratagene, La Jolla, CA) at the EcoRI/XhoI sites to produce pHN51
which was introduced into E. coli DH5αF’Kan (Life Technologies, Inc., Gaithersburg, MD).
Expression of recombinant LT-IIc was induced by addition of isopropyl-β-D-thiogalactoside
to the culture medium. LT-IIc was extracted from the periplasmic space and purified to
homogeneity by nickel affinity chromatography and gel filtration chromatography
(Sephacryl-100; Pharmacia, Piscataway, NJ,) using an ÄKTA-FPLC (Pharmacia)(28). LT-
IIa and LT-IIb and the respective B pentamers were purified using established methods (12).

Lipopolysaccharide
All purified recombinant enterotoxins were analyzed for potential contamination by
endotoxin using a quantitative Limulus amoebocyte lysate assay kit (Charles River
Endosafe, Charleston, SC). All enterotoxins preparations were essentially free of
lipopolysaccharide (< 0.03 ng/μg protein).

Mucosal immunization model
A well-established mouse mucosal immunization model was employed (23,28).
Unanesthetized female BALB/c mice (The Jackson Laboratory, Bar Harbor, Maine) of
approximately 8 weeks of age were immunized by the intranasal (i.n.) route with various
combinations of Ag and enterotoxin. Groups of 6 mice were immunized 3× at 2-week
intervals with 10 μg of AgI/II, a streptococcal Ag (33), alone or in combination with 1.0 μg
of LT-IIb or 1.0 μg of LT-IIc. Immunizations were administered in a standardized volume
(10.0 μl) that was applied slowly to both external nostrils at 5 μl/nostril. Animal experiments
were approved by the Institutional Animal Care and Use Committee of the University at
Buffalo.

Collection of secretions and sera
Samples of serum, saliva, and vaginal washes were collected from individual mice at a point
one week before the initial immunization (pre-immune) and at two weeks after the third
immunization (28). Mucosal secretions and serum samples were stored at −70°C.

Antibody analysis
Levels of Ag-specific IgA and Ag-specific IgG antibodies in saliva, sera, and vaginal
washes were determined by ELISA (28).

Cytokine assays
Single cell suspensions of splenic cells were isolated from immunized mice at a time point
63 days after the initial immunization when the primary anti-AgI/II response had
significantly declined (23). Splenic cells were plated in triplicate at a concentration of 107
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cells/well in 6-well tissue culture plates (Nunc, Roskilde, Denmark) and stimulated for 4
days in the presence of AgI/II (5 μg/ml). Culture supernatants were collected after
centrifugation and stored at −70°C. Cytokine levels in culture supernatants were determined
using a mouse Th1/Th2/Th17 cytokine BD cytometric bead array kit, a DB FACSArray
bioanalyzer, and FCAP array software (BD Biosciences, San Jose, CA).

Primary cell isolation, culture, and cytokine induction
Thioglycollate-elicited macrophages isolated from the peritoneal cavities of female BALB/c
mice (3) were cultured in complete RPMI 1640 (Invitrogen/Gibco, Grand Island, NY)
supplemented with 10% heat-inactivated fetal bovine serum (FBS)(Gibco), 2 mM L-
glutamine, 10 mM HEPES (Gibco), 100 units/ml penicillin G, 100 μg/ml streptomycin
(Gibco), and 0.05 mM 2-mercaptoethanol (Gibco). Mouse macrophages (2×106/well) were
stimulated with 1 μg/ml ultrapure LPS (InvivoGen, San Diego, CA) for 4 hrs before being
treated for 20 hrs with 2.0 μg/ml of LT-IIa, LT-IIb or LT-IIc. In comparison to medium-only
control treatments, none of the experimental treatments significantly affected cell viability.
Supernatants of mouse macrophages were collected and stored at −70°C until being
analyzed for interleukin 6 (IL-6), interleukin 1α (IL-1α), and interleukin 1β (IL-1β) using
commercial cytokine specific ELISA kits (eBioscience, San Diego, CA).

