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Summary

Surfactant protein D (SP-D) is a pattern-recognition molecule of the innate
immune system that recognizes various microbial surface-specific carbo-
hydrate and lipid patterns. In vitro data has suggested that this binding
may lead to increased microbial association with macrophages and dendri-
tic cells. The aim of the present in vivo study was to study the expression
of porcine SP-D (pSP-D) in the lung during different pulmonary bacterial
infections, and the effect of the routes of infection on this expression was
elucidated. Furthermore, the aim was to study the in vivo spatial relation-
ship among pSP-D, pathogens, phagocytic cells and dendritic cells. Lung
tissue was collected from experimental and natural bronchopneumonias
caused by Actinobacillus pleuropneumoniae or Staphylococcus aureus, and
from embolic and diffuse interstitial pneumonia, caused by Staph. aureus
or Arcanobacterium pyogenes and Streptococcus suis serotype 2, respect-
ively. By comparing normal and diseased lung tissue from the same lungs,
increased diffuse pSP-D immunoreactivity was seen in the surfactant in
both acute and chronic bronchopneumonias, while such increased expres-
sion of pSP-D was generally not present in the interstitial pneumonias.
Co-localization of pSP-D, alveolar macrophages and bacteria was demonstra-
ted, and pSP-D showed a patchy distribution on the membranes of alveolar
macrophages. SP-D immunoreactivity was intracellular in dendritic cells.
The dendritic cells were identified by their morphology, the absence of
macrophage marker immunoreactivity and the presence of dendritic cell
marker immunoreactivity. Increased expression of pSP-D in the surfactant
coincided with presence of pSP-D-positive dendritic cells in bronchus-asso-
ciated lymphoid tissue (BALT), indicating a possible transport of pSP-D
through the specialized M cells overlying (BALT). In conclusion, we have
shown that pSP-D expression in the lung surfactant is induced by bacterial
infection by an aerogenous route rather than by a haematogenous route,
and that the protein interacts specifically with alveolar macrophages and
with dendritic cells in microbial-induced BALT. The function of the interac-
tion between pSP-D and dendritic cells in BALT remain unclear, but pSP-D
could represent a link between the innate and adaptive immune system,
facilitating the bacterial antigen presentation by dendritic cells in BALT.
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Abbreviations: BALT, bronchus-associated lymphoid tissue; CFU, colony-forming units; CL-43, collectin-43; CL-46, collectin-46;
CL-L1, collectin-liver 1; CL-P1, collectin-placenta 1; DC, dendritic cell; mAb, monoclonal antibody; FDCs, follicular dendritic
cells; FISH, fluorescence in situ hybridization; FITC, fluorescein isothiocyanate; IHC, immunohistochemistry; IHF, immuno-
histofluorescence; M cells, microfold cells, MBL, mannan-binding lectin, MHC, major histocompatibility complex; NAD,
nicotinamide adenine dinucleotide; pSP-D, porcine surfactant protein D; SP-A, surfactant protein A; TBS, Tris-buffered saline.
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Introduction

Surfactant protein D (SP-D) is a collectin believed to play
an important role in innate immunity and thus in the
first line of the host defence against invading micro-
organisms.'™ The collectins are a family of collagenous,
calcium-dependent carbohydrate-binding proteins, inclu-
ding mannan-binding lectin (MBL), the lung surfactant
proteins A (SP-A) and D (SP-D), collectin-liver 1 (CI-L1)
and collectin-placenta 1 (Cl-P1); also included are the
bovine collectins conglutinin, collectin-43 (Cl-43) and
collectin-46 (Cl-46)."7

SP-D appears to be a multifunctional protein. In in vitro
studies it binds selectively to carbohydrates and lipids
on microbial surfaces and mediates agglutination, neutral-
ization, opsonization or direct lysis of the micro-organ-
isms.”® SP-D enhances the in vitro production of
superoxide by alveolar macrophages’ and inhibits T-lym-
phocyte proliferation.® In both in vitro and in vivo stud-
ies, SP-D has been reported to bind to, and mediate the
clearance of, apoptotic inflammatory cells by alveolar
macrophages.”™! Studies with SP-D knockout mice have
also indicated a role of SP-D in the regulation of surfac-
tant lipid homeostasis.'*

Furthermore, Brinker and colleagues'> found that
human SP-D binds to immature bone marrow-derived
dendritic cells (DC) in vitro in a dose-, carbohydrate- and
calcium-dependent manner, enhancing the phagocytic
uptake of Escherichia coli and the antigen presentation to
T cells.

