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We undertook the present study to determine the nature of the cellular inflammatory response within the
epithelial lining of the rat trachea during a Sendai virus infection. In particular, we aimed to investigate
changes in the resident population of epithelial dendritic cells. Rats were infected with Sendai virus, and
tracheal tissue was examined immunohistochemically at various times with a panel of cell-specific monoclonal
antibodies. We found that Sendai virus infection was restricted to only the lumenal layer of epithelial cells and
that virus nucleoprotein was present from days 2 to 5 postinfection. Starting around day 2 or 3, there was a
large cellular influx consisting of macrophages, neutrophils, NK cells, and T cells; this coincided with
expression of high levels of ICAM-1 on the basal (uninfected) layers of the epithelium. The T cells were mostly
ab T-cell receptor positive; however, a smaller influx of gd T cells also took place. The number of resident
dendritic cells increased markedly during infection, with numbers peaking around day 5 and remaining
elevated 14 days later. The peak of the inflammatory response occurred on day 5 and declined thereafter, with
the exception of dendritic cell and ab T-cell numbers, which remained elevated. Starting around day 3, the
tracheal epithelial cells expressed increasing levels of major histocompatibility complex class II antigen. This
expression was maximal at day 5 and declined rapidly thereafter. In vitro culture of tracheal segments
demonstrated that viral infection was not per se responsible for the upregulation of class II expression and that
when cultured in the presence of gamma interferon, class II antigen was induced on epithelial cells.

Viral infections of the upper respiratory tract remain a ma-
jor cause of morbidity and mortality, especially in young chil-
dren (9).
Antiviral immunity in the upper respiratory tract is depen-

dent on the local production and release of secretory immu-
noglobulin A (IgA) onto the mucosal surface of the lumen.
This is in contrast to the lung, where serum-derived IgG pro-
tects against lethal viral pneumonitis but does not protect
against infection of ciliated epithelium within the trachea (41).
Clearly, there are different mechanisms driving the generation
of protective immunity at the mucosal surfaces of the upper
and lower respiratory tracts. At present, most vaccines are
administered parenterally; hence, they stimulate production of
serum antibodies but fail to induce good local mucosal immu-
nity. Although we are beginning to understand the nature of
the immune response required to provide protective immunity
in the upper airways, the main impediment appears to lie in
our lack of knowledge of how to achieve this immunity.
Sendai virus is a parainfluenza type 1 virus which is exclu-

sively pneumotropic in rodents and is structurally and serolog-
ically related to human parainfluenza type 1 virus; as such,
Sendai virus has been used extensively as a model of viral
respiratory tract infection. After inhalation, the virus is acti-
vated by a Clara cell-produced tryptase and infects only ciliated
and secretory cells within the trachea and bronchi (30) and
type II epithelial cells within the lung (7). Only the outer
ciliated cells of the tracheal epithelium are infected; the basal
cells remain uninfected.

A number of studies have examined the nature of the lesions
within the lungs of Sendai virus-infected rats, both histologi-
cally and by examining the cells obtained by bronchoalveolar
lavage (4–6, 14, 45); however, as yet there have been no de-
tailed studies of the nature of the cellular infiltrate which
occurs within the tracheal epithelium during Sendai virus in-
fection. As most viral infections of the respiratory tract begin in
the nasopharynx and descend the tracheobronchial tree into
the lung, infection in the trachea represents a critical stage at
which effective antiviral immunity may prevent further spread
of the virus and hence should represent the focus of efforts to
develop efficient mucosal vaccination strategies.
Dendritic cells (DC) are a critical element in the generation

of immune responses. Our laboratory has recently described a
network of DC which are resident within the epithelial lining of
the trachea both in rodents (19) and humans (18), where they
function to sample antigenic material, process this material
into a form in which it is associated with surface major histo-
compatibility complex (MHC) class II molecules, and present
it to naive T cells within regional lymph nodes, hence facilitat-
ing the generation of protective local immune responses. In the
present study, we examined the nature of the cellular changes
which take place within the epithelial lining of the rat trachea
during Sendai virus infection with particular reference to
changes in the resident DC population.

