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4. ABSTRACT 

Actinobacillus pleuropneumoniae (App), the causative agent of porcine contagious 

pleuropneumonia, still remains one of the major causes of respiratory diseases and subsequent 

economic losses in the pig industry worldwide. This PhD project aimed at investigating the 

porcine immune response against App both at early and late stages of the infection. To 

address this question, two separated experiments were conducted.  

During the first experiment, six pigs were intratracheally infected with App and humanely 

euthanized eight hours after infection. The messenger RNA expression of inflammatory 

cytokines (IL-6, IL-1 and TNF-α) and acute phase proteins (haptoglobin, serum amyloid A 

and C-reactive protein) was studied in lung, liver, tonsil and salivary gland. The same markers 

were measured by quantitative immunoassays in serum, saliva and bronchoalveolar lavage 

fluid. In parallel, metabolic adaptations of App to primary sites of colonisation, namely lung 

and tonsils, were assessed by Fourier-Transform Infrared (FTIR-) spectroscopy. Next to the 

important reaction of the lung, a significant increase in acute phase protein expression was 

found in the salivary gland, which might be considered as a key-role in early oral immunity 

against App infection. Moreover, App metabolic adaptations to pig upper respiratory tract, 

where no immune response was detectable, were observed already at this early stage of 

infection. This finding might support the assumption that App can change its phenotype to 

escape immune mechanisms and persist in the host.  

In the second experiment, our purpose was to characterise the T-cell immune response against 

an App crude capsular extract (App-CCE). Therefore, pigs were intranasally infected with 

App and euthanized at two different time points: 6-10 days post infection (dpi), defined as 

acute phase, and 27-31 dpi, defined as chronic phase. Functional and phenotypic analyses 

were conducted on T cells present in lymphocyte preparations from blood, tonsils, lung and 

tracheobronchial lymph nodes after in vitro App-specific stimulation. A subset of App-CCE 
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specific CD4+CD8dim IL-17A-producing T cells, putative Th17 cells, was present in blood and 

lung tissue of most infected animals, independently of their disease stage. Importantly, the 

frequency of these cells in blood and lung of chronically infected animals was found to 

positively correlate with lung lesion scores and antibody titres. This suggests a potential role 

of Th17 cells in the pathogenesis of App infection. Further studies are needed to define 

whether the involvement of these cells in lung immunity is related to pathology or protection. 

Overall, our results provide a detailed analysis of porcine immune response against App 

infection at different stages. This work highlights the relevance of host-pathogen study and T-

cell analysis to gain novel insights on strategies that App might adopt to evade host immune 

mechanisms.   
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5. GENERAL INTRODUCTION 

Actinobacillus pleuropneumoniae (App) is the causative agent of porcine contagious 

pleuropneumonia, a respiratory disease that affects the swine industry worldwide. Due to its 

economic importance, research, with the purpose of finding new strategies to protect 

susceptible animals and to reduce pathogen transmission, has been extensively conducted in 

the past. Vaccination and use of antibiotics are considered useful tools to reduce mortality and 

severity of symptoms, but they are not effective in protecting pigs from becoming 

asymptomatic carriers of the pathogen. Therefore, to pave the way to new approaches, a better 

understanding of porcine immune response to App infection at early and late stages of the 

disease is required.  

5.1. Actinobacillus pleuropneumoniae 

App is a small gram-negative bacterium belonging to the Pasteurellaceae family that induces 

porcine pleuropneumonia, a highly contagious respiratory disease in the swine herds 

worldwide (Gottschalk, 2012).  

Strains of APP can be classified by biovar, serovar and expression of APX toxins.  

On the basis of their NAD requirement to grow, App isolates can be assigned to two different 

categories: biovar I (NAD dependent) and biovar II (NAD independent). App strains can be 

further classified in a recently updated number of 16 serovars (Sarkozi et al., 2015), which 

differ in their capsular polysaccharide and cell wall lipopolysaccharide composition. Several 

bacterial virulence factors have been described. Of major importance are the four Apx toxins 

that present different degrees of cytotoxicity, haemolytic activity and distribution among 

serotypes (Schaller et al., 2000, Sarkozi et al., 2015, Frey, 1995). Apx I is strongly cytotoxic, 

strongly haemolytic and is produced by serotypes 1, 5a, 5b, 9, 10, 11, 14 and 16. Apx II is 

moderately cytotoxic and weakly haemolytic and expressed by all serotypes except for 10 and 

14. Apx III is strongly cytotoxic, non-haemolytic and occurs in serotypes 2, 3, 4, 6, 8 and 15. 
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Importantly, a fourth toxin, ApxIV, is produced by all serotypes in vivo and is therefore 

extensively used for diagnostics (Dreyfus et al., 2004). 

Prevalence of App strains varies between different countries (Gottschalk, 2012). On the 

European territory the most predominant strain is App serotype 2, which shows traits of high 

virulence in Europe but is almost not virulent in North America. Here, differently from 

Europe, serotypes 5 and 7 were recently pointed as the most dominant (Gottschalk, 2015). 

The outcome of App infection can be diverse. It can occur as a peracute, acute or chronic 

disease. Pigs affected by the peracute form of App infection can present apathy, a body 

temperature of up to 41.5°C and anorexia; but most commonly dead animals, with typical 

foamy blood running out of the nose, are found in the pens before the detection of any 

premonitory sign. In acute outbreaks the mortality can range from 1 to 10% with morbidity 

exceeding 50% (Fenwick and Henry, 1994). Acutely affected pigs have increased body 

temperatures from 40.5-41 °C, sudden loss of appetite, respiratory symptoms like dyspnoea, 

cough and, in severe cases, sitting posture with open mouth breathing. Pneumonia can be 

monolateral or bilateral, diffuse or multifocal and can involve every lung lobe. Classically, the 

lung is altered by the presence of necro-haemorrhagic areas of consolidation and the pleural 

space is crossed by layers of fibrin. Blood-tinged fluid can be found in the thoracic cavity. If 

pigs overcome the acute phase of infection, they frequently fail in solving the infection and 

enter a status of chronic disease. This is mostly characterised by mild symptoms like little or 

absent fever, intermittent cough and reduced feed intake. Studies trying to address if this 

condition affects the average daily weight gain reported conflicting results (Andreasen et al., 

2001, Straw et al., 1989). Acute haemorrhagic lesions often resolve in necrotic foci demarked 

by granulation tissue with an abscess-like structure. Accumulation of fibrin between the 

parietal and visceral pleural layers results in fibro-adhesive pleurisy, which is detected at the 

slaughterhouse when parts of the lung adhere to the thoracic wall.  
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Pigs of all ages can be affected, but 12-week-old fattening pigs are more likely to develop 

clinical disease since in this period the maternally derived immunity is not present anymore 

(Chiers et al., 2002). Other than age, there are several factors that can influence susceptibility 

to App infection such as co-infections with Mycoplasma hyopneumoniae (Marois et al., 2009) 

or PRRSV (van Dixhoorn et al., 2016); genetics (Hoeltig et al., 2009); virulence of serotypes 

(Rosendal et al., 1985); the purchase of carrier gilts and poor biosecurity (Maes et al., 2001) 

and the environmental enrichment of the housing system (van Dixhoorn et al., 2016).  

Recently an increased occurrence of clinical App outbreaks and chronic lung lesions recorded 

at the abattoir have been reported in Europe, especially in Sweden (Sjolund and Wallgren, 

2010). This could be a consequence of Swedish implementation of the Council Directive 

2008/120/EC, which has the purpose of laying down minimum standards for the protection of 

pigs. Following the regulation, no piglets shall be weaned from the sow at less than 28 days of 

age and this is applied in Sweden even in a stricter manner by weaning piglets from 4 to 6 

weeks of age. Considering that App is known to act as a late colonizer, this procedure could 

dramatically increase the risk of App transmission from the dam to the offspring (Gottschalk, 

2012). Consequently this higher prevalence of clinical disease can lead to a higher usage of 

antibiotics, which should be avoided in view of a reported antimicrobial resistance of App 

isolates (Vanni et al., 2012, Yoo et al., 2014, Archambault et al., 2012, Gutierrez-Martin et 

al., 2006). Prevention by implementing biosecurity, enrichment of the housing system and 

disinfection should be, at least in theory, a straight-forward strategy to contain the disease.  

Nevertheless, when App outbreaks are recurrent in a farm, one tool that can be used to contain 

the amount of required antimicrobials, is vaccination. This has been widely studied in the past 

(Ramjeet et al., 2008). Two main categories of commercially available vaccines are in use: 

bacterins (killed bacteria) and subunit toxin-based vaccines. Even though bacterins showed to 

be inefficient in inducing protection against challenge with heterologous serotypes, they are 
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still most widely used in the practice (Gottschalk, 2012). Subunit vaccines containing Apx 

toxins can confer better cross-protection, but still the limitation relies on the fact that they are 

based on non-replicating antigen. To enhance the local immunogenicity of non-replicating 

antigen, recombinant DNA technology has been developed. An example of this can be a 

Saccharomyces cerevisiae expressing Apx II, used for oral immunization in pigs, which 

induced protective immune response but couldn´t act directly on the respiratory tract (Shin et 

al., 2013). In fact, the ideal vaccine candidate should induce both systemic and mucosal 

protective immunity (Ramjeet et al., 2008). Recently, an M-cell targeting ligand conjugated 

with ApxII toxin proved to induce protective immune response after nasal immunization in a 

murine model by enhancing IL-17-producing cells in both systemic and mucosal 

compartments (Park et al., 2015). A pig model to evaluate the efficiency of this vaccine 

candidate in the target species would be beneficial. Furthermore, the role of Th17 cells in 

vaccine-induced immunity in pigs has not been elucidated so far. Later in this thesis, an 

attempt at shedding the light on the role of Th17 cells in the pathogenesis of App infection 

will be presented.  

Vaccination can reduce mortality and the severity of symptoms, but cannot prevent pigs from 

becoming subclinical carriers. Persistence of the bacteria in the upper respiratory tract of pigs 

results into a constant source of spreading to naïve subpopulations and thus represents a 

predisposing factor for re-occurrence of outbreaks.   
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5.2. Innate immune responses against App infection (acute phase proteins, interleukins, 

neutrophils and macrophages) 

5.2.1. Acute–phase proteins and inflammatory cytokines in App infection 

Acute-phase proteins are glycoproteins mainly synthetized in the liver upon induction by pro-

inflammatory cytokines and then released into the blood (Murata et al., 2004, Petersen et al., 

2004). Major acute-phase proteins in the pig are haptoglobin (Hp), serum amyloid A (SAA), 

C-reactive protein (CRP) and Pig major acute phase protein (Pig-MAP).  

Their detection in saliva, serum and meat juice and their possible use as biomarkers to 

evaluate porcine health status has been widely studied (Gomez-Laguna et al., 2010, Heegaard 

et al., 2011). A relationship between Hp serum concentration and severity of lung lesion in 

pigs has been demonstrated (Pallares et al., 2008). SAA, CRP and/or Hp serum concentration 

increases from 1 day after App infection (Skovgaard et al., 2009, Gomez-Laguna et al., 2014).  