Antigen uptake by bone marrow derived DC (BMDC)
Uptake of Ag by BMDC was measured using a standard protocol (17). FITC-labeled-
chicken OVA (FITC-OVA) (Invitrogen-Molecular Probes) was employed as the model Ag.
Individual 100 μl aliquots containing 2×105 BMDC were incubated for 10 min at 37°C with
5 μg/ml of LT-IIa-B5, 5 μg/ml of LT-IIbB5, 5 μg/ml of LT-IIc-B5, 1 μg/ml of LPS (positive
control), or PBS (untreated control). FITC-OVA (0.2 mg/ml) was added to the BMDC and
the cells incubated for 10 min at 37°C. Ag uptake by BMDC was terminated by washing the
cells 3× with ice-cold PBS containing 2% FBS. Cells were resuspended in FACS buffer
(PBS containing 2% bovine serum albumin and 0.1% sodium azide), stained with APC-
conjugated anti-CD11c (Biolegend, San Diego, CA), washed in FACS buffer, and
resuspended in FACS buffer containing 0.25 μg/ml of 7-AAD (Calbiochem, San Diego, CA)
to distinguish living from dead cells. FITC fluorescence of the CD11c+ and 7-AAD− cells
was determined using a FACScalibur flow cytometer (Becton-Dickinson) and CellQuest
software (Becton-Dickinson). Fluorescence values were reported as mean fluorescence
intensity (MFI).

RESULTS
Enhanced production of Ag-specific IgA and IgG

The striking similarity in protein structure and amino acid homology between LT-IIc, LT-
IIa, and LT-IIb (31) strongly suggested that LT-IIc had the potential to behave as a mucosal
adjuvant (27). To test this hypothesis, mice were immunized intranasally with a poor antigen
(Ag)[AgI/II, a surface protein of Streptococcus mutans (33)] in the absence or presence of
LT-IIc. LT-IIb, an established mucosal adjuvant, was employed as a positive control
(23,28). In comparison to mice immunized solely with AgI/II, mice administered AgI/II in
the presence of LT-IIc augmented production of Ag-specific IgA in proximal (oral) (Fig 1A)
and distal (vaginal) mucosal secretions (Fig. 1B). The levels of anti-AgI/II IgA enhanced by
use of LT-IIc were comparable to those elicited by LT-IIb. Similar patterns of enhanced Ag-
specific immune responses were also observed in the serum of mice receiving LT-IIc as a
mucosal adjuvant. In comparison to mice that had been intranasally immunized only with
AgI/II, levels of Ag-specific IgA (Fig. 1C) and Ag-specific IgG (Fig. 1D) were significantly
elevated in the serum of mice that had received LT-IIc. Again, comparable levels of
antibodies were detected in the serum of mice administered LT-IIb as a mucosal adjuvant.
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These data strongly demonstrated that LT-IIc was a potent mucosal adjuvant that could
enhance both mucosal and systemic immune responses. Further experiments were performed
to distinguish the mechanisms by which LT-IIc evoked those responses.

Induction of memory responses
LT-IIa, LT-IIb, CT, and LT-I have the capacity to establish robust memory T-cell responses
to co-administered Ags (23,28,29). To evaluate the capacity of LT-IIc to establish memory
responses, cultures of splenocytes obtained from intranasally immunized mice after decay of
the primary immune responses and stimulated with AgI/II were measured for secretion of
IL-2, IL-6, IL-10, IL-17, INF-γ, and TNF-α. Splenic cells obtained from mice administered
LT-IIc as a mucosal adjuvant elaborated significantly higher levels of IL-2, IL-6, IFN-γ, and
IL-17 after application in vitro of AgI/II than did splenic cells obtained from mice
immunized only with AgI/II (Fig. 2). In contrast, use of LT-IIc as a mucosal adjuvant
suppressed secretion of TNF-α and IL-10. A similar pattern of cytokine responses was
observed in splenic cells obtained from mice that had been administered LT-IIb as a
mucosal adjuvant. These data indicated that LT-IIc was a potent enhancer of memory
responses.

Enhanced production of IL-1α and IL-1β
Secretion of many cytokines by murine and human immunocompetent cells is stimulated by
treatment of the cells with either LT-IIa or LT-IIb (1,12,13,21,24,30). To determine if LT-
IIc also stimulates macrophages, LPS-activated peritoneal macrophages of naïve mice were
treated in vitro with LT-IIc and evaluated for secretion of IL-6, IL-1α, and IL-1β. As
demonstrated in prior studies (1), LT-IIa and LT-IIb enhanced secretion of IL-6 by LPS-
treated peritoneal macrophages (Fig. 3). Treatment of the cells with LT-IIc promoted
secretion of amounts of IL-6 similar to the amounts secreted by cells treated with either LT-
IIa or LT-IIb.

