INFECTION AND IMMUNITY, Dec. 1998, p. 5876–5881
0019-9567/98/$04.0010
Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Vol. 66, No. 12

Intranasal Immunization with Cytotoxic T-Lymphocyte Epitope
Peptide and Mucosal Adjuvant Cholera Toxin: Selective
Augmentation of Peptide-Presenting Dendritic Cells in
Nasal Mucosa-Associated Lymphoid Tissue
ANGEL PORGADOR,1† HERMAN F. STAATS,2 YASUSHI ITOH,1

AND

BRIAN L. KELSALL3*

1

Received 29 April 1998/Returned for modification 8 June 1998/Accepted 27 August 1998

We previously reported that cholera toxin (CT) was required as a mucosal adjuvant for the induction of
peptide-specific cytotoxic T lymphocytes (CTL) following intranasal immunization with CTL epitope peptides
(A. Porgador et al., J. Immunol. 158:834–841, 1997). The present study was performed to identify the site and
the antigen-presenting cell (APC) population responsible for the presentation of intranasally administered
CTL epitope peptide immunogens and to determine whether CT directly affects antigen presentation by these
APCs. For these experiments, C57BL/6 mice were intranasally immunized with the ovalbumin H-2Kb-restricted
CTL epitope SIINFEKL with or without CT. Cells were then isolated from the cervical lymph nodes (CLN) and
the nasal mucosa-associated lymphoid tissue (NALT) and tested for the ability to stimulate the B3Z T-cell
hybridoma, which recognizes SIINFEKL in association with H-2Kb. Dendritic cell (DC)-enriched CLN cells
from mice immunized with peptide and CT or peptide only could stimulate B3Z cells, while DC-depleted CLN
cells from either group were unable to stimulate B3Z cells. NALT cells of mice immunized with peptide and CT,
but not with peptide alone, were able to efficiently stimulate B3Z hybridomas. Depletion of N418-positive DC
from these NALT cells resulted in significant reduction of B3Z activation. Our results indicate that DC are the
APC responsible for the presentation of CTL epitope peptides following intranasal immunization and that CT
augments the ability of dendritic cells in the NALT, but not in the draining CLN, to present CLT epitope
peptides. This finding suggests that CT acts locally as a mucosal adjuvant and that NALT DC are the
predominant APC involved with the induction of immunity after intranasal immunization with peptide
immunogens and CT.
induction of immunity (22, 24); in fact, in some cases, when
conjugated to antigens, recombinant CT-B can enhance the
development of oral tolerance (1, 49). More recently, however,
it has become clear that the requirement of ADP-ribosyltransferase activity for mucosal adjuvanticity by these toxins is not
absolute. Thus, it has been shown that CT and LT molecules
with isolated mutations in the A subunit resulting in a loss of
substantial toxic activity nevertheless maintain some degree of
mucosal adjuvanticity with respect to immunoglobulin A (IgA)
production and the prevention of oral tolerance (9, 56). It is
not clear whether these mutant toxins can augment cytotoxic
T-lymphocyte (CTL) responses to peptides administered intranasally (i.n.).
Also unclear are the immunological mechanisms by which
the intact (or mutant) toxins affect the induction of IgA responses, the abrogation of oral tolerance, or the induction of
CTL. In this regard, CT has been the most extensively studied
mucosal adjuvant. CT has been reported to increase the production of proinflammatory cytokines interleukin-1 (IL-1) and
IL-6 by mucosal epithelial cells (4) and enhance macrophage
production of IL-1 (3). CT also increases the amount of mucosally administered antigen that crosses the mucosal surface
and enters the systemic compartment (25). Recent studies indicated that CT increased the expression of the B7-2 costimulatory molecule and the stimulatory capacity of mucosal antigen-presenting cells (APC) (6). In vivo, CT can drive T-cell
differentiation into the Th1 or Th2 phenotype, depending on

