Oral dendritic cells mediate antigen-specific tolerance by
stimulating TH1 and regulatory CD41 T cells
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Background: A detailed characterization of oral antigenpresenting cells is critical to improve second-generation
sublingual allergy vaccines.
Objective: To characterize oral dendritic cells (DCs) within
lingual and buccal tissues from BALB/c mice with respect to
their surface phenotype, distribution, and capacity to polarize
CD41 T-cell responses.
Methods: In situ analysis of oral DCs was performed by
immunohistology. Purified DCs were tested in vitro for their
capacity to capture, process, and present the ovalbumin antigen
to naive CD41 T cells. In vivo priming of ovalbumin-specific T
cells adoptively transferred to BALB/c mice was analyzed by
cytofluorometry in cervical lymph nodes after sublingual
administration of mucoadhesive ovalbumin.
Results: Three subsets of oral DCs with a distinct tissue
distribution were identified: (1) a minor subset of CD2071
Langerhans cells located in the mucosa itself, (2) a major
subpopulation of CD11b1CD11c- and CD11b1CD11c1 myeloid
DCs at the mucosal/submucosal interface, and (3)
B2201120G81 plasmacytoid DCs found in submucosal tissues.
Purified myeloid and plasmacytoid oral DCs capture and
process the antigen efficiently and are programmed to elicit
IFN-g and/or IL-10 production together with a suppressive
function in naive CD41 T cells. Targeting the ovalbumin antigen
to oral DCs in vivo by using mucoadhesive particles establishes
tolerance in the absence of cell depletion through the
stimulation of IFN-g and IL-10–producing CD41 regulatory T
cells in cervical lymph nodes.
Conclusion: The oral immune system is composed of various
subsets of tolerogenic DCs organized in a compartmentalized
manner and programmed to induce TH1/regulatory T-cell
responses. (J Allergy Clin Immunol 2008;122:603-9.)
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Allergen-specific sublingual immunotherapy (SLIT) is safe
and efficient in treating type I respiratory allergies in both adults
and children.1-7 Most particularly, SLIT efficacy has been recently
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Abbreviations used
APCs: Antigen-presenting cells
BM-DC: Bone marrow–derived dendritic cell
CFSE: Carboxy-fluorescein diacetate, succinimyl ester
DC: Dendritic cell
FACS: Fluorescence-activated cell sorting
FITC: Fluorescein isothiocyanate
LC: Langerhans cells
LDC: Langerhans dendritic cell
LN: Lymph node
OVA-bio: Ovalbumin coupled with biotin
OVA-DQ: Self-quenched ovalbumin conjugate
PSC: Polysaccharidic core
SLIT: Sublingual immunotherapy
TLR: Toll-like receptor

documented in double-blind placebo-controlled phase III studies,
demonstrating that grass pollen tablets administered sublingually
improve both symptom and medication scores in the absence of
severe systemic side effects.6,7
We recently developed a model of sublingual immunotherapy
in BALB/c mice with established asthma, in which we observed
that SLIT with a mucoadhesive allergen formulation enhances the
induction of antigen-specific tolerance.8 This suggests that an increased contact of the allergens with the mucosa may improve
SLIT efficacy, likely by facilitating allergen capture by professional antigen-presenting cells (APCs). Previous reports have
indeed suggested that Langerhans cells (LCs) with unique
tolerogenic properties are present in the oral mucosa.9,10 Thus,
to design improved sublingual allergy vaccines, there is a need
to characterize dendritic cells (DCs) further in the sublingual/
oral mucosa, as it relates to their phenotype, distribution, and
capacity to polarize T-cell responses.
In the current study, we identified within oral mucosal/submucosal tissues the presence of at least 3 subsets of DCs with distinct
tissue distribution. Using in vitro cocultures of purified myeloid
and plasmacytoid oral DCs and naive CD41 T cells, as well as in
vivo targeting of oral DCs with a mucoadhesive antigen formulation, we demonstrated that such DCs exhibit unique tolerogenic
properties linked with a capacity to prime IFN-g and IL-10 production efficiently together with a suppressive activity in naive
CD41 T cells.

METHODS
For information on mice, reagents, antibodies, immunohistology and
fluorescence-activated cell sorting analysis of oral DCs, isolation and functional characterization of oral DCs, in vitro third-party T-cell suppressive
603

604 MASCARELL ET AL

J ALLERGY CLIN IMMUNOL
SEPTEMBER 2008

FIG 1. Distribution of the ovalbumin antigen after sublingual administration. BALB/c mice were treated
sublingually with soluble ovalbumin (OVA)-biotin. Oral (ie, lingual and buccal floor) tissues were recovered
at different time points (5, 30, 60 min) after immunization. Immunohistology was conducted as described in
Methods. Arrows indicate the localization of OVA-biotin (magnification 3100). Data are representative of 2
independent experiments.

assay, RNA isolation and real-time PCR analysis, in vitro targeting of DCs
with a mucoadhesive particulate formulation, adoptive T-cell transfer and
analysis of T-cell responses in vivo, and T-cell suppressive assay, see the
Methods section in the Online Repository available at www.jacionline.org.

