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ABSTRACT

The spread of the low-pathogenicity avian H9N2 influenza virus has seriously increased the risk of a new influenza pandemic.
Although whole inactivated virus (WIV) vaccine via intranasal pathway is the effective method of blocking virus transmission,
the mucosal barrier seems to be a major factor hampering its development. CpG oligodeoxynucleotides, a known adjuvant, can
target downstream dendritic cells (DCs) and effectively enhance the mucosal and systemic immune responses. However, the
ability of CpGs to assist H9N2 WIV in transepithelial transport remains unknown. Here, in vitro and in vivo, we showed that
CpGs provided assistance for H9N2 WIV in recruiting DCs to the nasal epithelial cells (ECs) and forming transepithelial den-
drites (TEDs) to capture luminal viruses. CD103� DCs participated in this process. Chemokine CCL20 from nasal ECs played a
key role in driving DC recruitment and TED formation. Virus-loaded DCs quickly migrated into the draining cervical lymph
nodes (CLNs) for antigen presentation. In addition, the competence of CpGs was independent of direct epithelial transport via
the transcellular or paracellular pathway. Taken together, our data demonstrated that CpGs enhanced the transport of H9N2
WIV via TEDs of nasal DCs, which might be a novel mechanism for optimal adaptive immune responses.

IMPORTANCE

This paper demonstrates by both an in vivo and an in vitro coculture model that CpG oligodeoxynucleotides, known as an adju-
vant generally targeting downstream immune responses, also are crucial for the transport of H9N2 WIV across nasal epithelial
cells (ECs) via the uptake of transepithelial dendrites (TEDs). Our results prove for the first time to our knowledge that the im-
mune-potentiating mechanism of CpGs is based on strengthening the transepithelial uptake of H9N2 WIV in nasal mucosa.
These findings provide a fresh perspective for further improvement of intranasal influenza vaccines, which are urgently needed
in the face of the potential threat of H9N2 influenza.

The prevention and control of influenza are becoming more
and more urgent, especially given the recent avian influenza A

(H7N9) outbreaks in China (1). This subtype is primarily reas-
sorted with enzootic H9N2 viruses that have circulated widely
among birds in the Far East and the Middle East since the late
1990s (2). Based on their safety profile, high immunogenicity, and
the capability of establishing cross-protection at the pathogen’s
entry site and interrupting viral transmission (3–6), whole inacti-
vated H9N2 influenza vaccines given via intranasal (i.n.) immu-
nization are very effective for virus elimination. Nonetheless, the
efficacy of intranasal immunization is currently poor, primarily
because of the physiology of the nasal cavity. Antigens have to find
their way to overcome a series of barriers (mucus, cilia, and com-
pact epithelium) before they are absorbed into the body (7). Nu-
merous studies have attempted to improve the effect of i.n. whole
inactivated virus (WIV) influenza vaccines by using mucoadhe-
sive particulate carrier systems, such as thermal-sensitive hydrogel
(8), to prolong the nasal residence time or by using several immu-
nopotentiators, such as interferons and cholera toxin (CT), to
target the downstream immune system (9–11).

Our previous study showed that CpG oligodeoxynucleotides,
as an i.n. vaccine adjuvant, remarkably enhanced the mucosal and
systemic immune responses for inactivated avian influenza vi-
ruses, including H5N1, H5N2, and H9N2, when administered to
chickens or ducks (3, 12, 13). The investigation of mechanisms by
which CpGs enhance the immune response has been mainly fo-
cused on the induction of macrophages, dendritic cells (DCs), and

B cells through activating the Toll-like receptor 9 (TLR9) or
TLR21 and NF-�B signaling pathways, promoting cytokine secre-
tion and the expression of costimulatory molecules, and enhanc-
ing the immune response with a tendency toward a Th1-type re-
sponse (12, 14). However, we do not lose sight of the fact that the
nasal mucosa barrier is a key impediment for influenza WIV up-
take and subsequent antigen-specific adaptive immune responses,
as mentioned above. Therefore, we hypothesize that CpGs play a
critical role in the transepithelial delivery of influenza WIV.

Airway DCs, as sentinel cells located beneath the respiratory
epithelium, are critical for acquiring and presenting foreign anti-
gens to T cells, a prelude to the initiation of an adaptive immune
response (15, 16). One previous study in the gut demonstrated a
novel ability in the uptake function of DCs. A seminal study by
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Rescigno et al. has demonstrated that DCs express tight junction
(TJ) proteins and penetrate intestinal epithelial monolayers to
sample bacteria (17). Further study suggested that lipopolysac-
charide (LPS), a major bacterial component, is able to induce DC
translocation across the monolayer of gut epithelial cells (18). In
human nasal mucosa in allergic rhinitis but not in healthy nasal
mucosa, transepithelial dendrites (TEDs) of HLA-DR-positive
(HLA-DR�) and CD11c� DCs were easily formed (19). Interest-
ingly, DCs may directly capture only those pathogens that actively
invade the epithelium (20). These observations raise the possibil-
ity that various “foreigners” or “dangers” seem to have the capa-
bility of attracting submucosal DCs to capture luminal antigens
via TEDs. Unmethylated CpG motifs are present at a much higher
frequency in the genomes of prokaryotes than in those of eu-
karyotes and present danger signals referred to as pathogen-asso-
ciated molecular patterns (PAMPs) to pattern recognition recep-
tors (PRRs) (21). These findings led us to hypothesize that CpGs
could stimulate DCs to capture H9N2 WIV actively across the
mucosal barrier. Here, we demonstrate that CpGs assist in the
recruitment of nasal mucosal DCs to the nasal epithelium and in
their sampling of luminal H9N2 WIV in vivo. We confirmed our
findings in an in vitro DC/epithelial cell (EC) coculture system by
using Calu-3 ECs and DCs, which allows simulation of the nasal
mucosal barrier in a spatial distribution similar to that found in
vivo.

MATERIALS AND METHODS
Animals. Wild-type BALB/c and C57BL/6 mice (4 to 6 weeks old) were
purchased from the Animal Research Center of Yangzhou University
(Yangzhou, China). All efforts were made to minimize the number of
animals used and their suffering. The animals were acclimatized for 1
week before the study and had free access to water and standard mouse
chow throughout the experiment. The Animal Ethics Committee at Nan-
jing Agricultural University reviewed the protocol and approved this
study specifically, with project number 2009ZX08009-138B.

