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Summary

Conventional immunohistochemical analysis of airway intraepithelial class II major histo-
compatibility complex (Ia) expression demonstrates a morphologically heterogeneous pattern
of staining, suggestive of the presence of a mixed population of endogenous antigen presenting
cells . Employing a novel tissue sectioning technique in conjunction with optimal surface antigen
fixation, we now demonstrate that virtually all intraepithelial la staining throughout the respiratory
tree in the normal rat, can be accounted for by a network of cells with classical dendritic cell
(DC) morphology. The density of DC varies from 600-800 per mm2 epithelial surface in the
large airways, to 75 per mm2 in the epithelium of the small airways of the peripheral lung. All
the airway DC costain for CD4, with low-moderate expression of a variety of other leukocyte
surface markers . Both chronic (eosinophilic) inflammation and acute (neutrophilic) inflammation,
caused respectively by inhalation of chemical irritants in dust or aerosolised bacterial lipopoly-
saccharide (LPS), are shown to be accompanied by increased intraepithelial DC density in the
large airways (in the order of 50%) and up to threefold increased expression of activation markers,
including the (i chain of CD11/18 . The kinetics of the changes in the DC network in response
to LPS mirrored those of the transient neutrophil influx, suggesting that airway intraepithelial
DC constitute a dynamic population which is rapidly upregulated in response to local inflammation .
These findings have important theoretical implications for research on T cell activation in the
context of allergic and infectious diseases in the respiratory tract.

The maintenance of homeostasis in the lung requires pre-
cise control oflocal interactions between inhaled antigens

impinging on epithelial surfaces in the airways, and the un-
derlying cells of the respiratory mucosal immune system . In
particular, an efficient mechanism is required for discrimina-
tion between pathogenic antigens such as those present on
bacteria and viruses, and inert nonpathogenic antigens (pollens,
animal danders, etc.) which are ubiquitous in the natural en-
vironment . The failure on the part of the T cell system to
maintain this distinction appears to underly a variety of im-
munoinflammatory diseases in the respiratory tract (1, 2) . A
key element of local immune regulation in the lung is thus
the nature of the cell population(s) responsible for the initial
presentation of inhaled antigens to T cells. Recent studies
from a number of laboratories have focused attention on the
potential role of dendritic cells (DC)t analogous to those ini-

1 Abbreviations used in this paper: SALT, bronchus-associated lymphoid
tissue ; DC, dentritic cell ; HRP, horseradish peroxidase; RT, room
temperature; SHAM, sheep anti-mouse.

tially described by Steinman et al. (3), in antigen recognition
in the lung . DC which exhibit strong antigen-presenting ac-
tivity in vitro have been extracted from enzymatic digests
ofparenchymal lung tissue (4-8) and from the tracheal epithe-
lium (9), and Ia+ cells with classical dendritic morphology
have been identified in tissue sections from these sites at both
the light and electron microscopic level (5, 9-11) .
To elucidate the role of these DC populations in regula-

tion of T cell activation in the lung and airways, detailed
information is required on their density, distribution, popu-
lation dynamics, and surface phenotype. This has not previ-
ously been feasible due to the technical problems associated
with accurate identification and quantitation of these cells
within the various complex tissue microenvironments ofthe
respiratory tree . However, we have recently described a new
tissue sectioning technique which provides a "plan" view of
cell populations within the airway epithelium, akin to that
seen with epidermal sheets. Employing this procedure in pre-
liminary studies with human (12) and rat (13) airway tissues
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we have demonstrated the presence of a much denser net-
work of intraepithelial DC than has previously been recog-
nized. In the present study, we have used this technique to
provide quantitative data on the population density, distri-
bution, and surface phenotype of airway intraepithelial DC
in normal and inflamed airway tissue .

Materials and Methods

Animals.

	

Specific Pathogen Free (SPF) Wistar Furth rats and
Balb/C mice were obtained from the Animal Resources Centre
(Murdoch University, Perth, Western Australia) and were barrier
housed. Brown Norway (BN) rats were derived from SPF stock
andwere housed under conventional conditions until used . Human
airway tissue was obtained from histologically normal segments
oflung from patients undergoing pneumonectomy for removal of
localized pulmonary malignancy.

Exposure ofRats to Airborn Irritants.

