
Summary. Innate immunity is critically important for
the outcome of infection in many diseases. It was
previously shown that cathelicidin PR-39, an important
porcine multifunctional host defence peptide, is elevated
in bronchoalveolar lavage fluid and respiratory tract
tissue after experimental infection with Actinobacillus
pleuropneumoniae (A.pp.). To date, neutrophil
polymorphonuclear leukocytes (PMNs) are thought to be
the only source of PR-39.

The aim of this study was to further characterize PR-
39+ cells and selected immune cell populations in lung
tissue during the peracute (7-10 hours), acute (2 days),
reconvalescent (7 days) and chronic (21 days) stages of
experimental infection with A.pp. serotype 2. In total, six
mock-infected control pigs and 12 infected pigs were
examined. Using immunofluorescence double-labeling,
antibodies against PR-39 were combined with antibodies
against CD3 (T-cells), CD79 (B-cells), Iba1 (activated
macrophages), TTF-1 (lung epithelial cells expressing
surfactant proteins), macrophage/L1 protein and
myeloperoxidase (MPO, cells of the myeloid linage).

In the peracute and acute phases of infection, total
PR-39+ cells and myeloid linage cells increased, whereas
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CD3+ cells and TTF-1+ cells decreased. Double labeling
revealed that most Macrophage/L1 protein+ cells and to
a lesser extent MPO+ cells co-expressed PR-39. In
addition, few bronchial epithelial cells and type 2
alveolar epithelial cells (both identified with TTF-1)
produced PR-39. Occasionally, CD3+ T cells expressing
PR-39 were seen in infected animals.

Taken together, this study identifies cell types, other
than PMNs, in lungs of A.pp.-infected pigs that are
capable of producing PR-39. In addition, these findings
provide further insights into the dynamics of different
immune cell populations during A.pp.-infection.
Key words: Swine, Macrophage, Granulocyte,
Myeloperoxidase, Thyroid transcription factor

Introduction

Multifactorial respiratory tract diseases complicated
by the interaction of various abiotic and biotic factors
cause economic losses in swine production (Hansen et
al., 2010). One of the most important porcine primary
pathogens is the Gram negative bacterium Actinobacillus
pleuropneumoniae (A.pp.), which is also widely used in
standardized infection models to study host-pathogen
interactions in swine. To date, 16 serotypes and several
strains of various virulence within the serotypes are



known (Blackall et al., 2002; Sárközi et al., 2015).
Serotype 2 strains have the highest prevalence in most
European countries and are frequently related to severe
clinical disease (Gottschalk, 2015). Important virulence
factors of this serotype are the Apx toxins II and III in
addition to Apx IV, which are partly hemolytic and
cytotoxic (Chiers et al., 2010; Gottschalk, 2015). In
addition to the virulence of the inoculation strain, the
course of disease in experimentally infected pigs
depends on the naturally occurring and genetically
defined susceptibility of individuals and pig breeding
lines, the inoculation route, and the infective dose
(Höltig et al., 2009). The outcome of infection ranges
from peracute, acute, and chronic infection as well as a
subclinical carrier status with and without lung lesions.
A genome-wide gene expression study in extreme
phenotypes identified candidate genes that belong to the
innate immune system in its broader sense and might be
decisive for disease resistance (Reiner et al., 2014a).
This supports the observation that after infection early
innate immune responses at the mucosal interface 
are critical for determining the outcome between health
and disease (Höltig et al., 2009; Reiner et al., 
2014b).

In the fluid covering the respiratory mucosa soluble
components of the innate immune system are critical
effectors. In addition to leukocytes, airway epithelial
cells actively contribute to the innate immune system by
the secretion of cytokines, mediators and antimicrobial
peptides (Bals and Hiemstra, 2004). Pigs are endowed
with several host defence peptides including ß-defensins
and 11 cathelicidins as the most prominent (Sang and
Blecha, 2009). Increased cathelicidin gene expression
after different infectious or inflammatory stimuli has
been found in vitro and in vivo (Wu et al., 2000). PR-39,
a linear proline-rich cathelicidin, forms a type II poly-L-
proline helix and is highly stable in a proteolytic milieu