Reagents and cell lines. Recombinant mouse granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and interleukin 4 (IL-4) were
from PeproTech (Rocky Hill, NJ). RPMI 1640 and modified Eagle’s me-
dium alpha (MEM-�) were bought from Invitrogen (Grand Island, NY,
USA). Fetal bovine serum (FBS) was from HyClone (Thermo Fisher Sci-
entific, Melbourne, Australia). Hamster anti-CD11c (N418) monoclonal
antibody (MAb), rat anti-CD103 (AP-MAB0828) MAb, rat anti-major
histocompatibility complex II (MHC-II) (M5/114.15.2) MAb, rabbit anti-
CCL20 (macrophage inflammatory protein 3� [MIP-3�]) polyclonal
antibody (PAb), and rat anti-SIGN related 1 (SIGN-R1) (ER-TR9) MAb
were from Abcam (New Territories, Hong Kong). Rabbit anti-occludin
and anti-zonula occludens 1 (ZO-1) PAbs were from Invitrogen. Alexa
Fluor 488 or 647 secondary antibodies were from Jackson Immuno-
Research (West Grove, PA). Flow cytometry (fluorescence-activated cell
sorting [FACS]) antibodies, including allophycocyanin (APC)- or fluo-
rescein isothiocyanate (FITC)-CD11c, FITC-CD40, FITC-CD80, phyco-
erythrin (PE)-CD103, peridinin chlorophyll protein (PerCP)-Cy5.5-
CD69, PerCP-CD45, APC-CD3, FITC-CD4, or the respective isotype
controls, were from eBioscience (San Diego, CA, USA). Cholera toxin
(CT) was from Sigma (St. Louis, MO). Chloroquine (CQ) was from Invi-
vogen (San Diego, CA). Alexa Fluor 594-labeled or unlabeled phospho-
rothioate CpGs (22) with the sequences 5=-GCTAGACGTTAGGT-3= and
5=-TCAACGTTGA-3=were synthesized by Invitrogen (Shanghai, China).
Calu-3 cells (human bronchial epithelial cell line) are originally derived
from the subbronchial epithelium of a lung adenocarcinoma (ATCC, Ma-
nassas, VA) and have been used as surrogate nasal epithelium due to their
similar biophysical properties, such as forming tight monolayers and,
also, secreting mucus when cultured in an air-liquid interface (23, 24).

Preparation of H9N2 WIV. H9N2 influenza virus (A/Duck/NanJing/
01/1999) was generously provided by Jiangsu Academy of Agricultural
Sciences (Nanjing, China) and purified on a discontinuous sucrose den-
sity gradient according to a previously described method (25). Inactivated
viruses were prepared at 56°C for 30 min, and samples were inoculated
into 10-day-old specific-pathogen-free (SPF) embryonated eggs for three
passages to test for complete loss of infectivity. The quantity of viruses was
measured by determining the hemagglutinin (HA) protein concentration
(the HA concentration was about 35% of the total protein) using a Micro
BCA (bicinchoninic acid) protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) (26). Viruses were labeled with the NHS (N-hy-
droxysuccinimide) ester fluorescent probe DyLight 405, 488, or 633
(Thermo Fisher Scientific) according to the manufacturer’s instructions,
and unincorporated dye was removed using commercial fluorescent dye
removal columns (Thermo Fisher Scientific).

Immunogenicity study. Six-week-old C57BL/6 mice (n � 12) were
immunized intranasally with H9N2 WIV (5 �g HA) alone or in combi-
nation with CpGs (20 �g) or CT (2 �g) three times at 1-week intervals (at
0, 7, and 14 days). The mice were euthanized and samples were collected
28 days after the primary immunization. Nasal, tracheal, and lung lavage
fluid samples were obtained by washing the organs with 0.5 ml, 0.2 ml, and
0.5 ml sterile phosphate-buffered saline (PBS), respectively. Hemaggluti-
nation inhibition (HI) titers in serum were determined as previously de-
scribed (27). Specific IgGs (total IgG, IgG1, and IgG2a/c) in serum and
secretory IgA in lavage fluid samples were determined by enzyme-linked
immunosorbent assay (ELISA) using horseradish peroxidase-conjugated
anti-mouse total IgG, IgG1, IgG2a (Santa Cruz Biotechnology, Inc., CA),
and IgA (Southern Biotech, Birmingham, AL, USA) as described previ-
ously (28). Here, we used an anti-IgG2a isotype which cross-reacts with
IgG2c (29), and the titers are reported as IgG2a/c titers. Antibody titers
were determined by the endpoint ELISA method as described previously
(28). Furthermore, splenic lymphocytes were isolated for analyses of pro-
liferative response using the CCK-8 assay (Beyotime, China) and for anal-
yses of CD69 activation using FACS in vitro.

DC/EC coculture system. DCs were generated from femur and tibia
bone marrow progenitor cells of 4- to 6-week-old C57BL/6 mice using our
advanced method (30). Calu-3 cells were seeded on the upper side of
ThinCert membrane inserts (pore size, 3 �m; pore density, 0.6 � 106

cm�2) (Greiner Bio-One, Germany) in a 24-well plate overnight. The
medium was only removed from the apical compartment to allow the
monolayer to grow at the air interface (31). The cells were maintained for
9 to 13 days until steady-state transepithelial electrical resistance (TEER)
of 	300 
 � cm2 was achieved (31). In the coculture system, the filters
were turned upside down and then DCs (5 � 105) were cultured on the
filter facing the basolateral side of ECs for 4 h to let the cells attach to the
filter. The filters were then turned right side up and placed into 24-well
plates. The different treatments were incubated, always from the apical
side, for the times indicated below. DCs were collected for uptake analy-
ses, phenotype assays, and mixed lymphocyte reaction (MLR) assays. The
filters and cells were fixed with 4% paraformaldehyde (PFA) for 30 min at
4°C and processed for confocal microscopy. Basolateral supernatants
were collected after 24 h for cytokine assays. In the indirect system, ECs
were first incubated with each treatment on the apical surface. At the times
indicated below, basolateral supernatants were collected and then tested
for stimulation of DCs.

Tissue collection and cryosection. Mice were nasally administered
DyLight 488- or 633-labeled H9N2 WIV (5 �g HA) with or without CpGs
(20 �g) or the same volume of PBS (0.01 M). Then, the mice were anes-
thetized and sacrificed at the time after inoculation indicated below. After
the removal of irrelevant affiliated tissues, the noses were fixed in 4% PFA
overnight and then decalcified for 7 days in decalcifying fluid (10% EDTA,
pH 7.4). The noses were frozen in embedding medium (OCT, Torrance,
CA) and cut into 8-�m sections for analysis of immunofluorescence as
described below. Individual cells were obtained from nasal mucosa-asso-
ciated lymphoid tissues (NALTs) and cervical lymph nodes (CLNs) by
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straining through a 100-�m cell strainer and were stained with FITC-
CD11c and analyzed by FACS.