Mucosal immunization may lead to the induction of a wide
range of antigen-specific immune responses. Immunization via
the nasal or gastric route with soluble protein antigens in the
absence of mucosal adjuvants may induce antigen-specific immunological tolerance (5, 8, 16, 32). Conversely, immunization
via the nasal, gastric, rectal, and vaginal routes with antigen
coadministered with cholera toxin (CT) produced by Vibrio
cholerae, pertussis toxin (PT) produced by Bordetella pertussis,
or labile toxin (LT) produced by enterotoxigenic Escherichia
coli commonly induces both systemic and mucosal immune
responses, including humoral and cell-mediated immunity (2,
6, 12, 34, 43, 44). These bacterial toxins exhibit mucosal adjuvant activity and all are enzymatically active ADP-ribosylating
toxins. These toxins are composed of an A subunit and a
pentameric B subunit. The B subunit is responsible for binding
to cell surface gangliosides, while the A subunit contains the
enzymatically active portion of the toxin. Until recently, mucosal adjuvanticity has been related to the toxic activity of these
toxins since coadministration of recombinant CT-B alone
(lacking toxic activity) is not able to efficiently enhance the
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MATERIALS AND METHODS
Animals and cell lines. Female C57BL/6 mice were obtained at 6 to 10 weeks
of age. All procedures with animals were carried out in accordance with institutionally approved protocols. B3Z cells (19) were maintained in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS), 100 U of penicillin per
ml, 100 mg of streptomycin per ml, and 2 mM L-glutamine.
Peptides and immunizations. SIINFEKL is chicken ovalbumin peptide 257264. Peptides were synthesized by the NIAID Peptide Synthesis Facility by using
9-fluorenylmethoxycarbonyl chemistry and purified to greater than 95% prior to
use. For i.n. immunizations, mice were lightly anesthetized with isoflurane and
then immunized with 50 mg of peptide with or without 1 mg of mucosal adjuvant
CT in a total volume of 16 ml (8 ml/nostril) of phosphate-buffered saline (PBS;
Sigma, St. Louis, Mo.).
Collagenase treatment of LN and DC enrichment. Collagenase-digested LN
were prepared as previously described (51). Briefly, LN were dissected and
digested with collagenase D (400 Mandl units/ml; Boehringer Mannheim, Indianapolis, Ind.) and DNase I (15 mg/ml; Boehringer Mannheim) for 30 min at
37°C in RPMI 1640–2% FCS. For DC enrichment, released cells (5 3 106 to
10 3 106) were layered over a metrizamide gradient column (Accurate, Westbury, N.Y.; 14.5 g of metrizamide added to 100 ml of RPMI 1640–10% FCS) and
centrifuged, and low-density (DC-enriched) and high-density (DC-depleted)
cells were collected (27).
Isolation of NALT. NALT was isolated from mouse nasal tissue as previously
described (54), with minor modifications. Briefly, mice were euthanized by cer-