The pSP-D cDNA sequence has been determined,'* the
pSP-D protein has been purified and characterized,'>'®
and the interaction between pSP-D and influenza A virus
described."”'® Furthermore, pSP-D was found to be
immunolocalized in normal tissues (predominantly in
Clara cells and in serous cells of the bronchial submucosal
glands) and, to a lesser extent, in alveolar type II cells, in
epithelial cells of the intestinal glands (crypts of
Lieberkiihn) in the duodenum, jejunum and ileum, and in
serous cells of the dorsolateral lacrimal gland."?

DCs are the most potent antigen-presenting cells
known."” DCs exist in an immature state at mucosal
surfaces, including the lungs, where they constantly
survey the environment for the presence of foreign
antigen.”® Porcine bronchus-associated lymphoid tissue
(BALT), induced by Mycoplasma hyopneumoniae infec-
tion of the lungs, is known to be composed of DCs,
macrophages, T and B lymphocytes, and IgG" and IgA*
plasma cells.”' Little is known about the structure and
function of BALT, but it is believed to equal that of the
intestinal Peyer’s patches. In the Peyer’s patches antigen
is taken up by specialized epithelial microfold (M) cells
overlying the Peyer’s patches and then transported
through the cells, by transcytosis, to the underlying DCs
and lymphocytes, enabling their interaction and induc-
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tion of the acquired immune response. Pneumonia in
pigs is considered to be the most serious disease prob-
lem in modern swine production.”* Entrance of the
micro-organisms into the lungs occurs either by the
aerogeneous route, which causes bronchopneumonia, or
by the haematogenous route, causing either a focal
(induced by emboli) or a diffuse interstitial (induced by
septicaemia) pneumonia.”> In this study, tissue samples
were collected and investigated from pigs that were
either experimentally or naturally infected with common
bacterial pathogens causing bronchopneumonia, embolic
pneumonia or diffuse interstitial pneumonia. The aim
was to elucidate the effect of infection and route
of infection on the immunohistochemical expression of
pSP-D. Furthermore, in light of the in vitro study of
SP-D and DC by Brinker and colleagues,”” the aim was
to study the spatial relationship among pSP-D, patho-
gens, phagocytic cells and DC in vivo.

Materials and methods

Experimental pulmonary infection

Actinobacillus pleuropneumoniae serotype 5b. Three, 12-
week-old Landrace-Yorkshire crossbred pigs were infected,
via aerosol, with A. pleuropneumoniae serotype 5, as pre-
viously described.* Briefly, the pigs were pretreated with
nebulized 1% acetic acid (pH 3-2) for 20 min, then infec-
ted with a nebulized broth containing 9-6 x 10° (one pig)
or 38 x 10° (two pigs) colony-forming units (CFU) of
A. pleuropneumoniae serotype 5. Two age-matched pigs of
similar breed, pretreated with acetic acid only, served as
uninfected controls. All animals were killed on day 1
postchallenge. Samples of pulmonary lesions and normal
lung tissue from infected animals, lung tissue from the
controls and tracheobronchial lymph nodes from all ani-
mals, were collected for bacteriology and for histology, as
described below.

Streptococcus suis serotype 2. Formalin-fixed lung tissue,
and the corresponding tracheobronchial lymph nodes,
from four 6-week-old Landrace-Yorkshire crossbred pigs,
systemically infected with Strep. suis, and from two un-
infected control pigs of similar age and breed, were
retrieved from a previous study of the pathogenesis of
Strep. suis infection, as described by Madsen and col-
leagues.” Briefly, septicaemia was induced in four pigs
by aerogenous infection, and with the tonsils as the portal
of entry, by using a nebulized 5-hr broth culture of
Strep. suis serotype 2 (strain P321/6) containing 10"
CFU/ml. Infected animals were killed, or died before
possible treatment, on day 2 (two pigs), day 3 (one pig)
or day 4 (one pig) postchallenge. Lung tissue and tra-
cheobronchial lymph nodes from all animals, as well as
spleen and blood, were tested for bacteria to verify the
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presence (infected) or absence (uninfected) of Strep. suis
septicaemia.

Natural pulmonary infections

Tissue samples for histology were collected from slaughter
pigs (= 5 months of age) with pneumonia, at a Danish
abattoir. Samples were taken within 2 hr after slaughter.
From each animal, tissue samples were taken from two
pulmonary lesions, normal lung tissue, two tracheobron-
chial lymph nodes (some showing reactive hyperplasia)
and from the spleen. Bacteriology was performed on pul-
monary lesions at two or three locations from each ani-
mal, and only animals with identical monocultures were
selected for further study. These criteria generated 16 pigs,
and additional information from these pigs, regarding
gross pathological findings, were recorded when available.

Uninfected controls

As described above, four pigs served as uninfected con-
trols for the experimental A. pleuropneumoniae pneu-
monia and the experimental Strep. suis septicaemia.
Pulmonary tissue and tracheobronchial lymph nodes from
two normal, five-month-old slaughter pigs were collected
for histology, as described below, and used as age-
matched uninfected controls for the natural pulmonary
infections.