RESULTS
Identification of DC subsets in oral tissues from
BALB/c mice
To investigate in situ antigen capture within oral tissues, naive
BALB/c mice were administered sublingually with 500 mg soluble ovalbumin coupled with biotin (OVA-bio). After 5, 30, and
60 minutes, oral tissues (the entire tongue plus the buccal floor)
were taken out, and the localization of OVA-bio was revealed
by immunohistology. As shown in Fig 1, substantial amounts of
the antigen were detected at the mucosal surface 5 minutes after
administration. Interestingly, the OVA-bio antigen crossed the
oral mucosa to accumulate at the mucosal/submucosal junction
within 15 to 30 minutes, then started to disappear after 60 minutes, likely reflecting capture and processing by APCs.
To assess the phenotype and tissue distribution of oral APCs,
sections obtained from both ventral and dorsal tissue sites of the
tongue as well as the buccal floor of BALB/c mice were analyzed
by immunohistology using a panel of specific antibodies, as
described in Methods. Tissue sections from spleen (Fig 2, A, C, D,
and E) or footpads (Fig 2, B) were treated in parallel as positive
controls. Staining in the absence of primary antibodies was
always negative in those experiments (data not shown). Frequencies of APCs expressing a given marker were further evaluated in
parallel from tissues digested by collagenase and dispase after
antibody staining and flow cytometry analysis. Few CD2051
(Fig 2, A) and CD2071 (Fig 2, B) cells, ie, LCs, were detected
in the oral mucosa itself. CD11b1 (1.44% 6 0.42% total cell population; mean 6 SD; n 5 3) and CD11c1 (0.10% 6 0.01%) cells
were located at the mucosal/submucosal junction (Fig 2, C and D,
respectively), whereas 120G81 (0.11% 6 0.08%; Fig 2, E) cells
were found within the submucosal/muscular tissue. Interestingly,
surface markers classically associated with APCs, such as MHCII (1.17% 6 0.64%) and CD86 (0.43% 6 0.20%) molecules,
were mostly detected on cells located at the mucosal/submucosal
interface (data not shown). Other costimulatory molecules such as
CD40 and CD80 were not detected by immunohistology (data not
shown) in any of the tissues sections analyzed. Multiple analyses

focusing on either lingual or buccal floor tissue did not reveal any
significant differences both in terms of distribution or frequencies
of those potential APCs. Also, no recruitment of cells bearing the
aforementioned cell markers was observed in tissue sections of
mice pretreated with the ovalbumin protein for 4, 24, or 48 hours
(data not shown).
Collectively, using multiple staining by fluorescence-activated
cell sorting (FACS) to assess combined expression of various cell
markers including the MHC-II and CD86 molecules, we established the presence of at least 3 predominant subsets of oral
DCs (Fig 3, A and B; see this article’s Fig E1 in the Online Repository at www.jacionline.org). Oral DCs include both (1)
CD11b1CD11c- and CD11b1CD11c1 myeloid (CD8a-, data
not shown) DCs, mostly located at the mucosal/submucosal interface; (2) B2201120G81 plasmacytoid DCs, predominantly found
in the submucosal tissue; and (3) CD2071 Langerhans cells, present only in the mucosa itself.

Oral DCs capture, process, and present the
ovalbumin antigen to naive CD41 T cells
We further confirmed whether such cells with DC markers
were capable of processing and presenting the antigen to
CD41 T lymphocytes. In those experiments, we focused on
CD11b1CD11c-, CD11b1CD11c1, and B2201120G81 cells
for which sufficient cell numbers could allow functional characterization. Oral cells 2 3 105 were incubated at either 48C or
378C in 200 mL complete medium for 0, 15, 30, or 45 minutes
with or without a self-quenched ovalbumin conjugate (1 mg/mL;
OVA-DQ) exhibiting a bright green fluorescence only after
proteolytic degradation (ie, after processing by APCs). As
shown in Fig 3, C, CD11b1CD11c-, CD11b1CD11c1, and
B2201120G81 cell subsets were confirmed to capture and
process OVA-DQ at 378C.
To evaluate further their capacity to present the antigen to T
cells, CD11b1CD11c-, CD11b1CD11c1, and B2201120G81
cell populations expressing MHC-II molecules were isolated by
cell sorting (with a purity of at least 99%). Of each of these
APC subsets, 2 3 103 were cocultured with 2 3 104 CFSE-labeled
ovalbumin-specific CD41 T cells in the presence of medium, the
ovalbumin protein (100 mg/mL), or the ovalbumin 323-339 peptide
(10 mg/mL) for 3 days. As expected, CD41 T cells cultured in
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FIG 2. DC subsets in oral mucosa. For immunohistology analysis, oral,
spleen, and footpad tissues from naive BALB/c mice were processed as
described in Methods and stained with the following specific antibodies
(magnification 3100 for A, B [left], and C-E; magnification 3200 for B
[right]). A, Anti-205. B, Anti-CD207. C, Anti-CD11b. D, Anti-CD11c. E, Anti120G8. Arrows indicate the localization of positive cells. Data are representative of 3 independent experiments. ND, Not done.

medium alone exhibited only a background proliferation (Fig 3,
D). CD11b1CD11c2, CD11b1CD11c1, and B2201120G81
cells cultured with ovalbumin induced a small but readily detectable T-cell proliferation, with 5.7%, 12.7%, and 25.8% proliferating T cells, respectively. Markedly, the 3 oral APC subsets
exhibited a higher capacity to present the ovalbumin323-339 peptide, inducing 20.8%, 43.3%, and 78.1% T cells to proliferate, respectively, possibly reflecting a direct binding of the peptide to
MHC-II molecules. Collectively, those experiments established
that the 3 cell populations tested are bona fide APCs.