MATERIALS AND METHODS

Animals. Brown Norway rats (mean age, 5 weeks; approximately 130 g [body
weight]) were used throughout this study. The animals were specific-pathogen-
free derived and barrier maintained. Animals were housed on low-dust bedding
to minimize background airway inflammation, as detailed previously (43), and
were serologically free of Sendai virus infection and other known pathogens.
Virus and inoculations. The Enders strain of Sendai virus was grown in the

allantoic cavity of 10-day-old embryonated chicken eggs, and allantoic fluid was
stored at 2708C. Virus-free allantoic fluid was also stored at 2708C. Animals
were anesthetized intraperitoneally with chloral hydrate (250 ml of 5.7% [wt/vol]
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in phosphate-buffered saline [PBS] per 50 g of body weight) and 50 ml of allantoic
fluid containing 103 hemagglutinating units administered intranasally.
Antibodies. The following monoclonal antibodies (MAbs) were used: Ox6

(IgG1 anti-Ia antigen [29]), V65 (IgG1 anti-rat T-cell receptor [TCR] gd [26]),
ED2 (IgG2a anti-rat tissue macrophage [10]), 10/78 (anti-rat NKR-P1 produced
by selecting for competition with 3.2.3 antibody [20a]), R73 (anti-rat TCR ab
[21]), RLN-9D3 (IgG2a anti-rat B cell [Seikagaku Corporation] [46]), Ox19
(IgG1 anti-rat T lymphocyte [49]), RP3 (IgM anti-rat neutrophil [44]), and
W3/25 (IgG1 anti-rat CD4) and OX8 (anti-rat CD8) (2). WS16 (anti-Sendai virus
nucleoprotein) was the generous gift of A. Portner, Virology Department, St.
Jude’s Children’s Research Hospital, Memphis, Tenn. Anti-rat ICAM-1 (CD54;
clone 1A29) was purchased from Seikagaku Corporation.
Immunohistochemical examination of the trachea. At appropriate times after

Sendai virus infection, animals were sacrificed by intraperitoneal injection of
lethobarb. After the aorta was severed, animals were perfused with 20 ml of PBS
containing 0.2% (wt/vol) bovine serum albumin and 1% (wt/vol) heparin by
injection into the right ventricle. Tracheas were removed and immediately fixed
in cold ethanol for 30 min. Then the tissue was rehydrated in PBS, embedded in
100%OCT (Tissue Tek; Miles, Elkhart, Ind.), and snap frozen in liquid nitrogen-
cooled isopentane. Tangential sections (18), 8- to 10-mm thick, were cut at
2238C and allowed to air dry at room temperature. Then sections were immu-
nostained with primary antibody for 1 h at room temperature, washed three
times (10 min for each wash) with PBS, and incubated with secondary antibody
(biotinylated sheep anti-mouse Ig [Amersham] with 10% [vol/vol] normal rat
serum) and streptavidin conjugated to horseradish peroxidase (Amersham),
which was visualized by reaction with 3,39-diaminobenzidine and 0.015% (vol/
vol) hydrogen peroxide in PBS.
Sections were counterstained with hematoxylin, dehydrated, and mounted.

Enumeration of stained cells was carried out as previously described (43).
All animal experimentation was done with the prior approval of the Institute

for Child Health Animal Ethics Committee, which complies with conditions set
down by the Australian National Health and Medical Research Council.
In vitro culture of tracheal tissue. Tracheas were removed from uninfected

rats and cut into small segments of approximately 3 mm2. These were cultured in
RPMI medium (Gibco, Melbourne, Australia) containing 10% (vol/vol) fetal
bovine serum (Trace; Biosearch Australia) at 378C and 5% CO2. Some segments
were incubated with either Sendai virus-containing allantoic fluid or sterile al-
lantoic fluid for up to 3 days. Other segments were incubated with 100 U of
human recombinant gamma interferon (IFN-g) per ml. At daily intervals, the
tracheal segments were processed and immunohistochemically stained for Sen-
dai virus nucleoprotein and class II expression as described above.
Bronchoalveolar lavage (BAL). Rat tracheas were exposed and catheterized.