Cytokines, which are known to increase during acute App infection, are IL-1β, TNF-α (Huang 

et al., 1999), IL-6 (Johansson et al., 2001), IL-8 (Baarsch et al., 2000), representing a pro-

inflammatory response, but also IL-10 (Cho et al., 2005) which has anti-inflammatory 

functions. Recently, the expression of IL-17 mRNA in App lung lesions has also been 

observed by high-throughput RT-qPCR (Brogaard et al., 2015). While IL-1β and TNF-α 

serum concentrations show to be subjected to high variation, IL-6 seems to be a putative 

biomarker both for monitoring bacterial infections in pigs (Fossum et al., 1998) and, even 

though to a lesser extent than CRP, for evaluation of efficacy of antimicrobial treatment 

(Lauritzen et al., 2003). In a recent experiment, IL-1β, TNF-α and IL-6 serum concentration 

was measured every two hours for 18 hours post App infection and mean peak concentration 

of TNF-α and IL-6 appeared at 12 and 10 hours post infection, respectively (Wyns et al., 

2015).   
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5.2.2. Neutrophils and macrophages in App infection 

Phagocytic cells like macrophages, monocytes, granulocytes and dendritic cells represent one 

major branch of the innate immune system. In the lung, the first cells to encounter most 

pathogens are pulmonary alveolar macrophages (PAMs). After recognition and phagocytosis 

of App, PAMs excrete inflammatory mediators to attract neutrophils to the site of infection. 

The ability of PAMs to produce IL-1β, TNF-α and induce chemotaxis of neutrophils via IL-8 

production after App stimulation was already described 20 years ago (Huang et al., 1999). A 

recent study showed that Ahd, a protein mediating App adhesion to host cells, is responsible 

for inducing PAMs apoptosis in a time-related manner, stimulating the release of pro-

inflammatory cytokines (IL-1β, TNF-α and IL-8) and inhibiting the secretion of anti-

inflammatory cytokines like IL-10 (Wang et al., 2016). While App can survive in alveolar 

macrophages up to 90 min, neutrophils have the capability to kill App intracellularly (T. L. 

Cruijsen et al., 1992). However, App and its cytolysins can stimulate neutrophil-production of 

oxygen radicals at low concentrations, but can also kill neutrophils at high concentrations; 

thus resulting in a respiratory burst that can damage the lung tissue (Dom et al., 1992). During 

acute infections, total WBC count can remain unchanged as the amount of mature neutrophils 

migrating to the lung is immediately replaced by band neutrophils released by the bone 

marrow (Baarsch et al., 2000). Lung lesions are the result of both a direct effect of the 

bacterium and its toxins on lung epithelial cells, and an indirect effect of an exaggerate 

cytokine release in loco (Huang et al., 1999).   



PhD Thesis Elena Lucia Sassu	
 

17 
 

5.3. T-cell mediated immune responses against App 

The main effectors of the adaptive immune response are B and T cells. After encountering 

App, activated antigen-specific B cells induce production of antibodies to combat 

extracellular bacteria. Humoral immunity is indeed effective in attenuating the severity of the 

symptoms (Devenish et al., 1990): antibodies can enhance bacterial phagocytosis via 

opsonisation and act against circulating toxins by neutralizing them (Cruijsen et al., 1995). 

Nevertheless, App seems to evade these mechanisms and persist in host niches as chronic 

lung lesions and/or tonsils (Vigre et al., 2002). To acquire more insights into App 

pathogenesis and persistence, a closer look into T-cell mediated immune responses is also 

relevant. So far, only few studies addressed this point. An indication that T cells might be of 

relevance in this disease was stated already in 1997, when Furesz et al. reported that the 

intensity of delayed-type hypersensitivity was associated with protection (Furesz et al., 1997). 

Additionally, an increase in CD4:CD8 ratio in peripheral blood of low-dose App immunized 

pigs, subsequently challenged with high-dose of App, appeared to be beneficial for protection 

(Appleyard et al., 2002). More insights about the lymphocyte subpopulations involved in the 

response against App infection were given by Faldyna et al., who described an increase of 

CD8- γδ T cells in bronchoalveolar lavage fluid (BALF) and tracheobronchial lymph nodes of 

pigs challenged with App (Faldyna et al., 2005). Recently, IL-17, a cytokine that can be 

produced both by CD4+ and γδ T cells in swine (Stepanova et al., 2012), has been reported to 

be highly expressed, on a transcriptional level, in lungs affected by App (Brogaard et al., 

2015). IL-17 producing CD4+ T cells, named Th17, are known to be involved in autoimmune 

diseases and in the fight against extracellular pathogens by recruiting neutrophils and 

macrophages to the lung (McGeachy, 2013). These cells together with other IL-17 producing 

cells, as CD8+ TC17 cells and innate lymphoid cells type 3 (ILC3s), are effector cells 

belonging to so called  type-3 immunity (Annunziato et al., 2015). Depending on various co-
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factors, IL-17 can have protective or pathologic roles in lung disease (Way et al., 2013). 

During bovine pneumonia induced by Mannheimia haemolytica, which like App belongs to 

the Pasteurellaceae family and induces neutrophilic lung infiltration, IL-17 producing γδ T 

cells were found to be increased (McGill et al., 2016). Therefore, IL-17 could possibly also 

contribute to App pathogenesis.  

Another possibility of immune evasion by App might be the induction of an 

immunosuppressive status in the host. Regulatory T cells (Treg) can be triggered by the 

pathogen, so that bacterial clearance is hampered which paves the way to chronic infection 

(Boer et al., 2015). Differentiated Treg secrete TGF-β and IL-10, which inhibit the 

inflammatory response, but can also support the survival of specific microorganisms such as 

Mycobacterium tuberculosis (Redford et al., 2011).  

Unbeaten paths in the direction of unravelling the mechanisms of App immune evasion as 

well as pathogenesis and persistence are still numerous. The work presented in this thesis 

aims at paving the way to explore some of them.   
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6. AIMS AND HYPOTHESES OF THE STUDY 

Considering the economic impact, the recent re-emergence of App outbreaks and the 

increasing antibiotic resistance of some App isolates, research on porcine immune response 

against App is of high relevance. A detailed analysis of host-pathogen interactions at primary 

sites of App infection combined with the acquisition of new insights into both, porcine innate 

and cellular immune response, may foster the investigation of novel strategies in combating 

App infection.  

The following major points are addressed in this thesis: 

I) Evaluation of early porcine immune response against App and parallel 

identification of an App metabolic adaptation to the host. 

Hypotheses: 

 Porcine immune response can trigger different App adaptation strategies depending on 

the body compartment of colonization.  

 Investigation of cytokine and acute phase protein expression in a broad range of 

organs will help to gain more insight about local inflammation during App infection. 

 

II) Characterization of porcine T-cell response against App infection  

Hypotheses: 

 App-specific antibodies are not efficient in clearance of bacteria. Cell-mediated 

immune responses play a role in persistence. 

 Neutrophilic infiltration in lung lesions is caused by a type-3 immune response. 
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7. PUBLICATIONS 

“Host-pathogen interplay at primary infection sites in pigs challenged with Actinobacillus 
pleuropneumoniae” 

“Frequency of Th17 cells correlates with the presence of lung lesions in pigs chronically 
infected with Actinobacillus pleuropneumoniae” 
 



RESEARCH ARTICLE Open Access

Host-pathogen interplay at primary
infection sites in pigs challenged with
Actinobacillus pleuropneumoniae
Elena L. Sassu1†, Janna Frömbling2†, J. Catharina Duvigneau3, Ingrid Miller3, Andrea Müllebner3, Ana M. Gutiérrez4,
Tom Grunert2, Martina Patzl5, Armin Saalmüller5, Alexandra von Altrock6, Anne Menzel6, Martin Ganter6,
Joachim Spergser2, Marion Hewicker-Trautwein7, Jutta Verspohl8, Monika Ehling-Schulz2†

and Isabel Hennig-Pauka1*†

Abstract

Background: Actinobacillus (A.) pleuropneumoniae is the causative agent of porcine pleuropneumonia and causes
significant losses in the pig industry worldwide. Early host immune response is crucial for further progression of
the disease. A. pleuropneumoniae is either rapidly eliminated by the immune system or switches to a long-term
persistent form. To gain insight into the host-pathogen interaction during the early stages of infection, pigs were
inoculated intratracheally with A. pleuropneumoniae serotype 2 and humanely euthanized eight hours after infection.
Gene expression studies of inflammatory cytokines and the acute phase proteins haptoglobin, serum amyloid
A and C-reactive protein were carried out by RT-qPCR from the lung, liver, tonsils and salivary gland. In
addition, the concentration of cytokines and acute phase proteins were measured by quantitative immunoassays in
bronchoalveolar lavage fluid, serum and saliva. In parallel to the analyses of host response, the impact of the
host on the bacterial pathogen was assessed on a metabolic level. For the latter, Fourier-Transform Infrared
(FTIR-) spectroscopy was employed.

Results: Significant cytokine and acute phase protein gene expression was detected in the lung and the
salivary gland however this was not observed in the tonsils. In parallel to the analyses of host response, the
impact of the host on the bacterial pathogen was assessed on a metabolic level. For the latter investigations,
Fourier-Transform Infrared (FTIR-) spectroscopy was employed. The bacteria isolated from the upper and lower
respiratory tract showed distinct IR spectral patterns reflecting the organ-specific acute phase response of the
host.