as well as in inflamed tissue (Sang and Blecha, 2009).
Initially, PR-39 was identified in the porcine intestine as
an antibacterial factor (Agerberth et al., 1991; Zanetti,
2004). Subsequently, the peptide was localized to
polymorphonuclear leucocytes (PMNs) (Agerberth et al.,
1991; Shi et al, 1994, 1996; Zanetti, 2004) and several
functions have been attributed to PR-39 including
chemotaxis of immune cells, induction of tissue repair
mechanisms and inhibition of NADPH oxidase activity
(Gallo et al., 1994; Shi et al., 1994; Zanetti, 2004; Sang
and Blecha, 2009).

PR-39 was found to be highly correlated with the
extent of lung alterations and number of PMNs in lung
lavage fluid during chronic infection with A.pp. serotype
7, which is characterized by fibrosing reparative lung
tissue processes surrounding coagulative necroses
(Didier et al., 1984; Liggett et al., 1987; Hennig-Pauka
et al., 2006). With the exception of PMNs, there is a lack
of knowledge about other cell types producing and
excreting PR-39 at its effector sites, although
morphological indicators for different cell lineages
endowed with PR-39 had been previously found
(Hennig-Pauka et al., 2012). The immunohistochemical
detection of PR-39 positive cells was possible in lung
tissue, nasal, tonsillar, tracheal, and lymphatic tissue in
healthy pigs, and PR-39-positive cells also accumulated
at the pleura and in zones of necrotic demarcation in
diseased pigs. The identification of the obviously
different cell types positive for PR-39 was not possible
in that study (Hennig-Pauka et al., 2012).

The aim of this study was therefore to characterize
PR-39+ cells by immunohistochemical double labeling
using antibodies available for the identification of
porcine cells in formalin-fixed tissue. Furthermore, we
investigated the distribution of all analyzed cells within
different lung tissue compartments from peracute to
chronic stages of A.pp. infection.
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Table 1. Details of pigs from Actinobacillus pleuropneumoniae infection experiments used in this study.

Pig Dose (CFU) and route of infection Death after infection Approval number for animal trial of local authorities Reference

1 Mock-aerosol 21 days
33-42502-05/ 941 Brauer et al., 20112 Mock-aerosol 21 days

3 Mock-aerosol 21 days
4 1,7x106-intrabronchial 7-10 hours

33.9-42502-12/0835

This study

5 1,7x106-intrabronchial 7-10 hours
6 1,7x106-intrabronchial 7-10 hours
7 3x103/liter-aerosol 2 days

33.9-42502-05-11A184

8 3x103/liter-aerosol 2 days
9 3x103/liter-aerosol 2 days
10 102/liter-aerosol 7 days
11 102/liter-aerosol 7 days
12 102/liter-aerosol 7 days
13 102/liter-aerosol 21 days

33.9-42502-12/0835 Menzel et al., 201414 102/liter-aerosol 21 days
15 102/liter-aerosol 21 days



Materials and methods

Animals and experimental infection

Tissue examined in this study originated from
German Landrace pigs that had been experimentally
infected in different studies (in part already published)
with an Actinobacillus pleuropneumoniae (A.pp.)
serotype 2 strain isolated from a naturally infected pig in
Germany. Routes and doses of infection used in different
experiments are summarized in Table 1. In all
experiments histological examination of lung tissue was
performed to confirm A.pp.-induced lung pathology
characteristic for the respective stage of infection. A.pp.
detection in lung tissue was performed by bacterio-
logical routine methods in mock-infected pigs and those
killed 7-10 hours and 21 days after infection (Jacobsen
and Nielsen, 1995) as well as by nested PCR in all lung
tissue samples prepared for histological examination
(Maas et al., 2006). 

