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To study which phase of viral infection promotes antigen sensitization via the airway and which type of
antigen-presenting cells contributes to antigen sensitization, BALB/c mice were sensitized by inhalation of
ovalbumin (OA) during the acute phase or the recovery phase of influenza A virus infection, and then 3 weeks
later animals were challenged with OA. The numbers of eosinophils and lymphocytes, the amounts of inter-
leukin-4 (IL-4) and IL-5 in the bronchoalveolar lavage fluid, and the serum levels of OA-specific immuno-
globulin G1 (IgG1) and IgE increased in mice sensitized during the acute phase (acute phase group), while a
high level of gamma interferon production was detected in those sensitized during the recovery phase (recovery
phase group). In the acute phase group, both major histocompatibility complex class II molecules and CD11c
were strongly stained on the bronchial epithelium; in the recovery phase group, however, neither molecule was
detected. OA-capturing dendritic cells (DCs) migrated to the regional lymph nodes, and a small number of
OA-capturing macrophages were also observed in the lymph nodes of the acute phase group. In the recovery
group, however, no OA-capturing DCs were detected in either the lungs or the lymph nodes, while OA-
capturing macrophages were observed in the lymph nodes. These results indicate that the timing of antigen

sensitization after viral infection determines the type of immune response.

Dendritic cells (DCs) play a central role in antigen presen-
tation and induce a primary immune response to exogenous
antigens. When exogenous antigens such as inhaled proteins
are administered, DCs capture antigens and migrate to the
secondary lymphoid organs, where they acquire the ability to
stimulate naive T cells via major histocompatibility complex
(MHC) class II molecules (13, 26).

In the immune response to viral infection, DCs are the
professional antigen-presenting cells (APCs) that activate na-
ive CD8™ T cells and generate virus-specific cytotoxic T lym-
phocytes, which recognize viral antigens in association with
MHC class I molecules (5, 8, 26). It has also been reported that
infection with certain types of viruses such as the Sendai virus
increases the number of DCs and induces the expression of
MHC class II molecules on epithelial cells in rats (18). Mean-
while, DCs have been detected in the bronchial epithelium in
asthmatic patients (1, 29) and induce the type 2 immune re-
sponse (25, 27).

Clinically, respiratory virus infection has been proposed as a
common triggering factor in the development of allergy in
children (9, 10, 33). Schwarze et al. showed that in mice,
inhalation of an antigen after respiratory syncytial virus (RSV)
infection increased both airway responsiveness and eosinophil
influx to the lung (23). We have recently demonstrated that
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influenza A virus infection enhances the airway sensitization of
a suboptimal concentration of an antigen (28, 32). Influenza A
virus infection induces the migration of DCs to the bronchial
epithelium, and these migrated DCs are essential for the sen-
sitization (32). Within the respiratory immune system, both
DCs and macrophages are able to capture, process, and
present antigens (3, 12). In influenza A virus infection, how-
ever, it remains unclear which phase of viral infection pro-
motes antigen sensitization via the airway and whether APCs
other than DCs contribute to enhancing antigen sensitization.
To test this hypothesis, we sensitized mice with inhaled ovalbu-
min (OA) at two distinct phases of viral infection, i.e., the
acute phase (days 3 to 7) and the recovery phase (days 10 to
14), and examined APCs, i.e., DCs, macrophages, and B cells.
Further, we analyzed serum immunoglobulin antibodies and
cells and cytokines of bronchoalveolar lavage fluid (BALF).

MATERIALS AND METHODS

Animals. Specific-pathogen-free, male BALB/c mice (Japan SLC, Shizuoka,
Japan) 6 to 11 weeks of age were used in all experiments. The animals were fed
OA-free diets and kept under special pathogen-free conditions in a laminar flow
container. All experimental animals used in this study were maintained under the
approved guidelines of the Institutional Animal Care and Use Committee of
Yokohama City University School of Medicine.

Experimental groups. The experimental groups were as follows (in each
group, n = 5 to 8). (i) The control group included animals that were inoculated
with phosphate-buffered saline (PBS) on day 0, sensitized with PBS on days 3 to
7, and challenged with PBS on days 29 to 33. (ii) The virus group included
animals that were inoculated with influenza A virus on day 0, sensitized with PBS
on days 7 to 10, and challenged with OA on days 29 to 33. (iii) The OA group
included animals that were inoculated with PBS on day 0, sensitized with OA on
days 7 to 10, and challenged with OA on days 29 to 33. (iv) The acute phase
group included animals that were inoculated with influenza A virus on day 0,
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sensitized with OA on days 3 to 7, and challenged with OA (days 29 to 33). (v)
The recovery phase group included animals that were inoculated with influenza
A virus, followed by OA sensitization on days 10 to 14 and OA challenge on days
36 to 40.