	

At the commencement of
these studies, bedding material employed in our rat cages comprised
of wood shavings derived from Pinus radiata . A variable proportion
of animals housed in this fashion displayed evidence ofpatchyinflam-
mation in the large airways. Subsequent measurement ofrespirable
dust within these cages by methods detailed in (14) demonstrated
levels between 600-850 ttg/M' air. Airway samples from these
animals were accordingly examined separately (vide infra) . The
majority of the caging in our animal house was changed to low-
dust (<1001.cg/M3 air) autoclaved chaff, and except where specified
the results presentedbelow are from animals housed on this material.

In a separate series of experiments, groups of animals were ex-
posed for 1 h to aerosols ofEnterobacter Agglomerans LPS gener-
ated from a solution containing 200 FAg/ml saline by methods
detailed in reference 15 . Both small (1 Pm) and large droplet (3-7
Am) aerosols were employed with identical results, and are not dis-
tinguished in the text .

Antibodies.

	

The mAbs W3/25 (CD 4), Ox 6 (Ia), Ox 41, and
Ox 42 ((3 chain of CD11/CD18) were kindly provided by Drs. A.
Williams and D. Mason (Medical Research Council Cellular Im-
munology Unit, Oxford, UK) and have been described in detail
(16, 17) . The ED series of MoAbs against a series of markers on
DC and other leucocytes (18, 19) were kindly provided by Drs.
C. Dijkstra and G. Kraal (Department ofHistology, Vrije Univer-
sity, Amsterdam, The Netherlands) . For Ia staining in the Balb/C
mouse trachea the MoAb M5/114 was used (20), andFMC52 was
employed for human airway tissue as previously described (12) .

Biotinylated sheep anti-mouse IgG (SHAM) and streptavidin-
horseradish peroxidase (HRP) conjugates were purchased from
Amersham (Sydney, Australia) .

Tissue Sectioning and Immunostaining.

	

Tracheal and lung tissue
was removed from the rats immediately after sacrificing with an
overdose of Nembutal . The first 6-7 mm of trachea distal to the
larynx was the standard tracheal tissue removed for investigation .
In some experiments, rat tracheas were dissected out in combina-
tion with up to the subsequent four generations of conducting
airways . These tissues were immediately fixed "en bloc" in cold
(4°C) absolute ethanol for a total of 4-18 h. Initially, lungs were
carefully inflated with cold absolute ethanol, and then subjected
to a gentle vacuum in cold ethanol to facilitate the penetration of
the fixative and the removal of all the air.

After fixation, the lungs were cut into 1 cm blocks, and the
tissue samples were rehydrated through a graded series ofalcohols
up to PBS then placed overnight in a 1:1 PBS/OCT freezing medium
mixture (Tissue Tex II ; Miles Laboratories Inc., Naperville, IL) at
4°C. Lung tissue again was subjected to a gentle vacuum to ensure
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complete infiltration with OCT/PBS. Subsequently, the tissues were
placed in freezing capsules containing OCTmedium and snap frozen
with liquid nitrogen cooled isopentane. The fixed frozen tissue
blocks were stored at -70°C until required .

Frozen sections of airways were cut using a Bright Cryostat ei-
ther in a longitudinal plane (i .e., vertically through the epithelium
in approximately the center ofthe airway parallel to its long axis)
or in a tangential plane. The latter process, described in reference
13 involves initially mounting the trachea horizontally, and then
taking sequential sections tangential to the tracheal tube. The tan-
gential sections provide patches ofepithelium, effectively sectioned
parallel to the underlying basement membrane perpendicular to
the long axis of the epithelial cells, and appropriate intraepithelial
fields can be readily identified in stained sections via the regular
sheet-like appearance of the epithelial nuclei (vide infra) . 10 14m
sections were routinely employed in this study. After cutting and
mounting on gelatin coated slides, the sections were air-dried for
1-2 h. Before incubation with the primary antibodies, the sections
were washed briefly in PBS to remove any remaining OCT.