In contrast, LT-IIc was superior to either LT-IIa or LT-IIb in promoting secretion of the pro-
inflammatory cytokines IL-1α and IL-1β. The capacity to elevate secretion of IL-1α and IL-
1β at levels greater than the levels promoted by either LT-IIa or LT-IIb indicated that LT-IIc
had distinctive immunomodulatory properties to influence pro-inflammatory responses.

Enhanced uptake of Ag by BMDC
Immunization experiments have shown that the B pentamers of LT-IIa (LT-IIa-B5) (C.H.L,
and T.D.C., unpubl. data) and LT-IIb (LT-IIb-B5), which can be recombinantly expressed
and purified, exhibit strong mucosal adjuvant activity, although with less potency than their
respective holotoxins (20). The adjuvant properties of LT-LT-IIa-B5 and LT-IIb-B5 are
likely mediated, in part, by the ability of the pentamers to enhance uptake of Ag by DC, a
property which is not shared by their respective holotoxins or by the B pentamers of either
CT or LT-I (17). The capacity of LT-IIa-B5 and LT-IIb-B5 to enhance the uptake of Ag is
dependent upon expression by DC of toll-like receptor 2 (TLR2) (17). LT-IIa-B5 and LT-
IIb-B5 interact with TLR2 via a conserved hydrophobic motif [N-AMAA(I/V)LS-C] located
at amino acid positions 68–74 in the B polypeptides (19). This motif is absent in the B
polypeptides of CT and LT-I, and thus, these HLT lack the capacity to augment uptake of
Ag by DC (17). Amino acid sequence alignments revealed the presence of a seven amino
acid sequence (N-AMAAVLS-C) in the B polypeptides of LT-IIc (LT-IIc-B5) that were
highly homologous to the amino acid sequences of the TLR2-interacting motif of LT-IIa-B5
and LT- IIb-B5 (31). These data suggested that LT-IIc-B5 had the capacity to augment
uptake of Ag by BMDC using similar TLR2-dependent mechanisms. To test this model,
BMDC were treated briefly with LT-IIc-B5, subsequently mixed with FITC-conjugated
ovalbumin (FITC-OVA), and analyzed for fluorescence by flow cytometry as a measure of
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Ag uptake (17). LPS, a potent TLR4 agonist and a strong stimulant of Ag uptake (35), and
LT-IIa-B5 and LT-IIb-B5 were used as positive controls. As expected, uptake of FITC-OVA
was augmented in BMDC treated with LPS (Fig. 4). Uptake was enhanced to a higher
degree by treatment of the cells with either LT-IIa-B5 or LT-IIb-B5. The highest levels of
Ag uptake, however, were observed when BMDC were treated with LT-IIc-B5. LT-IIc-B5,
therefore, of the four agents appeared to have the greatest stimulatory properties in respect to
augmenting Ag uptake by BMDC.

DISCUSSION
When employed as mucosal adjuvants, all members of the type I and type II HLT
subfamilies stimulate strong Th2-type immune responses to a co-administered Ag
(23,28,29). The immune responses are usually long-lived due to establishment of memory T
cells. Yet, it is clear that each member of the two families exert a unique immunomodulatory
activity at the cellular level (1,2,24). The distinctive immune responses evoked by use of the
HLT as mucosal adjuvants are likely dependent upon the gangliosides to which the
enterotoxins bind on immunocompetent cells (5,9). In fact, the situation is more complex.
LT-IIb binds to gangliosides decorated with either N-acetylneuraminic acid (NeuAc) or N-
glycolylneuraminic acid (NeuGc) (3). The LT-IIb(T13I) mutant of LT-IIb which binds
preferentially to NeuGc and exhibits less affinity for NeuAc gangliosides have lost the
capacity to intoxicate cells, yet retain most of the adjuvant properties of the wt LT-IIb in
mice expressing only NeuAc (28,30). It is feasible that other structural variances in
particular gangliosides (e.g., different mixtures of NeuAc and NeuGc in di- and tri-sialo-
gangliosides, length of the ceramide core, etc.) may influence binding and
immunomodulation by HLT. Whether binding of an HLT to a particular ganglioside(s) (i)
directly triggers immune signal transduction, (ii) indirectly positions the enterotoxins into
locations in the membrane (e.g., lipid rafts) where secondary interactions evoke immune
signal transduction, or routes the enterotoxins into specific pathways for internalization
where the enterotoxin interacts with different cytoplasmic regulators has not been
experimentally established.