Viral infection. The mouse-adapted strain of influenza A/Guizhou-X (A/
Guizhou/54/89 X A/Puerto Rico/8/34) H;N, virus was prepared as previously
described (28). We used the diluted virus solution with a titer of 4.1 X 10> PFU
of H;N, per ml, which was determined to be a sublethal dose in our previous
study (28). Male BALB/c mice were inoculated intranasally with 50 pl of the
virus solution under anesthesia with diethylene ether.

Antigen. OA (Sigma Chemical Co., St. Louis, Mo.) was dissolved in PBS to a
concentration of 0.1% and mixed with an equivalent dose of alum adjuvant (10
mg/ml). The final concentration of OA for sensitization was adjusted to 0.05%.
For the OA challenge, a solution of 2% OA in PBS without the alum was used.

Sensitization and challenge. Animals were sensitized by the inhalation of
aerosolized 0.05% OA or PBS using a DeVilbiss 646 nebulizer (Somerset, Pa.).
Animals in a Plexiglas chamber (capacity, 23.5 liters) were exposed to aerosols of
OA or PBS for 30 min each day over a 5-day period. For the inhalation challenge,
the aerosols of 2% OA or PBS were administered by a DeVilbiss 646 nebulizer
for 30 min each day over a 5-day period.

Measurement of IgG1, IgG2a, and IgE levels. Two days after the final chal-
lenge, blood was collected from the postorbital vein or the heart to measure
OA-specific immunoglobulin G1 (IgGl), IgG2a, and IgE. OA-specific IgG1,
IgG2a, and IgE antibody levels were measured by using an enzyme-linked im-
munosorbent assay (ELISA) as follows (20). ELISA plates (96-well Immunolon
II; Dynatech Laboratories, Chantilly, Va.) were coated with 10 pg of OA/ml in
borate buffer saline and then blocked with PBS-1% bovine serum albumin.
Tenfold-diluted samples were incubated on these plates for 3 h. The plates were
washed, overlaid with a 1-mg/ml concentration of alkaline phosphatase-conju-
gated polyclonal anti-mouse IgG1, IgG2a, or IgE (PharMingen, San Diego,
Calif.), reacted for 2 h, and then incubated with nitrophenylphosphate (p-NPP;
Kirkegaard & Perry Laboratories, Gaithersburg, Md.) for 8 to 12 h at room
temperature. A colorimetric assay of the plates was performed by using a mi-
croplate autoreader (Bio-Rad Laboratories, Hercules, Calif.). The concentra-
tions of specific antibodies were determined by comparison with a standard curve.
Anti-OA-specific IgG1, IgG2a, and IgE standard serum was obtained from animals
that had been immunized by intraperitoneal injections of 6 mg of OA absorbed
in 4 mg of alum (two injections, 14 days apart). The titer of the OA-specific IgG1,
IgG2a, or IgE of the standard was arbitrarily defined as 1.0 X 10% units/ml.

Bronchoalveolar lavage. The animals were subjected to lavage with 0.8 ml of
PBS under anesthesia with pentobarbital sodium (40 mg/kg of body weight). The
lavage was repeated four times, and the recovered fluid (BALF) was immediately
centrifuged. The cells were then smeared onto a glass slide using a cytocentrifuge
at 100 X g (Cytobucket SC-2; Tomy Seiki, Tokyo, Japan) and stained with
Diff-Quick (International Reagent, Kobe, Japan). Differential cell counts of at
least 200 cells were performed according to the standard morphologic criteria.