Conclusions: In summary, this study implies a metabolic adaptation of A. pleuropneumoniae to the porcine
upper respiratory tract already during early infection, which might indicate a first step towards the persistence
of A. pleuropneumoniae. Not only in lung, but also in the salivary gland an increased inflammatory gene
expression was detectable during the acute stage of infection.
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Background
Actinobacillus (A.) pleuropneumoniae is the etiological
agent of porcine contagious pleuropneumonia, which re-
sults in increased mortality throughout swine production
worldwide [1]. The outcome of infection ranges from
colonisation of the upper respiratory tract without any
clinical signs to severe lung infection with peracute
death. The severity has been ascribed to variation in
serotype-related virulence, influenced by biotic and abi-
otic factors in the pig environment [1]. If the pig over-
comes the acute phase of the disease, it can harbour the
bacterium in chronic lung lesions, tonsillar crypts and
nasal cavities. Thus, infected pigs become persistent car-
riers of the infectious agent [2]. The Waldeyer’s ring is
the first immunological and mechanical barrier faced by
inhaled pathogens [3, 4]. Its failure allows persistence of
A. pleuropneumoniae at this site or may lead to reoccur-
rence of acute outbreaks. Early innate immune response
to respiratory disease is not restricted to the lung as the
primary site of infection, but additionally involves per-
ipheral lymphoid tissues, the liver [5] and the salivary
gland [6]. The acute immune response is characterised
by the self-sustaining production of acute phase proteins
and inflammatory cytokines. Particularly for A. pleurop-
neumoniae the synergic action of endotoxins and the
pore forming exotoxins Apx I to IV, in enhancing the
production of inflammatory cytokines, such as IL-6,
TNF-α and IL-1 is well known [5, 7–9]. Thus, these bac-
terial virulence factors can cause tissue damage, directly
by Apx cytotoxic effect and indirectly by mounting an
exacerbated inflammatory response.
To gain insight into the early stages of host-pathogen

interaction, we experimentally challenged pigs with A.
pleuropneumoniae using the endotracheal infection
route and studied in parallel the host and the pathogen
during the first few hours of infection. We investigated
the mRNA expression of inflammatory cytokines and
acute phase proteins in the lung, liver, salivary gland and
tonsils as well as the protein levels of these markers in
bronchoalveolar lavage fluid (BALF), serum and saliva
samples. For studying the influence of the host milieu
on the bacterial pathogen, Fourier-Transform Infrared
(FTIR) spectroscopy, was employed. FTIR spectroscopy
is a well-established vibrational spectroscopic technique
that can be used for the generation of spectral fingerprints
from a broad range of biological materials [10, 11]. Re-
cently, chemometric assisted FTIR spectroscopy was
shown to be a valuable tool for studying metabolic adapta-
tion of bacterial pathogens to host environments. For in-
stance, FTIR spectroscopy was successfully applied for the
examination of host genotype-specific imprints on the
metabolism of Listeria monocytogenes re-isolated from
mice with different genotypes [12]. In another study, FTIR
spectroscopic analysis of Streptococcus uberis re-isolated

during the progression of the uterine clearance process of
post-partum cows revealed specific S. uberis biotypes,
which could be linked to the uterine health status [13].
This renders FTIR spectroscopy a suitable technique to
investigate bacterial host adaptation on a macromolecular
and metabolic level not only for human but also for ani-
mal pathogens. In our current study, we showed that
already in the early stages of porcine infection A. pleurop-
neumoniae undergoes organ specific metabolic changes
that mirror those detected in the host.

Methods
Animals
Ten 6–8 week-old healthy pigs (German Landrace) were
used in this study. Animals were derived from a closed
breeding herd of a high health status that is routinely
tested negative for A. pleuropneumoniae, Porcine Repro-
ductive and Respiratory Syndrome Virus (PRRSV), toxi-
genic Pasteurella multocida, endo- and ectoparasites.
After arrival, all pigs tested negative for A. pleuropneu-
moniae using an Apx-II Enzyme-linked immunosorbent
assay (ELISA) [14]. At arrival, animals were individually
marked with ear tags and randomly assigned to a control
(n = 4) or infection (n = 6) group. Within a one-week
adaptation period pigs became familiar to the housing
conditions. Twice a day commercial feed was sup-
plied. Pigs were housed under specific pathogen-free
conditions according to FELASA guidelines and were
continuously observed during the whole experiment.
A humane intervention point (HIP) checklist, which
has been developed and approved previously for
infection experiments with A. pleuroneumoniae, was
used during monitoring the animals continuously for
clinical signs by trained staff (participants of FELASA
B training course) [15, 16]. HIP was conducted by in-
jection of 60 mg pentobarbital/kg body weight intra-
venously in deep anaesthesia of the animals as soon
as behavioural changes or a significant increase in
body temperature reflected the development of early
respiratory disease.

Experimental infection protocol
The experiment was part of a comprehensive study to
characterise the early stages of inflammatory lung alter-
ations by imaging techniques such as infrared thermog-
raphy (data not published).
Pigs were not fed on the day of infection to decrease

the risk of pulmonary aspiration of stomach content
under anaesthesia. An acute infection trial lasting 8–10
h was carried out and included anaesthesia, surgical im-
plantation of the central catheter into the Vena cava
cranialis, intratracheal infection, clinical examination
and collection of blood and saliva samples till scheduled
euthanasia. Pigs were anaesthetized intramuscularly with
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15 mg ketamine (Ursotamin®, Serumwerk-Bernburg AG,
Bernburg, Germany) per kg body weight (bw) and 2 mg
azaperon (Stresnil®, Janssen-Cilag GmbH, Baar, Switzerland)
per kg bw. Intratracheal infection was performed under
visible control using a flexible fiberoptic bronchoscope
(IT3; Olympus, Hamburg, Germany) as previously de-
scribed [15]. Briefly, the tip of the bronchoscope was
placed cranial the Bifurcatio tracheae and 5 ml of
inoculum was instilled gently into the main bronchi. A.
pleuropneumoniae biotype 1-serotype 2 strain (no.
C3656/0271/11, isolated from a fattening pig with re-
spiratory symptoms during an acute outbreak of por-
cine pleuropneumonia in northern Germany and stored
at the Institute of Microbiology, University of Veterin-
ary Medicine, Hannover, Germany [17]) was cultivated
in fresh pleuropneumonia-like organism (PPLO) liquid
medium to reach an optical density of approximately
0.45 at 600 nm for infection as described elsewhere
[18]. This culture was subsequently diluted 1:1000 with
154 mM sterile NaCl solution, resulting in a challenge
dose of approximately 1.6x106 CFU per pig determined
retrospectively by serial dilution and overnight culture.
Control pigs were treated with 154 mM sterile NaCl
(sham control). Blood and saliva samples were taken at
2 h prior to and 2, 5 and 8 h post infection and clinical
scores were recorded simultaneously.
Blood samples were collected by means of the central

catheter into vacutainer tubes with either EDTA for
haematological examination or sodium heparin for bio-
chemical examination as anticoagulants.
Saliva samples were obtained by allowing pigs to chew

a cotton wool swab (Salivette®, Numbrecht, Germany).
The cotton wool swabs were replaced in the original
tube, centrifuged at 3000 × g for 10 min and the super-
natants stored at−20 °C. Rectal body temperature was
measured every hour. At the end of the experiment all
pigs were euthanized by intravenous application of
60 mg pentobarbital (Euthadorm®, CP-Pharma, Burgdorf,
Germany)/kg bw at eight to ten hours after infection
and necropsy was performed immediately.

Clinical evaluation
Clinical examinations were carried out before infection
and at 2, 5 and 8 h post infection (hpi) and a total clin-
ical score was calculated for each animal at each time
point. This total clinical score was obtained by summing
up the single scores for six clinical parameters, as dys-
pnoea (heavy breathing = 1; open-mouth breathing = 2),
coughing (=1), posture (sitting = 1; lying = 2), body
temperature (38.0–39.5 °C = 0; >39.5 °C = 1; <38.0 °C =
2), vomiting (=1) and sudden death (=2 extra), so that
an individual maximal clinical score of 10 was possible.
Scores recorded at 8 hpi were statistically compared
between the groups.

Post-mortem examinations
After euthanasia lungs were removed immediately from
the carcasses. The severity of lung alterations was assessed
using the lung lesion score (LLS) proposed by Hannan et
al. [19] and as recommended by the European
Pharmacopoeia for the control of vaccine efficacy (3rd edi-
tion, EDQM, Council of Europe, Strasbourg, France).
Briefly, using a schematic map of the porcine lung as a
guide, the organ was virtually subdivided into 74 triangles
(7 triangles for cranial and middle lobes, 19 triangles for
caudal lobes and 8 triangles for the accessory lobe). Then,
the number of triangles with pathological lung alterations
were expressed as a fraction and multiplied by five for
each lobe, so that each lobe could reach a maximum score
of 5, resulting in a maximum LLS of 35 when the entire
lung was affected.
One main bronchus was separated from the lung by a

surgical clamp. Lung tissue samples were taken from the
clamped lung lobe, while the other lung lobe was
lavaged with 100 ml of 154 mM sterile NaCl solution.
Lung lavage fluid was collected by gently pouring in a
glass container moistened inside with concentrated hep-
arin solution. Tissue samples from the clamped main lung
lobes were fixed in 10% formalin containing 2% calcium
acetate for the preparation of paraffin sections. Routine
histology sections were stained with hematoxylin-eosin
(HE, hemalaun after Delafield). For mRNA extraction,
approximately 500 mg tissue samples from liver, tonsils,
salivary gland and lung were snap frozen in liquid nitrogen
and then stored at −80 °C.

Blood and lung lavage fluid analyses
Leucocyte cell counts and differential blood counts were
determined (Haemotology analyser, Celltag alpha, Nihon
Kohden, Kleinmachnow, Germany) immediately after
blood collection. Serum haptoglobin (Hp) concentrations
were analysed with a colorimetric method (Tridelta
Phase Haptoglobin Assay, Tridelta Development Limited,
Maynooth, Ireland), while serum C-reactive protein (CRP)
was determined by ELISA (Phase Porcine CRP Assay,
Tridelta Development Limited).
Total leukocyte counts were determined in the un-

diluted lavage fluid in a Neubauer-counting chamber
prior to centrifugation of the fluid (10 min, 200 × g, 4 °C).
The sediment was used for further cytological examin-
ation. Cytospots were prepared for differential cell deter-
mination of the bronchoalveolar lavage fluid (BALF) by
centrifugation of small amounts of resuspended sediments
in a cytocentrifuge (Multifuge KR®, Heraeus, Thermo,
Osterode, Germany) at 200 × g for 10 min. Cells were
stained with a Pappenheim staining solution (Merck,
Darmstadt, Germany) and 400 cells were differentiated at
1000 × magnification. The cell-free supernatant of lung
lavage fluid was stored at −80 °C.
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Analysis of gene expression in tissues
RNA was extracted and reverse transcribed as described
previously [20]. The primer sequences and hybridization
probes used for the detection of porcine cytokine
mRNAs (IL-2, IL-4, IL-10, IL-6, INF-γ and IL-1) as well
as the internal references (GAPDH, cyclophilin A and β-
actin) were reported by Duvigneau et al. (2005) [21].
The primer sequences and hybridization probes for the
detection of porcine stress gene mRNAs (iNOS/HO1/
TNF-α) were detailed in a previous work [20]. The pri-
mer sequences used for the specific amplification of por-
cine CRP and Hp were described by Skovgaard et al.
(2009) [5], and the primer sequence for amplification of
porcine SAA was characterised by Soler et al. (2011a, b)
[22, 23]. Primers used for the detection of IL-8 expres-
sion were designed for this study as follows: forward:
AACAGCCCGTGTCAACATGA and reverse: TGCACT
GGCATCGAAGTTCT. The suitability of the newly de-
signed primers was verified in separate experiments by
performing a dilution series using the PCR products as
well as a dilution series of the cDNA pool, generated by
collecting equal aliquots of all investigated cDNA sam-
ples. The dilution series, in conjunction with the melting
characteristics of the PCR product, were used to opti-
mise the assays regarding the primer concentration as
well as the annealing and extension times for the PCR.
Further details about the validation of the qPCR assays
are provided (see Additional file 1). All primers (Invitro-
gen, Carlsbad, CA, USA) and probes (Eurofins MWG
Operon, Ebersberg, Germany) were synthesised com-
mercially. Specificity of the generated PCR products was
verified using melt curve analysis and by randomly veri-
fying correct fragment sizes using gel electrophoresis.
PCR assays were performed as described in [21, 24].