LT-IIc exhibits ganglioside-binding properties that are distinguishable from those of LT-IIa,
LT-IIb, CT, and LT-I (31). Using the established mouse mucosal immunization model, LT-
IIc was shown to enhance Ag-specific mucosal and systemic antibody responses and to
induce production of IL-2, IL-6, IFN-γ, and IL-17 by splenic cells. Furthermore, when used
to treat BMDC in vitro, LT-IIc-B5 augmented uptake of Ag to levels unattainable by
treatment of the BMDC with LPS, a powerful TLR4 agonist with a capacity to enhance
uptake of Ag by DC (17,35). It is likely, therefore, that these activities are stimulated by
binding of LT-IIc and LT-IIc-B5 to specific gangliosides on the surfaces of one or more
types of immunocompetent cells. To test this model, mutants of LT-IIc with altered or
abrogated ganglioside-binding activities need to be engineered. Amino acid substitutions in
the B polypeptides of LT-IIa or LT-IIb at amino acids threonine-13, threonine-14, or
threonine-34 either abrogated binding of the HLT for gangliosides or altered the affinity of
the HLT for binding to particular gangliosides (4,6). Notably, threonines at each of those
three amino acid positions are conserved in the B polypeptide of LT-IIc (31). It is feasible,
therefore, that engineering threonine to isoleucine substitutions in the B polypeptides of LT-
IIc will produce mutant LT-IIc holotoxins with the desired characteristics, i.e. alterations in
ganglioside binding activities. These mutants will be invaluable in determining which, if
any, of the gangliosides bound by LT-IIc are primarily responsible for this HLT’s
immunomodulatory properties.

IL-1 is a major regulator of inflammatory responses. Experiments employing IL-1α/β−/−

mice demonstrated that IL-1 is a major regulator of humoral immune responses. Two
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molecular forms of IL-1 are expressed in mice and humans (22), both which have the
capacity to activate lymphocytes, monocytes, macrophages, and NK cells (26). Production
of Ag-specific antibodies was reduced in IL-1α/β-deficient mice (25). While IL-1α and
IL-1β are mutually inductive for several types of immune responses (25,26), it is likely that
IL-1β is more involved than IL-1α in stimulating T cell-dependent Ab production (25).
Furthermore, IL-1 augments T cell-dependent antibody production by enhancing expression
of CD40 ligand and OX40 on T cells (26).

Treatment of LPS-activated macrophages with LT-IIc induced IL-1α and IL-1β to levels that
were greater than the levels induced by either LT-IIa or LT-IIb and dramatically higher than
the levels induced by treatment of the cells with LPS. It is intriguing to speculate that the
adjuvant properties of LT-IIc are mediated, in part, by this enhanced production of IL-1 by
macrophages and/or by other Ag-presenting cells such as DC. Current experiments are
focused on determining if treatment with LT-IIc induces production of IL-1α and IL-1β by
circulating monocytes and by DC residing in the nasal lymphoid tissues and draining
cervical lymph nodes. A critical experiment will be to employ IL-1α/β-deficient mice in
mucosal immunization experiments to determine if IL-1α and IL-1β are essential for the
mucosal and systemic adjuvant properties of LT-IIc.

Uptake and processing of Ag by Ag-presenting cells (APC) are critical steps in producing an
immune response to an administered Ag. It is predicted, therefore, that any treatment which
enhances uptake or processing of Ag by APC will also increase immune responsiveness to
that Ag. Treatment with LT-IIa-B5 or LT-IIb-B5 significantly enhanced uptake and
presentation of Ag by cultured BMDC (17). Furthermore, trafficking experiments
demonstrated that migration of DC from the nasal-associated lymphoid tissue to the draining
cervical lymph nodes was significantly elevated in mice receiving intranasal administration
of LT-IIa-B5 (T.D.C. and C.H.L., in preparation), an effect which increased the numbers of
DC in the CLN that would be available for presenting Ag to nodal T cells. Although the
presence of a TLR2-interaction motif in the B polypeptides of LT-IIc suggested that
treatment with LT-IIc-B5 would enhance uptake of Ag by BMDC, which was confirmed by
in vitro experiments using BMDC, it was an unexpected finding that LT-IIc-B5 would
exhibit an enhancing property that would exceed the enhancing properties of LT-IIa-B5, LT-
IIb-B5, or LPS. One possibility to explain this finding is that BMDC express a greater
numbers of ganglioside receptors for LT-IIc-B5 than does LT-IIa- B5 or LT-IIb-B5. Or, there
may be secondary motifs in LT-IIc-B5 that are absent in LT-IIa-B5 or LT-IIb-B5 that interact
with TLR2 in coordination with the major TLR2-interaction motif. To test those
possibilities, LT-IIa-B5/LT-IIc-B5 and LT-IIb-B5/LT-IIc-B5 chimeras can be engineered.
The ganglioside-binding patterns of those chimeras can be evaluated using a high-resolution,
thin-layer chromatographic immunoblotting assay developed in our laboratory (3).