All pigs were 6 to 7 weeks old and originated from a
single high-health herd, which was free from toxigenic
Pasteurella multocida, A.pp., endo- and ectoparasites
and Porcine Reproductive and Respiratory Syndrome
Virus. In total, 18 pigs were used in the present study:
six mock-infected pigs and 12 A.pp.-infected pigs
sacrificed at different points of time post infectionem
(p.i.; 7-10 hours p.i., 2 days p.i., 7 days p.i., 21 days p.i.).
All pigs were acclimatized during a 1-week adaptation
period prior to experimental infection and were housed
and treated in accordance with the requirements of the
national animal welfare law and the Directive of the
European Convention for the Protection of Vertebrae
Animals Used for Experimental and Other Scientific
Purposes (European Treaty Series, nos. 123 [http://
conventions. coe.int/treaty/EN/treaties/html/ 123.htm]
and 170 [http://conventions.coe.int/treaty/ EN/treaties/
html/170.htm]). All animal experiments were approved
by the Ethics and Animal Welfare Committee of the
University of Veterinary Medicine Hannover and by the
local permitting authorities in the Lower Saxony State
Office for Consumer Protection and Food Safety
(respective approval numbers are stated in Table 1).

To induce a peracute stage of disease within 8 hours
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Table 2. Sources, antigen retrieval and dilutions of the antibodies used.

Target Antibody Source Clone Antigen retrieval Dilution

Antibacterial peptide PR-39 Mouse-anti-PR-39 Zhang et al., 1997 Mono Citrate 1:1200
Antibacterial peptide PR-39 Rat-anti-PR-39 Zhang et al., 1997 Mono Tris-EDTA 1:100
T cells Rabbit-anti-CD3 Thermo Fisher Scientific, Waltham, MA SP7 Citrate 1:200
B cells Mouse-anti-CD79 Dako, Glostrup, Denmark HM57 Tris-EDTA 1:50
Cells of the myeloid linage Rabbit-anti-Myeloperoxidase Ab-1 Thermo Fisher Scientific Poly Citrate 1:300
Cells of the myeloid linage Mouse-anti Macrophage/L1 Protein/Calprotectin Ab-1 Thermo Fisher Scientific MAC 387 Tris-EDTA 1:500
Activated macrophages Rabbit-anti Iba1 Wako, Neuss, Germany Poly Citrate 1:2000
Lung epithelial cells Mouse-anti-TTF-1 BioGenex, Freemont, CA BGX-397A Citrate 1:100
expressing surfactant proteins

p.i., a high dose of 1.7x106 colony forming units (cfu) of
A.pp. was administered in 3 anaesthetized pigs (pig
number 4-6) intrabronchially under visual control as
previously described (Hennig et al., 1999). Briefly, the
tip of a flexible fiberoptic bronchoscope (IT3; Olympus,
Hamburg, Germany) was placed proximal to the
bifurcatio trachea and 5 ml of sterile saline containing
the infective dose was instilled. In order to check any
influence of handling side-effects, in parallel 5 ml of
sterile saline was instilled intrabronchially in each of
three control pigs (pig number 1-3). All six pigs were
handled and examined equally and euthanized at the
same time after infection.

Nine pigs (pig number 7-15) were infected by
inhalation of an aerosol containing approximately 102-
103 cfu per liter for 10 minutes in a closed chamber as
described previously (Jacobsen et al., 1996; Maas et al.,
2006). Three control pigs (pig number 16-18) received
sterile 154 mM sodium chloride in the same volumes as
the respective infection group via aerosol.

Clinical examination for general appearance
(posture, behaviour, feed intake, skin colour, body
temperature, vomiting) and the respiratory tract
(breathing noise, dyspnoea, respiratory frequency,
coughing) was performed daily and lung lesions were
assessed at necropsy.
Double labeling immunofluorescence

Tissue samples were collected from the caudal lung
lobes and fixed in 10% formalin containing 2% calcium
acetate for 48 hours. Samples were embedded in paraffin
and subsequently cut into 3-6 µm thick sections, which
were mounted on silanized SuperFrost®Plus slides
(Menzel-Gläser, Braunschweig, Germany). For immuno-
histochemistry, sections were first deparaffinized and
rehydrated. Antigen retrieval by microwave pre-treatment
(3x5 min) in 0.01 M citrate buffer (pH 6.0) or Tris-EDTA
(pH 9.0, DakoCytomation, Glostrup, Denmark) was
necessary for all antibodies used in this study (Table 2).
Subsequently, non-specific binding sites were blocked with
1.5% normal goat serum (DakoCytomation) in PBS for 30
minutes at room temperature (RT).