vical dislocation, the skin was stripped from the skull, and incisions were made
with scissors through the nasal septum and lateral nasal and facial tissue. Following removal of the remaining tissue of the nasal septum with forceps, the
NALT was visualized on floor of the nasal cavity overlying the soft palate. The
NALT was removed by gently scraping with a sharp blade and digested with
collagenase-DNase, and DC-enriched and -depleted populations were obtained
as described above for CLN.
Activation of B3Z T-cell hybridoma. B3Z is a T-cell hybridoma which recognizes the SIINFEKL peptide in the context of H-2Kb (19) and expresses b-galactosidase (b-Gal) upon activation. Collagenase-digested LN cells from immunized mice were incubated overnight with 5 3 104 or 5 3 105 B3Z cells/well in
U-bottom 96-well plates (in triplicates). For b-Gal staining of activated B3Z
cells, cells in 96-well plates were fixed in PBS–2% formaldehyde–0.2% glutaraldehyde at 4°C for 7 min, washed in PBS, and incubated with 5-bromo-4-chloro3-indolyl-b-D-galactopyranoside (X-Gal) substrate (1 mg of X-Gal per ml in
PBS–5 mM potassium ferricyanide–5 mM potassium ferrocyanide–2 mM magnesium chloride) at 37°C until positive (blue) cells appeared. Cells from each
well were loaded onto a Neubauer counting chamber and were viewed in bright
field on a Nikon Labophot microscope. The percentage of activated B3Z cells
was calculated by dividing the number of blue cells by the total number of B3Z
cells (larger and brighter than residual LN cells) in the field of view. In all cases,
a minimum of 500 to 1,000 cells were counted. When SIINFEKL is added
directly to cultures of B3Z cells, all cells turn blue because the B3Z cells themselves express major histocompatibility complex type II and present SIINFEKL
to neighboring cells.
Flow cytometry. For CD11c staining, cells were incubated with an antibody
that blocks immunoglobulin binding to FcgRII and -III receptors and then with
N418 supernatant (anti-CD11c; ATCC HB-224) for 30 min at 4°C, washed with
PBS–5% FCS–0.1% sodium azide, and incubated with fluorescein isothiocyanate
(FITC)-conjugated goat F(ab9)2 anti-hamster IgG (Caltag, Burlingame, Calif.)
for 30 min at 4°C. The cells were then washed and resuspended in the same
medium plus propidium iodide to allow exclusion of dead cells during analysis.
For intracellular IL-2 staining, cells were stained with biotinylated anti-Va2
(of the transgenic T-cell receptor [TCR]) followed by streptavidin-CyChrome
and FITC-anti-CD8a. After being washed with PBS, cells were fixed with PBS
containing 4% paraformaldehyde at room temperature for 5 min and then
washed with PBS–1% bovine serum albumin (BSA) once. After two additional
washes with PBS–0.1% saponin–0.1% BSA–0.01 M HEPES, phycoerythrin-antiIL-2 was added for 30 min at 4°C; then cells were washed twice with PBS–0.1%
saponin–0.1% BSA–0.01 M HEPES. Transgenic T cells (CD8a1 Va21) were
analyzed for IL-2 staining. Stained cells were analyzed with a FACScan flow
cytometer (Becton Dickinson, Mansfield, Mass.).
Depletion of N418-positive cells. Cells were incubated for 30 min at 4°C with
N418 supernatant, washed, and incubated with biotin-conjugated goat F(ab9)2
anti-hamster antibody. Cells were then washed, and antibody-coated cells were
removed by M-280 streptavidin-coupled magnetic beads (Dynabeads; Dynal,
Oslo, Norway). The beads and cells were mixed at a ratio of 10:1, incubated for
30 min with continuous slow rotation at 4°C, and diluted. Beads and bead-bound
cells were removed with a Dynal magnet. Mock-depleted cells were exposed to
the same procedure except for the first incubation with monoclonal antibody
(MAb) N418.