Lungs were then lavaged with two lots of 10-ml volumes of PBS containing 0.2%
(wt/vol) bovine serum albumin (Sigma Chemical Co., Sydney, Australia) and
0.2% (wt/vol) lignocaine. Lavage fluids were centrifuged, and cytospin prepara-
tions were made with pelleted cells. These were air dried and stained with
Leishmans stain (BDH), and differential cell counts were performed.

RESULTS

Viral infection of the tracheal epithelium. To determine the
exact time course of viral infection of the rat tracheal epithe-
lium, we inoculated young adult brown Norway rats intra-
nasally (i.n.) with Sendai virus in allantoic fluid. Although
infected rats did not appear to exhibit any indication of respi-
ratory distress throughout the course of the infection, immu-
nohistochemical staining of tracheal tissue using a MAb di-
rected against the nucleoprotein of Sendai virus demonstrated
that infection of the epithelium took place. Figure 1 illustrates
the time course of epithelial infection. One day after i.n. inoc-
ulation, we could not detect any significant viral infection of
the epithelium (Fig. 1A) (in this case, we have presented a
tangential section of epithelium which provides an en face view
of the epithelial surface in order to show a greater surface
area); however, between days 2 and 4 after infection, almost
the entire tracheal epithelial surface became heavily infected
with Sendai virus (Fig. 1B). As can be seen from this photomi-
crograph, virus infection was limited to those epithelial cells
exposed to the lumen of the airway and the infection did not
extend further than one or perhaps two cells into the epithelial
layer. At no time during the course of infection did we detect
any staining of subsurface or basal layers of the epithelium for
nucleoprotein antigen. By day 5 after infection (Fig. 1C), viral
antigen could be detected only in isolated epithelial cells, and
by day 7, virtually no viral antigen was present (not shown).

Induction of class II antigen expression.We have previously
demonstrated (18) that under steady-state conditions, the only
class II (Ia) staining present within the epithelial lining of the
rat trachea is associated with constitutive expression by a pop-
ulation of resident DC which form a contiguous network of
antigen-presenting cells throughout the tracheal lining. The
DC network in uninfected control animals from these experi-
ments is illustrated in Fig. 2A. By using the MAb Ox6 to detect
Ia expression, these same cells do not express antigens recog-
nized by the MAbs OX12 (pan-B cell), ED2 (panmacrophage),
and G4.18 (CD3; pan-T cell) but do stain with the OX62 MAb,
which marks TCR gd cells and DC (34).
We characterized the changes in Ia expression which occur

within the tracheal epithelium during a primary Sendai virus
infection. Until 2 days after i.n. introduction of Sendai virus,
intraepithelial Ia expression remained restricted to DC-like
cells, as in uninfected animals. However, during the period
from days 3 to 5 after infection, Ia expression was increasingly
associated with epithelial cells until by day 5 large areas of the
epithelial lining layer stained strongly for Ia (Fig. 2B). Enu-
meration of tracheal intraepithelial Ia1 DC during this period
could be performed only in areas where Ia expression on ep-
ithelial cells was low to moderate. The numbers obtained (Fig.
3A) suggest large increases in DC density at that time; how-
ever, these may considerably underestimate the true number of
DC. By day 7, the intensity of class II staining on epithelial cells
was considerably reduced and was totally absent in many areas.
At that time, accurate counts of DC could be made; from Fig.
2C and 3A, it is apparent that while epithelial class II expres-
sion was absent, the number of Ia1 DC remained considerably
higher than normal. By day 14, all epithelial class II cells had
disappeared, while the number of DC remained high (Fig. 3A).
Control animals treated with sterile allantoic fluid showed no
change in the number of DC over a 14-day period (Fig. 3A) nor
did they show any expression of class II antigen on their epi-
thelial cells.
Inflammatory infiltration of the tracheal epithelium. By us-