FIG 3. Oral DCs capture, process, and present the ovalbumin antigen in vitro.
A, Oral cells were stained with either anti-CD11b-phycoerythrin plus antiCD11c-allophycocyanin, or anti-120G8-phycoerythrin plus anti-B220-allophycocyanin. B, Analysis of MHC-II and CD86 on APC subsets. C, Capture and processing of ovalbumin (OVA)-DQ in CD11b1CD11c-, CD11b1CD11c1, and
B2201120G81 oral APCs. D, Proliferation of CFSE-labeled ovalbumin-specific
CD41 T cells cultured with sorted oral APC subsets. Data are representative of
6 (A), 3 (B), 2 (C), and 3 (D) independent experiments, respectively. ISO CTR,
Control isotype.
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plasmacytoid DCs exhibit similar TLR profiles (ie, TLR1/6, 2,
3, 4, 71 and TLR1/6, 2, 4, 5, 7, 91, respectively). Interestingly,
when compared with their splenic counterparts, oral
CD11b1CD11c- myeloid DCs show a significantly higher expression of TLR2, 4, 5 and 7 genes, suggesting that engagement of
such TLRs may be used to regulate immune responses via the sublingual route.

FIG 4. Oral DCs induce IFN-g/IL-10–producing suppressive T cells. A, IFN-g,
IL-5, and IL-10 production in supernatants from DC-T cocultures. B, Suppressive capacity of T cells primed by oral APCs. Data are representative
of 3 (A) and 2 (B) independent experiments, respectively.TCR, T-cell
receptor.

Oral DCs induce IFN-g/IL10–producing CD41 T cells
exhibiting suppressive properties
We further evaluated the capacity of those cells to affect the
polarization of naive ovalbumin-specific CD41 T cells
(CD69-CD25-CD62LhighCD44intCD45RBhigh; data not shown)
obtained from DO11.10 mice in the presence of the ovalbumin323-339 peptide. As shown in Fig 4, A, oral CD11b1CD11c2
APCs induced IFN-g production by T cells, whereas both oral
CD11b1CD11c1 and B2201120G81 APCs stimulated IFN-g
and IL-10–secreting T cells. In contrast, splenic CD11b1CD11c1
and B2201120G81 APCs elicited only IFN-g production by naive
T cells (Fig 4, A). In addition, no IL-5 was detected in any culture
supernatants, whereas in contrast, stimulation with immature bone
marrow–derived DCs (BM-DCs) in the presence of the ovalbumin323-339 peptide induced IL-5 production by naive ovalbuminspecific CD41 T cells (see this article’s Fig E2 in the Online
Repository at www.jacionline.org). Interestingly, IL-10–producing T cells primed with either oral CD11b1CD11c1 or B2201
120G81 APCs exhibited a clear suppressive activity on antigenspecific proliferation of a third-party T-cell population (Fig 4,
B). In contrast, IFN-g–producing T cells primed with oral
CD11b1CD11c- APCs showed only a limited suppressive activity
(Fig 4, B). Altogether, these results indicate that oral APCs exhibit
specific T-cell polarizing properties toward TH1 and regulatory T
but not TH2 responses.
Toll-like receptor profiles of oral DCs
We subsequently analyzed by PCR the pattern of Toll-like
receptor (TLR) expression by the various DC subsets isolated
from lingual/oral tissues in comparison with corresponding
DC populations obtained from the spleen. In those experiments,
the level of expression of the various TLRs was arbitrarily set to 1
for splenic CD11b1CD11c1 DCs. As shown in Fig 5, splenic
and oral CD11c1CD11b1 myeloid DCs or B2201120G81