Bacteriology

The surface covering the pulmonary lesions was decon-
taminated by searing or by brief immersion of tissue in
boiling water. By using a sterile scalpel blade, the lesion
was incised and material removed. Cultures of this mater-
ial were made on blood agar (Blood Agar Base, CM55;
Oxoid, Basingstoke, Hampshire, UK), containing sterile
bovine blood (5%) and bearing colonies of a nicotin-
amide adenine dinucleotide (NAD)-producing strain
of Acinetobacter calcoacticus to enable V-factor (NAD)-
dependent bacteria to grow. Parallel cultures were incuba-
ted in a candle jar and anarobically. Bacterial isolates
were identified by standard methods for phenotypical
characterization.***’

Gross pathology and histochemistry

Lungs were examined macroscopically, and lesions were
characterized when present. Tissue samples were fixed in
10% neutral-buffered formalin for 24-36 hr, paraffin
wax-embedded, sectioned (2-5 um) and mounted on
conventional slides for histochemistry and fluorescence
in situ hybridization (FISH), and on Superfrost®Plus
slides (Merck Eurolab, Albertslund, Denmark) for immuno-
histochemistry (IHC) and immunohistofluorescence (IHF).
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The slides were initially heat-treated for 15 min at 60°,
then taken through xylene and a series of graded alcohol
preparations (99-70% v/v ethanol), tap water and finally
washed three times (5 min each wash) in Tris-buffered
saline [TBS; 7 mm Tris(hydroxymethyl)-aminomethan,
23 mMm Tris-HCI, 0-15m NaCl, pH 7-6]. Slides were
stained with haematoxylin and eosin (H & E), according
to standard procedures. For detecting Gram-positive and
Gram-negative bacteria simultaneously, a modified ver-
sion of the conventional Gram-stain®® was used by
expanding the completed, conventional stain by subse-
quent treatments with 0-03% (v/v) 1% acetic acid in
37% formaldehyde (90 seconds), acetone (3 seconds),
0-05% (w/v) picric acid in acetone (3 seconds), acetone
(3 seconds) and 50% (v/v) acetone in xylene (5 seconds).
Sections with visible bacteria (as judged by H & E stain-
ing) taken from lungs with monoculture of Staphylococcus
aureus or A. pleuropneumoniae, were included in each test
round as positive staining controls.

FISH

For the specific detection of A. pleuropneumoniae, sections
were examined by FISH using a fluorescein isothiocyanate
(FITC)-labelled oligonucleotide probe (Apl85; MWG-
biotech AG, Ebersberg, Germany), with the sequence
5-CCCACCCTTTAATCCATAG-3/, targeting 16S rRNA
of A. pleuropneumoniae, as previously described.”*' In
each test round, sections from lung tissue containing
A. pleuropneumoniae, as verified by bacteriology and
FISH, were included as positive staining controls.

IHC and IHF

Experiments were carried out to determine optimal anti-
gen retrieval, dilution of primary antibodies and choice of
detection system, and the antibodies used, their specificity
and further information are listed in Table 1.

The primary antibodies were all incubated overnight at
4°, but other steps were generally carried out at room
temperature. Between each step, except after the blocking
of non-specific protein binding, the sections were washed
twice, for 5 min each wash, in TBS. The different detec-
tion systems were applied according to the instructions
of the manufacturers. Fast Red (catalogue no. 4210;
Kem-En-Tec, Copenhagen, Denmark) was generally used
as chromogen, except that amino-ethyl-carbazole (AEC)
was applied when using the PV+ detection system
[PowerVision+ kit (DPVB +110AEC); Immunovision
Technologies, Springdale, AR]. Finally, the tissue was
counterstained with Mayer’s haematoxylin and mounted
with glycerol-gelatine.

Sections of normal porcine lung tissue, with previ-
ously identified pSP-D immunoreactivity,'”> were inclu-
ded as positive staining controls in each test round of
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Table 1. Primary antibodies used in immunohistochemical and fluorescence-localization studies

Ref* Detectionf Ag retrievalf Dilution Source$§ Specificity Antigen9| Antibody
Monoclonal Ab
15 PV+ T-EGTA 1:100 DFVF pSP-D pSP-D 1.7
Ab-bio/strep-Cy3 T-EGTA 1:100 DFVF pSP-D pSP-D 1.7
31 PV+ Protease 1:100 Serotec Macrophages, hL1 MAC387
monocytes,
neutrophils
21 APAAP Protease 1:20 Serotec DCs, macrophage, hMHC-II MCA1335
B lymphocyte,
epithelium
32 APAAP Protease 1:40 DAKO Epithelium h cytokeratin M3515
Polyclonal Ab
21 PV+ None 1:500 DAKO DCs, neural tissue, bS-100 Z0311
chondrocyte,
endothelium
33 EV None 1: 8000 SSI Strep. suis type 1 Strep. suis type 11 22282,2A

*References for previously described reactivity in pig.