RESULTS
DC in regional LN present CTL epitope peptides after i.n.
immunization. C57BL/6 mice were immunized once i.n. with
SIINFEKL peptide either alone or mixed with the mucosal
adjuvant CT. CLN cells were harvested 4 h after immunization
and separated into DC-enriched and DC-depleted LN cells by
centrifugation over metrizamide as described in Materials and
Methods. The low-density DC-enriched fraction contained 15
to 30% CD11c1 cells as assayed by staining with MAb N418
(Fig. 1A), while the high-density DC-depleted fraction was
practically negative for N418 staining (Fig. 1B). DC-enriched
CLN cells either from SIINFEKL- or SIINFEKL-plus-CTimmunized mice activated the B3Z-T cell hybridoma specific
for the SIINFEKL-Kb complex (Fig. 2). In contrast, B3Z cells
were not activated by the high-density DC-depleted CLN cells
or by low-density DC-enriched cells from mice immunized with
CT alone (Fig. 2). Similar results were obtained when cells
were isolated 24 h after immunization (data not shown). In
addition, the non-N418-positive cells of the high-density fractions were made up primarily of B cells, which were also found
in similar proportions in the high-density fraction. Therefore, it
is unlikely that B cells are responsible for the differential stimulation seen. This conclusion is supported by the fact that DC
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the route of administration and possibly the dose. Oral coadministration of CT and antigens, such as tetanus toxoid, appears to favor Th2-development in the gut, while systemic
administration has been shown to skew responses toward the
Th1 phenotype (55). While CT is presumed to affect the production of transforming growth factor b by cells in the Peyer’s
patch, since CT enhances IgA responses and transforming
growth factor b is the only known direct switch factor for IgA
B cells, this has never been demonstrated directly. Finally, CT
has been shown to have direct effects on B lymphocytes. It
inhibits B-cell proliferation in response to anti-IgM and lipopolysaccharide (23, 53) and promotes B-cell differentiation in
vitro (26). Thus, it is likely that the adjuvant effects of CT, as
well as LT, PT, and the mutant toxins, depend on broad and
complex activities on both immune and nonimmune cells.
We have reported that i.n. immunization with a CTL peptide
epitope and the mucosal adjuvant CT induced specific CTL
and protection against subcutaneous challenge of tumor cells
expressing the epitope (34). In this model, however, neither
the cells responsible for presenting the CTL epitope peptides
nor the mechanism by which CT affects CTL induction is
known. The present study addresses these issues. Naive T cells
circulate between blood and lymphoid organs and do not penetrate into nonlymphoid tissues. Consequently, immune induction of naive T cells occurs in lymphoid tissues draining the site
of antigen exposure. The draining lymphoid tissues for antigens applied i.n. include the nasal-mucosa-associated lymphoid
tissue (NALT) as well as the regional lymph nodes (LN) (cervical LN [CLN] and pulmonary LN). A wealth of evidence
suggests that the host-derived cells which specialize in presenting antigen to naive T cells, called professional APC, are dendritic cells (DC) of hemopoietic origin (reviewed in references
20, 47, 48, and 39). Consistent with this notion, several studies
have documented the exceptional ability of DC to stimulate
naive CD41 and CD81 T cells in vitro and in vivo (17, 28, 47).
In addition, DC have been shown to be recruited into the
respiratory tract mucosa during the acute cellular response to
local challenge with bacterial (30), viral, and soluble protein
antigens (29). Thus, we studied whether DCs are responsible
for presenting CTL epitope peptides in the NALT and whether
CT affects antigen presentation by these DC. Our results indicate that DC are the APC responsible for the presentation of
CTL epitope peptides following i.n. immunization and that CT
augments the ability of DC in the NALT, but not in the draining CLN, to present CLT epitope peptides.
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are known to be the cells responsible for transport of antigens
from other epithelial sites (47, 48).
CLN-derived DC from mice immunized with SIINFEKL or
with SIINFEKL plus CT manifest in vitro similar abilities to
present SIINFEKL-Kb. We previously determined that i.n. immunization with CTL epitope peptide alone did not induce
CTL, while i.n. immunization with peptide and CT induced
potent CTL activity. Upon first encountering antigen, DC in
the regional LN activate naive T cells specific for the antigen.
Yet, the results for presentation of SIINFEKL by DC-enriched
cells from CLN were comparable between mice immunized
with peptide alone or peptide and CT (Fig. 2 to 4). Also, the
percentages of CLN DC were similar in the peptide, peptideplus-CT, and CT-alone groups (data not shown). Thus, it appeared that CT had little effect on the ability of DC to process
i.n. peptides or to present antigens in vitro to the B3Z T-cell
line. To determine whether this was also true of DC antigen
presentation in vivo, we took advantage of the fact that Vb5.1and Vb5.2-expressing CD81 T cells are dominant in the response against SIINFEKL-Kb (10, 37). Thus, we immunized
mice with SIINFEKL, SIINFEKL plus CT, or CT only and
similarly boosted them 10 days later. One day after the boost,
CLN were harvested and the expression of the activation
marker CD69 by Vb51 CD81 T cells was determined by threecolor flow cytometry. The percentage of CLN Vb51 CD81
CD691 T cells from SIINFEKL-immunized mice (average of
19%) was similar to the percentage from naive or CT-immunized mice but twofold less than that for the SIINFEKL-plusCT-immunized mice (36.4% [data not shown]). Thus, we could
determine a measurable effect of CT in mice in that the expression of CD69, a well-established activation marker was
enhanced on antigen reactive Vb51 CD81 cells in the presence of CT. Therefore, there was a discrepancy between in vivo
and in vitro T-cell activation by DC from SIINFEKL- or
SIINFEKL-plus-CT-immunized mice.
A possible explanation for this discrepancy was that levels of
costimulatory molecules expressed by DC loaded with peptide
in the presence and absence of CT are different, but the dependence on costimulation differs between the responding