Each member of the type I and type II HLT promote a unique set of immune responses when
employed as mucosal adjuvants. Thus, these enterotoxins are a potentially invaluable set of
tools for driving immune responses into desirable directions, a concept which has powerful
clinical implications. These experiments have begun to define the unique
immunomodulatory properties of LT-IIc which will likely become a new tool for the
mucosal adjuvant toolbox.
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Figure 1. Intranasal co-administration of LT-IIc enhances Ag-specific mucosal and systemic
immune responses to AgI/II
BALB/c mice were immunized intranasally on days 1, 14, and 28 with 10 μg of AgI/II in the
presence or absence of 1 μg of LT-IIb or LT-IIc as a mucosal adjuvant. Samples were
obtained at day 42 at the time of peak Ag-specific antibody response. Samples were
measured for: (A) salivary IgA, (B) vaginal IgA, (C) serum IgA, and (D) serum IgG. Data
are reported as arithmetic means; error bars denote one standard error of the mean (n = 5 or
6). Key: statistically different from mice immunized only with AgI/II at P<0.01 (**) and
P<0.001 (***).
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Figure 2. Production of cytokines by splenic cells
Splenic cells were isolated from intranasally immunized mice at a time point 63 days after
the initial immunization. Cultured splenic cells were stimulated in vitro for 4 days with AgI/
II (5μg/ml). Culture supernatants from the stimulated splenic cells were measured for: (A)
IL-2, (B) IL-6, (C) IFN-γ, (D) TNF-α, (E) IL-17, and (F) IL-10. Data are reported as
arithmetic means; error bars denote one standard deviation of the mean (n = 5–6). Key:
statistically different from mice immunized only with AgI/II at P<0.05 (*), P<0.01 (**), and
P<0.001 (***).
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Figure 3. Cytokine production by peritoneal macrophages
Peritoneal macrophages from naïve mice were treated for 4 hrs with 1 μg/ml of LPS prior to
addition of LT-IIa, LT-IIb or LT-IIc. After 20 hrs of incubation, the amounts of cytokines in
the culture supernatants were determined. Data are reported as arithmetic means; error bars
denote one standard error of the mean (n = 3). Key: statistical difference between groups
denoted by crossbars at P < 0.01 (**), at P < 0.001 (***); ns, not significantly different
between groups denoted by crossbars.
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Figure 4. Uptake of FITC-OVA by BMDC is enhanced by LT-IIc-B5
BMDC were incubated at 37°C with 5 μg/ml of LT-IIa-B5, 5 μg/ml of LT-IIb-B5, 5 μg/ml of
LT-IIc-B5, 1 μg/ml of LPS, or PBS (untreated). After 10 min, FITC-OVA (0.2 mg/ml) was
added to the cultures. Ten min after addition of FITC-OVA, cells were washed with ice-cold
PBS, stained with an APC-conjugated anti-CD11c mAb (BioLegend) and 7-AAD
(Calbiochem) and the mean fluorescent intensity (MFI) of CD11c-positive, 7-AAD-negative
cells was determined using flow cytometry. Data are reported as arithmetic means; error
bars denote one standard error of the mean (n = 3). Data shown represents one of two
independent experiments. Fold increases (MFI levels in treated cells/MFI levels in untreated
cells) for each group of cells are denoted. Key: statistically different from untreated BMDC
at P < 0.005 (**) and P < 0.0001 (***); statistical differences between the values for LT-IIc-
B5 & LT-IIa-B5 and LT-IIc-B5 & LT-IIb-B5 are denoted above the crossbars.
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