ing MAbs to identify specific inflammatory cell types, we ex-
amined the nature and size of the inflammatory infiltrate oc-
curring within the tracheal epithelium during the course of
Sendai virus infection (Fig. 3 and 4A, B, and E). The first
evidence of inflammatory cellular infiltrate was detectable at
day 3 postinfection, when in conjunction with the increase in
the number of resident Ia1 DC (Fig. 3A), there was an influx
of NKR-P11 NK cells (Fig. 3D) and RP31 neutrophils (Fig.
3B). No influxing ED21 macrophages were present until day 4
postinfection (Fig. 3C). In all cases, the maximum number of
infiltrating cells was seen at day 5 (Fig. 3 and 4A, B, and E).
Thereafter, the numbers of ED21 macrophages and RP31

neutrophils declined rapidly until by day 7 the numbers had
essentially returned to steady-state levels. Between days 5 and
7, there was a reduction in the number of NKR-P11 NK cells;
however, the numbers continued to remain significantly ele-
vated until after day 14. The changes in the number of resident
Ia1DC are particularly interesting in that there was a decrease
between days 5 and 7 which appeared to plateau thereafter and
the numbers remained significantly elevated after day 14. We
have not continued the time course past day 14 to determine
how long the DC numbers remained elevated.
Animals treated with sterile allantoic fluid showed little or

no influx of any of the cell types examined (Fig. 3). No B cells
were detected in the trachea at any stage of infection.
Induction of ICAM-1. Epithelial sections taken at various

times during the course of Sendai virus infection were stained
for ICAM-1 expression. Until day 3 after infection, little or no
ICAM-1 could be detected; however, between days 3 and 5,
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FIG. 1. Tracheal sections from Sendai virus-infected rats. Photomicrographs of frozen sections stained with MAbWS16 directed against the nucleoprotein of Sendai
virus are shown. (A) A tangential section of tracheal epithelium 1 day after i.n. infection with Sendai virus that shows the total absence of any virus-infected epithelial
cells. (B) Tracheal section that shows the pattern of viral infection seen from days 2 to 4 after infection. Only those epithelial cells exposed to the tracheal lumen were
infected; basal cells remained free of virus. (C) Tracheal section 7 days after infection that shows that only relatively few epithelial cells remained infected with Sendai
virus.
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FIG. 2. Representative photomicrographs of rat tracheal epithelium immunohistochemically stained with MAb Ox6 (anti-Ia). (A) Constitutive Ia1 staining pattern
associated with resident DC under steady-state uninfected conditions and in epithelial tissue during the first 2 days after Sendai virus infection; (B) Ia1 staining pattern
5 days after infection, showing massive induction of class II antigen expression on tracheal epithelial cells; (C) Ia1 staining pattern 7 days after infection, showing
downregulation of epithelial class II expression with a persistence in the increased number of class II-expressing DC.
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there was a steady increase in epithelial ICAM-1 expression,
which first occurred as a band of staining associated with those
epithelial cells closest to the basement membrane (Fig. 4F),
while those cells closer to the lumen remained negative. This
was the pattern of expression in most of the epithelium; how-
ever, in some areas, ICAM-1 expression extended throughout
the epithelium to the lumenal surface. ICAM-1 expression
appeared to parallel the influx of inflammatory cells described
above in that expression was maximal at day 5 and then pro-
ceeded to disappear until day 7 when it was almost undetect-
able.
Infiltration of T cells into the tracheal epithelium. Using a

mixture of MAbs Ox19 and R73, we determined the total
number of T lymphocytes entering the tracheal epithelium
during Sendai virus infection (Fig. 5A). The numbers rose
rapidly after day 3 and peaked at day 5. Between days 5 and 7,
the numbers rapidly declined, but between days 7 and 14, there
was a much slower rate of decline. The profile representing
changes in R731 ab TCR lymphocytes (Fig. 5B) reflects al-
most exactly that of the total T-cell influx. However, the
changes in V651 gd TCR lymphocytes were somewhat differ-
ent. Figure 4C and D are photomicrographs depicting the