FIG. 2. Antigen presentation by DC-enriched and DC-depleted CLN cells
from mice (groups of four) immunized i.n. with CT, SIINFEKL plus CT, or
SIINFEKL. CLN were harvested 4 h after immunization, pooled, and digested as
described in Materials and Methods. Suspended cells were layered over a metrizamide gradient column and centrifuged. Low-density DC-enriched cells (■)
and high-density DC-depleted cells (h) were incubated with B3Z T-hybridoma
cells overnight (four APC per B3Z cell). Activation of B3Z cells was determined
by b-Gal expression detected by incubation of cells with X-Gal substrate. Activated (blue) B3Z cells were counted in a Neubauer counting chamber. Similar
results were obtained in another experiment. The results are expressed as mean
percentages of the total number of B3Z cells present 6 standard deviations.

cells in vitro and in vivo. Thus, costimulatory molecules may be
induced by CT which enables them to activate naive T cells, yet
a T-cell hybridoma such as B3Z may be independent of costimulation and thus activated by both DC populations. To
further explore this issue, we tested the ability of DC isolated
from the CLN of mice immunized with SIINFEKL or SIINFEKL plus CT to activate T cells from mice transgenic for a

FIG. 3. Comparison of antigen presentation by DC-enriched CLN cells to
B3Z T-hybridoma cells and to TCR-transgenic T cells. Mice (groups of four)
were immunized i.n. with CT, SIINFEKL plus CT, or SIINFEKL; CLN were
harvested 19 h after immunization, pooled, and digested as described in Materials and Methods. DC-enriched cells (low-density cells after passage through a
metrizamide column) were incubated either with B3Z cells overnight (■) or with
TCR-transgenic T cells for 5 h (h). Activated B3Z cells were evaluated as
described for Fig. 1, and the results are expressed as mean percentages of the
total number of B3Z cells present 6 standard deviations. Transgenic T cells were
stained for IL-2 expression (see Methods), and percent IL-2-positive T cells as
measured by flow cytometry is shown as percent activated effector T cells.
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FIG. 1. N418-positive DC in low- and high-density cells after metrizamide
gradient column purification of LN cells. CLN cells from five mice immunized
i.n. with SIINFEKL plus CT were pooled and digested as described in Materials
and Methods. Suspended cells were layered over a metrizamide gradient column
and centrifuged. Low-density (A, thick line) and high density (B, dashed line)
cells were incubated with anti-FcgRII/III (clone 2.4G2) to block FcR binding
and stained with anti-CD11c MAb N418 followed by FITC-labeled second antibody (goat anti-hamster, mouse and rat adsorbed). Second antibody controls
for low-density (A, thin line) and high-density (B, dotted line) cells are also
shown. A representative experiment is shown.
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TCR that recognizes the SIINFEKL-Kb complex. The majority
of T cells from these mice are naive and therefore require
costimulation for their activation, as would T cells during a
primary response in vivo. As shown in Fig. 3, we found that
levels of activation of these primary TCR-transgenic T cells, as
measured by IL-2 production, were similar upon stimulation by
the two populations of DCs. Therefore, it did not appear that
the levels of important costimulatory molecules differed between these cells.
CT augments the ability of DC from the NALT to present
SIINFEKL-Kb. We then hypothesized that the CLN might not
be the site at which CT administered i.n. exerts its adjuvant
activity. It seemed possible that the CT administered i.n. might
have a more local effect, since it is given at a relatively low dose
(1 rather than 50 mg of peptide) and therefore might selectively
bind to nasal mucosal cells which are likely to bear high-affinity
receptors for CT (11). Therefore, we evaluated the ability of
cells isolated from the lymphoid tissues at the site at which CT
was administered, the NALT, to present i.n.-administered peptide. For these studies, cells were isolated from the NALT of
mice immunized with SIINFEKL, SIINFEKL plus CT, or CT
only. In contrast to the results for the CLN, NALT cells isolated from SIINFEKL-plus-CT-immunized mice were able to
potently activate B3Z T cells compared to the NALT cells
from SIINFEKL-immunized mice (Fig. 4). In addition, we
determined that DC present in the NALT population were
predominantly responsible for this activation since DC depletion reduced B3Z activation more than ninefold (Fig. 4B).
DISCUSSION
The exact pathway utilized for presentation of peptide immunogens to the immune system after i.n. immunization is not
clear. We previously reported that CT was required as a mucosal adjuvant for the induction of peptide-specific CTL after
i.n. immunization with CTL epitope peptides. This study was