For immunofluorescence double-labeling, two



different protocols were used. In one case, the two
primary antibodies (produced in mouse (PR-39) and
rabbit (CD3, Iba1 [ionized calcium binding adapter
molecule 1], Myeloperoxidase [MPO]), were applied at
the same time (cocktail). After overnight incubation at
4°C, both secondary antibodies (Alexa Fluor 488 or 568
Goat Anti-Mouse IgG [for PR-39] and Alexa Fluor 488
[for MPO] or 568 [for CD3 and Iba1] Goat Anti-Rabbit
IgG; dilution 1:100; Life Technologies, Paisley, UK)
were also applied together (cocktail) for 1 hour at RT.

For combination of primary antibodies produced in
mouse (CD79, Macrophage/L1Protein, TTF-1 [thyroid
transcription factor 1]) and rat (PR-39), the staining
strategy was different. First, the primary antibody
produced in mouse was incubated overnight at 4°C. On the
next day, an Alexa Fluor 488 Goat-Anti Mouse IgG was
applied for 1 hour at RT (dilution 1:100). After another
blocking step with normal goat serum, the Rat Anti PR-39
antibody was incubated for 2 hours at RT on a shaker.
Binding of this antibody was detected by Alexa Fluor 568
Goat Anti-Rat IgG (1 hour at RT, dilution 1:100).

For both staining protocols, nuclei were counter-
stained with DAPI and the slides were mounted with
fluorescent mounting medium (DakoCytomation). For
negative controls, primary antibodies were omitted.
Sections of lymph nodes served as positive controls.
Analysis of double labeling immunofluorescence

For each immunofluorescence double-labeling
analysis, one section per sample per animal was
evaluated. The whole tissue section (approximately 350
mm2) was screened by one researcher (SG) using a
widefield epifluorescence microscope (Axio Imager.Z2,
Zeiss, Oberkochen, Germany) at 40x magnification. The
following lung tissue compartments were analyzed
(adapted from Pabst and Binns, 1994): intrabronchial

area, bronchial epithelium, bronchial lamina propria,
perivascular area and alveolar / interstitial area. For each
compartment, the amount of both, single-positive cell
populations as well as double-positive cells were
analyzed semi-quantitatively with a point score from
zero to six: 0, none; 1, sparse (<10 positive cells/
compartment area); 2, mild (positive cells cover up to
10% of the compartment area); 3, mild to moderate
(positive cells cover 10-30% of the compartment area);
4, moderate (positive cells cover 30-50% of the
compartment area); 5, moderate to frequent (positive
cells cover 50-80% of the compartment area); and 6,
frequent (positive cells cover >80% of the compartment
area). The perivascular area was analyzed in relation to
the surrounding alveolar/interstitial area. If the same
amount of cells were seen perivascular and in the
surrounding alveolar / interstitial area, a score of zero
was given to the perivascular area. For analysis of PR-
39, median values from four double-labelings (CD3,
Iba1, MPO and Macrophage/L1 Protein) were taken. For
graphical presentation, scores obtained from all three
animals of each group are shown.
Results

Development of porcine pleuropneumonia in infected
animals

Mock infected animals (pigs 1-3 and 16-18) did not
show any clinical signs and only slight interstitial
pneumonia, which is usually also seen in pigs of a high-
health status (Menzel et al., 2015). Pigs 4, 5 and 6
developed peracute signs of respiratory disease within 7
to 10 hours with an increase in body temperature, apathy
and dyspnoea. During the acute stage of disease 2 days
p.i. pigs (#7-9) became severely ill showing dyspnoea,
apathy, fever and inappetence starting 24 hours p.i.. Pigs
living until day 7 or 21 p.i. (#10-15) had already
recovered from acute disease and showed only slight
(reduced feed intake, early exhaustion after running) or
no clinical signs. Macroscopic lung lesions were
characterized by circumscribed, sequestered, necrotic
areas encapsulated by fibrotic tissue. The pleura
visceralis was multifocally fixed to the pleura parietals
due to fibroblastic pleuritis. Histological findings were
characteristic for the respective stages of infection
according to peracute, acute and chronic pleuro-
pneumonia (Liggett et al., 1987). A.pp. detection in lung
tissue by microbiological examination was inconsistent
(Table 1).
Demonstration of different cell populations in lung tissue
in the course of infection