maximum influx of ab TCR T cells and gd TCR T cells,
respectively. Uninfected animals had practically no gd1 cells
resident within the tracheal epithelium; however, a significant
influx of these cells was apparent at day 3 in infected animals,
with numbers peaking at day 5. Compared to the magnitude of
the ab T-cell response (approximately 1,800 cells per mm2),
the gd response (130 cells per mm2) was quite small, and the
numbers of gd cells fell rapidly until by day 7 steady-state
numbers were restored. This rapid decline also contrasted with
the relatively slow decline in ab cell numbers.
Tracheal sections were stained with MAbs W3/25 and OX8

to detect CD4- and CD8-expressing cells, respectively. The
results (Fig. 6) show a large influx of both CD4- and CD8-
positive cells with maximum numbers at day 5 postinfection.
Induction of class II expression by IFN-g. To determine

whether IFN-g was responsible for induction of class II expres-
sion on the tracheal epithelium, we stained tracheal tissue
taken at day 3 postinfection with MAb DB1 (25), which is
specific for rat IFN-g. The results of these experiments were
inconsistent in that some sections stained positive for IFN-g
while others were negative. We believe that this may be a

FIG. 3. Cellular inflammatory response in the tracheal epithelium after infection with Sendai virus. At designated times after i.n. infection, frozen tracheal tissue
was sectioned and immunohistochemically stained with MAbs specific for each of the cell types examined. Data are the mean number of cells per square millimeter
of tracheal epithelium derived from four to five animals per time point plus the positive standard deviation. Symbols: ■, Sendai virus-infected animals; F, sterile
allantoic fluid-inoculated control animals.
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reflection of technical problems associated with the fixation of
tissue for IFN-g staining.
We further sought to establish whether class II induction

was a consequence of de novo synthesis resulting from viral
infection of epithelial cells and whether exogenous IFN-g
could induce epithelial class II expression. To accomplish this,
we cultured small segments of tracheal tissue from normal
animals and infected some of these with Sendai virus while
others were incubated with human recombinant IFN-g. Immu-
nohistochemical staining of virus-infected tracheal segments
showed that, as expected, class II expression was present on
resident DC shortly after removal (Fig. 7A); however, after 2
or 3 days in culture, this staining had virtually disappeared

(Fig. 7B), which is consistent with known patterns of migration
of DC out of isolated tissue segments (1). By day 3 after viral
infection, nucleoprotein staining was still intense on cultured
epithelial segments (Fig. 7C), indicating that no clearance of
the virus by immune mechanisms was occurring. During the 4
days in which virus-infected tracheal segments were examined,
no epithelial class II induction was detected, indicating clearly
that Sendai virus is not able to directly induce MHC class II
expression on epithelial cells. In a parallel experiment in which
recombinant human IFN-g was added to noninfected cultures,
class II induction was observed (Fig. 7D); however, this oc-
curred in patches and was not as widespread as that seen in in
vivo Sendai virus infections. These results strongly suggest that

FIG. 4. Representative photomicrographs of rat tracheal epithelium obtained 5 days after Sendai virus infection and immunohistochemically stained with MAbs
RP3 for neutrophils (A), ED2 for macrophages (B), R73 for ab T cells (C), V65 for gd T cells (D), 10/78 for NKR-P1-positive NK cells (E), and anti-ICAM (F).
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IFN-g produced as part of the host response to the virus is
responsible for the induction of MHC class II expression on
the tracheal epithelium during Sendai virus infection.
BAL cellular response. Leukocytes migrating into the lumen

of the airways or lung air spaces were recovered by BAL from
animals infected with Sendai virus. Cytospin preparations were
differentially stained with Leishmans stain or immunohisto-
chemically stained with Ox6. BAL fluids from infected animals