TPV+, PowerVision+ kit (DPVB+110AEC) (Immunovision Technologies, Springdale, AR); Ab-bio/strep-Cy3(115-065-146/016-160-084) (Jackson
ImmunoResearch, West Grove, PA); APAAP, alkaline phosphatase anti-alkaline phosphatase (D0651) (DakoCytomation, Glostrup, Denmark);
EV, EnVision/AP (K4018) (DakoCytomation); detection was carried out according to the manufacturers’.

fAntigen retrieval. T-EGTA, microwave oven in Tris-EGTA buffer, 2 X 5 min (700 Watts), cool 15 min; Protease, a 5-min incubation in
Tris-buffered saline (TBS) containing 0.018% protease, followed by a 5-min wash in cold TBS, and a 5-min wash in running tap water.

SDAKO, DakoCytomation, Glostrup, Denmark; DFVF, Danish Institute for Food and Veterinary Research, Copenhagen, Denmark; Serotec,

Serotec Ltd., Oxford, UK; SSI, Statens Serum Institut, Copenhagen, Denmark.

4b, bovine; h, human; p, porcine.

DC, dendritic cell; MHC-II, major histocompatibility complex II; pSP-D, porcine surfactant protein D; Strep. suis, Streptococcus suis.

pSP-D staining (i.e. only rounds with immunoreactivity
in control slides were regarded as valid). The specificity
of the monoclonal antibody (mAb) 1.7 for purified
pSP-D and pSP-D in bronchoalveolar lavage fluid has
previously been shown by Western blot and N-terminal
sequencing.'> Negative-staining controls of all tissues
were generated by substituting the primary mAbs, all of
which were of the IgGl isotype, with an irrelevant
monoclonal 1gGl (DAKOCytomation, no. X0931; Glos-
trup, Denmark) of identical concentration, and by sub-
stituting the primary polyclonal antibodies with normal
rabbit immunoglobulins (DAKOCytomation, no. X0903)
of similar concentration.

In addition to the specific detection of antigens, the
extent of pSP-D immunoreactivity in the surfactant was
also evaluated. Thus, comparison of pSP-D immunoreac-
tivity in surfactant in pulmonary lesions was made to the
baseline reactivity in normal lung tissue from the same
animal (Table 2); in the Strep. suis infection with intersti-
tial pneumonia, comparison was made with the uninfected
controls.

Serial sections were stained for the detection of pSP-D
immunoreactivity (IHC or IHF) and either bacteria
(Gram-stain or FISH) or antigens (IHC) identifying phago-
cytic cells (Table 1). This enabled evaluation of the spatial
relationhip among pSP-D, pathogens and phagocytic cells.

© 2005 Blackwell Publishing Ltd, /mmunology, 115, 526-535

The slides were examined by using either an Olympus BX
51 light microscope (Olympus, Ballerup, Denmark) or
an zAxioplan 2 epifluorescence microscope (Carl Zeiss,
Oberkochen, Germany), equipped for epifluorescence
with a 75-W Xenon lamp, and filter sets 09 (Carl Zeiss)
and XF34 (Omega Optical, Brattleboro, VT) were used to
visualize fluorescein and CY3, respectively. A double filter
set — XF53 (Omega Optical) — was used for the simulta-
neous detection of red and green fluorescence (FISH and
IHF).

Results

Bacteriology

Bacteriology on the pulmonary lesions in the pigs experi-
mentally infected with A. pleuropneumoniae confirmed
infection, whereas uninfected animals were sterile. Strep.
suis serotype 2 was identified in the lungs, tracheobron-
chial lymph nodes, spleen and blood from all infected
animals, verifying the presence of septicaemia, and un-
infected animals were sterile.”> The bacteria identified
in monoculture in naturally infected pigs represented
the Gram-positive Staph. aureus and Arcanobacterium
pyogenes and the Gram-negative A. pleuropneumoniae
(Table 2).
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Table 2. Effect of infection and route of infection on porcine surfactant protein D (pSP-D) immunoreactivity in the lungs

Route of Type of Age of Infection No. of pSP-D pSP-D present in
infection pneumonia lesions type animals Bacteria upregulation* DCs in BALT
Aerogeneous Bronchopneu. Acute Experimental 3 A. pleuropn. + +
Chronic Natural 7 A. pleuropn. + +
1 Staph. aureus + +
Haematogenous Embolic Chronic Natural 2 Staph. aureus + -
3 Staph. aureus - -
3 Ar. pyogenes - -
Interstitial Acute Experimental 4 Strep. suis -
Uninfected controls 6 - -

*The extent of the pSP-D immunoreactivity in the surfactant in pulmonary lesions was compared to the extent in normal lung tissue from the

same animal, or to the extent in uninfected controls, to determine the degree of up-regulation.