Targeting ovalbumin to oral DCs stimulates IFN-g
and IL-10 producing CD41 T cells in cervical lymph
nodes
We recently showed in a mouse model of established asthma
that allergen formulation with polysaccharidic core (PSC) nanoparticles improves SLIT efficacy in inducing allergen-specific tolerance.8 To confirm that these mucoadhesive particles facilitate
antigen capture by APCs, we analyzed their interaction with
BM-DCs in vitro. To this aim, 5 3 105 BM-DCs were incubated
either at 48C or 378C in 1 mL complete medium for 0, 15, 60, or
240 minutes with 1.6 mg ovalbumin–fluorescein isothiocyanate
(FITC) or PSC-ovalbumin-FITC molecules. After washing,
BM-DCs were stained with an anti–CD11c-allophycocyanin
mAbs, and green fluorescence was analyzed on CD11c1 cells
by FACS. As expected, at 48C, only few CD11c1 BM-DCs incubated with ovalbumin-FITC or PSC-ovalbumin-FITC displayed
green fluorescence (Fig 6, A). At 378C, ovalbumin-FITC was
only weakly taken up, whereas PSC-ovalbumin-FITC was efficiently captured by CD11c1 BM-DCs (with >50% fluorescent
cells after 4 hours incubation; Fig 6, A).
To characterize T-cell responses elicited in draining lymph nodes
(LNs) after sublingual immunization with such a DC-targeting
antigen formulation, 5 3 106 DO11.10 CD41 T cells were adoptively transferred by intravenous injection into BALB/c mice at
day 0. Twenty-four hours later, mice were sublingually treated
with either soluble ovalbumin or PSC-ovalbumin (500 mg ovalbumin per dose) as described in Methods. PBS and PSC-treated mice
were used as negative controls. Cervical LNs were removed 4, 24,
48, or 96 hours after immunization, and ovalbumin-specific T cells
were labeled with both the phycoerythin-KJ1.26 anticlonotypic
mAb and annexin V–FITC to evaluate cell apoptosis. Ovalbumin-specific T cells cultured for 24 hours in medium alone or
with 5 mmol/L doxorubicin served as negative and positive controls, respectively (Fig 6, B). No changes were detected regarding
annexin V expression by immune cells in any of treated groups at
4, 24, 48 (data not shown), or 96 hours (Fig 6, B). Although not
shown, a readily detectable increase in CD69 expression was detected in ovalbumin-specific T cells after sublingual immunization
with either soluble ovalbumin or PSC-ovalbumin, suggesting that
tolerance induction via the sublingual route is associated with
T-cell activation rather than apoptosis in draining LNs.
T-cell proliferation was also assessed in vivo at various time
points after sublingual immunization in animals having received
5 3 106 CFSE-labeled DO11.10 CD41 T cells. To this aim, cervical LNs were taken out at days 1, 2, and 4 after administering
ovalbumin or PSC-ovalbumin sublingually, and the green fluorescence intensity of CFSE-labeled ovalbumin-specific T cells was
analyzed by FACS. T-cell proliferation assessed by a decrease
in fluorescence was hardly detectable in cervical LNs of PBS or
PSC-treated mice, with less than 5% proliferating T cells (Fig
6, C). T cells from ovalbumin-treated mice showed an increased
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FIG 5. TLR expression by oral DCs. Expression analysis of TLRs (1/6, 2, 3, 4, 5, 7 and 9) in purified
CD11b1CD11c- (oral), CD11b1CD11c1 (spleen and oral), and B2201120G81 (spleen and oral) cells. Data are
representative of 3 independent experiments.

proliferation only at day 4, with 24.7% proliferating T cells (Fig 6,
C). In contrast, PSC-ovalbumin markedly increased the proliferation of ovalbumin-specific T cells, with 23.3% and 68.6% proliferating T cells detected at days 2 and 4 after sublingual
immunization, respectively (Fig 6, C).
To analyze T-cell polarization in those responses, cervical LNs
were removed at day 8 from animals sublingually immunized, and
immune cells were recovered. T cells were restimulated in vitro
with 10 mg ovalbumin323-339 peptide, and IFN-g, IL-5, and IL10 production was measured after 72 hours in culture supernatants. As shown in Fig 6, D, compared with PBS, ovalbumin, or
PSC treatments, sublingual immunization with PSC-ovalbumin
enhanced IFN-g and IL-10 secretion by T cells in cervical LNs
but had no impact on IL-5 production. Intracellular staining
revealed a dual production of IFN-g and IL-1 by those T cells,
suggesting that they may represent type 1 regulatory cells
(data not shown). We further sorted both ovalbumin-specific
KJ1.261CD25- and KJ1.261CD251 T cells from cervical LNs
of mice treated sublingually for 8 days with PSC or PSC-ovalbumin after adoptive transfer of ovalbumin-specific CD41 T cells.
After coculture of such sorted T cells with naive CFSE-labeled
ovalbumin-specific CD41 T cells in the presence of ovalbumin323-339 peptide pulsed BM-DCs, a suppressive activity was
detected in the KJ1.261CD251 T-cell fraction. This suppres
sive activity was moderate, given that only small numbers of
KJ1.261CD251 T cells were recovered, thus allowing a 1⁄4 (suppressive/responding cells) ratio to be tested. This suppressive activity was nonetheless clearly specific, because it was detected in
PSC-ovalbumin but not PSC-treated mice, and it was not present
in the KJ1.261CD25- T-cell fraction (Fig 6, E). Furthermore, administration of a neutralizing antibody against the IL-10 receptor
during SLIT increased T-cell proliferation in cervical LNs at day
8 (see this article’s Fig E3 in the Online Repository at www.
jacionline.org). Altogether, these results confirmed a local priming of ovalbumin-specific TH1 as well as regulatory T cells after

sublingual immunization with ovalbumin formulated in mucoadhesive nanoparticles targeting oral DCs.