Transient increase of PR-39+ cells during acute
infection

Positive staining reactions for PR-39 in lung tissue
were obtained in all animals (Fig. 1). More PR-39+ cells
were found in the alveolar/interstitial area than in
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Fig. 1. Total number of PR-39+ cells in different lung compartments of
Actinobacillus-pleuropneumoniae-infected and non-infected pigs over
time. Data were obtained by semi-quantitative analysis of double
labeling immunofluorescence. Dots represent data of individual pigs.
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Fig. 2. Number of positive cells in different lung compartments of Actinobacillus-pleuropneumoniae-infected and non-infected pigs over time. Total
amount of CD3+ cells (A), Myeloperoxidase+ cells (C), Macrophage/L1 protein+ cells (E) and TTF-1+ cells (G) as well as amount of respective cells co-
expressing PR-39 (B, D, F, H). Data were obtained by semi-quantitative analysis of double labeling immunofluorescence. Dots represent data of
individual pigs.
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Fig. 3. Immunofluorescence in the lung of Actinobacillus-pleuropneumoniae-infected pigs. All images were taken from 7-10 hours post infection
samples. Antibodies against PR-39 were combined with antibodies against CD3 (A), Myeloperoxidase (B), Macrophage L1 Protein (C, D), Iba1 (E) and
TTF-1 (F). Nuclei were counterstained with DAPI. Arrows highlight double positive cells. Micrographs were taken from alveolar/interstitial areas (A-D),
intrabronchial areas, bronchial epithelium, bronchial lamina propria (E) and perivascular area (F) of infected lung tissue. b, bronchiole; g, granuloma; v,
vein. Scale bar: 20 µm.



until day 21 p.i. in all areas. In the bronchial lamina
propria, however, the number of PR-39+ cells remained
unchanged during the course of infection. Single PR-39+
bronchiolar epithelial cells were visible as well as PR-
39+ myeloid cells invading the bronchial epithelium.
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Fig. 4. Immunofluorescence of TTF-1 in the lung of non-infected and Actinobacillus-pleuropneumoniae-infected pigs over time. Images were taken from
sections double-stained with PR-39. Note that no PR-39+ cells are visible in the image sections. Nuclei were counterstained with DAPI. All micrographs
were taken from areas including bronchioles (b). Scale bar: 20 µm.

bronchial areas. In the intrabronchial area and in the
bronchial epithelium the number of PR-39+ cells
increased 7-10 hours and 2 days p.i. while in the
alveolar/interstitial areas the increase was only seen 2
days p.i. and returned to levels of non-infected animals
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in the intrabronchial area, in the bronchial lamina
propria (Fig. 3E), and in the alveolar/interstitial area.
They increased during the acute phase of infection in the
intrabronchial area, but remained stable in the bronchial
lamina propria and in the alveolar/interstitial area. Few
Iba1+ cells were located in the bronchial epithelium. In
all compartments under study, only a few Iba1+ cells co-
expressing PR-39 were seen in infected animals.

Decrease of TTF-1+ cells in the acute stage of
infection

TTF-1 expression was detected in bronchial
epithelial cells including club cells (former clara cells)
and in the alveolar/interstitial area representing type 2
alveolar epithelial cells (Figs. 2G, 3F). In both
compartments, the number of TTF-1+ cells declined
slightly 2 days p.i., returning to the level of control
animals at 7 days p.i.. The intensity of immunohisto-
chemical reaction also decreased, at the respective time
points (Fig. 4). Only a few TTF-1+ bronchial epithelial
cells and some type 2 alveolar epithelial cells were also
PR-39+ in non-infected animals as well as in infected
animals (Fig. 2H).
Discussion

Based on previous studies evaluating the presence
and function of PR-39 in connection with A.pp. infection
in pigs, the aim of this study was to clarify the
characterization of PR-39+ cells in the course of the
disease and in the distribution of analyzed cells in
defined lung tissue compartments. In order to get
histopathological lung alterations typical for different
stages of infection, different inoculation routes and
infectious doses were chosen for infection following
existing recommendations (Baarsch et al., 2000; Brauer
et al., 2012). Unspecific influences by the different
procedures onto cell composition cannot completely be
excluded, but the most invasive intrabronchial
inoculation route did not lead to any changes in mock
infected pigs, so that all observations made in this study
were considered to be the consequence of bacteria-host
interactions in the respiratory tract.