Cytokine assay in BALF. BALF was collected at 4, 12, 24, and 48 h after the
final challenge. Levels of gamma interferon (IFN-vy), interleukin-4 (IL-4), and
IL-5 in BALF were measured using a sandwich ELISA (22). The 96-well plates
were coated with the following anticytokine monoclonal antibodies (MAbs)
diluted in carbonate buffer: R4-6A2 for IFN-y (Endogen, Cambridge, Mass.),
BVD4-1D11 for IL-4 (PharMingen), or TRFKS for IL-5 (PharMingen). The
plates were incubated with samples or blanks (1% bovine serum albumin) at
room temperature for 3 h. A standard curve was constructed for each plate by
using recombinant cytokines (Immugenex, Los Angeles, Calif.). After washing,
the plates were again incubated with biotinylated anticytokine MADs, i.c.,
XMG1.2 for IFN-y (Endogen), 24G2 for IL-4 (Endogen), or TRFK4 for IL-5
(PharMingen), at room temperature for 2 h. The plates were then treated with
alkaline phosphatase-conjugated avidin D (Vector Laboratories, Burlingame,
Calif.) at room temperature for 1 h. Finally, the plates were incubated with the
phosphatase substrate p-NPP (Kirkegaard & Perry Laboratories) at room tem-
perature for 8 to 12 h and read in a microplate autoreader (Bio-Rad Laborato-
ries). The lower limit of detection for each ELISA was approximately 5 pg/ml.

Histology of the lung. The lungs were removed 48 h after the final OA
challenge and fixed by intratracheal instillation of 10% buffered formaldehyde
solution followed by immersion. After fixation, the lung tissue was sectioned
every 2 to 5 mm, and 10 blocks were sampled randomly for evaluation of
histology. These sections were then embedded in paraffin, cut to a thickness of 5
wm, and stained with hematoxylin-eosin.

Immunohistochemical analysis. Although there are no DC-unique markers in
mice, DCs may be recognized by high-level expression of the integrin CD11c
together with high-level expression of MHC class IT molecules (19, 26, 30).
Therefore, we have identified DCs by the coexistence of high-level expression of
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MHC class II molecule and CD11c. The expression of MHC class II molecules
(I-AY antigen) and CD11c in the lungs was examined 48 h after the final chal-
lenge by using immunohistochemistry (7, 17). The lungs were removed after
fixation by intratracheal instillation of an optimal cutting temperature (OCT)
compound (Bayer-Pharma, Ziirich, Switzerland) in an equivalent volume of PBS,
embedded in OCT compound, frozen in isopentane-chilled liquid nitrogen, and
stored at —80°C until use. The frozen tissues were cut into 8- to 10-wm sections
with a cryostat. The tissue sections were then mounted on silanized slides, air
dried, fixed in cold acetone for 20 min, and stored desiccated at —80°C until
staining. To inactivate the endogenous peroxidase, the slides were immersed in
0.3% H,0,—methanol at room temperature for 30 min and then incubated with
blocking serum (ZYM Histostain SP kit) at room temperature for 10 min. The
slides were then incubated at 4°C overnight with primary antibody (anti-mouse
MADbs specific for I-A9 [PharMingen] or CD11c [PharMingen]) diluted 100-fold
in PBS. After washing, the slides were incubated with fluorescein isothiocyanate
(FITC)-labeled anti-rat IgG (PharMingen) at room temperature for 30 min.
After a final washing, the slides were mounted with 95% glycerol-12 mM sodium
phosphate buffer and examined with a laser scanning microscope (LSM-GB200;
Olympus, Tokyo, Japan). Staining with nonspecific IgG was also examined.

Double coloring of the lung and regional lymph nodes. APCs in the lung and
the mediastinal lymph nodes were stained immunohistochemically with appro-
priate MAbs: CD11c for DCs (7, 17), Mac-2 for macrophages, and B220 for B
cells. FITC-labeled OA was inhaled for 30 min on the first day of sensitization
(day 3 or day 10). Two or four hours after sensitization, the lungs, including the
mediastinal lymph nodes, were removed and fixed by intratracheal instillation of
OCT compound. The sections were immersed in 0.3% H,0O,-methanol at room
temperature for 30 min and incubated with blocking serum (ZYM Histostain SP
kit) at room temperature for 10 min. The slides were then incubated at 4°C
overnight with primary antibody {anti-mouse MAbs specific for CD11c (Phar-
Mingen), Mac-2 (MAD was purified from M3/38.1.2.8.HL.2 [ATCC, Rockville,
Md.] cultured supernatant using protein G-Sepharose), or B220 (PharMingen)}.
For the secondary MAb, phycoerythrin-labeled anti-rat IgG (PharMingen) was
used. These samples were examined by confocal laser scanning microscopy
(LSM-GB200; Olympus).