DISCUSSION
Sublingual immunization is now established as a valid route to
induce antigen-specific tolerance in human beings.1-7 Successful
immunotherapy reorients dramatically T-cell responses, leading
to the downregulation of established TH2 responses11,12 with a
concomitant stimulation of TH1 responses.13-23 In addition,
both subcutaneous and sublingual immunotherapy have recently
been shown to elicit IL-10–producing T cells,24-27 likely regulatory T cells belonging either to the Tr1 or Foxp31CD41CD251
T-cell subsets. Recent studies suggest that IL-10–producing immature DCs contribute to immunologic tolerance through the
induction of Tr11 regulatory cells, both in mice and human
beings,28,29 whereas fully mature DCs stimulate regulatory
CD41CD251 T cells.30,31 Langerhans DCs (LDCs) have been described in the sublingual/oral mucosa of mice32 and human beings,9,10 but the presence of other potential APCs has not been
investigated.
To facilitate the development of second generation sublingual
vaccines, and to improve further our understanding of SLIT
mechanisms of action, we undertook a detailed characterization
of sublingual/oral DCs in naive BALB/c mice. The ovalbumin
antigen, when administered sublingually, crossed the epithelial
barrier within 15 to 30 minutes and was captured by APCs within
30 to 60 minutes. Using both immunohistology and cytofluorometry approaches, we detected CD2071 LCs within the mucosa, which possibly are the first APCs to contact allergens
right away after sublingual administration.9,32 Alternatively,
the allergen could be captured by other DC subsets, including
CD11b1CD11c-CD8a- or CD11b1CD11c1CD8a- myeloid
oral DCs localized at the mucosal/submucosal interface, as
well as B2201120G81 plasmacytoid DCs located within
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FIG 6. Targeting oral DCs with PSC-ovalbumin (OVA) stimulates IFN-g/IL10
production by CD41 T cells in cervical LNs. A, In vitro targeting of PSC-OVA
to CD11c1 BM-DCs. In vivo apoptosis (B) and proliferation (C) in cervical
LNs of OVA-specific CD41 T cells adoptively transferred after sublingual immunization. D, Cytokine production by restimulated cervical LN cells. E,
Suppressive activity of OVA-specific KJ1.261CD25- and KJ1.261CD251 T
cells (ratio, 1⁄4 ). Data are representative of 3 (A), 2 (B), 3 (C), 3 (D), and 2
(E) independent experiments, respectively. DOX, Doxorubicin; MED, medium; CTR, control.

submucosal tissues. Although we could not characterize functionally oral CD2071 LCs in mice (because of limited cell numbers), purified myeloid or plasmacytoid DCs were confirmed to
capture, process, and present the antigen to CD41 T cells in vitro.
These 2 subsets of oral DCs were capable in vitro of stimulating
IFN-g and IL-10 producing CD41 T cells with a suppressive activity. Human LDCs constitutively express high-affinity receptors for IgE (FceRI), which, on triggering, induce regulatory
molecules such as TGF-b or IL-10.9,33 Also, human LDCs stimulated though TLR4 support the differentiation of IFN-g and IL10–secreting CD41 T cells, suggesting that this may be a general
property of oral DCs.9,10 To confirm those results in vivo, targeting ovalbumin to mucosal DCs was efficiently achieved with mucoadhesive polysaccharidic nanoparticles (PSC-ovalbumin).
This delivery system was previously shown to enhance dramatically tolerance induction via the sublingual route in a murine
model of established asthma to ovalbumin.8 Importantly, we
showed in the current study that this was associated with the
stimulation in draining cervical LNs of OVA-specific T cells producing both IFN-g and IL-10. Ovalbumin-specific CD41CD251
T cells recovered from PSC-ovalbumin–treated mice exhibited a
readily detectable suppressive activity, suggesting the involvement of regulatory cells, likely Tr1, in tolerance induction via
the sublingual route.8 In contrast, we failed to detect any sign
of apoptosis or T-cell anergy in those experiments. On the basis
of these results, we conclude that SLIT promotes tolerance by
driving T-cell responses toward IFN-g/IL-10 production as a consequence of the biology of sublingual/oral tolerogenic DCs. This
conclusion is in agreement with recent clinical studies correlating a reduction in symptoms in patients with allergy during
SLIT with IFN-g and/or IL-10 production by allergen-specific
T cells in peripheral blood.27,34-36
A detailed characterization of sublingual/oral APCs provides
strategies to target those cells better by using specific delivery
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systems and/or adjuvants. DC-targeting via mucoadhesive and/or
particulate allergen formulations is of particular interest in
tolerance induction via the sublingual route, likely because of
(1) a higher and longer contact of the allergen with the mucosa; (2)
a better addressing of the antigen into the endosomal compartment
of such phagocytic APCs, thus resulting in a faster and stronger
priming of CD41 T cells. Although mice do not express IgE receptors on APCs, we anticipate that allergen uptake could be further
facilitated in human beings by the interaction between specific
IgEs and their Fc receptors on DCs. Insights into the patterns of
TLR expression by oral DCs will help selecting TLR agonists as
adjuvants to improve second-generation sublingual vaccines.
Both oral CD11b1CD11c1 myeloid and B2201120G81 plasmacytoid DCs exhibit TLR profiles similar to the ones observed in
their splenic counterparts. Interestingly, CD11b1CD11c- DCs,
which represent quantitatively the main subset of oral APCs, express high levels of TLR2, 4, 5, and 7, suggesting that agonists
for such TLRs may be used to manipulate further the immunomodulatory properties of those cells. Noticeably, this observation
correlates with our findings that both TLR2 and TLR4 agonists,
such as Pam3CSK437 or the synthetic lipid A analog OM-294BA-MP,38 respectively, enhance tolerance induction via the sublingual route in our murine asthma model.
Overall, our data confirm that oral DCs are naturally biased
toward tolerance induction by inducing TH1/regulatory T responses. As a consequence, second-generation sublingual vaccines should be specifically developed to target allergens better
to oral DCs in the context of appropriate TLR-mediated signals
to enhance IFN-g/IL10 production by CD41 T cells further.
We thank Dr Jean-Michel Caillaud for performing immunohistology studies
on sublingual/oral mucosal tissues. Vincent Lombardi and Nathalie Saint-Lu
are recipients of a Convention Industriel de Formation par la Recherche fellowship provided by the French government.