All samples were measured in duplicate. Each plate con-
tained corresponding randomly assigned RT-minus con-
trols of about 15% of all samples, the non-template
controls (NTC) as well as the internal standard (IS),
which was generated by pooling aliquots of all samples
investigated in this study. Data were analysed as de-
scribed previously [23] and normalised against cyclophi-
lin A and β-actin. The obtained ΔΔCq values of the
replicates were averaged and expressed as fold change
relative to the IS.

Quantitative ELISA of serum and BALF
Serum and BALF samples were analysed for IL-6, TNF-α
and IL-1 expression by means of commercially available
sandwich ELISA assay (Duoset DY686, DY690B, DY681,
R&D Systems, Biomedical medical products GmbH and
Co KG, Vienna, Austria) according to the manufacturer’s
instructions with minor modifications. For the prepar-
ation of standard curves, the recombinant cytokines
were diluted in the same body fluid as the samples.

Therefore, serum samples from four or BALF from two
healthy age-matched pigs were pooled to decrease the
risk of individual variation in the matrix. For serum sam-
ples, in order to increase signal intensity, the working
concentrations of capture and detection antibodies and
of the streptavidin-HRP conjugate were doubled. The re-
spective recombinant protein was diluted serially (1:2) in
the serum pool. Sera were analysed undiluted and all
samples, controls and standard concentrations were run
in duplicate. For BALF samples, the working concentra-
tions of antibodies and HPR-conjugates were used as
recommended. The BALF pool to create the standard
curves was used in the same dilution as the samples.
BALF was used undiluted for TNF-α and diluted 1:4 for
IL-1 and IL-6 detection. The detection limits of the as-
says were 150 pg/ml for IL-6, 200 pg/ml for TNF-α and
70 pg/ml for IL-1, respectively. Tetramethylbenzidine
(TMB) was used for colour development and 1 M
sulphuric acid as stopping solution according to the
manufacturer’s instructions. Optical density was mea-
sured at 450 nm and at 690 nm as the reference with an
ELISA reader (Tecan, Sunrise, Grödig, Austria) and con-
centrations were calculated with Magellan software
(Tecan) using the standard curves as allocation base.

Time-resolved fluorometry immunoassay of saliva and BALF
The concentrations of Hp and CRP in saliva and BALF
samples were quantified using previously developed and
validated one-step non-competitive sandwich type immu-
noassays based on time-resolved fluorometry technology
[25, 26]. The assays used for Hp and CRP measurements
comprise calibration curves with seven standards with
concentrations between 10 and 1500 ng/ml approxi-
mately. This wide dynamic range allows the quantification
of samples with highly varying protein concentrations. For
saliva, the optimal sample dilution was 1:10 and 1:2 for
Hp and CRP measurements respectively, as reported pre-
viously. However, described assays had not been evaluated
for BALF samples so far, so that the procedures were
modified by using optimised dilutions of 1:100 and 1:10
for Hp and CRP quantifications respectively.

Bacterial isolation and cultivation
Lung and tonsillar tissue samples, as well as nasal swabs
of four control (C1-4) and six infected (I1-6) animals
were examined for the presence of A. pleuropneumoniae.
For bacterial isolation swabs from organ tissue and nos-
trils were streaked on Columbia sheep blood agar
(Oxoid, Wien, Austria). Staphylococcus aureus was used
as nurse to facilitate the isolation of A. pleuropneumoniae
from organs carrying a high bacterial background micro-
biota, such as tonsils and nostrils [1]. Subsequent cultiva-
tion of bacteria was performed in PPLO broth (Difco™,
Becton, Dickinson and Company, Franklin Lakes, USA)
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supplemented with 10 mg/l NAD (AppliChem GmbH,
Darmstadt, Germany) for molecular analyses or grown as
solid cultures supplemented with 14 g/l bacteriological
agar (Oxoid) for FTIR spectroscopy (see below). All bac-
terial cultivations were carried out at 37 °C and 5% CO2.

Serotype 2 specific PCR
Serotype 2 specific PCR using primers for the capsular
biosynthesis genes cps2AB was performed to confirm
the identity of A. pleuropneumoniae re-isolated from in-
fected host tissue [27]. Briefly, pelleted bacteria from 2–
4 ml liquid culture were re-suspended in 100 μl ddH2O
and lysed at 100 °C for 10 min. Cell debris was removed
by 3 min centrifugation at 13.000 × g. 2 μl supernatant
containing 50 ng/μl genomic DNA served as a template
for a 25 μl PCR reaction mixture containing 5 μl 5×
Green GoTaq® Flexi buffer (Promega, Madison, USA),
2.5 μl 25 mM MgCl2, 0.5 μl 20 mM dNTP, 0.25 μl
APPcps2F and APPcpsR Primer each (50 pmol), 0.125 μl
GoTaq® Flexi DNA Polymerase (5 U/μl; Promega, Madi-
son, USA) and 14.38 μl ddH2O. DNA was amplified for
35 cycles with the following parameters: 30 s denatur-
ation at 94 °C, 30 s annealing at 58 °C and 30 s elong-
ation at 72 °C. PCR products were analysed on a 1.5%
agarose gel.

DNA fingerprinting of bacteria
Genetic stability of bacteria was confirmed by M13 -
PCR typing of re-isolated A. pleuropneumoniae and the
original challenge strain grown in vitro as previously
described by Henderson et al. [28]. Genomic DNA was
isolated with the MasterPure™ DNA Purification Kit
(Epicentre, Madison, USA) following the manufacturer’s
instructions. 2 μl genomic DNA (50 ng/μl) was used as a
template for a 25 μl PCR reaction mixture containing
5 μl 5 × Green GoTaq® Flexi buffer (Promega, Madison,
USA), 2.5 μl 25 mM MgCl2, 0.5 μl 20 mM dNTP, 0.5 μl
Primer M13 (50 pmol/μl; 5’-GAGGGTGGCGGCTCT-3’),
0.15 μl GoTaq® Flexi DNA Polymerase (5 U/μl; Promega,
Madison, USA) and 14.35 μl ddH2O. The amplification
was performed using the following parameters: 35 cycles
of 35 s of denaturation at 95 °C, 1 min annealing at 40 °C
and 2 min of extension at 72 °C. PCR products were ana-
lysed on a 2% agarose gel.

Preparation of crude capsular extract
Crude capsule extracts (CEs) were prepared from A.
pleuropneumoniae isolates derived from lung and tonsils
of the infected pigs by mild water-phenol extraction. In
brief, fresh 50 ml liquid cultures of A. pleuropneumoniae
isolates were grown to an OD600 of 0.2 and bacteria were
harvested by centrifugation at 6530 × g for 5 min. Per
gram of bacterial mass 18 ml 1% phenol were added and
capsules were extracted by shaking for 5 min at 37 °C

followed by an incubation step at 4 °C for 30 min. Bacter-
ial debris was pelleted by centrifugation at 27000 × g for
30 min at 4 °C. Supernatant was sterile filtrated with a syr-
inge sterile filter (pore size 22 μm) to remove remaining
cellular debris. The phenol solution was removed by vac-
uum centrifugation and CE was re-suspended in ddH2O
and immediately analysed by FTIR spectroscopy.

FTIR spectroscopy and spectral data analyses
FTIR spectroscopy was employed to investigate the im-
pact of the host on the metabolism of A. pleuropneumo-
niae re-isolated from organs and tissues of infected pigs.
Infrared spectra reflect the biochemical composition of
living cells by mirroring the stretching and bending vibra-
tions of proteins, nucleic acids, polysaccharides and fatty
acids within different frequency areas [11], which makes
FTIR spectroscopy a powerful and highly discriminatory
tool for the generation of bacterial metabolic fingerprints
and to study host-pathogen interactions [12]. For the gen-
eration of a metabolic fingerprint, a loop full of a bacterial
mass of the different isolates was cultivated as a lawn on
PPLO agar at 37 °C for 24 h and samples were prepared
for FTIR spectroscopy as described previously [29, 30]. In
brief, one loop-full of bacteria was suspended in 100 μl
sterile distilled water. Subsequently, an aliquot of 30 μl cell
suspension was transferred to a zinc selenide (ZnSe) op-
tical plate (BrukerOptics GmbH, Ettlingen, Germany) and
dried for 40 min at 40 °C. Infrared absorption spectra were
recorded in transmission mode in the range of 4000 to
500 cm−1, with a resolution of 6 cm−1, zero-filling factor 4
and Blackmann-Harris 3-term apodization by the aid of a
HTS-XT microplate adapter coupled to a Tensor 27 FTIR
spectrometer (BrukerOptics GmbH). An average
spectrum of 32 scanned interferograms was calculated
with background subtraction for each spectrum. Spectral
data were processed and analysed and subsequent chemo-
metric analysis was performed using OPUS software (Ver-
sion 7.2; BrukerOptics GmbH). The frequency range
1150–1100 cm−1 in the polysaccharide region (1200–
900 cm−1) provided the maximum discriminatory infor-
mation to assess the tissue-related bacterial metabolic fin-
gerprints by hierarchical cluster analysis (HCA). Most
characteristic frequency areas to assess differences specif-
ically related to the bacterial capsule were the polysacchar-
ide region (1200–900 cm−1) and the protein region
(1800–1500 cm−1) [11]. Dendrograms of 2nd-derivative
spectra (9-point Savitzky-Golay filter) were generated
using the Ward’s algorithm with normalisation to repro
level 30. Measurements of CE were performed with minor
alterations as previously described [31].

Statistical analysis
Statistical data analysis was performed for protein and
mRNA level and for the clinical score by using the SPSS
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software (2011, IBM, SPSS Statistics for Windows, Ver-
sion 20.0, Armonk, NY, IBM Corp.). Since data were not
normally distributed, non-parametrical tests were per-
formed. For statistical evaluation of group differences
between infected and sham control pigs the Wilcoxon
rank sum test was used. Parameters in paired samples
prior to and after infection within one group were com-
pared by the Wilcoxon Signed-Rank test.