Immunolabeling and confocal microscopy. After being permeabil-
ized in 0.2% Triton X-100 for 5 min and blocked with 5% bovine serum
albumin (BSA) for 1 h, the fixed filters were labeled overnight at 4°C with
primary antibodies, followed by incubation with fluorescent secondary
antibodies for 1 h at room temperature. The primary antibodies were
replaced by isotype control antibodies for testing the specificity of the
antibodies and the labeling procedure. For the in vivo model, cryosections
were treated as described above. The filters or cryosections were observed
by confocal laser scanning microscopy (CLSM) (LSM 710; Zeiss,
Oberkochen, Germany). Cross-section images were collected by Z projec-
tion with 0.5-�m increments on the z axis and analyzed using Zeiss ZEN
2012 and Adobe Photoshop CS6 (Adobe, San Jose, CA).

Uptake, phenotype, and cytokine assays. In vitro, the collected DCs
were detected by FACS for fluorescent H9N2 WIV uptake. In addition,
after 24 h, DCs were stained with the various fluorescent MAbs or isotype
controls and then detected by FACS. The data were analyzed using FlowJo
(Tree Star). The levels of IL-12p70 and IL-10 in the collected supernatants
were determined by using ELISA kits (eBioscience, San Diego, CA), fol-
lowing the manufacturer’s instructions.

MLR assay. To analyze the capacity of DCs to activate T cells, alloge-
neic T cells were purified from BALB/c mouse lymph nodes by using a
CD4� T cell isolation kit (Miltenyi). Carboxyfluorescein succinimidyl
ester (CFSE; Invitrogen)-labeled T cells as responder cells (5 � 105/well)
were cocultured in duplicate with DCs (DC/T cell ratios of 1:1 and 1:5)
(32). MLR was performed in a 24-well plate for 5 days, and then T cell
proliferation was detected by FACS.

Statistical analysis. The results were expressed as the means � stan-
dard deviations (SD) and analyzed with GraphPad Prism 5 software (San
Diego, CA). Student’s t test and one-way analysis of variance (ANOVA)
were used to compare results between different groups. Differences were
considered statistically significant when the P value was �0.05.

RESULTS
CpGs facilitated H9N2 WIV to trigger the local mucosal and
systemic immune responses. To verify whether CpGs might
function as a nasal mucosal adjuvant for H9N2 WIV, we immu-
nized mice three times intranasally with H9N2 WIV alone or in
combination with CpGs or with the known mucosal adjuvant
cholera toxin (CT). The locally secreted IgA antibodies, which are
the most important characteristics that mediate the nasal adaptive
immunity and mucosal protection, were determined. As shown by
the results in Fig. 1A, in nasal wash samples, H9N2 WIV plus
CpGs or CT was found to have induced much higher IgA specific
antibody titers than H9N2 WIV alone. Similar changes in IgA
levels in tracheal (Fig. 1B) and lung (Fig. 1C) wash samples were
also obtained, suggesting a remarkable effect of CpGs on mucosal
responses in the lower respiratory tract. Specific serum IgGs and
their subtypes were also detected by ELISA. As shown by the re-
sults in Fig. 1D, E, and F, respectively, the levels of IgG, IgG1, and
IgG2a/c induced by H9N2 WIV plus CpGs or CT were signifi-
cantly higher than the levels induced by H9N2 WIV alone. The HI
titer profile exhibited a similar change. Serum collected from mice
immunized with H9N2 WIV plus CpGs or CT showed a great
capability to inhibit hemagglutination against 4 HI units/25 �l of
reference antigens (Fig. 1G). Splenocytes isolated from the immu-
nized mice and restimulated with H9N2 WIV in vitro were as-
sessed for the expression of CD69, an activation marker. We
found that splenocytes from the group that received H9N2 WIV
plus CpGs or CT were more activated than those from the group
that received H9N2 WIV alone (Fig. 1H and I). Moreover, their
proliferative index was markedly increased (Fig. 1J). FACS analy-

sis of T cell subtypes from the isolated splenocytes showed that the
percentage of CD3� CD4� T cells was significantly increased after
immunization with H9N2 WIV plus CpGs (P � 0.01) or CT (P �
0.01) compared with the percentage after immunization with
H9N2 WIV alone (Fig. 1K). Altogether, these results demon-
strated that intranasal vaccination with H9N2 WIV plus CpGs
effectively induced local mucosal and systemic immune re-
sponses.

CpGs facilitated H9N2 WIV to enhance DC maturation both
in the monoculture and coculture system. DC maturation is a
key step for the subsequent antigen-specific immune response
(33). However, it is still unclear how DC maturation works in
nasal mucosal immunity. Thus, we assessed DC maturation in the
presence of an epithelial barrier (coculture system, containing
Calu-3 ECs and DCs in vitro) (Fig. 2Ab) or without an epithelial
barrier (monoculture, direct contact between DCs and H9N2
WIV/CpGs) (Fig. 2Aa). Phenotype maturation of submucosal
DCs was detected after 24 h. In monoculture, H9N2 WIV and/or
CpGs strongly upregulated the expression of CD40 and CD80
compared with the results for medium. In the coculture system,
although the levels of stimulation of CD40 and CD80 by H9N2
WIV were lower than the levels in monoculture, CpGs had a pow-
erful ability to increase their expression (Fig. 2B to D). Further-
more, the release of cytokines (IL-12p70 and IL-10) represents
functional maturation of DCs. Similarly, H9N2 WIV plus CpGs
significantly increased their secretion in both models compared
with the results for H9N2 WIV alone (Fig. 2E and F, respectively).
Finally, to test fully functional maturation of DCs, DCs were as-
sessed for their ability to stimulate allogeneic T cells. As expected,
the DCs from the group treated with H9N2 WIV plus CpGs
strongly enhanced the proliferation of allogeneic T cells compared
to the results for the H9N2 WIV-only group (Fig. 2G). Of note, in
the above-described experiments, pretreatment of ECs with chlo-
roquine (CQ; a TLR9 inhibitor that blocks the interaction be-
tween TLR9 and CpGs via endosomal acidification [34]) reversed
the effect of CpGs, suggesting that CpGs first participated in EC
activation. Taken together, these results implied that CpGs still
facilitated H9N2 WIV to enhance DC maturation in the presence
of an epithelial barrier.