Statistical analysis. All values are expressed as the mean = the standard error
of the mean or are otherwise specified. A statistical comparison between groups
was carried out by means of a two-way analysis of variance with repeated mea-
sures (ANOVA), followed by a post hoc comparison using the Newman-Keuls
test. Two mean values were compared using the Wilcoxon matched pairs test. A
P value of less than 0.05 was considered significant.

RESULTS

Analysis of BALF. To study the cellular response in the lung,
bronchoalveolar lavage was carried out after the final antigen
challenge and the BALF was analyzed. The total cell number
in the BALF of the mice sensitized during the acute phase of
influenza A virus infection (the acute phase group) was signif-
icantly higher than that of the other four groups (P < 0.01)
(Fig. 1A). In a differential cell count of the acute phase group,
the absolute number of lymphocytes was significantly higher
than in the control group (P < 0.01), but this parameter in the
mice sensitized during the recovery phase (the recovery phase
group) was not increased (Fig. 1B). Eosinophils (3.6% of the
total cells) were detected in BALF of the acute phase group,
whereas eosinophils were not observed in BALF of the other
four groups. The number of macrophages was significantly
increased in the acute phase group (P < 0.01), compared with
that in the control group, the virus group, the OA group, or the
recovery phase group.

OA-specific IgG1, IgG2a, and IgE levels. Serum OA-specific
IgE was detected in the OA group, the acute phase group, and
the recovery phase group (all groups, P < 0.01) (Fig. 2A). The
level of OA-specific IgE in the acute phase group was much
higher than that in the recovery phase and OA groups (both
groups, P < 0.01). OA-specific IgG1 was increased in both the
acute phase group and the recovery phase group (both groups,
P < 0.01) (Fig. 2B). The level of OA-specific IgG1 was much
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FIG. 1. BALF cell analysis 48 h after the final OA challenge. (A)
The total cell number in the acute phase group (closed column) was
greater than the other four groups (P < 0.01; ANOVA). (B) The
numbers of macrophages (AMd), lymphocytes (Lymp), and eosino-
phils (Eos) in the acute phase group were greater than those of the
other four groups (P < 0.01; ANOVA). The number of lymphocytes in
the recovery phase group (vertical lines) was greater than that in the
control (open), virus (hatched), and OA (cross-hatched) groups (P <
0.01; ANOVA). There were no differences in cell differentiation
among the control, virus, and OA groups. Abbreviations: A, acute
phase group; R, recovery phase group; Neut, neutrophils; f, P < 0.01
(comparison among groups); ns, not significant.

higher in the acute phase group than in the recovery phase
group (P < 0.01) (Fig. 2B). OA-specific IgG2a was increased in
the OA group, the acute phase group, and the recovery phase
group (P < 0.01) (Fig. 2B). However, the levels of OA-specific
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FIG. 2. Serum levels of OA-specific IgE (A) or IgG1 (open bars)
and IgG2a (closed bars) (B). In the acute phase group, the levels of
OA-specific IgE and IgG1 were increased (P < 0.01; ANOVA). In the
recovery phase group, the levels of OA-specific IgE and IgG1 were
increased but lower than that of the acute phase group (both groups,
P < 0.01; ANOVA). There were no differences in OA-specific IgG2a
between the OA, acute phase, and recovery phase groups. In the
control group, neither OA-specific IgG1, IgG2a, nor IgE was detected.
Levels of immunoglobulins are expressed on a logarithmic scale. Cont,
V, OA, A, and R denote the control, virus, OA, acute, and recovery
phase groups, respectively. T, P < 0.01 (comparison among groups); ns,
not significant.
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FIG. 3. Cytokine profiles for IL-4 (A), IL-5 (B), and IFN-y (C) in
BALF before and after the antigen challenge. In the acute phase group
(closed circles), the levels of IL-4 and IL-5 were increased by the
antigen challenge (both groups, P < 0.01; ANOVA), but the levels of
IFN-y were not changed by the antigen challenge. In the recovery
phase group (closed triangles), the levels of IFN-y were increased by
the antigen challenge (P < 0.01; ANOVA), but the levels of IL-4 and
IL-5 were not changed. In both the OA group (open circles) and the
virus group (open triangles), no changes in the levels of these cytokines
were observed. f, P < 0.01 (comparison among groups, or comparison
to the value before challenge).