In our study, PR-39+ cells were increased in many
lung compartments during peracute and acute phases of
A.pp. infection but returned to levels of control animals
on day 21 p.i.. Interestingly, a previous study revealed
high PR-39 concentrations in bronchoalveolar lavage
fluid (BALF) and correlations with the number of PMNs
as well as with the severity of lung lesions on day 21
after infection with A.pp. (Hennig-Pauka et al., 2006).
Because the procedure of bronchoalveolar lavage
washed out the epithelial lining fluid covering the
airways, the level of PR-39 in the BALF does not
necessarily correlate with the number of PR-39+ cells in
a specific compartment due to a potential release of the
protein into the fluid. 

To characterize these PR-39+ cells in more detail, we
double labeled lung tissue with different markers for

PR-39+ CD3+ T cells in infected animals
CD3+ T cells were found in all lung compartments

under study, but were most frequently seen in the
alveolar/interstitial area, where no obvious changes over
time in comparison to control animals were found (Fig.
2A). On day 7 p.i. accumulations of T cells were seen in
the perivascular area. In infected animals, few T cells
that were also positive for PR-39 were found in the
alveolar/interstitial area (Figs. 2B, 3A).

No increase of CD79+ B cells after infection
The amount of CD79+ B cells in lung tissue was low

in all animals. B cells were only found in the
alveolar/interstitial area with no differences between
infected and non-infected animals or between different
time points after infection. No CD79+ cells expressing
PR-39 were detected.

Different PR-39 expression patterns in Myelo-
peroxidase+ cells

MPO+ cells were increased in the intrabronchial
area, in the bronchial epithelium, and in the alveolar/
interstitial areas 7-10 hours and 2 days p.i. (Fig. 2C).
They decreased from day 7 p.i. and were below levels of
uninfected animals on day 21 p.i.. In the bronchial
lamina propria, MPO+ cells were rarely seen; however,
the number remained stable throughout the infection. A
high number of MPO+ cells in the intrabronchial area as
well as in the alveolar/interstitial area were also positive
for PR-39 (Fig. 2D). In the bronchial epithelium and
lamina propria, double-positive cells were sparse. Cells
strongly positive for MPO showed only weak expression
of PR-39 and vice versa (Fig. 3B).

Change of PR-39 expression in Macrophage/L1
Protein+ cells in the course of infection

In the intrabronchial area, in the bronchial lamina
propria, and in the alveolar/interstitial area, the numbers
of Macrophage/L1 Protein+ cells increased after
infection and were similar to control animals at days 7
and 21 days p.i. (Fig. 2E). In the bronchial epithelium
they were mainly observed 2 days p.i.. In all
compartments most Macrophage/L1 Protein+ cells were
positive for PR-39 as well (Fig. 2F). Two types of
granulomas were found regarding the Macrophage/L1
Protein and PR-39 expression 7-10 hours p.i.:
granulomas containing cells positive for either
Macrophage/L1 Protein or PR-39 (Fig. 3C) and
granulomas composed mainly of double-positive cells
(Fig. 3D). From day 2 p.i. on, only granulomas with
double-positive cells were found.