CpGs increased the number of H9N2 WIV-loaded submuco-
sal DCs in the DC/EC coculture system. Direct contact between
submucosal DCs and luminal antigens is required for triggering
DC maturation and subsequent adaptive immune responses.
Thus, we tested whether CpGs could increase the number of
H9N2 WIV-loaded submucosal DCs in the DC/EC coculture sys-
tem. In the coculture system, the number of virus-loaded submu-
cosal DCs was greatly increased at an early stage (20 min to 1 h) as
determined by using CLSM (Fig. 3B and C) and FACS (Fig. 3D
and E). These findings suggested that CpGs were involved in in-
creasing viral uptake by submucosal DCs.

ECs were not essential for the transepithelial transport of
H9N2 WIV with the presence of CpGs. To confirm whether
CpGs could disturb the epithelial barrier to allow viral delivery, we
first determined their effect on the cell viability of ECs and DCs.
We found that CpGs did not decrease the cell viabilities of ECs and
DCs (data not shown). Given that CpGs provide assistance for
transepithelial transport of H9N2 WIV via the paracellular route
of ECs, the transepithelial electric resistance (TEER) and tight
junction proteins were determined in the coculture system (Fig.
4A). CpGs did not change the TEER, whereas CT (both 100 ng/ml

Qin et al.

5906 jvi.asm.org June 2015 Volume 89 Number 11Journal of Virology

http://jvi.asm.org


and 1 �g/ml) decreased the TEER as early as 0.5 h (Fig. 4B), sug-
gesting that CT impaired the barrier function of ECs. Similarly,
there were no significant changes in the localization of the tight
junction proteins occludin (Fig. 4D) and ZO-1 (Fig. 4G) with
CpG treatment compared to their localization with medium alone
(Fig. 4C and F, respectively). However, in CT-treated cells, occlu-
din expression followed an abnormal discontinuous distribution
(Fig. 4E, arrowheads), and ZO-1 expression appeared to be par-
tially lost (Fig. 4H, arrowheads), suggesting that CT impaired the
barrier function of ECs for antigen delivery. Furthermore, given
that ECs might participate in transepithelial transport of H9N2
WIV in the presence of CpGs, an indirect system was established
(Fig. 4I). FACS analyses of the collected DCs showed that the
fluorescence-labeled H9N2 WIV did not appear in DCs until 1 h
(Fig. 4J and K). Analysis of the transmission electron microscope
(TEM) images showed that H9N2 WIV only attached to the apical

surface of ECs and did not enter into the ECs after CpG treatment
(Fig. 4L and M), implying that the transport of H9N2 WIV was
independent of epithelial direct participation. However, for the
specialized epithelial cells, such as M cells, further research is
needed.

CpGs facilitated H9N2 WIV recruitment of submucosal DCs
to form TEDs in vitro and in vivo. To investigate whether CpGs
have the capability of recruiting submucosal DCs to form TEDs
for viral capture, we assessed TED formation in vitro and in vivo.
In the in vitro DC/EC coculture system, H9N2 WIV and/or CpGs
but not medium, when seeded on the apical side of Calu-3 cells,
induced submucosal DCs to form TEDs across ECs all the way to
the apical side, as shown in cross-sectional images (Fig. 5B to E).
Compared to the results for H9N2 WIV alone, the number of
TEDs in the group treated with H9N2 WIV plus CpGs was greatly
increased at an early stage (20 min to 1 h) (Fig. 5F). In vivo, after

FIG 1 H9N2 WIV-specific local mucosal and systemic immunity after intranasal immunization of mice. (A to C) At 28 days after the primary immunization,
H9N2 WIV-specific mucosal IgA titers in nasal wash (A), tracheal wash (B), and lung wash (C) were determined by endpoint ELISA. (D to F) H9N2 WIV-specific
IgG (D), IgG1 (E), and IgG2a/c (F) titers in serum were determined by endpoint ELISA. (G) Serum hemagglutination inhibition (HI) levels after immunization.
Antibody titer was detected by HI assay using 4 hemagglutinating units of the influenza virus strain. (H to J) Splenocytes were restimulated by H9N2 WIV (10
�g/ml) following 72 h in vitro. (H and I) FACS analysis of splenocyte activation (assessed as CD69 expression). (J) CCK-8 assay was used to analyze splenocyte
proliferation. (K) FACS analysis of T cell subtypes of splenocytes isolated from the immunized mice. The data shown are the mean results � SD. *, P � 0.05; **,
P � 0.01.

CpGs Assist H9N2 WIV in Crossing Nasal ECs via TEDs

June 2015 Volume 89 Number 11 jvi.asm.org 5907Journal of Virology

http://jvi.asm.org


FIG 2 DC maturation both in the monoculture and DC/EC coculture system after CpG challenge. (A) Experimental setting to study DC maturation in two
culture systems. Schematic depicts the monoculture system, where H9N2 WIV alone or plus CpGs interacted directly with DCs (a), and the DC/EC coculture
system, where ECs were preincubated with CQ (10 �M) or not for 0.5 h before being cocultured with DCs and H9N2 WIV alone or plus CpGs was incubated on
the apical side of the ECs (b). After 24 h, DCs and basolateral supernatants were collected for detecting phenotype, cytokines, and MLR. (B to D) The levels of
expression of CD40 and CD80 were analyzed by FACS. (E and F) Levels of IL-12p70 (E) and IL-10 (F) release in culture supernatants were measured by ELISA.
(G) In MLR experiments, the collected DCs were used in two graded cell numbers (DC/T cell ratios of 1:1 and 1:5) to stimulate CFSE-labeled naive CD4�

allogeneic T cells. After 5 days, proliferation was detected by FACS. (C to G) Treatments are indicated by the shading and numbering of the bars as shown in the
keys. The data shown are the mean results � SD from three independent experiments. *, P � 0.05.

Qin et al.