IgG2a did not differ significantly among these three groups.
Neither OA-specific IgG1, IgG2a, nor IgE was detected in the
serum of the control group. Levels of OA-specific IgG1, IgG2a,
or IgE in the virus group were not different from the respective
control values.

Cytokine levels in BALF. To study the mechanisms involved
in the markedly enhanced cellular response, cytokine levels in
BALF were measured before the challenge and 4, 12, 24, and
48 h after the final challenge. The levels of IL-4 in the acute
phase group were increased by twofold at 4 h after the final
challenge (P < 0.01); there was no change, however, in the OA
group, the virus group, or the recovery phase group (Fig. 3A).
The levels of IL-5 in the acute phase group were increased
more than threefold 4 h after the final challenge (P < 0.01)
(Fig. 3B); there was no change, however, in the OA group, the
virus group, or the recovery phase group. At 12, 24, and 48 h
after the final challenge, neither the IL-4 nor IL-5 levels were
different from the respective control values before the chal-
lenge. The time course of the IL.-4 and IL-5 levels were similar
in the acute phase group. The levels of IFN-y in BALF did not
change in the acute phase, virus, and OA groups, but IFN-y
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FIG. 4. Histology of the lung after the final challenge (hematoxylin-
eosin staining). In the acute phase group (C), infiltration of mononu-
clear cells and eosinophils was observed in the submucosa. In the
recovery phase group (D), little infiltration of mononuclear cells was
observed in the submucosa and no eosinophils were detected in the
lung. No inflammatory cell infiltration was observed in the control (A)
and OA (B) groups. Magnification, X100.

levels increased 12 h after the final challenge in the recovery
phase group (P < 0.01) (Fig. 3C).

Histological examination. Histological examination of the
lungs was performed 48 h after the final challenge (day 35 or
day 42). There was no inflammatory infiltration in either the
control or the OA group (Fig. 4A and B). In contrast, the acute
phase group showed significant peribronchial infiltration of

DC (CD11c¢)

N -.
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mononuclear cells and eosinophils (Fig. 4C). The recovery
phase group, however, showed some peribronchial infiltration
of mononuclear cells, but eosinophils were not detected (Fig.
4D).

Immunohistochemistry. To clarify how antigen presentation
is affected by viral infection, we examined the expression of
CD11c and MHC class II molecules on the bronchial epithe-
lium with immunohistochemistry. In the acute phase group,
the expression of MHC class II and CD11c molecules contin-
ued on the bronchial epithelium after sensitization on day 7
and continued up to day 35 (after OA challenge, data not
shown). The staining of MHC class II and CD11c was quite
similar to that of a previous study (32). The staining of CD11c
on the bronchial epithelium paralleled that of MHC class 11
molecules in the acute phase group. In the recovery phase
group, expression of neither MHC class II molecules nor
CDl11c was detected on the bronchial epithelium after sensi-
tization on day 14 and after challenge on day 42 (data not
shown).

We examined whether APCs captured OA in the lung tissue
and the mediastinal lymph nodes. In the acute phase group,
DCs identified with the staining of CD11c were observed on
the bronchial epithelium (Fig. 5A). OA was captured by DCs
on the bronchial epithelium at 2 h after OA inhalation (Fig.
5C). In the recovery phase group, however, DCs were not
detected on the bronchial epithelium (Fig. 5D), and inhaled
OA was not detected in the lung (Fig. SE). No phagocytosis of
OA was observed (Fig. 5F).

In the mediastinal lymph nodes of the acute phase group, a
large number of DCs was observed 4 h after OA inhalation

Merge

- .-.

FIG. 5. Double coloring of the lung 2 h after OA inhalation on day 3 (A to C) or day 10 (D to F) (DCs are stained red; FITC-labeled OA is
green). In the acute phase group (day 3), DCs stained with the MADb of CD11c migrated to the bronchial epithelium (A), and OA was observed
at the same site of the lung (B). Merging of the two images shows OA-capturing APCs (in yellow) on the bronchial epithelium (C). In the recovery
phase group (day 10), neither DCs nor OA was detected anywhere in the lung (D and E). Magnification, X50.
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FIG. 6. Double coloring of the mediastinal lymph nodes 4 h after
OA inhalation on day 3 (A to I) or day 10 (J to R). Phagocytosis by
APCs (DCs, macrophages, and B cells) expressing MHC class II mol-
ecules was examined with immunohistochemistry. DCs (A and J;
stained with MAb of CD11c), macrophages (D and M; stained with
MAD of Mac-2), and B cells (G and P; stained with MAD of B220) are
stained red; FITC-labeled OA is green. In the acute phase group, a
large number of DCs (A) and a small number of macrophages (D)
were observed in the lymph nodes, and more OA was observed at the
site of the DCs (B) compared to that of macrophages (E). DCs cap-
tured OA in the lymph nodes (C); in addition, some phagocytosis by
macrophages (F) but no phagocytosis by B cells was observed (I). In
the recovery phase group, neither DCs nor B cells in the lymph nodes
phagocytosed OA (L and R). However, OA-capturing macrophages
were observed (O). Magnification, X400.