Immunoperoxidase detection of cell surface antigens was based
on a modified indirect technique described previously (21) . The pri-
mary antibody incubation was carried out for 40 min at room tem-
perature (RT) followed by three sequential 5-min washes in PBS.
The sections were then incubated with biotinylated-SHAM fol-
lowed by the streptavidin-HRP for 40 min each with appropriate
PBS washes in between. Development ofperoxidase reaction product
was carried out at RT for 10-15 min in a mixture of 12 mg of
3,3 diaminobenzidine tetrahydrochloride (DAB) in 10 ml of PBS
(pH 7.6) to which 5 P.1 of 30% vol/vol H2O2 had been added.
For weak staining antibodies, this final incubation step was carried
out at 37° C, significantly enhancing the quantity ofbrown reac-
tion product.

Sections incubated without primary antibody in the first step
were routinely included as controls for endogenous peroxidase. Ir-
relevant antibodies (viz . mouse anti-human) served as additional
controls in some experiments . No significant endogenous peroxi-
dase activity was observed within the tracheal epithelium ofnormal
healthy rats. The sections were routinely counterstained in hema-
toxylin.

Quantitation ofDC Populations.

	

Forthe purposes of this study,
DCs visible in tangential epithelial patches were defined on the
basis of classical dendritic (Langerhans Cell-like) morphology in
association with surface staining for la antigen. Similar morpho-
logical criteria were applied to the other surface markers.
DC density per min' tracheal epithelium was determined by

counting stained tangential sections, with the aid of a calibrated
graticule . A minimum of 200 DC were counted for each tracheal
sample .

To provide an estimate ofDC density in successive airway gener-
ations below the trachea, where the small size mitigated against
controlled tangential sectioning, the following procedure was de-
vised . Firstly, tracheal sections from the series described in Table
1 were rescanned to identify regions where the plane of section
was approximately longitudinal and thus transverse through the
epithelium, i.e., analogous to that shown in Fig. 1 A. This pro-
vides a clear view ofthe line ofdemarcation between the basement
membrane and the epithelium, and above the latter the airway
lumen. Regions oflongitudinally sectioned epithelium are routinely
found in these mounts in similar (or greater) frequency to adjacent
tangential sections, due to the irregular topography of the airway
wall . Previous studies have determined that the Ia' cell popula-
tion visible in longitudinally sectioned airway epithelium is only
one cell deep (12, 13). Also, the tangential sections (e.g. see Fig.



1 B) confirm that all Ia* cells in normal SPF rat trachea can be
classified as DC on the basis ofmorphology. Thus, for each sample
in the series in Table 1, randomly selected fields of longitudinally
sectioned epithelium were scanned, and thenumber ofintraepithelial
la+ cells enumerated per unit (graticule) length . A minimum of
200 Ia+ cells were counted for each sample. By relating this figure
for each animal to the individual count of DC per mm' visible
in plan view (i.e., tangential section) in the same tissue sample,
ratios were obtained to convert numbers of la * cells per unit
graticule length oflongitudinally sectioned epithelium to DC den-
sity per MMZ epithelium . This ratio was subsequently applied to
figures obtained from stained longitudinal sections ofairwaygener-
ations 1-4 in SPF rats; initial preparation of the latter was carried
out by dissection distal to the trachea, and they were then fixed
as above and sectioned longitudinally. For generations > 5, random
sections ofperipheral lung were examined, and small longitudinal
airway epithelium segments were selected for counting and data
from these were pooled .

Results
Importance ofPlane of Tissue Section and Fixation Conditions

in Demonstration ofthe IntraepithelialDC Network . Fig. 1 il-
lustrates a series of frozen sections of rat trachea, stained by
immunoperoxidase for la with the MoAb Ox6. The plane
of section in Fig . 1 A is vertical through the airway epithe-
lium, i .e., perpendicular to the underlying basement mem-
brane, and shows a staining pattern typical of longitudinal
or transverse sections. la+ cells appear both within and
below the epithelium . A stained cell with spindle shaped mor-
phology (candidate DC) is highlighted within the epithe-
lium . However, adjacent intraepithelial Ia+ cells are of in-
determinate morphology.

Fig . 1 B displays the la staining pattern when the trachea
is sectioned tangential to the long axis of the tube and hence
parallel to the epithelial basement membrane . The la+ cells
now appear in plan view against a background of counter-
stained epithelial nuclei, and are revealed as a highly developed
intraepithelial network comprising exclusively dendritic-shaped
cells . Control sections (not shown) stained for endogenous
peroxidase showed no reaction product within the epithelium.