Results
Clinical and post-mortem findings
Four hours after infection all pigs experimentally
infected with A. pleuropneumoniae showed signs of
respiratory disease such as dyspnoea, open mouth
breathing and coughing. Rare episodes of vomiting were
observed in both, infected and control animals, most
likely due to a side effect of anaesthesia. Control animals
did not display any sign of respiratory disease (Table 1).
Successful experimental infection was additionally con-
firmed by macroscopic and microscopic pathological
lung alterations. In the lungs of all infected animals red
foci of consolidation and multifocal haemorrhagic le-
sions associated with interlobular oedema were found
(Fig. 1a). In one animal scattered layers of fibrin on the
Pleura visceralis indicated an incipient pleurisy. Lung le-
sion scores of infected animals were significantly higher
than those of controls as shown in Table 1 (p ≤ 0.01).
Microscopic lung tissue alterations in infected pigs were
dominated by a severe neutrophilic infiltration as well as
fibrin exudation into the alveolar spaces and interalveolar
septa leading to an obstruction of bronchioli (Fig. 1b). The
histological diagnosis was a fibrinopurulent, necrotizing
and haemorrhagic pleuropneumonia (Table 1). Control
pigs showed no histological signs of pleuropneumonia.

Cytological findings in blood
At no time point after infection did the total number of
neutrophils in the blood differ between the two groups.
Nevertheless, differences were detectable when consider-
ing singularly granulocyte fractions. As shown in Fig. 2,
eight hours after infection segmented neutrophils in in-
fected animals decreased to a significantly lower level
than in control pigs, while a significant increase in im-
mature granulocytes, both band cells and metamyelo-
cytes, was observed in infected pigs in comparison to
the sampling prior to infection. Already five hours after
infection band neutrophils rose in infected pigs (Fig. 2).

BALF was harvested eight to ten hours after infection
from the isolated lungs. Significantly (p ≤ 0.01) higher
total leukocyte cell counts, as well as a trend (p = 0.057)
in lymphocytes and alveolar macrophages, were ob-
served in infected pigs (Table 2).

Gene expression in host tissue
Gene expression of inflammatory cytokines (IL-6, IL-1 and
TNF-α), chemokine IL-8, and the anti-inflammatory cyto-
kine IL-10 was evaluated in liver, lung, salivary gland and
tonsils (Fig. 3). Gene expression of iNOS, HO1, IL-2, IL-4
and IFN-γ was below the detection limit and for this rea-
son is not mentioned further in this study (data not
shown). In infected animals, IL-6 expression was signifi-
cantly up-regulated in the liver (p ≤ 0.05), lung and salivary
gland (both p ≤ 0.01) in comparison to control pigs, but in
the tonsils, only a tendency was detected (p = 0.06). In the
lung tissue of infected animals, all pro-inflammatory cyto-
kines and IL-8 were significantly (p ≤ 0.05) up-regulated. In
addition, IL-1 expression was significantly increased (p ≤
0.05) in the salivary gland of infected pigs. No significant
differences were found for IL-10 expression in any tissue.
In the tonsils none of the investigated parameters were
changed (Fig. 3A). The mRNA expression of acute phase
proteins (CRP, Hp and SAA) was also assessed in the same
tissues (Fig. 3B). Serum amyloid A (SAA) expression was
found to be significantly up-regulated (p ≤ 0.01) in all tis-
sues apart from tonsils. In the salivary gland, the expression
of all acute phase proteins was significantly up-regulated
(p ≤ 0.01), while in the tonsils no difference in gene expres-
sion in comparison to the control group was found.

Protein expression in serum, BALF and saliva
Concentrations of pro-inflammatory cytokines (IL-6, IL-
1, TNF-α) were determined in serum and BALF and
acute phase proteins (CRP and Hp) were quantified in
serum, BALF and saliva. In sera of infected animals, no
significant changes in inflammatory cytokines were de-
tected (data not shown).
Interestingly, TNF-α was not detected in BALF after

infection. In contrast, the median concentrations of IL-6
and IL-1 were increased in infected animals while
remaining below the detection limit in control pigs.
Acute phase proteins behaved similarly in serum and
BALF. While Hp concentrations remained unchanged
throughout the study, CRP increased significantly at
eight hours after infection (Table 2.).

Table 1 Clinical score (CS), lung lesion score (LLS) and histological evaluation of lung lesions in control and infected animals

Group Clinical score Lung lesion score Histological evaluation

Control (n = 4) 0 (0–0.75) 0 (0–0.6) Moderate infiltrates of neutrophils and macrophages in interalveolar septa

Infected (n = 6) 4 (2.75–5.5)** 7.39 (3.1–16.56)** Fibrinopurulent, necrotizing, hemorrhagic pleuropneumonia

**p ≤0.01; Wilcoxon rank sum test
CS prior to death (8 hpi) and LLS at the time of the necropsy are expressed as median (interquartile range). Significant values are marked in bold
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The concentrations of CRP and Hp analysed in saliva
showed increased levels in the infected animals. Specific-
ally, at the last time point, Hp increased significantly
(p ≤ 0.05) whereas CRP showed only a trend (p = 0.07).
In control animals no changes were detected.

Metabolic fingerprinting of A. pleuropneumoniae re-isolated
from host tissues
A. pleuropneumoniae was isolated from the lung of all
six, the tonsils of two and the nostrils of three infected
animals (Table 3). Serotype 2 specific PCR (APPcps2
PCR) was used to confirm that the isolated A. pleurop-
neumoniae colonies are indeed derived from the A.
pleuropneumoniae serotype 2 strain used for infection,
[27]. The clonality and genetic stability of the isolates
were checked by DNA fingerprinting via M13-PCR [28].
All isolates showed the same band pattern via M13-PCR
indicating that all isolates are indeed progenitors of the
strain used for infection (data not shown). FTIR spectra
of all A. pleuropneumoniae isolates from the host tissues
were recorded and subjected to chemometric analysis.
Hierarchical cluster analysis (HCA) of the normalised and
pre-processed spectral data revealed a distinct organ-
specific clustering of the isolates, indicating organ-specific
impacts on the metabolism of host passaged A. pleurop-
neumoniae. From the recorded IR spectra, the spectral
window of 1150 to 1100 cm−1, representing a part of the
polysaccharide region, showed the highest discriminatory
power, resulting in 4 major clusters (Fig. 4). While cluster
A covers all isolates from the lung and the inoculation
strain, isolates of the upper respiratory tract (tonsillar and
nostril isolates) cluster apart from cluster A in the three
clusters B-D (Fig. 4). Further passaging showed that the
bacterial metabolic adaptation remained stable for the first
passages. Consecutive cultivation under laboratory condi-
tions revealed that these metabolic changes are reversible.
HCA of FTIR spectral data from bacteria passed 5 times
under laboratory conditions showed that isolates from the

upper and lower respiratory tract are clustering to-
gether (see Additional file 2). The latter results indicate
that the observed adaptation is indeed a metabolic
adaptation triggered by the organ-specific environment,
which is lost over time due to consecutive cultivation
under laboratory conditions.

Analysis of A. pleuropneumoniae CEs
The metabolic fingerprints of the A. pleuropneumoniae
lung and upper respiratory tract (nostrils and tonsils)
isolates obtained by FTIR spectroscopy showed remark-
able differences in the polysaccharide and the protein re-
gion. Since the capsule, which is an important virulence
factor of A. pleuropneumoniae [32], mainly consists of
polysaccharides, CE from the re-isolated bacteria were
prepared. In order to retain CE associated proteins, a
mild aqueous phenol capsule extraction method without
further purification was used for the latter. The extracted
CE was subjected to FTIR spectroscopy and subsequent
chemometric analysis. HCA of the FTIR spectral date of
the CEs, using the frequency areas 1800–1500 cm−1 (pro-
tein region) and 1200–900 cm−1 (polysaccharide region),
revealed two major clusters: one cluster comprising of the
CE spectra from the strain used for infection and its iso-
lates derived from the lung of the infected pigs I1-4 and
I6, and one cluster comprising the CE spectra from the
tonsil isolates of the infected pig I4 (Fig. 5). Differential
FTIR spectral analysis was carried out to search for host
site-specific imprints in the CE from the re-isolated bac-
teria. Therefore, subtraction of a second derivate, vector-
normalised, average FTIR spectrum of the CE from A.
pleuropneumoniae lung isolates from the average spectrum
of tonsillar isolates was performed (Fig. 6). The comparison
between the CE of isolates revealed significant alterations
within the protein (1800–1500 cm−1) and carbohydrate
(1200–900 cm−1) regions. Higher amounts of substances
absorbing at 1637 cm−1 were recorded in CE of lung iso-
lates. This band can be assigned to amide I of β-pleated

Fig. 1 Pathological lung tissue alterations in a pig 8 hpi with A. pleuropneumoniae serotype 2. a Macroscopic lung alterations are characterised by
multifocal and disseminated haemorrhagic lung tissue consolidations; b Histopathological findings are dominated by fibrinous exudates in alveolar spaces
and interlobular septa (H&E stain; bar = 50 μm)
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sheet structures [33]. Another significant difference could
be detected in the tonsillar CE at 984 cm−1 compared to
the CE of the lung. Being part of the carbohydrate region
this band falls into the spectral range in which O–C, C–O
structures dominated by ring vibrations of carbohydrates
C–O–P and P–O–P absorb [34].

Discussion
Early induced immune response is the first line of de-
fence against many common microorganisms, including

A. pleuropneumoniae. Its failure in eliminating the
pathogen can result in the development of a chronic and
persistent infection status [2, 35]; for this reason, the
acute stage of porcine pleuropneumonia, where early im-
mune response usually takes place, was investigated in
this study. To induce an acute stage of infection an
intratracheal infection route was applied. The experimen-
tal model used in this study resulted in diffuse bilateral
pneumonia in all infected pigs and the LLS mirrored clin-
ical signs, thus confirming the reproducibility of infection.