Increase of Iba1+ cells in the intrabronchial area
after infection

Mild to moderate numbers of Iba1+ cells were found



porcine immune cells. Combining PR-39 and CD3
revealed that only few T cells were PR-39+ exclusively
in the alveolar compartment of infected animals. The
transmembrane CD3 antigen is a general marker for T
cells (Gerner et al., 2009; Ryu et al., 2014). However,
the total amount of T cells was found to be decreased
during the acute stage of infection, which might be due
to the cytolytic activity of Apx toxins massively
produced in this stage of infection (Chiers et al., 2010).
During recovery from disease, CD3+ cells increased
again reaching similar levels to control animals on day
21 p.i.. It is likely that these cells had been recruited
from blood, because they were often found in the
perivascular area 7 days p.i.. In other studies, T cell
subsets were analyzed at later phases of A.pp. infection.
A significant increase of CD4+ and CD8+ T cells in the
respiratory mucosa was observed 3 weeks after an oral
administration of A.pp. leading to a local secretory
immune response in the lung (Delventhal et al., 1992;
Hensel et al., 1996). Five weeks after infection, a
massive increase in CD8- TcR-γδ+ T cells could be
detected (Faldyna et al., 2005). It was assumed that these
cells were recruited from the blood, compensating for a
decrease in CD3- CD8+ cells, which were most probably
NK cells (Faldyna et al., 2005). The recruitment of TcR-
γδ+ T cells with non-MHC-restricted cytolytic activity in
vivo from blood to the inflamed lung is considered to be
a general mechanism in cloven-hoofed animals to
protect mucosal surfaces from microbial invaders
(Saalmüller, 1998; Faldyna et al., 2005). Whether or not
individual PR-39+ CD3+ cells in the alveolar/interstitial
area found in our study can be addressed as TcR-γδ+ T
cells connecting innate and adaptive immune responses
in the respiratory tract, should be further investigated.

B-cells identified by being CD79+ were not positive
for PR-39 in this study. CD79 belongs to the immuno-
globulin superfamily forming the B-cell receptor
complex and is specifically expressed by B cells, so that
the differentiation of this cell type was unambiguous in
this study (Tanimoto and Ohtsuki, 1996; Butler et al.,
2009).

In the early phase of A.pp infection, as analyzed in
the present study, the components of the innate immune
system represented by host defense peptides, surfactant
and other soluble components in the respiratory
epithelial lining fluid as well as PMNs and macrophages,
act as a first line of defense against microbial invaders in
the lung (Reiner et al., 2014b). Because of a lack of
appropriate porcine markers, it is very difficult to
immunohistochemically differentiate cells of the
myeloid cell linage. Both antibodies used in this study
(Macrophage/L1 Protein and MPO) recognize cells of
the myeloid linage (granulocytes, monocytes and
macrophages). While macrophage/L1 protein is a
calcium-binding protein belonging to the S100 family
expressed by monocytes, macrophages and granulocytes
(Goebeler et al., 1994; Sarli et al., 2001), MPO is the
dominant enzyme used by granulocytes during
phagocytic lysis (Kim et al., 2011). In combination with
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morphology, most MPO+ cells could be addressed as
granulocytes due to their segmented nuclei. Additionally,
mononuclear cells with positive MPO reaction were
found.

We found an influx of MPO+ cells during A.pp.
infection and the number of these cells also positive for
PR-39 increased in the peracute and the acute phases of
infection. Further characterization by double-labeling for
PR-39 and MPO resulted in the identification of four
subsets of granulocytes, which could be classified as
either PR-39- MPO+, PR-39+ MPO- as well as double-
positive cells that were either PR39high or MPOhigh. The
fact that not all PMNs were positive for PR-39 could be
either due to a lack of production or to an exocytotic
release of the peptide. In general, there is still a lack of
information about subtypes of PMNs in swine and their
occurrence during experimental A.pp. infection. The
various forms of appearance might be connected to
different functions in PMN subgroups. PR-39 could have
regulatory effects due to oxidase inhibition, while
myeloperoxidase was involved in bacterial killing. A
synergistic effect of radical production by myelo-
peroxidase and the pore-forming effect of PR-39 can
also be hypothesized. Nevertheless, no bactericidal
activity of estimated respiratory tract PR-39
concentration has been found against A.pp. in vitro
(Hennig-Pauka et al., 2006), so that a prerequisite for a
successful elimination of the pathogen might be a
synergistic action of several antimicrobial factors (Singh
et al., 2000; Travis et al., 2001).