1Systemic infection induced aerogeneously with the tonsils as entrance portal.>®

A. pleuropneumoniae, Actinobacillus pleuropneumoniae; Ar. pyogenes, Arcanobacterium pyogenes; BALT, bronchus-associated lymphoid tissue; Bron-

chopneu., Bronchopneumonia; DCs, dendritic cells; Staph. aureus, Staphylococcus aureus; Strep. suis, Streptococcus suis.

Gross pathology and histochemistry

Acute fibrinous bronchopneumonia and pleuritis (acute
pleuropneumoniae) (n = 3) was found in all the experi-
mental, aerogeneous, A. pleuropneumoniae infections, while
the natural pulmonary infections included chronic bron-
chopneumonia (n = 8) caused by A. pleuropneumoniae or
Staph. aureus (Table 2). The chronic bronchopneumonias
were mainly fibrinonecrotic pleuropneumoniaes, with
sequestration and fibrotic incapsulation of the necrotic
tissue in some of the lesions. The natural pulmonary
infections also included chronic embolic apostematous
pneumonia (n = 8) caused either by Staph. aureus or
Ar. pyogenes (Table 2). Generally, these chronic abscesses
consisted of a purulent centre, with or without bacterial
colonies, encircled by a broad fibrous capsule. Tail bite
wounds were found in five out of eight animals, and one of
these five additionally had chronic osteomyelitis. The
Strep. suis-infected lungs all showed acute diffuse intersti-
tial pneumonia (n = 4) with mononuclear cell infiltrates
dominated by macrophages.

IHC and IHF

Expression of pSP-D antigen related to lumina and epithelia
of the lungs. By comparing normal and diseased lung tis-
sue, increased pSP-D immunoreactivity was seen in the
surfactant in acute and chronic bronchopneumonias
caused by either A. pleuropneumoniae or Staph. aureus
(n = 11); moderately increased reactivity was seen in
two of the chronic embolic pneumonias caused by
Staph. aureus (Table 2).

The increased expression of pSP-D in the surfactant
was seen as a strong and diffuse pSP-D immunoreactivity
lining most alveoli (Fig. 1a,b). In these areas, enlarged
and strongly pSP-D immunoreactive alveolar type II cells
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were frequently found (Fig. 1b), distinguishable from
alveolar macrophages by their cytokeratin immunoreactiv-
ity (Fig. 1b, insert). In areas with damaged alveoli and
subsequent epithelialization, the hyperplastic alveolar
type II cells generally showed intense intracellular pSP-D
immunoreactivity (data not shown). In the chronic
lesions, immunoreactivity was confined to the periphery,
and pSP-D was not found centrally (Fig. 1a).

The remaining chronic embolic pneumonias caused by
Staph. aureus or Ar. pyogenes (n = 6), and all interstitial
pneumonias caused by Strep. suis (n = 4), showed no
increased expression of pSP-D. This was found by the
general absence of pSP-D from the pulmonary surfactant,
which was also the case in normal lung tissue, whether
taken from diseased animals or uninfected controls (data
not shown).

In the Staph. aureus and Ar. pyogenes pneumonias, bac-
teria were identified by histochemistry, with bacterial
microcolonies frequently located centrally in the lesions.
In A. pleuropneumoniae bronchopneumonias, bacteria
were identified, by FISH, as microcolonies related to the
lumina of the lungs. Immunohistochemistry showed that
Strep. suis was confined to the intravascular space.

In both acute and chronic bronchopneumonias, serial
sections showed a co-localization among pSP-D, macro-
phages/neutrophils and A. pleuropneumoniae or Staph.
aureus (Fig. 2a—d).

Occasionally, in areas with acute inflammation, whe-
ther from acute or chronic lesions, pSP-D immunoreac-
tivity was found extracellularly as round structures
(Fig. 2¢) and intracellularly in alveolar macrophages
(Fig. 2f), with bacteria detected in serial sections (data
not shown).

Furthermore, pSP-D immunoreactivity was generally
found intracellularly in the non-ciliated bronchiolar
epithelial cells (Clara cells), often located in their dome-
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Figure 1. Enhanced porcine surfactant protein D (pSP-D) immuno-
reactivity in chronic Actinobacillus pleuropneumoniae bronchopneu-
monia. (a) Strong pSP-D expression in lung tissue, with no pSP-D
in fibrotic and necrotic areas (approximate magnification x2). [The
arrow indicates the area represented in (b).] (b) Strong pSP-D
immunoreactivity, diffuse in the surfactant lining alveoli and in
hypertrophic alveolar type II cells, and distinguishable from alveolar
macrophages by cytokeratin immunoreactivity (lower insert shown
in panel b) (magnification X250, oil). For comparison, in normal
lung tissue pSP-D immunoreactivity is present in non-hypertrophic
alveolar type II cells but not in the alveoli (upper insert) (magnifica-
tion xX100). Detection was performed in the sections shown in panels
(a) and (b) by using amino-ethyl-carbazole (AEC) and in the insert
of (b) by using Fast red. All sections were counterstained with
Mayers’s haematoxylin.

shaped apex (Fig. 3a, arrowheads), and in the bronchial
submucosal glands (data not shown).