Clinical implications: Targeting the allergen to tolerogenic sublingual/oral DCs by using mucoadhesive particulate formulations will likely enhance tolerance induction.
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METHODS
Mice, reagents, and antibodies
BALB/c female mice 6 to 8 weeks old were obtained from Charles River
(L’Arbresle, France). DO11.10 female mice transgenic for the ovalbumin323-339
peptide-specific T-cell receptorE1 were bred in the Centre d’Exploration
et de Recherche Fonctionnel (Evry, France). International levels of ethical standards were applied for animal handling.
PBS and RPMI 1640 were purchased from Invitrogen (Carlsbad, Calif).
Ovalbumin grade V with low endotoxin content was purchased from Sigma
(St Louis, Mo) and was further purified on an endotoxin removing gel (Pierce,
Rockford, Ill). Residual endotoxin concentrations determined by Endochrome-K assay (R1708K; Charles River, Wilmington, Mass) were always
less than 0.1 EU/mg protein. To perform in vivo distribution studies, the detoxified ovalbumin protein was biotinylated with the EZ-Link Sulfo-NHS-LC-LC
biotin linker (Pierce) according to the manufacturer’s instructions. The biotin/
ovalbumin molar ratio determined by the EZ biotin Quantitation Kit (Pierce)
was in the range of 2:1. A polymerized form of maize maltodextrin (PSC) was
used as a mucoadhesive particulate antigen delivery system.E2,E3 PSC-ovalbumin was prepared as described elsewhere.E2,E3
The following mAbs were used, either as purified antibodies for
immunohistology or labeled with FITC, phycoerythrin, or allophycocyanin
for flow-cytometry analysis: anti-MHC-II (I-A/I-E) IgG2b, anti-CD86
IgG2a, anti-CD69 IgG, anti-CD8a IgG2a, anti-B220 IgG2a, anti-CD207
IgG2a (all from eBiosciences, San Diego, Calif), anti-CD11b IgG2b, antiCD11c IgG1 (all from BD Biosciences, San Jose, Calif), anti-plasmacytoid
DC (120G8) IgG2a (Dendritics, Dardilly, France), and anti-CD205 IgG
(NLDC-145 clone; Cedarlane Laboratories Ltd, Burlington, NC). Corresponding isotype-matched mAbs were used as controls in all experiments.