Fig. 2 Cytological findings in the blood during the course of infection. The absolute numbers of mature and immature neutrophils (a: total, segmented,
band neutrophils, b: metamyelocytes) prior to and at 2, 5 and 8 hpi of control (n= 4) and infected (n= 6) animals are shown. Box-plots show median (line
within the box), 25th and the 75th percentiles (box), 1.5 times the interquartile range (whiskers) and outliers (circles and triangles). *p≤ 0.05 Wilcoxon rank
sum test in comparison to control, # p≤ 0.05 Wilcoxon signed-rank test in comparison to sampling prior to infection within the same group
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These results are in line with previous studies using other
A. pleuropneumoniae serotypes for experimental infection
[16]. The intratracheal infection model used ensures
equally distributed lesions and partially overcomes the
limitation of the small sample size in this study by a re-
duction in the variability commonly associated with other
routes of infection [16].
After eight hours of infection, the drop in segmented

neutrophils in combination with a rise in band cells and
metamyelocytes reveals the kinetics of the cellular innate
immune response associated with a fast migration of im-
mature band cells from the bone marrow to the blood as
well as a migration of mature neutrophils from the
blood stream to the site of infection. Rapid neutrophilic
infiltration and high levels of IL-8 expression in lung
tissue of infected pigs confirm the key role of this
neutrophil-chemokine interaction in the pathogenesis of
the disease [8, 16].
In serum, no changes in IL-1 concentrations and only

slight increases in IL-6 and TNF-α were recorded within

the first eight hours after infection, which is in accord-
ance with results of previous studies [8, 36]. Fossum et
al. (1998) reported an increase in IL-6, as the earliest de-
tectable pro-inflammatory cytokine, at 20 hpi with A.
pleuropneumoniae serotype 2 [36]. Recently, a study
from Wyns et al. (2015) showed that all three cytokines
increased after the experimental infection and the mean
peak concentrations of TNF-α and IL-6 in serum were
registered at 12 and 10 hpi respectively [37]. In contrast
to these findings for pro-inflammatory cytokines, serum
CRP concentration raised eight hours after infection.
Serum Hp concentration was not affected during the
infection trial.
Our findings of a 4-fold increase in serum CRP is in

line with the previously described range of a 2- to 9-fold
increase after infection. The normal CRP concentrations
in the plasma of healthy pigs vary from 11–77 μg/ml
with a high individual variation [38, 39], which is also in
accordance with our findings. In contrast to CRP, the
slow reacting acute phase protein Hp remained at a
physiological level (0.19–0.52 mg/ml) [5, 40] in the
serum from both groups. In contrast to serum data, IL-6
and IL-1 were increased in BALF from infected animals;
leading to the idea that acute bacterial respiratory tract
infection might induce localised rather than systemic
cytokine responses. However, TNF-α protein was not
detectable in infected pigs, even though its mRNA was
found to be highly expressed in the lung. The same out-
come was observed in a former study [8]. A study in
mice showed the ability of surfactant protein A to en-
hance the production of secretory leukoprotease inhibi-
tor (SLPI), which is known to induce down-regulation of
TNF-α production by inhibiting LPS-induced NF-kB
activation [41]. Thus, it is tempting to speculate that
LPS-induced NF-kB activation might also be involved in
the down-regulation of TNF-α detected in BALF of
infected pigs compared to control. Nevertheless, further
studies are necessary to test the latter hypothesis.
Although the Waldeyer’s ring was bypassed by the

intratracheal inoculation route the examined innate
immune responses were not confined to the lung, but
rather disseminated to organs of the upper respiratory
tract. While pro-inflammatory cytokines were primarily
induced in the lung tissue of all infected animals, the
salivary gland was the main site of expression of acute
phase proteins, IL-6 and IL-1. The latter finding was un-
expected, because it is in contrast to the lack of immune
reaction in tonsillar tissue, although both organs might
have had pathogen contact at the same time but later
than the lung.
Despite their common localisation, the salivary gland

and tonsils showed a completely different pattern in the
host immune response. Neither acute phase protein nor
pro-inflammatory cytokine mRNAs were differentially

Table 2 Concentrations of cytokines (IL-6, IL-1 and TNF-α), acute
phase proteins (CRP, Haptoglobin) and cells in different bodily
fluids from control and infected animals

Control (n = 4)a Infected (n = 6,
cn = 3)

BALF Cytokines:

IL-6 (pg/ml) ND 434.2 (ND-2491.5)

IL-1β (pg/ml) ND 1166.8 (ND-2808.1)

TNF-α (pg/ml) 129.5 (ND-410.4) ND

BALF acute phase proteins:

CRP (ng/ml) 89.7 (39.5–189.6) 389.7 (192.6–554.4)

Hp (μg/ml) 6.7 (5.2–9.1) 6.2 (5.1–7.5)

BALF Cells:

Leukocytes (×109/l) 2.9 (1.8–5.1) 11.4 (7.8–16.9)**

Lymphocytes (×109/l) 0.1 (0–0.3) c2.5 (0.8–6.1)

Alveolar Macrophage
(×109/l)

1.7 (1.5–2.3) c6.2 (4.5–10.6)

Infected (pre-infection)b Infected (8 hpi)

Serum acute phase proteins:

CRP (μg/ml) 49.7 (18.4–71.5) 202.2 (93.9–309)*

Hp (mg/ml) 0.7 (0.2–1.1) 0.7 (0.5–1.3)

Saliva acute phase proteins:

CRP (ng/ml) 3 (1.3–7.4) 27.9 (8.4–37.6)

Hp (μg/ml) 0.4 (0.2–1) 1.9 (1.3–3.6)*

Results are expressed as median values (interquartile range). aDifferences
between control and infected group in the BALF immediately after
death. *p ≤ 0.05
**p ≤ 0.01 Wilcoxon rank test. bDifferences within the infected group between
the last time point of sampling (8 hpi) and prior to infection. *p ≤ 0.05
Wilcoxon signed ranks test. cLymphocytes and alveolar macrophages were
not detectable in the BALF of three animals out of the infection group
ND = not detectable because below detection limit
Significant values are marked in bold
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expressed in tonsillar tissue. Acute phase protein extra
hepatic production in peripheral lymphoid tissue was
previously described during acute A. pleuropneumoniae
infection [5]. However, the impact of the salivary gland
in extra hepatic production of acute phase proteins is
largely unknown. Immuno-histochemical findings by
Gutierrez et al. (2012) revealed localisation of Hp in the
glandular acini and duct epithelial cells of the salivary
gland [6]. In our study, not only Hp and SAA, but also
CRP was significantly increased in pigs infected with A.

Fig. 3 Cytokine and acute phase protein mRNA analyses. mRNA expression of (a) cytokines IL-6, IL-1, TNF-α, IL-8, IL-10 and (b) acute phase proteins
CRP, C-Reactive Protein; Hp, Haptoglobin and SAA, Serum Amyloid A in different tissues of control (n = 4) and infected (n = 6) animals. Box-plots show
median (line within the box), 25th and the 75th percentiles (box), 1.5 times the interquartile range (whiskers) and outliers (circles and triangles). The
results were normalised to reference genes (Actin and Cyclophilin A) and to the internal standard. *p ≤ 0.05, **p ≤ 0.01

Table 3 A. pleuropneumoniae re-isolated from different tissues
of acutely infected animals

Animal

Tissue I1 I2 I3 I4 I5 I6

Lung x x x x x x

Nostril Left - x - x - -

Right - x - - x -

Tonsil Left - x - x - -

Right - - - x - -
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Fig. 4 Hierarchical cluster analysis of FTIR spectra recorded from A. pleuropneumoniae serotype 2 re-isolated from different organs of infected pigs.
Isolates from different organs of the infected pigs 1–6 (I1-I6) and the strain used for infection were grown for 24 h on PPLO at 37 °C and 5% CO2,
subsequently subjected to FTIR spectroscopy and hierarchical cluster analysis was performed. For calculation of the dendrogram the FTIR spectral
regions of 1150 to 1100 cm−1 and the Ward’s algorithm were used A. pleuropneumoniae re-isolated from the lung of all six animals (I1-6) group
and the inoculation strain group together in cluster (a), while the bacteria isolated from the tonsils and the nostrils group in cluster (b–d)

Fig. 5 Hierarchical cluster analyses of FTIR spectroscopic data from CEs of the A. pleuropneumoniae serotype 2. Hierarchical cluster analysis was
performed using recorded FTIR spectra from the CEs of the infection strain grown in vitro and after re-isolation from different organs of the infected
pigs 1–4 and 6 (I1-4 and I6): isolates from the lung of I1-4 and 6 as well as the inoculation strain (Cluster b), isolates from the left and right tonsil of I4
(Cluster a). For calculation of the dendrogram the Ward’s algorithm and the FTIR spectral regions of 1200–900 cm−1 and 1800–1500 cm−1 were used
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pleuropneumoniae. This expression was evident both, at
a transcriptional level and at the level of the protein,
since Hp and CRP reached higher values also in saliva
from infected animals. Whether this prominent implica-
tion of the salivary gland during acute bacterial infection
is linked to the direct presence of A. pleuropneumoniae
in this site is hitherto unknown. Nonetheless, the detec-
tion of the bacterium in the tonsils sited in anatomical
proximity, and the reported susceptibility of the salivary
gland to A. pleuropneumoniae colonisation [42], is a hint
that the bacteria could invade this organ. Interestingly,
bacteria could be re-isolated from tonsillar tissue, as a
consequence of coughing or transport by the mucocil-
lary escalator. However, a host immune response in ton-
sillar tissue, which would have been indicated by an
increase in cytokine or acute phase protein expression,
was not detected (Fig. 3).
During the last two decades, FTIR spectroscopy has

become a well-established technique for identification
of microorganism on the species and subspecies level
[11]. Due to its high discriminatory power, FTIR spec-
troscopy is increasingly employed not only for bacterial
identification but also for studying environmental im-
pacts, such as abiotic stress or host genotypes, on the
metabolic fingerprints of bacteria [12, 43]. Thus, FTIR
spectroscopy represents a suitable tool for exploring
the host impacts on A. pleuropneumoniae in parallel to
the analyses of host reactions in response to the bacter-
ial infection.

In the first step, A. pleuropneumoniae re-isolated from
different host tissues was subjected to molecular analysis
to confirm its genotypic identity with the strain used for
inoculation. All isolates were positive in the A. pleurop-
neumoniae serotype 2 specific PCR and showed the
same M13-PCR profiles. In contrast to the results from
the molecular typing, FTIR spectral analysis revealed a
distinct clustering of the isolates. The isolates clustered
according to the tissue of re-isolation (Fig 4), reflecting
the physiological metabolic adaptation due to their
movement from the lower to the upper respiratory tract
(Fig. 4–5). This might be indicative for different adapta-
tion strategies, depending on the body compartment of
colonisation or infection. Notably, the inoculation strain
forms one cluster with the lung isolates while the iso-
lates from the upper respiratory tract formed a separate
cluster. This observation fosters out hypothesis that the
bacteria are indeed rapidly adapting to the upper re-
spiratory tract, which is reflected in their metabolic fin-
gerprints that are distinct from the ones of the lung
isolates and the inoculation strain. Furthermore, our
results revealed that the laboratory culture medium
(PPLO) and culture conditions used for growth of the
inoculation strain mimick the host environment that
bacteria are facing during acute infections in the lung
(Fig. 4). As shown previously, growth conditions can
significantly impact the metabolism and the expression
of virulence factors of bacterial pathogens [12] and must
be considered when inoculation samples for infection