Expression of pSP-D antigen in BALT. In pulmonary tis-
sue showing increased expression of pSP-D in the surfac-
tant, pSP-D was also found intracellularly in stellate cells
with long cytoplasmatic processes. These cells were
located in BALT, either peripherally, under the epithelium
(Fig. 3a,c), or centrally (Fig. 3¢). The majority of the
BALTs were located at the bronchioli and only a few at
the bronchi. pSP-D-positive stellate cells were found
exclusively in BALT associated with bronchioli. In serial
sections, these stellate cells did not immunolabel for hL1
antigen, a marker for macrophages, monocytes and

© 2005 Blackwell Publishing Ltd, /mmunology, 115, 526-535
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Figure 2. Co-localization of porcine surfactant protein D (pSP-D),
alveolar macrophages and bacteria. (a) In Staphylococcus aureus
pneumonia, pSP-D was found to be localized in a patchy distribu-
tion on the membranes of alveolar macrophages, which show no
signs of apoptosis/necrosis (magnification X250, oil). The alveolar
macrophages are identified by morphology and by hL1 immunoreac-
tivity (insert) (magnification X250, oil). (b) In a serial section,
Gram-positive bacteria localized near these alveolar macrophages
(magnification %250, oil). (c¢) Immunofluorescent pSP-D and
(d) Actinobacillus pleuropneumoniae detected by fluorescence in situ
hybridization (FISH) localized in serial sections on the same alveolar
macrophage (arrowhead) (approximate magnification %400, oil).
pSP-D immunoreactivity as round structures (e) extracellular and
(f) intracellular in alveolar macrophages in areas with acute infection
(magnification X250, oil). Detection in panels (a), (e) and (f) was
carried out by using amino-ethyl-carbazole (AEC), in (b) by using a
modified Gram stain, in (c¢) by using Cy3, and in (d) by using
fluorescein isothiocyanate (FITC)-labelled oligonucleotide probe.
(a) (e) and (f) were counterstained with Mayers’s hematoxylin.

neutrophils (data not shown), but a diffuse cytoplasmatic
S-100 antigen immunolabeling, a marker for DCs, was
present (Fig. 3f), and the absence of cytokeratin immuno-
reactivity verified the non-epithelial origin of these cells
(Fig. 3a—d). The expression of major histocompatibility
complex (MHC) class II molecules in stellate cells was
found both in the centre and periphery of BALT, but no
evidence of MHC class II molecule expression was present
in the pSP-D-positive stellate cells in BALT, as evaluated
by serial sections. Numerous pan-cytokeratin-negative
lymphocyte-like cells were often found in the epithelium
overlying the pSP-D-positive stellate cells in BALT
(Fig. 3b,d); furthermore, this overlying epithelium often
had a folded appearance and extended through the mus-
cularis (Fig. 3b, arrowheads). Weak pSP-D immunoreac-
tivity was occasionally found in the epithelium overlying
the pSP-D-positive stellate cells in BALT (Fig. 3c).
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Figure 3. Porcine surfactant protein D (SP-D) intracellularly in
dendritic cells localized subepithelially in bronchus-associated lym-
phoid tissue (BALT) in a chronic Actinobacillus pleuropneumoniae
bronchopneumonia. (a) pSP-D in dendritic cells in BALT and in the
dome-shaped apex of Clara cells (arrowheads) (magnification x100).
[The boxed area is shown at a higher magnification in panel (c)].
(b) In a serial section is a bronchiolus with cytokeratin-immunoreac-
tive bronchiolar epithelial cells and cytokeratin-negative lymphocyte-
like cells in the epithelium overlying BALT. This epithelium lacks
goblet and ciliated cells, and extends through the muscularis (arrow-
heads). (c) Close-up of pSP-D-positive dendritic cells and weak
pSP-D immunoreactivity seen in the epithelium (magnification
%250, oil). (d) Close-up of cytokeratin-negative cells in the epithe-
lium (magnification %250, oil). (e) pSP-D intracellularly in dendritic
cells localized centrally in BALT. (f) In a serial section S-100
protein-positive cells, indicating dendritic cells central in BALT
(magnification x250, oil). The sections shown in (a), (c), (e) and (f)
were stained with amino-ethyl-carbazole (AEC) and the sections
shown in (b) and (d) were stained with Fast red. All sections were
counterstained with Mayers’s haematoxylin.