Immunohistology and FACS analysis of oral DCs
For immunohistology, spleen, footpad, and oral (ie, buccal floor and lingual)
mucosal tissues were recovered from naive mice and frozen at –808C. Tissue
sections (4-6 mm wide) were serially cut, air-dried for at least 30 minutes, fixed in
acetone for 1 to 2 minutes, and incubated for 10 minutes in 3% hydrogen
peroxide (Sigma) to block endogenous peroxidase activity. After washing in
TRIS-buffered saline (TBS; 0.05 mol/L TRIS, 0.15 mol/L NaCl, pH 7.4), primary antibodies (dilution 1/100 in TBS) were added onto samples and incubated
for 1 hour at room temperature. Tissue sections were washed in TBS and incubated with biotinylated rabbit antigoat IgG secondary antibodies (Sigma; 1/
400) for 30 minutes before adding streptavidin-biotin horseradish peroxidase
(Sigma). After 30 minutes, samples were washed, and specific staining was visualized by using diaminobenzidine (Sigma) as a substrate. Tissue sections processed in the absence of primary antibody were included as negative controls.
To analyze antigen biodistribution shortly after sublingual immunization,
groups of 4 mice were treated via the sublingual route with either soluble
ovalbumin-biotin (500 mg in 20 mL PBS) or PSC-ovalbumin-biotin (500 mg
ovalbumin per dose). Control animals were treated with sterile PBS. At
various time points after immunization (ie, 5, 30, 60 minutes), oral (ie, buccal
floor and lingual) tissues were recovered and frozen. Immunohistology was
conducted as described by using streptavidin-peroxidase and diaminobenzidine as a substrate.
To analyze the phenotype and function of oral DCs, oral (ie, buccal floor and
lingual) tissues were removed from BALB/c mice and treated for 45 minutes at
378C with 400 U/mL collagenase type IV , 50 mg/mL deoxyribonuclease I
(Roche Diagnostic, Mannheim, Germany), and 2 U/mL dispase (Invitrogen)
in RPMI 1640. After blocking residual enzymatic activity with 5 mmol/L
EDTA in PBS, oral tissues were dissociated in PBS. Cells were recovered
and stained with various antibodies for 15 minutes at 48C as described. Results
were expressed as a mean percentage of positive cells 6 SDs (n 5 3) after subtracting background staining obtained with corresponding isotype-matched
mAbs.
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FITC or with anti–pDC-phycoerythrin (clone 120G8), anti–B220allophycocyanin, and anti–MHC-II–FITC mAbs. Isolation of pure
populations of CD11b1CD11c-MHC-II1, CD11b1CD11c1MHC-II1, or
B2201120G81MHC-II1 cells was performed with a MoFlo (Dako, Copenhagen, Denmark) cell sorter. Cells within each subset were more than 99% pure
as assessed by flow-cytometry analysis. Naive CD41 T cells were purified
from spleens of DO11.10 mice by magnetic bead separation using the mouse
CD4 negative isolation kit (Invitrogen) according to the manufacturer’s instructions. As high as 95% to 99% pure CD41 T cells were labeled with
1 mmol/L CFSE (Molecular Probes, Eugene, Ore) for 5 minutes at 378C
in PBS. After 2 washes, 2 3 104 CFSE-labeled DO11.10 T cells were incubated with 2 3 103 of each of the sorted antigen-presenting cell populations
in presence of either the ovalbumin protein or ovalbumin323-339 peptide for
3 days. Ovalbumin-specific T cells were stained with the phycoerythrinKJ1.26 anticlonotypic mAb (BD Biosciences, San Jose, Calif), and proliferating antigen-specific T cells were detected by FACS, based on a decrease in
CFSE-associated fluorescence. IFN-g, IL-5, and IL-10 production was measured by ELISA in culture supernatants, according to the manufacturer’s
guidelines (R&D Systems, Minneapolis, Minn). Background levels of cytokines obtained with nonactivated cells were subtracted.
The capacity of oral dendritic cells to process ovalbumin was assessed
using a self-quenched ovalbumin conjugate (OVA-DQ; Invitrogen). It is made
up of ovalbumin molecules labeled with a 4,4-difluoro-4-bora-3a,4a-diazas-indacene dye, which exhibits a bright-green fluorescence after proteolytic
degradation of the antigen. Single-cell suspensions were labeled with anti–
CD11b-phycoerythrin plus anti–CD11c-allophycocyanin, or with anti–pDCphycoerythrin (clone 120G8) plus anti–B220-allophycocyanin mAbs. Cells
were stained for 15 minutes at 48C, washed in PBS, and resuspended in complete RPMI 1640. Cells were further incubated with 1 mg/mL OVA-DQ for 0,
15, 30, and 45 minutes at 378C, and control samples maintained at 48C were
used to determine fluorescence background levels. Ovalbumin proteolysis
over background was subsequently monitored by flow cytometry.

In vitro third-party functional assay
CD11b1CD11-MHC-II1, CD11b1CD11c1MHC-II1, and B2201120G81
MHC-II1 oral cells (2 3 103) were sorted (with a purity >99%) and cocultured
with 2 3 104 ovalbumin-specific CD41 T cells in the presence of the ovalbumin323-339 peptide (10 mg/mL) for 4 days. T cells (ie, potential suppressive
cells) rescued from primary cocultures with oral APCs were restimulated in
the presence of CFSE-labeled ovalbumin-specific CD41 T cells cocultured
with murine BM-DCs and the ovalbumin323-339 peptide (10 mg/mL) for 4
days. Ratios (suppressive/responder cells) between 1/1 to 1/16 have been
tested. As controls, 2 3 104 CFSE-labeled ovalbumin-specific CD41 T cells
were cultured with or without the ovalbumin323-339 peptide (10 mg/mL) for
4 days. Ovalbumin-specific T cells were stained with the phycoerythrinKJ1.26 anti clonotypic mAb, and proliferating cells were evaluated by
FACS based on a decrease in CFSE-associated fluorescence.

RNA isolation and real-time PCR analysis
Total RNA (RNeasy Mini kit; Qiagen, Courtaboeuf, France) was isolated
from 2 3 104 antigen-presenting cells purified by cell sorting from oral tissues
or spleen; cDNA was synthesized by using random hexamers (Taqman Reverse Transcription Reagents; Applied Biosystems, Foster City, Calif) according to the manufacturer’s protocol. Real-time PCR analysis of TLR1-7 and
TLR9 gene expression was conducted with Predesigned TaqMan Gene Expression Assays and reagents (Applied Biosystems) according to the manufacturer’s specifications, using a 7300 Real-Time PCR system (Applied
Biosystems). Forty cycles of amplification were performed as follows:
958C, 30 seconds; 558C, 30 seconds; 728C, 30 seconds. Levels of mRNA for
each gene were normalized to the amount of b-actin mRNA.