5908 jvi.asm.org June 2015 Volume 89 Number 11Journal of Virology

http://jvi.asm.org


intranasal administration of H9N2 WIV plus CpGs to mice for 0.5
h, TEDs were apparent in the single-layer (Fig. 5K) or pseu-
dostratified (Fig. 5I, J, L, and M) epithelium. The number of TEDs
induced by H9N2 WIV plus CpGs was significantly increased
compared to the number induced by H9N2 WIV alone at an early
stage (0.5 h) (P � 0.01) (Fig. 5N). However, we did not detect any
TEDs in the NALT until 2 h (data not shown). Next, we confirmed
that another DC surface marker, MHC-II, was also expressed in
TEDs (Fig. 5O). Furthermore, CD103� subset DCs were found to
participate in TED formation in the nasal passage, as determined
by using CLSM and FACS (Fig. 5P to T). Taken together, the data
from the in vitro and in vivo studies suggested that CpGs have the
ability to induce submucosal DCs to generate TEDs in the nasal
passage.

Luminal H9N2 WIV were sampled by TEDs in vitro and in
vivo. To determine whether H9N2 WIV could be sampled by
TEDs, fluorescence-labeled H9N2 WIV plus CpGs were seeded on
the apical side of ECs in the coculture system. We used CMTMR
(5-[and-6]-{[(4-chloromethyl)benzoyl]amino}tetramethylrho-
damine) cell-tracking dye (CellTracker Orange CMTMR; Mo-
lecular Probes, Eugene, OR), following the manufacturer’s in-
structions, and in z-orthogonal views from CLSM, CMTMR-
labeled DCs were clearly visualized sending TEDs across the TJs
of ECs and internalizing luminal H9N2 WIV (Fig. 6A to D,
arrow). Some of the viral particles presented bulk and shapes
that suggested they may have been aggregated by TEDs. Only
sporadic viruses were found at the epithelial surface. Analo-
gously, in vivo, the capture of luminal H9N2 WIV by TEDs was

FIG 3 Enhancement of H9N2 WIV uptake by submucosal DCs after CpG addition in the DC/EC coculture system. (A) Schematic of experimental setting
to study the viral uptake in the coculture system. DCs were seeded on the underside of the filter facing the basolateral membrane of ECs for 4 h, and then,
medium, H9N2 WIV (50 �g/ml HA), and/or CpGs (10 �g/ml) were incubated on the apical side of ECs. (B) Uptake of H9N2 WIV by submucosal DCs
was determined using immunofluorescence. After 1 h, the filters in the coculture system were processed and views from between the DCs and the filter
were obtained by CLSM. CD11c DCs (red) attached to the underside of the filter. DyLight 405-labeled H9N2 WIV (blue) existed within the submucosal
DCs. Bars, 10 �m. (C) Quantification of virus-loaded submucosal DCs from fluorescence images. Values were calculated from six random fields of view
(0.044 mm2 per field) for each of three individual filters. (D and E) FACS analysis of virus-loaded submucosal DCs. DCs were collected from the coculture
system after 1 h (D) or after the indicated times (E) and detected by FACS. The data shown are the mean results � SD from three independent experiments.
*, P � 0.05.
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successfully detected in the nasal passage (Fig. 6E). In the zones
enlarged in Fig. 6F to M, the TEDs which colocalized with the
viruses (Fig. 6F to I, arrow) and the virus-loaded DCs that
moved away from the ECs (Fig. 6J to M, arrowheads) were

clearly visible. In addition, CD103� DCs were participants in
the uptake of H9N2 WIV (Fig. 5Q to T). However, CpGs did
not have any effect on viral uptake in nasal-associated lym-
phoid tissue (NALT) at an early stage (0.5 h) (data not shown).

FIG 4 Role of ECs in transepithelial transport of H9N2 WIV after CpG challenge. (A) Schematic of the coculture system. (B) Detection of transepithelial electric
resistance (TEER), monitored with a Millicell ERS-2 V-Ohm meter (Millipore, USA), at the indicated times after apical incubation with CpGs (2.5 �g/ml or 10
�g/ml) or CT (100 ng/ml or 1 �g/ml). Data are presented as mean results � SD from six replicates. (C to H) In views taken between the apical side of ECs and
the filter, cross-sectional CLSM images show the localization of the tight junction proteins occludin and ZO-1 (C to E and F to H, respectively) after incubation
of medium (C and F), CpGs (10 �g/ml) (D and G), or CT (100 ng/ml) (E and H) on the apical side of ECs for 2 h. (I) Schematic of the indirect system. H9N2 WIV
and/or CpGs were seeded on the apical side of ECs for 20 min, 40 min, and 1 h, and then the supernatants (sn) from the basolateral side were collected and
incubated with DCs for 20 min, 40 min, and 1 h. (J and K) FACS analysis of virus-loaded DCs. Viral uptake after CpG treatment in monoculture was determined
as a positive control. DCs were collected from the indirect system at 1 h (J) or at the indicated times (K) and detected by FACS. (L and M) After 1 h, the filters were
processed for TEM. An enlargement of the region in the white frame in panel L is show in panel M. H9N2 WIV were only discovered on the apical surface of ECs
(arrowheads). The asterisk indicates the filter. The results shown are from a representative experiment out of three. Bars: 10 �m (C to H); 2 �m (L); 200 nm (M).