BALT was generally absent or infrequent in normal
lung tissue and in tissue with embolic pneumonia, and
frequent in pigs with A. pleuropneumoniae bronchopneu-
monia (data not shown). pSP-D immunoreactivity was
detected neither in the tracheobronchial lymph nodes,
whether taken from uninfected or infected lungs, nor in
the spleen samples.

Discussion

The localization of pSP-D, in non-ciliated bronchiolar
epithelial cells (Clara cells) and submucosal glands, was
similar to the pSP-D immunoreactivity previously des-
cribed in normal lung tissue.”” Comparing normal and
diseased lung tissue from the same animals, pSP-D was
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found to be expressed excessively in the surfactant in both
acute and chronic bronchopneumonic lesions, in partic-
ular those caused by A. pleuropneumoniae. Embolic pneu-
monias caused by Staph. aureus and Ar. pyogenes, and
systemic haematogenous infections (septicaemia) with
Strep. suis (present intravascularly), generally showed no
change in the pSP-D expression in the surfactant. The
moderately increased reactivity in two chronic apostema-
tous pneumonias caused by Staph. aureus may be a result
of the spread of bacteria from the embolic process to
lumina of the surrounding lung tissue causing a secon-
dary bronchopneumonia, or these chronic abscesses may
be a result of an aerogenous infection rather than a hae-
matogenous infection.’>*> In rat bronchoalveolar lavage
fluid, both SP-D and SP-A increase during the early pro-
gression of acute aerogeneous inflammation as a result of
the intratracheal aerosolization of endotoxin (lipopolysac-
charide) from Gram-negative bacteria.>* Our findings
show that aerogenous infection with A. pleuropneumoniae
or Staph. aureus, but not pneumonias caused by haema-
togeneously intravascular dissemination of Staph. aureus,
Ar. pyogenes or Strep. suis, results in the up-regulation of
pSP-D in the surfactant. It has recently been shown that
such a response may be specific for certain bacterial spe-
cies — in sheep, where SP-D mRNA expression was not
increased during Mannheimia haemolytica infecton,” and
in humans, where different bacterial species induced dif-
ferent SP-D responses in vivo, as determined by using an
enzyme-linked immunosorbent assay (ELISA).”® In this
study, the difference in bacterial species appears to much
be less important than the route of infection, but further
studies, analysing a greater number of bacterial species,
must be used to clarify this point. The enlarged and
macrophage marker-negative alveolar cells, found in
alveoli with increased pSP-D expression in the surfactant,
represent hypertrophic alveolar type II cells with strong
pSP-D immunoreactivity. Furthermore, strongly pSP-D
immunoreactive hyperplastic alveolar type II cells were
found in areas with epithelialization, which is a replace-
ment of damaged alveolar epithelium by alveolar type II
cells.”” The intense pSP-D immunoreactivity in these
hypertrophic and hyperplastic alveolar type II cells indica-
ted an increased pSP-D synthesis and, thus, up-regulation
of the protein in these cells, although increased surfactant
uptake could be a possibility. The absence of pSP-D in
the centre of chronic lesions can be explained by the
destruction of pSP-D-producing cells in these areas and
the presence, also in these areas, of necrotic cells, fibrotic
tissue and inflammatory cells.

The finding, in the present study, of pSP-D on leuco-
cyte membranes in a localized, patchy distribution,
instead of the more diffuse distribution seen in the sur-
factant, strongly indicates a specific interaction between
leucocytes and pSP-D. SP-D has been shown to bind spe-
cifically to alveolar macrophages by an unknown receptor,
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which is different from the receptor Clq that binds the
complement factor.”” The direct binding of SP-D to
alveolar macrophages, without the presence of microbial
ligands, has been shown previously’”*® and it is likely
that pSP-D binds to, and ‘arms’, alveolar macrophages
that express the appropriate receptor. Another putative
function was indicated in a recent in vitro study, where
mouse SP-D bound apoptotic neutrophils in a localized,
patchy pattern, promoting the phagocytosis of such cells.”
In the present study, leucocytes with the pSP-D bound in
a patchy pattern, but showed no signs of apoptosis.
SP-D has previously been shown to bind in vitro to
Staph. aureus,” and the present study showed an in vivo
co-localization of Staph. aureus or A. pleuropneumoniae,
pSP-D and phagocytes. This co-localization of pSP-D,
phagocytes and bacteria, and the occasional intracellu-
lar presence of pSP-D in macrophages, may indicate
an opsonic effect of pSP-D, possibly through the calreti-
culin-CD91 complex, although the possibility of a non-
specific pinocytosis of pSP-D by the phagocytes should
not be ruled out.