In Fig. 1 C the plane of section was identical to Fig. 1
B, but ethanol fixation was carried out after (rather than be-
fore) tissue sectioning. While numerous Ia+ cells are again
visible within the epithelium, much of the staining on the
fine dendritic processes characteristic ofthese cells is lost, and
the overall picture is now of a mixed Ia+ mononuclear
population which could logically be classified as predomi-
nantly macrophageslmonocytes plus occasional DC. In our
hands, cold ethanol fixation before freezing and cutting the
tissue as described has provided superior antigen preserva-
tion compared to cold acetone, ethanol or methanol fixation
carried out after cutting fresh frozen sections. The "en bloc"
fixation described preserves dendritic structure optimally, pre-
sumably by preventing loss or diffusion of surface antigens
which may occur during freezing of fresh tissue and subse-
quent thawing before fixation, as in the standard protocols.

Interspecies Comparison. Fig. 2 illustrates Ia+ intraepi-
thelial DC in tangential airway sections from rats (Fig. 2A),
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compared to mice (Fig. 2 B) and human (Fig. 2 C) . In all
three species these DC display comparable morphology in
relation to shape of the cell body and pattern of branching
of cytoplasmic processes. High levels of Ia staining are seen
over the surface of the cell bodies and along the prominent
cytoplasmic processes.

Distribution and Density ofAirway Intraepithelial DC in the
Steady State. The experiments in Table 1 examine variations
in DC density within the tracheal epithelium of a group of
age and sex-matched SPF Wistar Furth rats. The data indi-
cate consistent differences between the dorsal and ventral sur-
faces of the trachea, which are likely to reflect increased local
vascularity associated with the underlying trachealis mus-
cularis ; comparable differences in local cellularity within rat
tracheal epithelium have previously been noted for mast cells
(22) . Similarly figures for DC density were obtained with
BN rats (data not shown) .

In Fig. 3, intraepithelial DC densityis illustrated at different
levels ofthe respiratory tree, and a sharp decrease in density
was observed after the third airway generation .

Additional Sources ofIntraepithelial Ia Staining.

	

In SPF rats
which are free of infection and which do not display any evi-
dence of inflammation in the airways, the only intraepithelial
la staining we have observed which is not attributable to DC-
like cells occurs above mucosal lymphoid aggregates (bronchus-
associated lymphoid tissue (SALT]) . Fig. 4 A illustrates a
BALTlike aggregate below the ciliated bronchial epithelium
from a normal SPF rat, shown in vertical section . Strong Ia
staining was evident within the BALT itself, and the epithe-
lial cells directly above also stain positively-adjacent respira-
tory (ciliated) epithelial cells are la - .
The tangential airway epithelial section illustrated in Fig.

4 B contains a mixed population ofheavily stained cells, com-
prising Ia+ DC which display typical dendritic morphology
comparable to those in Fig. 1 B, plus an infiltrate of smaller
regular shaped endogenous-peroxidase positive granulocytes

Table 1 .

	

Intersite and Interanimal Variation in Tracheal
Epithelial Dendritic Cell (DC) Density

' Age matched Wistar Furth adult females .
# X ± S.D .
Dorsal>ventral : p < 0.0005 by paired t-test .

675 ± 114#

	

881 ± 101

Rat no.' Ventral Dorsal

1 737 1034
2 861 974
3 720 893
4 696 910
5 532 808
6 630 764
7 553 782
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Figure 1 .

	

la immunostaining patterns in normal rat tra-
cheal epithelium . Frozen segments of Wistar Furth strain
rat trachea were sectioned longitudinally (A) or tangen-
tially (B and C) and immunostained for la as detailed in
the text, employing the McAb Ox6 . A control mouse
antibody gave no staining within the epithelium, but oc-
casional endogenous-percxidase positive cells were observed
in the submucosa. (-+) Candidate DC; (L) airway lumen ;
(E) epithelium; (BM) basement membrane; (S) submucosa;
(CA) cartilage . (A and B, obj . 40 x ; C, obj . 25x) .
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Figure 2 .

	

Ia' DC in airway epithelium of different
species. Frozen tangential sections of rat trachea (A), mouse
trachea (B), and human bronchiole (C) immunostained
for Ia . (obj . 100x).



Figure 3 .