(Fig. 6A) and most of these DCs captured OA (Fig. 6C),
although no OA-capturing DCs were observed 2 h after OA
inhalation. A substantial number of macrophages were de-
tected (Fig. 6D) and most of these macrophages captured OA
(Fig. 6F). In contrast, a small number of B cells were observed
(Fig. 6G) but with no phagocytosis of OA (Fig. 61). In the
recovery phase group, few DCs appeared in the lymph nodes
and little OA was observed (Figs. 6J and K). Macrophages
appeared in the lymph nodes (Fig. 6M) and captured OA (Fig.
60).

DISCUSSION

In the present study, we demonstrated that OA inhalation
during the acute phase of influenza A virus infection induces
the type 2 immune response, while that during the recovery
phase generates the type 1 immune response. Immunohisto-
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chemistry showed that infection with influenza A virus induced
the migration of DCs to the bronchial epithelium only during
the acute phase, but DCs disappeared from the airway on day
7 postinfection without additional stimulation by inhaled OA.
In OA inhalation during this acute phase of viral infection,
DCs captured the antigens on the bronchial epithelium and
then OA-capturing DCs moved to the regional lymph nodes,
where OA-capturing macrophages were also observed. How-
ever, during the recovery phase, DCs disappeared from the
airway; only macrophages captured OA and migrated to the
regional lymph nodes. These results indicate that DCs, acting
as APCs, play a critical role in the induction of the type 2
immune response in the acute phase group. In the recovery
phase group, however, only macrophages act as APCs which
seem to induce the type 1 immune response.

From clinical studies (9, 10, 33), respiratory viral infection
has been suggested to contribute to the development of
asthma. Previous studies (28, 32) demonstrated that infection
with influenza A virus enhances airway sensitization with an-
tigen in mice. Schwarze et al. showed that RSV infection en-
hances the airway sensitization to allergen in a murine model
resulting in airway hyperresponsiveness and eosinophilia (23).
They started antigen inhalation on day 11 or 21 postinfection,
and airway sensitization was enhanced similarly in both phases
of RSV infection. In our model, OA inhalation during the
acute phase of infection (days 3 to 7) induces airway hyperre-
sponsiveness, eosinophilia, and IgE production, but OA inha-
lation during the recovery phase (days 7 to 11) does not cause
these changes. Thus, there are some differences in airway sen-
sitization between infections of influenza A virus and RSV.
Recently, Schwarze et al. demonstrated that CD8™" T cells play
a critical role in the development of RSV-induced airway hy-
perresponsiveness and eosinophilia (24). In a previous study
(32), we found an increase in the ratio of CD8" to CD4* T
cells, which was accompanied with the increased production of
Th2 cytokine in BALF. Thus, CD8" T cells seem to play an
essential role in the development of airway sensitization in
viral infection-induced airway sensitization with antigen in
both models. On the other hand, RSV infection itself increases
eosinophils and neutrophils (23). In our preliminary study,
influenza A virus infection itself induced significant increases
in the number of lymphocytes and neutrophils in BALF on day
7 postinfection, but eosinophils were not found. It has also
been reported that the G glycoprotein of RSV promotes a
Th2-like immune response and induces an eosinophilic re-
sponse in lungs of RSV-infected mice (14). Thus, there are
some differences between the immune responses to infection
by RSV and influenza A virus.