BALT is only constitutive in some species, as it is
always present in normal rabbit lungs and generally
absent in normal human lungs.*® In pigs, BALT has been
shown to be present in 33% of the normal pigs studied.*

Pigs infected with A. pleuropneumoniae*' or M. hyo-
pneumoniae’’ showed an increased number and size of
nodular BALT, and in pigs, like in humans, BALT is
induced by microbial stimulation.*” In the present study,
BALT was generally absent or infrequent in normal lung
tissue and in tissue with embolic pneumonia, and com-
mon in pigs with A. pleuropneumoniae-induced broncho-
pneumonia, indicating microbially induced stimulation of
BALT.

In the rabbit and rat, a specialized epithelium is seen
overlying BALT; this epithelium is characterized by a lack
of goblet cells and the presence of non-ciliated M cells,
in close association with intraepithelial lymphocytes.*’
M cells are thought to be able to proliferate when BALT is
stimulated.** In pigs not microbially stimulated, precur-
sors of M cells have been found covering BALT.* In the
present study, the epithelium overlying BALT with pSP-
D-positive DCs also showed signs of specialization by
lacking goblet cells, ciliated cells and the pSP-D-immuno-
reactive Clara cells. Furthermore, numerous pan-cytokera-
tin-negative lymphocyte-like cells were present in this
epithelium, which often extended through the lamina
muscularis, possibly as a result of M-cell proliferation.

The pulmonary M cells are believed to be related to the
M cells associated with the intestinal Peyer’s patches.
They transport luminal antigens to the gut-associated
lymphoid tissue (GALT), facilitating the antigen uptake
and presentation by the antigen-processing cells to
lymphocytes, and thereby playing an important part in
inducing the adaptive immune response.”’ In the present
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study, weak pSP-D immunoreactivity, distinct from the
reactivity in Clara cells, was frequently found in the epi-
thelium overlying BALT with pSP-D-positive DCs. It is
tempting to speculate that this weak pSP-D immunoreac-
tivity represents pSP-D crossing the epithelium by tran-
cytosis in M cells, although crossing through intraepithelial
cytoplasmatic processes of DCs could be a possibility.

The porcine BALT, in infected lungs, is composed of
macrophages, DCs, T- and B lymphocytes, and IgG" and
IgA" plasma cells.”! DCs exhibit a unique stellate mor-
phology. In the lungs, skin and lymphoid organs, DCs
have long (> 10 um), delicate processes extending in
many directions from the cell body.*® The morphology of
the pSP-D-positive stellate cells in BALT, the absence in
serial sections of macrophage marker reactivity and the
presence of DC marker (S-100) reactivity, strongly indica-
ted that these pSP-D-positive stellate cells in BALT were
DCs. Whenever BALT was present, these pSP-D-positive
DCs in BALT, and increased pSP-D expression in the sur-
factant, coincided, and the cells were either located
peripherally in BALT immediately under the epithelium,
or in the centre. MHC class II-positive stellate cells, prob-
ably representing DCs, were found in the centre and per-
iphery of BALT in infected lung tissue, which confirms
the results from a previous study, in pigs, using the same
antibody.?! In the present study, MHC class II immuno-
reactivity was not found serial to the pSP-D positive
DCs in the BALT, which might be a result of the lack of
membrane-expressed MHC class II molecules, as seen
in immature DCs or in follicular dendritic cells (FDCs).
Whether FDCs, which in the lymph nodes play a role in
the development of memory B cells, are present in por-
cine BALT, as in rabbit BALT,? is unknown. Brinker and
colleagues'” found that human SP-D binds to immature
bone marrow-derived DCs in vitro in a dose-, carbo-
hydrate- and calcium-dependent manner, enhancing the
phagocytic uptake of E. coli and the antigen presentation
of a bacterial antigen model to T cells. The pSP-D-posit-
ive, MHC class II-negative DCs, found in the present
study, could represent such immature DCs. Furthermore,
as pSP-D was not found in the tracheobronchial lymph
nodes, these DCs might, after maturation, be responsible
for a local antigen presentation in the BALT, rather than
migrating to the regional lymph nodes. Little is, however,
known about the function of BALT and the nature and
function of DCs in BALT, and further research is needed
to understand the presence of pSP-D in these cells.

In the present in vivo study we found that the expres-
sion of pSP-D in the lung increased during aerogenous
pulmonary infections. Furthermore, a spatial relationship
among pSP-D, bacterial pathogens and phagocytic cells
was demonstrated, as was pSP-D in DCs in BALT. These
findings point to pSP-D up-regulation during infection,
with possible antigen opsonization. Furthermore, indica-
tions of an uptake and transport of pSP-D by M cells to
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the underlying DCs was found, and it is tempting to spe-
culate that pSP-D facilitates the antigen presentation in
DCs to lymphocytes in BALT, thereby acting as a link
between the innate and adaptive immune system.
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