	

DCdensity in the conducting airways of inflammation-free
SPF Wistar Furth rats. Data shown are numbers of Ia * cells with DC
morphology per mm2 epithelium, determined as detailed in the text .

(arrowed) which are indicative of local inflammation . Such
infiltrates were observed within the airway epithelium (often
as discrete foci) in a proportion of our barrier-housed SPF-
derived rats during the initial phase of this study, and were
subsequently found to be due to the use of excessively dusty
Pinus radiata wood shaving as bedding in the cages (see Dis-
cussion below) . Foci of epithelial Ia staining were often ob-
served in association with such granulocytic infiltrates, of
which Fig. 4 B is a typical example .

Intraepithelial DC in Chronically Inflamed Ainuays .

	

The ob-
servation of these zones of focal airway inflammation early
in this study prompted the change to low-dust autoclaved
chaff bedding, and "normal" data are derived from animals
raised on the latter. However, airway samples from the rats
housed on Pinus radiata woodshavings were used to provide
initial information on the effects ofinflammation on the airway
DC network .
Thus in the experiments in Table 2, areas of normal epi-

thelium (analogous to Fig . 1 B) were directly compared to
inflamed epithelium (analogous to Fig. 4 B) from the animals
housed on wood shavings . The mean density of intraepithelial
DC was significantly increased in the inflamed tissue (Table
2), and their dendritic processes superficially appear thicker
and more branched than those on DC in the normal tissue
samples. We are unable at present to determine whether the
increased deposition of peroxidase reaction product overlying
the dendrites from these cells is associated with thickening
ofthe processes per se or with increased expression of surface
Ia . However, it is clear that net expression of certain other
surface markers on the DC population is increased at inflam-
matory foci . A typical example is shown in Fig. 5 B which
illustrates intense staining of DC-like cells with the MoAb
0x42 together with numerous smaller granulocytes within
a localized region of tracheal epithelial inflammation (left half
of photomicrograph), adjacent to an area of normal epithe-
lium (right halfof micrograph) containing few Ox42-stained
cells.
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A quantitative analysis ofthese differences in intraepithelial
staining patterns using a panel ofMoAb, is shown in Table 3 .
None of the MoAbs currently available for immunostaining

of DC and inflammatory cells in the rat are lineage-specific.
However, the use of dendritic morphology in conjunction
with constitutive high expression of Ia (17, 19, 23) provides
an acceptable reference point for this type of analysis . Thus
in the published studies listed in the top section of Table 3
the frequency of Ia' (0x6+) cells with DC-like morphology
was set at 100 for each organ, and the data for staining of
cells (with comparable morphology) with the other MoAbs
was normalized accordingly.
The table also shows relative staining frequencies for inflam-

matory cells. It can be seen that considerable overlap exists
between macrophages and DC populations in this species and
it could be argued that morphological criteria alone are too
subjective to permit consistently accurate discrimination be-
tween these cell types . However, differential staining with the
Ox6 (anti-Ia) and the ED series of mAbs (particularly ED8
which stains all monocytes, macrophages, and granulocytes)
provides additional objective criteria for discrimination, and
in some tissue microenvironments major differences are also
evident in staining with W3/25 (anti-CD4) and Ox42 (anti-
B chain of CD11/18). Granulocytes are readily distinguish-
able in tissue sections by size and morphology, and may be
subdivided into eosinophils and neutrophils on the basis of
endogenous peroxidase staining (eosinophils stain heavily while
neutrophils are negative; data not shown) .
In the experiments illustrated at the bottom of Table 3,

this panel of MoAbs was employed to stain airway tissues
from these animals . DC-like cells from normal tissue demon-
strated low reactivity with the ED9 and 0x41/42 MoAbs,
and chronic inflammation was associated with marked in-
creases in expression of these markers. The infiltrate of small
round cells in the inflamed tissues (see Fig . 4 B) stained very
strongly for endogenous peroxidase, which indicates they are

Table 2 .

	

Effect of Chronic Inflammation on Dendritic Cell
(DC) Density in Tracheal Epithelium

' Animals were age-matched BN adult females .
t Nonspecific inflammation characterized by patches of Ia+ epithelium
and infiltrates of endogenous peroxidase positive granulocytes (eosinophils) .
5 X ± S.D .
Inflamed > noninflamed : p < 0.05 by t-test .