contained almost 100% alveolar macrophages until day 3 after
infection when BAL fluids contained 25% neutrophils (Fig. 8).
The percentage of neutrophils increased until by day 5 approx-
imately 80% of BAL cells were neutrophils. By day 7, the
percentage had been reduced to 50%. The profile of neutro-
phils recovered by BAL corroborates the cellular influx of
neutrophils into the tracheal epithelium and demonstrates that
once neutrophils have migrated into the epithelium, they con-
tinue through the epithelium into the lumen of the airway.
Staining of BAL cells with Ox6 MAb (not shown) demon-
strated that some cells became class II positive between days 3
and 7 postinfection; however, only weak class II staining was
present and the number of these cells was very low. These cells
appeared regular in shape, with a foamy appearance to the
cytoplasm normally seen in rat alveolar macrophages, and did
not have the characteristic comet morphology associated with
DC in BAL fluid. The fact that none of the BAL cells appeared
morphologically like DC suggests that DC influxing into the
epithelium do not enter the lumen but remain within the ep-
ithelium until migrating to regional lymph nodes.

DISCUSSION

It is becoming increasingly clear that the nature of the im-
mune response mounted within the trachea is a critical ele-
ment in the development of protective antiviral immunity
within the airways (36). It is also clear that the presence of
antigen-presenting cells at the site of antigenic exposure is
crucial for the development of effective local and systemic
immune responses. In the case of herpes simplex virus type 1
(HSV-1) infection of the cornea, it has been shown that the
resident Langerhans cells control the development of immu-
nologically mediated inflammatory responses to the virus (16).
Previous work from our laboratory has demonstrated the

presence of an extensive network of resident DC situated
within the epithelial lining of the rat trachea (18). Further-
more, we have shown that this is a dynamic population of cells
with a much shorter turnover time compared with those of
other DC populations, such as Langerhans cells present within
the epidermis of the skin (17), and that the tracheal DC pop-
ulation is also able to expand rapidly in response to local
inflammatory stimuli, such as whole bacteria (32). We under-
took the present study to determine the response of these
epithelial DC to a virus-induced inflammation and to correlate
this response with the influx of other bone marrow-derived
cells into the epithelium. In this way, we hoped to elucidate the
role of the tracheal DC population in inflammatory and im-
mune responses in the upper airways. Prior to this study, there
have been no published reports examining the nature of the
tracheal epithelial inflammatory response during Sendai virus
infection. To enable us to correlate cellular changes within the
epithelium with viral infection of epithelial cells, we immuno-
histochemically stained tracheal sections taken throughout the
course of a Sendai virus infection with a MAb specific for the
nucleoprotein antigen of Sendai virus. This enabled us to con-
firm previous observations that virus infection is limited to
those epithelial cells exposed to the lumen of the airway and
that more basally located cells are not infected (30). This
limited cellular specificity is particularly intriguing, considering
the enormous influx of inflammatory cells which was found in
the epithelium during infection, and highlights the importance
of these epithelial cells in initiating inflammatory and immune
responses in this tissue. Since the Sendai virus was adminis-
tered i.n., this should allow deposition of infectious virus di-
rectly onto the epithelial surface. However, since viral antigen
became detectable in most animals only 2 or 3 days after i.n.

FIG. 5. T-cell influx into the tracheal epithelium during the course of infec-
tion with Sendai virus. At day 5 after i.n. infection with Sendai virus, frozen
tracheal tissue was sectioned and immunohistochemically stained with MAbs
Ox19 and R73 for total T-cell numbers (A), R73 for ab T cells (B), and V65 for
gd T cells (C). Data are the mean number of cells per square millimeter of
tracheal epithelium derived from four to five animals per time point plus the
positive standard deviation. Symbols: ■, Sendai virus-infected animals; F, sterile
allantoic fluid-inoculated control animals.
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infection, this lag period presumably represents the time nec-
essary for infection to occur and for a sufficient amount of viral
antigen to be produced to enable detection by immunohisto-
chemical methods. The maximum amount of epithelial viral
antigen was present 4 or 5 days after infection and thereafter
rapidly declined until only isolated staining was present at day
7.
A detailed immunohistochemical analysis was performed on