FIG 5 CpGs assist H9N2 WIV in TED formation in vitro and in vivo. (A) In the DC/EC coculture system, medium (a) or H9N2 WIV and/or CpGs (b) were incubated
on the apical side of the ECs for 1 h. Filters were processed for CLSM. (B to E) Cross-sectional images were obtained using ZEN 2012 software. Submucosal DCs (CD11c,
red) sent dendrites (white arrow) to creep through the tight junctions (TJ) of ECs (occludin, green) in response to H9N2 WIV and/or CpGs but not medium. (F)
Quantification of the numbers of TEDs at the indicated times. Values are expressed as the mean results � SD from six random fields (0.066 mm2 per field) for each of
three individual filters. The results shown are from a representative experiment out of three. (G to P) Mice (n�10 per group) were nasally administered PBS, H9N2 WIV,
and/or CpGs for 0.5 h, and noses were collected. (G) Cross-section of the murine nasal cavity using hematoxylin and eosin (H&E) staining. NP, nasal passage; NALT,
nasal-associated lymphoid tissue. Enlarged CLSM images of the regions in the black frames are shown in panels I to M. (H) Isotype control. (I to M) DCs (CD11c, red),
nuclei (DAPI, blue), and TEDs (arrowheads). (N) The number of TEDs was quantified. Values are expressed as the number of TEDs per 20 ECs. Each dot represents the
value obtained from one nose. Horizontal lines across the scatter plot represent mean values. (O and P) CLSM analyses of surface marker MHC-II and CD103� DCs
involved in TED formation after CpG challenge. CD11c, red; DAPI, blue; MHC-II (O) and CD103 (P), green; TEDs, arrowheads. (Q to T) For FACS analyses, NALTs
were removed from noses, and the individual cells isolated from the nasal passages were gated based on CD45� (Q) for hematopoietic cells. The gated cells were further
selected based on CD11c� (R). SSC, side scatter. (S and T) FACS detection of viral uptake by CD103� DCs in mice that received PBS (S) or DyLight 633-labeled H9N2
WIV and CpGs (T). *, P � 0.05; **, P � 0.01. Bars: 20 �m (B to E); 250 �m (G); 10 �m (H to M); 10 �m (O and P).
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To understand what molecular cues DCs used for uptake of
H9N2 WIV, we focused on the DC receptors that could participate
in H9N2 WIV capture. SIGN-related 1 (SIGN-R1), a C-type lec-
tin, shares homology with the human DC-specific intercellular
adhesion molecule DC-SIGN (35). SIGN-R1 is known to bind
carbohydrate structures like dextran (36) and capture pathogens
from the blood, including yeast (37) and encapsulated bacteria
like Streptococcus pneumoniae (38). SIGN-R1 is also an important
receptor for the capture of inactivated influenza virus by medul-
lary DCs (39). We hypothesized that nasal DCs might also be
equipped with SIGN-R1 to facilitate H9N2 WIV uptake. In vivo,
we confirmed that SIGN-R1 was highly expressed on lamina pro-
pria DCs (Fig. 7A to D) and TEDs (Fig. 7E to H). In vitro, we first
determined that SIGN-R1 was expressed on the GM-CSF-induced
DCs (Fig. 7I). Pretreatment of DCs with mannan (a specific inhib-
itor for C-type lectin receptors [CLRs] [40]) or SIGN-R1-specific
blocking antibody but not with isotype IgM impaired the ability of
DCs to take up H9N2 WIV (Fig. 7J to O).

CpGs were captured by both ECs and TEDs. To trace the
whereabouts of CpGs at an early stage, Calu-3 monolayers were
exposed to fluorescent CpGs plus H9N2 WIV or medium for 1 h
(Fig. 8Aa). As shown by the results in Fig. 8B and C, CpGs but not
H9N2 WIV were able to get into the ECs, which is a vital step for
the interaction between CpGs and intracellular TLR9 (22, 41) or
between influenza virus and intracellular TLR7 (42). The interac-
tion between CpGs and submucosal DCs is required for direct
activation of DCs (43), so we asked whether TEDs of DCs could
capture luminal CpGs. In the DC/EC coculture system (Fig. 8Ab),
the z-orthogonal view showed that submucosal DCs sent TEDs
across tight junctions to sample luminal fluorescence-labeled
CpGs (Fig. 8D). We also observed that both CpGs and H9N2 WIV

were internalized by the basolateral bodies of DCs (Fig. 8 Ac and E
to H).

Chemokine CCL20 and TLR9 signaling pathways were in-
volved in DC recruitment and TED formation in the nasal pas-
sage. To better understand the molecular cues required for DC
recruitment and TED formation in the nasal passage, we exam-
ined the role of chemokine and TLR9 pathways. CCL20 is
known to be secreted by intestinal ECs in response to TLR
stimuli, and it attracts immature DCs that are equipped with
the CCR6 receptor to the epithelium (44, 45). We assessed the
expression of CCL20 in the nasal passage mucosa after CpG
challenge. Immunofluorescence analysis of cryosections
showed that CpGs but not PBS induced CCL20 expression in
ECs (Fig. 9A to C and F). Of note, TED formation likely oc-
curred in CCL20-enriched epithelial regions (Fig. 9C, arrow-
heads). Immunofluorescence analysis revealed that CCL20 was
mainly distributed in the apical side of ECs (Fig. 9A to C),
which might be highly conducive to DC recruitment and TED
formation in the direction of the concentration gradient. As
expected, CpGs significantly induced DC recruitment (Fig. 9G)
and TED formation (Fig. 9H) in the submucosal regions com-
pared with the results for PBS. However, pretreatment with
anti-CCL20 neutralizing antibody but not with the normal IgG
control significantly attenuated the number of TEDs in ECs
(Fig. 9H). These virus-loaded DCs quickly migrated into the
draining CLNs for processing and presenting of antigens.
Therefore, we collected the CLN cells after nasal instillation of
PBS, CpGs, H9N2 WIV alone, or H9N2 WIV plus CpGs or CT.
FACS analyses indicated that CpGs or CT significantly in-
creased the number of H9N2 WIV-loaded DCs in CLNs. Inter-
estingly, pretreatment with CQ or anti-CCL20 neutralizing

FIG 6 Capture of luminal H9N2 WIV by TEDs after CpG challenge. (A to D) In the in vitro coculture system, DyLight 405-labeled H9N2 WIV plus CpGs
were incubated on the apical side of the Calu-3 monolayer for 1 h. The filters were processed for CLSM. In views taken between the apical side and the filter,
cross-sectional images show that TEDs (dyed with CMTMR, red) were crossing the TJs (occludin, green) of ECs. Internalization of viruses by TEDs was
also observed (arrows). The results shown are from a representative experiment out of three. (E to M) The results of the in vivo experiment showed capture
of H9N2 WIV by DCs in the nasal passage. Mice (n � 5) were nasally administered H9N2 WIV plus CpGs for 0.5 h, and then noses were collected. (E)
Enlargements of the regions in the white frames are shown in panels F to I or J to M. (F to I) The TEDs sampled the viruses (arrow). (J to M) The
virus-loaded DCs (arrowheads) moved away from the ECs. Red (CD11c), DCs; blue (DAPI), nuclei; green, H9N2 WIV. Bars: 10 �m (A to D); 20 �m (E);
5 �m (F to M).
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antibody but not with the normal IgG control significantly
attenuated the number of virus-loaded DCs in CLNs, although
CpGs were also administered (Fig. 9I and J). These data, com-
bined with the results shown in Fig. 8, revealed that CpGs
might first enter into the ECs, activate the TLR9 signaling path-
way, strongly stimulate ECs to secrete CCL20, which recruits
more DCs into the submucosal regions, and then further in-
duce TED formation for viral uptake, after which the virus-
loaded DCs quickly migrate into CLNs for antigen presenta-
tion.