performed to (i) identify the APC responsible for presentation
of i.n.-administered CTL epitope peptide immunogens and (ii)
determine if the use of CT as a mucosal adjuvant was associated with enhanced presentation of i.n.-administered peptide
immunogens.
To address these issues, we compared antigen-specific presentation in draining lymphoid tissues from mice immunized
i.n. with SIINFEKL with or without CT. Because cells from the
nasal mucosa drain to the CLN (21), CLN cells were first used
for this comparison. To test for SIINFEKL-specific APC function, CLN cells were tested for the ability to stimulate the B3Z
hybridoma, which recognizes SIINFEKL associated with H-2Kb.
DC were found to be the predominant APC in the CLN after
i.n. immunization with either SIINFEKL alone or SIINFEKL
plus CT (Fig. 2). DC were identified by their low boyant density as well as by their expression of CD11c, a surface-expressed b2 integrin which is expressed by many cell types in
humans but primarily by DC in the mouse. Surprisingly, CLN
DC isolated from mice immunized with SIINFEKL only (i.e.,
in the absence of CT) were able to stimulate the B3Z hybridoma as effectively as DC isolated from mice immunized with
SIINFEKL plus CT (Fig. 2 to 4). Similar results were obtained
when presentation was evaluated by IL-2 production from primary transgenic T cells specific for the SIINFEKL-Kb complex
(Fig. 3). These observations suggest that i.n. administration of
CT did not affect the uptake and transport of peptide immunogen by DC migrating to the CLN, nor did it appear to affect the
levels of costimulatory molecules on the migrating DC, since
DC from mice immunized with SIINFEKL alone or SIINF
EKL plus CT were equally effective in stimulating naive TCRtransgenic T cells that require costimulation.
We next addressed the question of whether the adjuvant
effect of CT was more prominent at the site of administration,
in this case, the NALT. Indeed, CT binds monosialoganglioside GM1, which is present on the surface of mucosal epithelial
cells, and CT administered by the gastric route predominantly
binds gut epithelial cells (21), suggesting that the adjuvant
effect of CT, which is applied in minute amounts (1 mg/mouse)
compared to the peptide (50 mg/mouse), may be realized at or
near the epithelial surface at the site of administration. We
therefore compared the SIINFEKL-specific APC function of
NALT cells of mice immunized i.n. with SIINFEKL with or
without CT. In contrast to the results observed with CLN cells,
NALT cells isolated from mice immunized i.n. with SIINFEKL
plus CT, but not with SIINFEKL only, were able to efficiently
stimulate the B3Z hybridoma (Fig. 4). Depletion of N418positive DC abrogated the ability of these cells to stimulate the
B3Z hybridoma, indicating that DC were the predominant
APC in the NALT after i.n. immunization with peptide immunogen and CT (Fig. 4).
Taken together, these data demonstrate that CT enhances
the antigen-presenting capacity of DC in the NALT. The
mechanism by which it does this is not clear. It is possible that
CT acts to enhance antigen transport into the NALT either by
affecting nonspecific barrier functions of the nasal mucosal
epithelial cells or by enhancing receptor-mediated transport
mechanisms (38). This possibility is supported by prior studies
of the effects of CT on intestinal mucosa, which demonstrated
that CT increases the amount of orally administered antigen
that crosses the mucosal surface and enters the systemic compartment (25). Alternatively, CT could act either directly or
indirectly to enhance the ability of DC present within the
NALT to process antigens or to differentiate and migrate to
regions within the NALT where cognate interactions with