Rat no." Noninflamed Rat no . Inflamed#

1 643 6 726
2 502 7 584
3 566 8 785
4 516 9 664
5 556 10 829

557 ± 555 718 ± 97



eosinophils . It should be noted that these experiments do not
discriminate between increased expression of surface markers
on resident DC versus the influx of fresh marker-positive DC,
and this issue will be addressed in subsequent studies.
Ainvay Intraepithelial DC in Acute Inflammation.

	

In the ex-
periments summarized in Fig. 6, groups ofWistar Furth rats
were exposed to aerosols of saline or LPS in saline for a 1-h
period, and sacrificed in groups of four at the time points
shown . Saline exposed animals did not differ throughout the
experiment and data from these animals are grouped with
the zero time controls. In the bottom panel of Fig. 6 it can
be seen that the density of intraepithelial DC increases by
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Figure 4 .

	

Expression ofIa in rat airway epithe-
llal cells. Frozen longitudinal section ofnormal BN
bronchus showing BALT (A) and tangential sec-
tion of inflamed trachea (B) immunostained for Ia .
The donor animal in B was housed on Pinus radiata
woodshavings. (-" ) endogenous-peroxidase posi-
tive granulocytes . (."*~) focal zone of epithelial Ia
staining. (A, obj . 100x ; B, obj . 40x).

50% at 24 h post LPS exposure, and declines to approxi-
mately normal levels by 48 h . The epithelium at the 8- and
24-h time points contained a large infitrate of small, regu-
larly shaped cells which had disappeared by 48 h ; these small
cells stained strongly for Ox42, but were endogenous perox-
idase negative (not shown), a pattern which is typical of neu-
trophils in this species. Consistent with this suggestion, par-
allel tissue sections stained with Giemsa revealed the presence
of a similar density of small round cells with characteristic
multi-lobed nuclei ; occasional infiltrating cells with monocyte-
like nuclei were also observed, but subsequent staining of
tracheal sections from the same animals with the pan macro-



phages/monocyte MQAb ED1 revealed very few positive cells
of this size, confirming that the infiltrate was predominantly
neutrophilic. Patchy Ia staining on epithelial cells was also
observed at the 24 h time point, which was similar (albeit
less intense) to Fig. 4 B .
The top panel ofFig. 6 illustrates staining patterns in airway

epithelium from control versus LPS-exposed rats at the peak
of the inflammatory response (24 h) . It is clear that the in-
crease in density of the DCs is accompanied by a net increase
in surface expression ofmarkers identifiedby the MoAbs Ox41
and Ox42. In addition to the individual MoAbs, parallel sec-
tions were stained with a mixture of Ox6 plus either or both
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Figure 5 .

	

Focal inflammation in rat
trachea . (A) High power adjacent field
of inflamed epithelium from BN rat im-
munostained for Ia . (obj . 40 x) . (B) Mn-
gential section of BN tracheal epithe-
liumfrom the same area immunostamed
for Ox42. Area of focal inflammation
(left) showing high density of Ox42+
cells in conjunction with infiltrate of
small Ox42+ endogenous peroxidase
positive granulocytes (not visible at this
magnification), adjacent to normal
noninflamed epithelium (right) showing
low levels ofOx42staining. (obj . 25x) .
(-) endogenous peroxidase positive
granulocytes.

the other antibodies ; the number of DC per mm' observed
in Ox6-stained sections was not significantly different to the
combinations (data not shown), indicating that the Ox41 +
and Ox42+ DC represent a subset of the overall OX6+ DC
population . However, as noted above the relative contribu-
tion ofresident versus recruited DC to this increased marker
expression remains to be determined.

Discussion
Previous studies from our laboratory suggest an impor-

tant role for DC in regulation of T cell responses in the rat



Data for airway epithelial DC in inflamed versus noninflamed animals were derived from two groups of BN rats as detailed in Table 2; staining
frequencies for the airway DC were normalized against figures obtained with Ox6 (anti-la), as per the background publications cited for other tissues .
' Reference (23); t Reference (17) ; s Reference (19) .
II Verified in experiments performed here; 1 as % peritoneal macrophages (PM) .

vca 800
600 -

400

200

0 I

	

r-
Ohrs 8hrs 24hrs 48hrs

Hours after LPS exposure
Figure 6.