DCs are well known to play a critical role in antigen presen-
tation in vivo. In viral infection, DCs act as the APCs that
initiate MHC class I-restricted cytotoxic T-lymphocyte re-
sponses (4, 5, 11, 26). On the other hand, certain types of
viruses such as Sendai virus and influenza A virus have been
shown to induce the migration of DCs to the bronchial epithe-
lium and the expression of MHC class II molecules during the
acute phase of viral infection (18, 28). It has also been reported
that respiratory DCs preferentially stimulate a Th2 response
(27). With exogenous antigen, it is well established that DCs
are the main professional APCs for naive CD4" T cells via
MHC class II molecules (2, 13, 26). Resident DCs in nonlym-
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phoid tissues are of the immature type (2, 21). Once the DCs
have captured antigens, they mature and their ability to cap-
ture antigens rapidly declines, accompanied by the expression
of assemble antigen-MHC class II complexes on their cell
surfaces (2). Upon maturation, the DCs migrate to the lym-
phoid tissue. There, DCs may complete their maturation and
induce antigen-specific immune responses by CD4" T cells,
which secrete IL-4 and IL-5. In the present study, DCs first
migrated to the bronchial epithelium during the acute phase of
viral infection and some DCs were retained by simultaneous
sensitization with inhaled antigens. Antigen-capturing DCs mi-
grate to the draining lymph nodes and interact with naive T
cells (21). Our results indicate that OA inhalation during the
acute phase of viral infection is important not only for the
induction of a primary immune response initiated by DCs but
also for the retention of DCs on the airway, which is necessary
for the induction of the secondary immune response by antigen
challenge.

During the recovery phase of viral infection, OA inhalation
caused the type 1 immune response, and neither nonphago-
cytic DCs nor OA-capturing DCs were detected in the airway.
These results mean that once DCs disappear from the air-
way on day 7 postinfection, they never come back to the airway
even with additional stimulation by inhaled OA during the
recovery phase. In the mediastinal lymph nodes, however, OA-
capturing macrophages were observed, whereas neither DCs
nor B cells were detected. Within the respiratory immune
system, both pulmonary macrophages and DCs are able to
capture, process, and present particulate antigens (3, 12), al-
though DCs are regarded as the main APCs in vivo, due to
their unique ability to stimulate antigen-specific T lymphocytes
(2, 26). In our preliminary study, the number of macrophages
in BALF after infection with influenza A virus increased 2.5-
and 1.8-fold above that of naive animals on days 3 and 14,
respectively. Thus, during the recovery phase of viral infection,
macrophages are abundant in the airway whereas DCs are
depleted, suggesting that macrophages may have acted as the
primary APCs with exogenous antigens. The macrophages se-
crete IL-12 and induce the type 1 immune response (16). Thus,
during the recovery phase of viral infection, the macrophages
but not DCs can capture the antigens and migrate into the
draining lymph nodes, inducing the type 1 immune response.

In the airways of the acute phase group, DCs were shown to
capture inhaled antigens on bronchial epithelium. These anti-
gen-capturing DCs moved to the draining lymph nodes at 4 h
after the antigen inhalation. DCs in the draining lymph nodes
are reported to express antigen-presenting activities at 24 h
after the injection of an antigen (31). Inflammatory stimuli are
known to induce a rapid formation of peptide-MHC class II
complexes (6), and activated DCs travel to the regional lymph
nodes (2). Therefore, inflammatory stimuli generated by the
influenza virus infection may cause DCs to mature after cap-
turing inhaled antigens and then migrate to the regional lymph
nodes within 4 h of antigen exposure. These results, therefore,
indicate that the primary immune response (sensitization) in-
duced by antigen-capturing DCs occurs primarily in the re-
gional lymph nodes. On the other hand, some DCs were re-
tained on the bronchial epithelium for at least 5 weeks in the
acute phase group, indicating that stimulation by exogenous
antigen following viral infection causes the prolonged reten-
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tion of DCs on the bronchial epithelium and that DCs can be
involved in the secondary immune response, i.e., the produc-
tion of Th2 cytokine and eosinophilic infiltration of the airway.
These findings are compatible with the results of a study by
Lambrecht et al. (15) showing that DCs are essential for pre-
senting antigens to previously primed Th2 cells in the lung.
Thus, the DCs seem to play a critical role not only in the
induction of the primary immune response but also in the
expanded secondary immune response to antigen challenge.

In summary, we have demonstrated that influenza A virus
infection causes the migration of DCs to the bronchial epithe-
lium and enhances airway sensitization during the acute phase
of infection. However, antigen sensitization during the recov-
ery phase of viral infection does not affect airway sensitization.
Antigen inhalation via the airway in different phases of influ-
enza A virus infection may differentially induce the type 1 or
type 2 immune response by different APCs.
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