DISCUSSION

CpG oligodeoxynucleotides, as a mucosal adjuvant, have been
mainly focused on the direct activation of myeloid DCs, plasma-
cytoid dendritic cells (pDCs), and B cells via TLR9-mediated rec-
ognition (22). Here, we describe experiments showing that CpGs
also played an important role in facilitating the delivery of H9N2
WIV across the nasal mucosal barriers at an early stage of mucosal
immunity. Using a DC/EC coculture system in vitro and nasal
instillation in vivo, we have shown that CpGs, as foreign danger
signals, can recruit numerous DCs to the nasal epithelium quickly

and prompt them to form TEDs for capturing luminal H9N2
WIV. Meanwhile, CpGs were also captured by TEDs. Subse-
quently, accompanied by gradual DC maturation, virus-loaded
DCs migrated into the draining CLNs for presentation. Under the
comprehensive functioning of CpGs and antigens, adaptive im-
munity was finally initiated.

Inactivated influenza viruses alone were not enough to induce
effective nasal mucosal immune responses after intranasal immuni-
zation, due to the loss of replication in the epithelium of the respira-
tory tract. Our current data and previous studies (3) clearly demon-
strate that CpGs can strongly facilitate the stimulation by H9N2 WIV
to improve the local mucosal and systemic immune responses. As is
well known, the crossing of mucosal barriers by antigens is a key step
for initiating subsequent antigen-specific immune responses, and not
just in activating innate immunity by using various adjuvants. We
have shown that H9N2 WIV only attached to the apical surface of the
ECs, implying that CpGs could give assistance to the transepithelial
transport of H9N2 WIV. Indeed, live influenza viruses, including
human H3N2 and avian H5N1 viruses, enter and release principally
from the apical side of Calu-3 cells and not the basolateral side (46).

FIG 7 Expression of SIGN-R1 receptor on DCs is conducive to H9N2 WIV uptake. Mice (n � 5) were nasally administered H9N2 WIV plus CpGs for 0.5 h, and
then noses were collected. (A to H) CLSM analysis of SIGN-R1 receptor located in lamina propria DCs (A to D) or in TEDs (E to H). Blue, DAPI; green, CD11c;
red, SIGN-R1; yellow, merge; arrows, lamina propria DCs; arrowheads, TEDs. Bars: 20 �m (A to D); 10 �m (E to H). (I) Histogram showing the results of FACS
analysis of SIGN-R1 expression on DCs in vitro. Filled gray, isotype control; black line, stained cells. (J to O) In vitro, DCs were pretreated with or without
SIGN-R1-specific blocking antibody (20 �g/ml) or isotype IgM (20 �g/ml) or mannan (1 mg/ml) for 30 min at 37°C and then incubated with DyLight
633-labeled H9N2 WIV (HA concentration of 10 �g/ml) for 30 min. (J to N) FACS analyses of viral uptake by DCs. SSC, side scatter. (O) Quantification of the
FACS results as shown in panels J to N. Data shown are the mean results � SD from three samples. *, P � 0.05; **, P � 0.01. The results are representative of three
independent experiments.
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We further found that the number of virus-loaded submucosal DCs
was increased in response to H9N2 WIV plus CpGs in an in vitro
DC/Calu-3 polarized culture, supporting the idea that CpGs assisted
H9N2 WIV in transepithelial delivery.

Transcytosis and paracellular transport are the main epithelial
transport pathways (47). To understand whether ECs participate
in viral transepithelial delivery after CpG treatment, we estab-
lished an indirect system to assess the EC functions. Interestingly,
in this system, it was difficult to find any viruses within the DCs or
the ECs, and furthermore, the indexes of paracellular transport,
including TEER and tight junctions, were not altered, indicating
that submucosal DCs but not ECs played a dominant role in viral
transport in the coculture system. Consistent with a recent report
(48), the typical mucosal adjuvant CT, in contrast to CpGs,
strongly disrupted the EC barrier function, implying another ad-
juvant mechanism whereby CT can facilitate antigen transport via
the epithelial paracellular pathway.

Another possibility for the increase of viral transepithelial
transport in the presence of CpGs is mediated by the TEDs of
submucosal DCs. TLRs are PRRs that recognize structurally
conserved molecules derived from microbes (49). In the small
bowel, TLR signaling by epithelial elements plays a key role in
the DC extension response (50). In the DC/Caco-2 intestinal
EC coculture system, LPS induced DCs to form dendrites
across the EC layer (18). Nasal epithelial cells also express var-
ious TLRs, including TLR9 (51), implying that TED formation
might facilitate effective antigen uptake in the upper respira-
tory tract. However, controversially, in the nasal passage, TEDs
were observed in allergic rhinitis (19) but not in response to
luminal pathogens, such as group A Streptococcus (GAS) (52). In
the lung, TEDs were easily formed in the alveolar DCs but not in
airway DCs (53). Here, our in vivo data and the data from our in
vitro coculture system provided strong evidence that, after CpG
administration, nasal airway DCs can form TEDs to sample lumi-
nal H9N2 WIV.

The surface epithelium lining the nasal passages is often the
first tissue to be directly stimulated by foreign danger signals. It is
mainly composed of stratified squamous epithelium, simple
cuboidal epithelium, and pseudostratified columnar ciliated epi-
thelium (54). A previous study discovered a route by which some
pathogenic microorganisms can invade through ECs via intraepi-
thelial DCs, because the DCs between the intestinal epithelial cells
are reported to express tight junction proteins, such as occludin,
claudin 1, and ZO-1 (17). In the nasal epithelium, continuous
tight junction strands formed well-developed barriers (19). We
also provide evidence that DCs sent out their TEDs across tight
junctions of the nasal epithelium for viral capture, especially after
the addition of CpGs. Interestingly, the TEDs were easily found in
the nasal passage but not in NALT, though virus-loaded DCs were
also found after 1.5 h (data not shown), suggesting that CpGs
always preferred to mobilize submucosal DCs in the nasal passage.
The presence of M cells in NALT, a key participant in the antigen
uptake, might imply that TEDs are not necessary in this zone.
Recently, in the intestinal Peyer’s patch, an organized lymphoid
nodule similar to NALT, it was found that only one specific sub-
type of DCs (LysoDCs) sent their dendrites through M cell-spe-
cific transcellular pores but not classic paracellular processes (55),
implying that TED formation is not in fact universal in Peyer’s
patches.