CD81 cells could occur. With regard to this possibility, CT has
been shown to induce macrophages and mucosal epithelial
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FIG. 4. Presentation by NALT cells from mice immunized i.n. with CT,
SIINFEKL plus CT, or SIINFEKL. Mice (groups of four) were immunized 18 h
(A), or mice (groups of four) were immunized 24, 8, and 4 h (three immunizations per mouse; B), prior to harvesting of NALT and CLN. NALT and CLN
tissues were pooled separately and digested as described in Materials and Methods. To deplete DC from NALT cells (B), cells were incubated with MAb N418
and then with biotin-conjugated goat F(ab9)2 anti-hamster antibody. N418-positive cells were removed via treatment with streptavidin-coupled Dynabeads
M-280 (10 beads per cell). Mock-depleted NALT cells were exposed to the same
procedure except for the first incubation with MAb N418. Presenting cells were
incubated with B3Z cells overnight, and percent activated B3Z cells was calculated as described for Fig. 1. Results represent means 6 standard deviations for
a representative experiment. Similar results were obtained in one additional
experiment. ■, DC-enriched CLN; h, NALT; , DC-depleted NALT.
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cells to produce proinflammatory cytokines such as IL-6 and
IL-1b (3, 4); the latter has been demonstrated to be important
for DC maturation (33) and migration (7, 36, 40) and to enhance the ability of DC to cluster with T cells (14). In addition,
CT-mediated induction of proinflammatory cytokine production by DC could directly affect T-cell activation and differentiation (18, 41). Another possibility is that CT induces CD41
T-cell help for CD81 T-cell responses simply by acting as a
source of CD41 T-cell epitopes which are lacking on the SIINFEKL peptide (42). Finally, while our studies did not demonstrate the ability of CT to induce costimulatory molecules on
DC in the CLN, it is still possible that this effect is operable in
vivo in the NALT.
The data presented here may also have implications for
responses to peptides administered i.n. without CT. Thus, it
has been demonstrated in several experimental system that the
induction of antigen-specific T- and B-cell responses including
CTL response to soluble antigens requires an adjuvant such as
CT (2, 34); conversely, i.n. immunization with peptide epitopes
in the absence of adjuvants has been shown to induce antigenspecific tolerance in autoimmune disease and allergy models
(15, 31, 35, 45, 52). We showed that DC presented the i.n.administered peptides, and others have demonstrated that DC
can act to tolerize as well as induce T-cell responses (13, 46, 48,
50). Thus, it is logical to speculate that i.n. immunization with
peptide immunogens in the absence of CT results in peptide
transport, by DC, to the NALT and CLN and that these DC
subsequently induce antigen-specific tolerance. Further studies
will address this possibility, as well as the ability of CT to alter
the expression of major histocompatibility complex class I and
costimulatory molecules, such as B7-2. The latter is particularly
appropriate given the recent finding that CT can enhance B7-2
but not B7-1 expression on human monocytes (6).
In summary, we showed that DC are the major APC for
CD81 T-cell responses following i.n. peptide immunization
and that coadministered CT acts as an adjuvant by enhancing
the ability of DC to stimulate T cells at the site of immunization, i.e., the NALT. Additional studies are required to determine the role that costimulatory molecules, CD4 help, and
proinflammatory cytokines play in this process.
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