	

Effect of acute inflammation in response to LPS inhalation
on the airway intraepithelial DC network . The upper panel illustrates den-
sities of DC stained by the MoAbs listed, in tracheal epithelial samples
from normal Wistar Furth rats (/) and age-matched animals 24 h after
exposure to an aerosol ofLPS (®). Data shown are X ± SD derived from
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respiratory tract . In this species DC appear to be the only
resident cell present in noninflamed alveolar septa (4) or airway
epithelium (9) which are capable ofpresenting antigen-specific
activation signals to immune T cells in vitro. Moreover, we
have established that enriched populations of DC prepared
from the tracheal epithelium of rats following exposure to
an aerosol containing ovalbumin are capable of stimulating
the proliferation of OVAimmune T cells in culture, which
indicates that the airway epithelial DC population are capable
of trapping inhaled antigen in situ (9).
The present study confirms that this DC network consti-

tutes the sole source of Ia+ cells within the normal intact
epithelium, which reinforces the view that they serve as the
first line of defense against incoming antigen, and as such
must be intimately involved in the pathogenesis ofinfectious
and allergic diseases in the airways. Their acknowledged role
as the major stimuli for induction of MLR reactions (24)
also stamps them as prime candidates for initiation of graft
rejection reactions in lung transplant recipients, where the
focus of immunological injury is in the airways (25, 26).

This airway intraepithelial DC network thus represents

four animals per group. The lower panel shows frequencies of la + cells
with DC-like morphology, as a function of hours post LPS aerosol ex-
posure. Ox42 staining at 48 h was also markedly reduced relative to 24
h (not shown) . LPS>control : 'p < 0.00005 ; "p < 0.005 ; '.'p < 0.0005
by t-test .

Table 3. Characterization ofAirway Intraepithelial Dendritic Cell (DC) Employing a Panel of MoAbs

MoAb -" Ox6 Ox41 Ox42 W3/25 ED1 ED8 ED9

B chain Component
Target y 120-kD CD11/CD18 of CD11/18
Antigen Ia surface protein Family CD4 ND (#Ox42)s ND

Dendritic cells
TDL 100" 504 504 554 - - -
Spleen/lymph node loots Fewt Majorityt - 90s 50s 50-91s
Thymic cortex Majorityt Somet Somet - - 0 Majoritys
Langerhans Cells 100th Majorityt Majorityt ot - <10% Majoritys

Inflammatory cells
Resident PM1 doll 764 83tll 684 l00sll loosll loos
Exudate PM1 15-6011 90411 98411 774 loosll loosll loos
Granulocytes ON 70411 98t1l 0 - lo0sll -

Airway epithelial DC
Normal 100 43 25 95 65 16 15
Chronic
inflammation 100 95 84 - - 30 77



a potentially important therapeutic target in a range of im-
portant respiratory diseases . However, detailed information
on the distribution, population dynamics, and surface pheno-
types) of the cells which form the network represent min-
imal prerequisites for such applied research, and the present
study provides the first such data in a defined animal model .
The salient findings from this study are as follows. First,

the epithelium lining the conducting airways in all species
examined contains a highly developed network of DC-like
cells which closely resemble the Langerhans cell population
in the epidermis. The DC densities found in rat tracheal epi-
thelium (Table 1) are comparable to published data for skin
and oral mucosa in mouse, guinea pig, hamster, and rat (27,
28), and are considerably higher than those reported for im-
munologically privileged sites (27) . As shown in Fig. 1, the
demonstration of the airway intraepithelial DC network re-
quires rigorous control of both sectioning plane and fixation
methodology, in particular the former, as the classical den-
dritic morphology of these cells is inapparent in conventional
transverse or longitudinal airway sections.