epithelial sections with a series of MAbs previously validated
and commonly used as markers of specific inflammatory and
immune cell types. These studies revealed that as early as day
3 postinfection, noticeable changes within the epithelium were
commencing. These manifestations were increases in the num-
ber of resident epithelial DC and an influx of NK cells and
neutrophils into the epithelial layer. This was reflected in the
large increase in neutrophils recovered from the airways by
BAL on day 3. Changes in macrophage numbers followed
approximately 1 day behind this initial influx. The maximum
numbers of influxing cells were found on day 5 for all cell types
and declined thereafter; however, the rate of decline differed,
depending on the cell type. Whereas macrophage and neutro-

phil numbers returned almost to steady-state levels by day 7,
DC and NK cell numbers remained high for at least another 7
days. This slow decline may suggest that it is important for the
epithelium to maintain high numbers of these particular cells
for some time after the initial infection, either as a protection
against viral superinfection or infection by other opportunistic
organisms.
Similar experiments examined the nature of the T-cell influx.

In this case, a large increase in the number of TCR ab T cells
was observed with kinetics similar to those seen with DC and
NK cells. While there was also an increase in TCR gd T cells,
the numbers reached only approximately 10% of those of ab T
cells. While these two populations of T cells displayed similar
influx kinetics, they differed significantly in terms of their rates
of disappearance from the epithelium. Whereas gd T cells were
essentially gone by day 7, the numbers of ab T cells were still
significantly elevated after day 14, resembling the slow decline
seen in DC and NK numbers. Previous studies investigating the
involvement of gd T cells in viral airway infections have used
BAL fluids as their source of cells.(11) In the murine influenza
virus infection model (3), there seems to be a staged response

FIG. 6. At day 5 after i.n. infection with Sendai virus, frozen tracheal tissue was sectioned and immunohistochemically stained with MAbs W3/25 to detect
CD4-expressing cells (A) and OX8 to detect CD8-expressing cells (B).
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in which ab T cells appear first during viral infection and are
followed some days later, after clearance of the virus, by the
appearance of gd T cells. Interestingly, in this latter study (3),
more gd T cells were found by in situ hybridization than were
detected by flow cytometry, suggesting that the method used to
detect these cells is important. The situation with Sendai virus
infection in mice is somewhat different in that murine infec-
tions have an early and relatively minor TCR gd response (20,
37) which is similar to that found in the rat trachea. The
murine TCR ab response also appears to be significantly pro-
longed(37). Using a murine model of respiratory syncytial vi-
rus, Openshaw (38) also found that the BAL gd T-cell re-
sponse was relatively minor compared to the ab T-cell
response.
The observation that the entire tracheal epithelium became

class II positive during the peak phase of Sendai virus infection
is intriguing; however, the function of class II expression by
epithelial cells during infection is unclear. In other situations
where viral infection has been found to upregulate MHC class
II antigen expression on epithelial surfaces, such as HSV-2
infection of the mouse vaginal epithelium (33), it is not clear
whether it is the virus which directly induces class II expression
or whether IFN-g is responsible. In the case of cytomegalovirus
induction of class II expression in vivo in rat tissues (47) or in
isolated endothelial cells (48), the virus appears to be able to
directly induce class II expression. On epithelial surfaces, in-
duction of class II expression may serve any of several func-
tions. Thus, human bronchial epithelial cells expressing class II