Fig. 6 Differential FTIR spectral analyses. The second derivate, vector-normalised average spectra were calculated from CE of re-isolated A.
pleuropneumoniae Serotype 2 from the left and right tonsil of the infected pig 4 (I4) and the lung of the infected pigs 1–4 und 6 (I1-4 and I6),
respectively. The average spectrum of the lung of I1-4 and 6 was subtracted from the average spectrum of the tonsils of I4. Most pronounced
differences could be detected in the frequency area of 1800–900 cm−1 and can be related to the protein region (1800–1500 cm−1) and the
carbohydrate region (1200–900 cm−1)
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studies are prepared. The observed phenotypical meta-
bolic adaptation of A. pleuropneumoniae was reversible,
which is in line with recent findings on the loss of host
environmentally triggered memory effects over time re-
ported from other bacteria [12, 44, 45]. Since isolation of
A. pleuropneumoniae from tonsils and nostrils of swine
not showing any clinical signs is common, the pathogen
is considered to persist at these sites of infection [46].
Thus, when colonizing various host organs, differences
in metabolic adaptations may have facilitated a persist-
ence of A. pleuropneumoniae. Indeed, the HCA revealed
a unique cluster for the lung isolates, while the isolates
of the upper respiratory tract were more diverse (Fig. 4).
The diversity observed among the latter isolates might
reflect the individual appearance of acute disease symp-
toms, such as coughing.
The most pronounced influence on the metabolic fin-

gerprint during bacterial host organ-specific adaptation
was attributed to the spectral range of 1150–1100 cm−1.
This frequency area is part of the polysaccharide region
(1200–800 cm−1), which is dominated by a complex se-
quence of peaks associated to stretching ring vibrations
of carbohydrates (C─O─C, C─O─P) [47]. Since a
comparison of FTIR spectra of the CEs from A. pleurop-
neumoniae from the tonsils with the FTIR spectra recorded
from the lung isolates revealed significant differences
within their protein and carbohydrate compositions (Fig. 6),
it is tempting to speculate that the capsule of the bacteria
has an influence on the specific metabolic adaptation of
the bacterium to the different host organs. The stronger
appearance of β-sheet structures in the CEs from lung
isolates indicates a shift towards a higher expression of β-
sheet carrying proteins. To decipher the bacterial mole-
cules and mechanisms involved in observed host tissue
specific adaptation of A. pleuropneumoniae detailed quan-
titative and qualitative carbohydrate and protein analyses
of the capsule are needed, which are clearly beyond the
scope of our current work. Preliminary results from an on-
going study also point towards a reduced production of
capsule material in the tonsil isolates (Frömbling et al., un-
published) and for S. aureus it has already been reported
that the loss of capsule expression is advantageous to
establish and maintain a chronic infection in humans as
well as in animals (e.g. chronic osteomyelitis, bovine
mastitis) [48]. Based on our results, it is tempting to
speculate that the capsule formation is important for
bacterial adaptation to the porcine tonsils as one step
towards deciphering persistence of A. pleuropneumoniae
in infected pig herds.

Conclusions
Altogether, our results indicate an important role of the
salivary gland in oral immunity, already eight hours after
infection. Contrarily to the lung, A. pleuropneumoniae

was not able to provoke any immune response in the
tonsils. Thus, the specific changes observed in the meta-
bolic fingerprints of A. pleuropneumoniae are presum-
ably crucial for bacterial adaptation to porcine tonsils.
Further studies will be necessary to decipher the exact
role and contribution of the tonsils as a reservoir of host
adapted A. pleuropneumoniae for the development and
establishment of chronic infections.

Additional files

Additional file 1: Information about IL8 primers and optimised qPCR
assays. More details about the optimisation and validation of qPCR assays
for target gene-specific primers in the pig are included. Particularly in the
figure is shown that the suitability of the newly designed primers was
verified in separate experiments by performing of a cDNA pool. In melt
curve and amplification plots samples are shown in green while controls
(no reverse transcription control (NRT) and no template control (NTC)) are
shown in yellow and orange respectively. Additionally, an agarose gel
electrophoresis of the PCR products of undiluted cDNA pool and controls
was performed. (DOCX 349 kb)

Additional file 2: Hierarchical cluster analysis of FTIR spectroscopic data
recorded from A. pleuropneumoniae serotype 2 after 2 and 5 passages
under laboratory conditions. After re-isolation from different organs of
the infected pigs 1–6 (I1-I6) recorded FTIR spectroscopic data of 2 and 5
passages on laboratory medium were subjected to hierarchical cluster
analyses. After two passages nostril and tonsil isolates (upper respiratory
tract isolates) cluster apart from all lung isolates, while passaging for five
times leads to two intermingled clusters of lung and upper respiratory tract
isolates as well as to a decrease in heterogeneity between the samples. For
calculation of the dendrogram, the FTIR spectral regions of 900 to 1200 cm
−1 and 1500 to 1800 cm−1 and Ward’s algorithm were used. (PPTX 63 kb)
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Frequency of Th17 cells correlates 
with the presence of lung lesions in pigs 
chronically infected with Actinobacillus 
pleuropneumoniae
Elena L. Sassu1, Andrea Ladinig1, Stephanie C. Talker2, Maria Stadler2, Christian Knecht1, Heiko Stein1, 
Janna Frömbling3, Barbara Richter4, Joachim Spergser3, Monika Ehling‑Schulz3, Robert Graage5, 
Isabel Hennig‑Pauka1† and Wilhelm Gerner2*†

Abstract 

Porcine contagious pleuropneumonia caused by Actinobacillus pleuropneumoniae (APP) remains one of the major 
causes of poor growth performance and respiratory disease in pig herds. While the role of antibodies against APP 
has been intensely studied, the porcine T cell response remains poorly characterized. To address this, pigs were 
intranasally infected with APP serotype 2 and euthanized during the acute phase [6–10 days post‑infection (dpi)] or 
the chronic phase of APP infection (27–31 dpi). Lymphocytes isolated from blood, tonsils, lung tissue and tracheo‑
bronchial lymph nodes were analyzed by intracellular cytokine staining (ICS) for IL‑17A, IL‑10 and TNF‑α production 
after in vitro stimulation with crude capsular extract (CCE) of the APP inoculation strain. This was combined with 
cell surface staining for the expression of CD4, CD8α and TCR‑γδ. Clinical records, microbiological investigations and 
pathological findings confirmed the induction of a subclinical APP infection. ICS‑assays revealed the presence of 
APP‑CCE specific CD4+CD8αdim IL‑17A‑producing T cells in blood and lung tissue in most infected animals during 
the acute and chronic phase of infection and a minor fraction of these cells co‑produced TNF‑α. APP‑CCE specific IL‑
17A‑producing γδ T cells could not be found and APP‑CCE specific IL‑10‑producing CD4+ T cells were present in vari‑
ous organs but only in a few infected animals. The frequency of identified putative Th17 cells (CD4+CD8αdimIL‑17A+) 
in lung and blood correlated positively with lung lesion scores and APP‑specific antibody titers during the chronic 
phase. These results suggest a potential role of Th17 cells in the immune pathogenesis of APP infection.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Actinobacillus pleuropneumoniae (APP) is a gram nega-
tive bacterium, belonging to the Pasteurellaceae family 
that causes porcine respiratory disease worldwide. The 
outcome of the infection can vary from sudden death 
with bloody nasal discharge to an acute disease with fever 
and coughing that frequently results in chronic infec-
tions [1]. Vaccination and antibiotic based therapies can 

help to reduce the severity of the symptoms and decrease 
the mortality rates, but are not effective in clearing the 
bacteria [2]. In fact, pigs overcoming the acute phase can 
become subclinically infected and persistent carriers, 
harboring APP in tonsils and chronic lung lesions [3]. 
Since 1957, when APP was first reported, most research 
activities were focused on the elucidation of the humoral 
immune response [4–6]. Thereby it also became clear that 
APP developed several strategies to avoid humoral host 
defense mechanisms. For example, in  vitro experiments 
indicated that APP can survive in alveolar macrophages 
[7], has the capacity for enhanced biofilm formation in 
anaerobic conditions [8], and changes the polysaccharide 
composition of the capsule [3]; all possibly contributing 
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to an escape from humoral immunity and to the estab-
lishment of chronic infection in lung tissue and tonsils.

For a more thorough understanding of APP pathogen-
esis and persistence, cell-mediated immune mechanisms 
also need to be taken into focus. In particular, T-cell 
responses may equip the host with additional means to 
combat APP infections, but could also be involved in 
dysfunctional immune responses [9] or could support 
immune escape mechanisms [10]. Hitherto, the T-cell 
mediated immune response to APP has been poorly 
characterized in swine. Early studies indicated the poten-
tial relevance of T cells, because the intensity of a T-cell 
dependent delayed-type hypersensitivity reaction was 
associated with protection against an APP challenge 
infection [11]. In addition, a change in the CD4:CD8 ratio 
in peripheral blood following low-dose APP immuniza-
tion and high-dose APP challenge has been reported, 
but the phenotype of involved cells was not further 
studied [12]. Furthermore, Faldyna et  al. [13] described 
an increase of CD8α− γδ T cells in bronchoalveolar lav-
age fluid (BALF) as well as B-cells in tracheobronchial 
lymph nodes of pigs challenged with APP suggesting a 
role of γδ T cells in this infection. More recently, IL-17 
was shown to be induced on the transcriptional level in 
lungs of pigs affected by APP [14] and it has been dem-
onstrated that CD4+ and γδ T cells are capable to pro-
duce IL-17 in swine [15–17]. From studies in mice and 
humans it is known that IL-17-producing CD4+ T (Th17) 
cells are involved in the clearance of extracellular patho-
gens in peripheral organs by attraction and stimulation of 
neutrophils [18]. There is also some evidence that Th17 
cells can be involved in chronic airway inflammation 
[19]. Moreover, in vivo and in vitro studies with Mannhe-
imia haemolytica, which like APP belongs to the Pasteur-
ellaceae family and induces neutrophilic infiltration in 
the lung, suggested an IL-17 production by bovine γδ T 
cells [20]. Thus we hypothesized that IL-17 production by 
Th17 but also γδ T cells might be involved in the porcine 
immune response to APP. Since the anti-inflammatory 
cytokine IL-10 may support the survival of microor-
ganisms in the host via inhibiting their cell-mediated 
immune response [21–23], we investigated in parallel its 
role in persistence of APP.

To address these issues we developed an APP infec-
tion model and an in vitro stimulation assay making use 
of an APP crude capsular extract (APP-CCE). Cytokine 
production by CD4+ and γδ T cells was investigated by 
intracellular cytokine staining (ICS) of lymphocytes iso-
lated from different host compartments during the acute 
and chronic phase of APP infection. We found that the 
majority of pigs infected with APP harbor APP-CCE spe-
cific IL-17A+ CD4+ T cells in the lung and in the blood 
during the acute and the chronic phase of APP infection. 

In chronically infected animals, the frequency of these 
cells in lung and peripheral blood was found to correlate 
positively with lung lesions and APP-specific antibody 
titers.