Second, despite the lack of a MoAb specific for DC, the
identification of these cells in immunostained tangential airway
epithelial sections from normal animals can be achieved satis-
factorily via the use ofa MoAb against Ia in conjunction with
a panel of antibodies against a range of other cell surface
markers, including some which are panspecific for macro-
phages . Thus it is evident that virtually all of the airway epi-
thelial DC express CD4 in the steady state (Table 3), which
contrasts with lymph born DC in this species where CD4
staining is restricted to 55% of the population (17) and Lang-
erhans cells which have been reported as CD4 - (15) . All rat
macrophages/monocytes express both CD4 (16, 17) and the
marker ED1 (18); the latter is also expressed on some DC-
like cells in a variety of lymphoid tissues (18), and is found
on up to 65% of airway intraepithelial DC (Table 3) . The
MoAbs Ox41 and Ox42 stain 50% of rat lymph born DC
and approximately 90% of macrophages (17), and in our hands
identify respectively 43% and 25% of DC in the airway epi-
thelium (Table 3) . Antibodies ED8 and ED9 react with 100%
of resting and activated macrophages in the blood and the
peritoneal cavity (19), but stain only a small proportion of
normal airway epithelial DC (Table 3) . It is noteworthy that
DC in alveolar septal walls fail to stain with the ED1 MoAb
(10), which emphasizes the importance oflocal tissue-derived
factors in modulation of DC maturation within different
microenvironments in the lung. Similar conclusions follow
from the use of the MoAb ED2 (16) which stains the majority
of alveolar DC (10), but does not react with any of their
counterparts in the epithelium ofthe conducting airways (data
not shown) . We have additionally noted that large ED2 posi-
tive DC-like cells are also found on the submucosal side of
the epithelial basement membrane (comparable to the popu-
lation of Ia+ cells in the submucosa in Fig. 1 A), and ex-
periments are in progress to phenotype this population .

This study also provides the first direct evidence that airway
intraepithelial DC populations change both quantitatively and
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qualitatively during inflammation . The initial observations
in this context noted the presence of prominent eosinophilic
infiltrates in tracheal epithelial sections from animals which
had been housed on pine woodshavings (Fig. 5 A) . Subse-
quent investigations demonstrated high levels of airborne
respirable pine dust within the animals' cages, and this agent
has previously been shown to cause direct cytotoxic damage
to rat tracheal epithelium via the action of abietic acids present
in the pine resin (29) . The eosinophilia observed in these sec-
tions is consistent with chronic inflammation, which in our
animals was accompanied by a mean increase of 28% in intra-
epithelial DC density (Table 2) as well as increased expression
of a variety of markers on the surface of the DCs (bottom
of Table 3) . Noteably, the DC population demonstrate
> three-fold increased staining with the MoAb Ox42 which
reacts with the common (3 chain of the CD11/18 family of
cell adhesion molecules, and it's heightened expression during
inflammation may underly major functional changes in the
DCs.

More compelling evidence of a role for DC in the patho-
genesis of airway inflammation was provided by experiments
which examined the acute response to inhaled LPS (Fig. 6) .
Exposure to LPS aerosols provokes a classical acute inflam-
matory response in the lungs, the hallmark of which is a tran-
sient influx of neutrophils into the airways which peaks be-
tween 8 and 24 h post exposure (30) followed by a later and
smaller wave ofmonocytes/macrophages . In these experiments
the epithelium of LPS-exposed rats at 24 h after LPS exposure
exhibited a prominent but transient influx of small cells which
were predominantly neutrophils, and in addition demonstrated
a 50% increase in intraepithelial DC density. Concomitantly,
net surface expression within the DC population of the ,Q
chain of CD11/18 plus the marker stained by Ox41 also in-
creased markedly, which collectively indicates that rapid
changes in the intraepithelial DC network constitute an in-
tegral component of the acute phase of the inflammatory re-
sponse in the airways. It is also noteworthy that the changes
in DC density in Fig. 6 mirror the rapid kinetics of the LPS-
induced acute inflammatory response in the airways (30), sug-
gesting major alterations in the half-life of the intraepithelial
DC population . This finding has important theoretical im-
plications in relation to transport of inhaled antigens to T
cells in regional lymph nodes during inflammation, particu-
larly in relation to allergic disease wherein airway inflamma-
tion is recognized as an important "risk factor" in primary
sensitization to inhalant allergens (1, 3) .

It is also noteworthy in this context that the progressively
decreasing density of intraepithelial DC observed below the
third airway generation in normal animals (Fig. 3) is broadly
consistent with known patterns of particulate deposition
within the airways, which is inversely related to airway di-
ameter (31) . This suggests that stimulation by inhaled an-
tigens and irritants even in the steady state, may play a
significant role in determining the basal activity ofthe airway
intraepithelial DC network .
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