antigen are known to be capable of acting as accessory cells in
stimulating immune responses (24), and there is evidence that
HSV infection of the corneal epithelium may be important in
presentation of viral antigen to T cells (12). Recently, Jiang et
al. (23) demonstrated that target expression of class II mole-
cules may regulate NK cell function and target recognition via
a mechanism involving endogenous peptide presentation on
class II molecules. If, as suggested by Ljunggren and Kärre
(27), NK cells choose their targets cells on the basis of their
expression of MHC antigens, then class II expression by airway
epithelial cells may provide a mechanism whereby influxing
NK cells are able to recognize and kill only those cells express-
ing class II complexed with viral antigen, while those express-
ing class II molecules with self peptides are spared. Since
virtually all of the lumenal tracheal epithelial cells appeared to
express class II, this process would result in killing only those
outer epithelial cells infected with Sendai virus and hence
expressing viral peptide within MHC class II while those basal
cells not infected would remain untouched. Although we have
no direct evidence to support this hypothesis, a mechanism
such as this may be vitally important in maintaining the integ-
rity of the epithelial covering of the respiratory tract and en-
suring rapid recovery of a sensitive tissue after viral infection.
Induction of epithelial class II expression in our model could

result from exposure to either granulocyte-macrophage colo-
ny-stimulating factor or IFN-g. We have had variable results in
staining the epithelium for IFN-g; however, it is clear that
isolated segments of tracheal tissue are not able to upregulate

FIG. 7. In vitro culture of tracheal segments. Segments of normal rat trachea were cultured in vitro, infected with Sendai virus, and stained with MAb, WS16, against
Sendai virus nucleoprotein. A representative photomicrograph of the staining pattern seen from days 1 to 3 is shown (C). Similarly infected segments were stained for
Ia expression with the MAb Ox6 after days 1 (A) and 3 (B). Other cultured segments were not infected with virus but were incubated with 100 U of IFN-g per ml and
stained with Ox6 after day 3 (D).
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class II expression in direct response to Sendai virus infection
or in the absence of influxing inflammatory cells. Since these
segments are able to express class II when cultured with re-
combinant IFN-g and since Sendai virus is known to be a
potent inducer of IFN-g from peripheral blood mononuclear
cells (8), this strongly suggests that IFN-g produced by either
macrophages, T cells, or NK cells is responsible for the induc-
tion of class II expression during viral infection. Production of
IFN-g by inflammatory cells may also be responsible for the
induction of epithelial ICAM-1 (28, 40) expression observed
during Sendai virus infection. We are currently using PCR to
confirm this and to determine the source and time course of
IFN-g production. In the murine Sendai virus model, BAL
fluid IFN-g is maximal 7 to 10 days after infection (33); how-
ever, in our rat model, epithelial class II expression has re-
solved by this time.
In a previous work (32), we showed that acute inflammatory

stimuli, such as whole bacteria, are able to rapidly recruit large
numbers of DC into the tracheal epithelium and that this influx
occurs at the same time as the neutrophil response. Here we
used a rat model of Sendai virus infection to examine changes
in the epithelial DC population. Again, it is clear that there is
a rapid influx of DC into the tracheal epithelium which occurs
at the same time as the neutrophil and NK cell influx, i.e., day
3, approximately 1 day after virus can first be detected. It is not
known whether these cells come from bone marrow reserves or
from circulating precursor populations in the blood; however,
it is clear that DC numbers remain significantly elevated for
some time after the virus has been cleared and that epithelial
class II expression has disappeared. After leaving the trachea,
these DC migrate to the draining lymph nodes, where they are
able to present processed viral antigen to naive T cells. Thus,
DC able to present viral antigen have been isolated from the
regional lymph nodes of mice infected with influenza virus
(15).
In summary, we have presented data which describe impor-

tant cellular changes that occur within the tracheal epithelium
during the course of a viral infection and have highlighted the

potentially important role played by epithelial DC in the de-
velopment of antiviral immune responses. These data support
previous work by Nonacs et al. (35) describing the potency of
DC in presenting viral antigens and that by Frankel et al. (13)
describing DC involvement in the pathology of viral infections
at epithelial surfaces as well as the suggestions by Janeway
(22), Matzinger (31), and Ridge et al. (42) that the DC may
exist primarily to alert the immune system to the impending
danger of a viral infection.
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