There is an ongoing controversy over which members of the
DC subpopulations participate in TED formation in the small
intestine. Previously, CX3CR1� DCs rather than CD103� DCs
have been consistently observed to sample the intestinal luminal
content by extending TEDs (56–58). Recently, CD103� DCs have
been shown to be capable of efficiently sampling luminal bacteria
by using their intraepithelial dendrites and then migrating into the
mesenteric lymph nodes (57, 59). In the lung, CD103� DCs have
been shown to play important roles in response to viruses (includ-
ing influenza virus) (60), allergens (53), and apoptotic cells (61)
and then to traffic them to the draining lymph node for presenta-

FIG 8 Uptake of CpGs by both ECs and TEDs. (A) Schematic depicting the Calu-3 monolayer, where DyLight 405-labeled H9N2 WIV plus Alexa Fluor
594-CpGs were seeded on the apical side of the ECs for 1 h (a), and the in vitro DC/EC coculture system, where Alexa Fluor 594-CpGs alone (b) or plus DyLight
405-labeled H9N2 WIV (c) were incubated on the apical side of the Calu-3 monolayer for 1 h. The filters were processed for CLSM. AP, apical side; BL, basolateral
side. (B and C) Three-dimensional rendering of representative images obtained using Imaris 7.2 software. (C) Viruses (blue, arrowhead) were only on the apical
side of ECs, whereas CpGs (red, arrow) could enter into the ECs. (D) In views taken between the apical side and the filter, cross-sectional images show that TEDs
(red [CD11c], arrowheads) crossed the TJs of ECs (occludin, green) and captured the CpGs (blue). (E to H) In views taken between the filter and the basolateral
side, cross-sectional images show that both H9N2 WIV (blue) and CpGs (green) existed within submucosal DCs (red [CD11c], arrowheads). The results shown
are from a representative experiment out of three. Asterisks indicate the filter. (D to H) Bars: 10 �m.
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tion (62). CD103� DCs also express the tight junction proteins
claudin 1, claudin 7, and zonula occludens 2, which could form
tight junctions with airway epithelial cells (63), as in the gut (17).
However, there is no direct evidence that CD103� DCs in the lung
or upper respiratory tract have the capability of sampling luminal
antigens through their TEDs. Here, in experiments in the nasal
passage, a site that is distinguishable from the lung, CD103� DCs
participated in the formation of TEDs. Furthermore, although
TED formation has been found in the alveolar DCs, it is largely
independent of allergen or TLR challenge (53). This differs from
the results of a study of dendritic cell extension into the small
bowel lumen in response to epithelial cell TLR engagement (50).
In our study, similar to the study of the gut, CpGs played a dom-
inant role in facilitating the uptake of H9N2 WIV by TEDs in the
nasal passage. One interpretation of these different findings is
that, compared to the lung epithelium, the epithelium of the up-

per respiratory tract, especially that of the nasal passage, always
has to face the most complex and dangerous foreign pathogens,
resulting in triggering advance warnings and active defenses of the
immune system, such as TED formation in nasal submucosal
DCs. In these danger zones, some PRRs, such as the TLRs, have
rich expressions in ECs. These ideas are also supported by a pre-
vious study showing that tracheal DCs were augmented in the
subepithelial regions by epithelial TLR4 stimulation (64). In fact,
TLR4 expression is vastly different between the trachea and the
lung (53).Thus, it is likely that regional disparities in the epithe-
lium play an important role in determining responses to inhaled
vaccines at different sites.

Inactivated influenza viruses are perceived by the nasal ECs
as much less dangerous than live viruses. Previously, lamina
propria DCs were found to form TEDs in response to TLR
stimuli (LPS or other bacterial products) in the DC/Caco-2

FIG 9 The role of CCL20 in DC recruitment and TED formation in nasal passage after CpG challenge. (A to H) CCL20 neutralizing antibody (100 �g) or rabbit
IgG control was administered to mice (n � 6) intraperitoneally for 2 h, and then PBS or CpGs (20 �g) were intranasally instilled in mice for 0.5 h, and noses were
collected. (A to E) Immunofluorescence staining of nasal passage. Frozen sections were stained with CD11c (green), DAPI (blue), and CCL20 (red). (A) Isotype
control. Bars: 10 �m. (F and G) Quantification of the cells positive for CCL20 (F) or CD11c (G) in the nasal passage is displayed in scatter plots. The results are
expressed as the percentage of the area occupied by positive cells compared to that of ECs (F) or lamina propria (G). (H) The number of TEDs was quantified.
Values are expressed as the number of TEDs per 20 ECs. Each dot represents the value obtained from 1 field of 10 random fields from 6 mice. Horizontal lines
across the scatter plots represent mean values. (I) Chloroquine (CQ; 10 mg/kg of body weight), CCL20 neutralizing antibody (100 �g), or rabbit IgG control was
administered to mice (n � 6) intraperitoneally for 2 h, and then PBS, CpGs (20 �g), or DyLight 633-labeled H9N2 WIV (20 �g HA) alone or plus CpGs (20 �g)
or CT (2 �g) was intranasally instilled in the mice for 2 h. CLN cells were isolated and analyzed by FACS. (J) Quantification of the FACS results as shown in panel
I. The data shown are the mean results � SD from three samples. *, P � 0.05; **, P � 0.01.
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intestinal EC coculture system in vitro (18) and an intestinal
ligated-loop model in vivo (50), implying that TLR stimuli
could be a potential helper in antigen delivery. Our data suggest
that CpGs, as typical TLR agonists, not only enhanced the
downstream H9N2 WIV-specific immune responses but also,
as danger signals, strongly improved the sensitivity of ECs via
activating TLR9 signaling pathway in response to antigens. The
ECs quickly released the chemokine CCL20 and mobilized DCs
to accumulate in the submucosal regions. The polarity distri-
bution of CCL20 could provide the possibility for TED forma-
tion. More subtle concentration gradients may occur, as
CCL20 is released by nasal ECs into lateral intercellular spaces
before diffusing into the connective tissue below. The recruited
DCs, using remarkable shape-shifting abilities, make their part
of the body migrate into the ECs. The typical lines of support-
ing evidence were from the stratified epithelia of tonsils, skin,
and vagina during inflammation. Complementary chemokine
gradients were found within the epithelium itself, and CCL20
expression in the most apical cell layers accounts for DC mi-
gration of Langerhans cell precursors into the epithelium (65,
66). For the single-layered epithelium of the intestine, the re-
sults from our (data not shown) and other studies (67) also
support the above-described views.

Conclusions. Our results suggest a new mechanism by which
CpGs assist the H9N2 WIV in crossing the nasal epithelial barriers
via transepithelial uptake of TEDs (Fig. 10). A novel strategy
would be to develop improved antigen delivery through mobiliz-
ing broad submucosal DCs to capture luminal antigens using their
TEDs.
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