Isolation and functional characterization of oral DCs

In vitro targeting of DCs with the PSC
mucoadhesive particulate formulation

Splenic or oral immune cells were stained, at 48C for 15 minutes, with
anti-CD11b-phycoerythrin, anti–CD11c-allophycocyanin, and anti–MHC-II–

Murine BM-DCs were generated as previously described.E4 BM-DCs (5 3
105/mL) were incubated in 24-well plates, either at 48C or at 378C, in complete

MASCARELL ET AL 609.e2

J ALLERGY CLIN IMMUNOL
VOLUME 122, NUMBER 3

medium for 0, 15, 60, or 240 minutes with 1.6 mg ovalbumin-FITC or
PSC-ovalbumin-FITC molecules. After washing, BM-DCs were stained
with an anti–CD11c-allophycocyanin mAb, and green fluorescence was analyzed by FACS on CD11c1 cells.

Adoptive T-cell transfer and analysis of T-cell
responses in vivo
Naive CD41 T cells were isolated from the spleen of DO11.10 mice and
CFSE-labeled as described; 5 3 106 CFSE-labeled purified CD41 T cells
were adoptively transferred by retro-orbital intravenous injection into
BALB/c mice at day 0. Twenty-four hours later, groups of 4 mice were treated
via the sublingual route with either soluble ovalbumin (500 mg in 20 mL PBS)
or PSC-ovalbumin (500 mg ovalbumin per dose). Control animals were treated
with either sterile PBS or the PSC formulation alone. To measure T-cell proliferative responses in vivo, cervical LNs were recovered at various time points
(ie, 1, 2, and 4 days after immunization) and pooled within each group of 4
mice. Ovalbumin-specific T cells were stained with the phycoerythrinKJ1.26 anticlonotypic mAb, and proliferating cells were evaluated by FACS
as cells with a decreased CFSE-associated fluorescence. To analyze T-cell polarization, cervical LNs were removed at day 8, and single-cell suspensions
were cultured in complete medium (RPMI containing 2 mmol/L L-glutamine,
50 mg/mL streptomycin, 50 U/mL penicillin, pyruvate, and 10% heat-inactivated FCS) in 5% CO2 at 378C with or without the ovalbumin323-339 peptide
(10 mg/mL). After 72 hours, IFN-g, IL-5, and IL-10 were assessed by ELISA
in culture supernatants according to the manufacturer’s guidelines (R&D Systems). Results were expressed as concentrations of IFN-g, IL-5, and IL-10 released in supernatants from duplicate wells. Background concentrations
obtained in cultures from nonactivated cells were subtracted. Black columns
represent mean responses from each group. To analyze activation and apoptosis markers, cervical LNs were recovered at various time points (ie, 4, 24, and
48 hours after sublingual ovalbumin immunization) and pooled within each
group of 4 mice. Cells were labeled with both the phycoerythrin-KJ1.26

anticlonotypic mAb and with either anti–CD69-FITC or annexin V–FITC
before FACS analysis.

T-cell suppressive assay
We assessed the suppressive capacity of ovalbumin-specific CD41 T
cells adoptively transferred into BALB/c mice, which were subsequently
treated with PSC or PSC-ovalbumin sublingually. Cervical LNs were
removed at day 8, and single-cell suspensions were labeled with both the phycoerythrin-KJ1.26 anticlonotypic and anti–CD25-FITC mAbs. Both 5 3 103
KJ1.261CD25– and KJ1.261CD251 T cells purified with a MoFlo (Dako)
cell sorter were cultured with 2 3 104 CFSE-labeled purified ovalbumin-specific CD41 T cells in the presence of 2 3 103 BM-DCs pulsed with the ovalbumin323-339 peptide for 3 days. CFSE-labeled purified ovalbumin-specific CD41
T cells 2 3 104 cultured in the presence of 2 3 103 BM-DCs with or without
ovalbumin323-339 peptide for 3 days served as positive and negative controls, respectively. CFSE-labeled ovalbumin-specific CD41 T cells were stained with
the phycoerythrin-KJ1.26 anticlonotypic mAb, and proliferating cells were
evaluated by FACS as cells with a decreased CFSE-associated fluorescence.
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FIG E1. Isotype-matched control antibody staining on oral APCs. Oral
tissues from naive BALB/c mice were recovered and treated by collagenase/
dispase as described in Methods. Cells were stained with corresponding
isotype-matched control (ISO CTR) antibodies. Data are representative of 6
independent experiments.
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FIG E2. Cytokine production in T cells cocultured with murine BM-DCs with
or without the ovalbumin323-339 peptide. Ovalbumin-specific CD41 T lymphocytes from DO11.10 mice were cocultured for 3 days with murine BMDCs with or without the ovalbumin323-339 peptide (10 mg/mL). IFN-g, IL-5,
and IL-10 cytokines were analyzed in culture supernatants by using specific
ELISA assays.
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FIG E3. In vivo blockade of the IL-10 receptor (IL-10R) leads to an increased
T-cell proliferation in cervical lymph nodes of mice sublingually treated
with PSC-ovalbumin (OVA). In vivo proliferation in cervical LNs of CFSE-labeled OVA-specific CD41 T cells adoptively transferred after sublingual immunization of BALB/c mice concomitantly treated either with rat anti–IL-10R
(100 mg/dose; clone 1B1.3a) or control isotype mAbs on days 0, 1, and 2 by
intraperitoneal injections. Each point represents data from a single mouse.
Horizontal bars represent mean values obtained within each group. CTR,
Control.
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