Due to a lack of specific macrophage differentiation
markers, Iba1 (ionized calcium-binding adaptor
molecule 1), which is mainly expressed in microglia in
brain tissue, was chosen to identify activated
macrophages in lung tissue (Imai et al., 1996). Iba1 has
actin-binding and actin-crosslinking properties, which
were found to be essential for membrane ruffling in
activated microglia but also macrophages (Yamada et al.,
2006). In this study Iba1+ cells were rarely found in lung
tissue, and decreased even more during infection,
probably due to further differentiation or Apx-toxin-
induced cell death (Chiers et al., 2010). The low
frequency of Iba1+ cells in the lung is in accordance with
early findings in rats (Imai et al., 1996). The rare double
positive Iba1+PR39+ cells found in porcine lung tissue
were found to be activated macrophages, which seem to
play a minor role in elimination of A.pp..

Our studies revealed an increased number of
Macrophage/L1 protein+ cells in the peracute and acute
phases of A.pp.-infected pigs. Most of these cells were
also PR-39+. Generally, these cells were seen earlier in
the lung tissue compared to PR39+ MPO+ cells. This
indicates that macrophages are capable of PR-39
production and that the observed positive staining is not
due to phagocytic activity. It is also known that in early
stages of A.pp.-induced inflammation, alveolar
macrophages release proinflammatory cytokines in
response to bacterial lipopolysaccharides, which are
chemoattractants for PMNs and trigger the release of



extracellular killing agents (Bertram, 1985; Baarsch et
al., 1995). In addition, cytotoxic and hemolytic bacterial
Apx toxins either destroy alveolar macrophages and type
2 alveolar epithelial cells or stimulate them, resulting
again in recruitment of PMNs (Cruijsen et al., 1992;
Dom et al., 1992; van de Kerkhof et al., 1996). During
A.pp. infection, a different monocyte maturation
pathway was characterized by a switch of CD14-
CD163- into CD14+ CD163+ precursor macrophages
(Ondrackova et al., 2010, 2013). In general, antigen-
presenting cells (APC) in the porcine respiratory tract
differ in their phenotype. In lung tissue and lymph nodes
the phenotype of specialized APCs dominated, while in
BALF most APCs were alveolar macrophages (Lopez-
Robles et al., 2015).

The staining pattern of the antibodies against
Macrophage/L1 Protein and MPO was similar but not
the same. Many MPO+ cells, especially in the bronchial
compartments 7 to 10 hours p.i., were negative for PR-
39, whereas nearly all Macrophage/L1 Protein+ cells
were positive for PR-39. Additionally in the peracute
and acute phase of infection, PR-39+ cells in the
bronchial lamina propria were only positive for
Macrophage/L1 Protein but not for MPO. These staining
differences might indicate either different activation
status or different functional properties of the analyzed
cells.

A previous study raised the question of whether PR-
39+ cells in the alveolar compartment represented type 2
alveolar pneumocytes. In porcine lung tissue, type 2
alveolar pneumocytes were identified by TTF-1
immunostaining (Balka et al., 2013). The nuclear
transcription factor TTF-1 plays an important role in the
regulation of surfactant protein gene expression (De
Felice, 2003). In our study both the number of TTF-1+
cells and intensity of TTF-1 expression were reduced in
the acute phase of infection. These results confirm the
observation that the TTF-1-encoding gene Nkx2 is
down-regulated during acute inflammation, hemorrhage
and edema (Stahlman, 1996). It is also known that the
proinflammatory cytokine TNFα decreases TTF1-
protein transcription (Das, 2011). We found TTF-1+ cells
positive for PR-39 in the alveolar epithelium which were
identified as type 2 alveolar pneumocytes. However,
their frequency was much lower compared to PR-39+
MPO+ or PR-39+ Macrophage/L1+ cells in the
alveolar/interstitial area, indicating that the majority of
PR-39 producing mononuclear cells in the alveolar
epithelium were alveolar macrophages rather than type 2
alveolar pneumocytes.

In summary, our studies showed PR-39 expression in
different cell types and different compartments. We
identified cells of the lymphocytic lineage (T cells),
epithelial cells (type 2 alveolar pneumocytes and
bronchial epithelial cells) and cells of the myeloid
lineage (PMNs, macrophages) as sources of PR-39
production and potential contributors to an A.pp.
defence. The functional property of PR-39 in different
cell types remains to be determined.
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