Materials and methods
Experimental APP infection model
Thirty 5-week-old male castrated pigs (German Lan-
drace), routinely tested to be negative for APP, porcine 
reproductive and respiratory syndrome virus (PRRSV), 
toxigenic Pasteurella multocida, endo- and ectoparasites, 
were derived from a closed breeding herd of high health 
status in Mecklenburg-Western Pomerania, Germany. 
Animals were moved to Austria, following European 
guidelines on protecting the welfare of animals during 
transport, stated by Regulation (EC) No 1/2005. Upon 
arrival, animals entered a biosafety level 2 facility at the 
University of Veterinary Medicine Vienna, where they 
were kept for the entire duration of the experiment. Ani-
mals were weighed, individually marked with ear tags, 
and then, according to their body weight, divided into a 
control and an infected group of ten and twenty animals 
respectively. Control and infected group were housed 
in separate compartments. Within the infected group, 
animals were assigned to two subgroups of ten animals 
each, which were kept under identical conditions but 
euthanized either 6–10  days post-infection (dpi) (acute 
infected group) or 27–31  dpi (chronic infected group). 
At the time of arrival, the APP-free status of the pigs 
was confirmed by bacteriological examination of nasal 
and tonsillar swabs and by serological testing for anti-
bodies against Apx-IV using the commercially available 
IDEXX APP-ApxIV Ab Test ELISA (IDEXX Laborato-
ries, Westbrook, USA). After 2  weeks of adaptation, at 
day 0 an intranasal spray infection was performed. For 
the infection, an APP biotype 1 serotype 2 strain (Lab 
number C3656/0271/11) was used, isolated originally by 
the Institute of Microbiology, University of Veterinary 
Medicine, Hanover, Germany from a diseased fattening 
pig during an acute outbreak of porcine pleuropneu-
monia in northern Germany [24]. After initial isolation, 
bacteria were animal-passaged once and lab-passaged 
four times in PPLO medium supplemented with NAD. 
Pigs were infected with 2 mL (1 mL into each nostril) of 
bacterial culture containing 2 × 104 CFU/mL. The bacte-
rial culture was vaporized directly into the nostrils of the 
pigs by using a mucosal atomization device (LMA MAD 
Nasal™, Teleflex Medical GmbH, Athlone, Ireland). Con-
trol pigs underwent the same procedure, but received 
2  mL of 154  mM sterile NaCl instead of the bacterial 
culture. Daily clinical examinations were carried out and 
assembled in a clinical score, considering rectal tempera-
ture, presence of dyspnea and/or coughing and changes 
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in behavior (see Additional file  1 for details). Addition-
ally, pig body weights were recorded weekly. To screen 
for presence of APP in the upper respiratory tract, nasal 
and tonsillar swabs were examined at 14 and 21 dpi. At 
the end of the experiment, after animals were euthanized, 
tonsillar tissues were taken instead of swabs. Blood sam-
ples were taken by puncture of the V. cava cranialis or V. 
jugularis on the same days. Sera were used for detection 
of APP 2 specific antibodies, while heparinized samples 
were obtained to isolate peripheral blood mononuclear 
cells (PBMCs). Euthanasia was performed on five consec-
utive days (two infected pigs and one control pig per day) 
in two different time frames: 6–10 dpi and 27–31 dpi for 
the acutely and the chronically infected group, respec-
tively. Within these two periods, animals were randomly 
selected for euthanasia, which was performed by intra-
cardial administration of T61® (T61®: Embutramid, 
Mebezoniumiodid, Tetracainhydrochlorid, 1  mL/10  kg 
BW, MSD, Whitehouse Station, NJ, USA) during anes-
thesia (Narketan®, Stresnil®). All animal procedures were 
approved by the institutional ethics committee, the Advi-
sory Committee for Animal experiments (§12 of Law for 
Animal Experiments, Tierversuchsgesetz—TVG) and 
the Federal Ministry for Science and Research (reference 
number bmwfw GZ 68.205/0138-WF/V/3b/2015).

Gross necropsy and pathological examination
At necropsy, a general pathological examination of the 
carcass was performed, with focus on the respiratory 
tract. Organs of interest for the study were extracted in 
the following order: salivary gland (Glandula mandibu-
laris, GM), tonsils, tracheobronchial lymph node (TBLN) 
and lung. After evaluation of the thoracic cavity, the lung 
was extracted from the chest while paying particular 
attention to the presence of pleural effusion or pleural 
adhesions. Then the severity of the pathological find-
ings was determined using the lung lesion score (LLS) 
by Hannan et al. [25] and using the slaughterhouse pleu-
risy evaluation system (SPES) [26] for assessment of the 
pleura status. After clamping off the left main bronchus, 
the right lung was flushed with 100 mL of 154 mM ster-
ile NaCl for collection of BALF, while tissue samples were 
taken from the dorsal portion of the left caudal lobe. If 
no lesions were detected in this particular area, an addi-
tional sample from another affected part of the lung was 
taken for histologic and bacteriological investigations. 
For histology, samples were fixed in 10% neutral buffered 
formalin, processed in 3-µm-thick paraffin-embedded 
sections and stained with haematoxylin and eosin.

Microbiological investigation
Nasal and tonsillar swabs from living animals and nasal 
swabs, salivary gland, tonsils, tracheobronchial lymph 

node, lung and BALF from euthanized animals were 
investigated for the presence of APP by streaking the 
samples on Columbia sheep blood agar (Oxoid, Vienna, 
Austria). Staphylococcus aureus was used as nurse to 
facilitate the isolation of APP from organs carrying a high 
bacterial background flora, such as tonsils and nose [1]. 
Subsequently, APP was transferred to PPLO agar supple-
mented with 10 mg/L NAD (AppliChem GmbH, Darm-
stadt, Germany). Plates were incubated overnight at 37 °C 
and 5% CO2. Identification of the re-isolated bacteria was 
confirmed by serotype 2 specific PCR, using primers for 
the capsular biosynthesis genes cps2AB [27]. In addition, 
snap frozen tissue samples were examined directly by a 
conventional PCR based on detection of the apxIVA gene 
[28].

Determination of APP 2‑specific antibody titers in serum
Sera obtained prior to infection (day 0), at the time of 
euthanasia and at 14 and 21 dpi were analyzed for anti-
bodies against APP 2 using the commercial Swinecheck® 
APP 2 ELISA (Biovet, St-Hyacinthe, Canada) according 
to the manufacturer’s instructions. Results were recorded 
as S/P ratio, obtained by the ratio between optical density 
(OD) of each sample (S) and the mean OD of the positive 
control (P): ODs/MODp.

Preparation of APP crude capsular extract for in vitro recall 
experiments
To stimulate lymphocytes in  vitro, a crude capsu-
lar extract (CCE) from the APP serotype 2 strain 
C3656/0271/11, which has been used to infect the ani-
mals, was prepared following a modified protocol from 
Wittkowski et al. [29]. In detail, 300 mL liquid cultures 
of APP biotype 1, serotype 2, strain C3656, were grown 
to an OD600 of approximately 0.2 and harvested by cen-
trifugation at 6530  g for 5  min. Aqueous phenol (1%, 
w/v) was added to the harvested bacteria (18  mL per 
gram of bacterial wet weight). Thereafter, the suspen-
sions were shaken for 10 min at 37 °C and transferred to 
conical 25 mL flasks and the solution was gently stirred 
for 4 h at 4 °C. After centrifugation at 21 420 g for 30 min 
at 4 °C, the supernatant was filtrated (0.2 µm, Filtropur, 
Sarstedt, Nümbrecht, Germany), dialyzed against Mil-
liQ-H2O (2–4 L replaced every 4 h during the first day, 
then every 8 h) at 4  °C for 2 days, using 1 kDa MWCO 
membrane (Mini Dialysis Kit, GE Healthcare) and finally 
lyophilized overnight. To preserve the integrity of poten-
tial immunogenic proteins in the capsular extract, no 
further purification was performed. Lyophilized sam-
ples were dissolved in phosphate buffered saline (PBS) 
to reach a final concentration of 1  mg/mL. The stimu-
lus was tested for potential toxicity in ConA-stimulated 
(3 µg/mL) PBMCs labelled with violet proliferation dye 
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as described elsewhere [30]. After 4  days of cultiva-
tion, PBMCs were harvested and stained with Live/
Dead® Near-IR stain kit (Invitrogen, Carlsbad, CA, USA) 
according to manufacturer’s instructions and subjected 
to flow cytometry (FCM). Frequencies of dead cells and 
proliferating cells were determined and by a dose titra-
tion of the CCE, the optimal working concentration was 
found to be 4 µg/mL.

Sample collection and isolation of lymphocytes
Blood samples were collected in Lithium-Heparin tubes 
(Primavette®, KABE Labortechnik, Nümbrecht, Ger-
many) prior to infection (day 0), at 14 and 21 dpi and at 
the time of death. PBMCs were isolated by density gradi-
ent centrifugation (Pancoll human, density 1.077  g/mL, 
PAN Biotech, Aidenbach, Germany) as described else-
where [31]. Tonsils and tracheobronchial lymph nodes 
were subjected to a procedure for isolation of lympho-
cytes as previously described [30].

For isolation of lymphocytes from lung tissue, a block 
of tissue (approx. 4 × 3 × 2 cm) from the dorsal portion 
of the left caudal lobe was cut into small pieces (approx. 
3  ×  3  ×  3  mm) and lymphocytes were isolated as 
described elsewhere [32]. Cells from the various tissues 
and blood were counted and suspended in cell culture 
medium (RPMI1640 with stable glutamine supplemented 
with 10% FCS, 100 IU/mL penicillin, 100 µg/mL strepto-
mycin, all from PAN Biotech and 90 µg/mL gentamicin, 
from Sigma-Aldrich, Schnelldorf, Germany) for in  vitro 
cultivation. To standardize the isolation of lymphocytes 
from lung tissue, we decided to sample a defined region 
of the lung, independently of the presence of lesions. The 
dorsal portion of the left caudal lobe was selected for this 
purpose, since the caudal lobes have been described to be 
a common site for APP lesions [33] but the right lung was 
washed for the collection of BALF.

Histopathological analysis of lung tissue
Lung samples for histopathological analysis from acutely 
and chronically infected animals were fixed in neutral 
buffered formalin and embedded in paraffin wax. Tissue 
slides were routinely stained with hematoxylin and eosin 
and examined by a pathologist blinded to the different 
treatment groups. The samples were located adjacent to 
tissue used for lymphocyte isolation. Histopathological 
lesions associated with porcine pleuropneumonia, such 
as tissue necrosis, neutrophilic, histiocytic and lympho-
cytic infiltration, vascular leakage (including edema, 
bleeding, and fibrin in tissue or air spaces) and fibroplasia 
were graded (0 = not present, 1 = low grade, 2 = moder-
ate grade, 3 = high grade).

In vitro stimulation of lymphocytes
Freshly isolated cells from lung, blood, tracheobron-
chial lymph nodes and tonsils were stimulated in  vitro 
with APP-CCE (4  µg/mL) for 18  h at 37  °C in 5% CO2. 
Cells were cultured in round-bottomed 96-well plates, at 
5 × 105 cells per well, in a volume of 200 µL. Four hours 
prior to harvesting the cells, Brefeldin A (BD GolgiPlug™, 
BD Biosciences, San Jose, CA, USA) was added at a final 
concentration of 1 µg/mL. In parallel, cells incubated in 
cell culture medium only served as a negative control. As 
a positive control for cytokine production, a further set of 
cells was cultivated in cell culture medium overnight but 
stimulated with phorbol 12-myristate 13-acetate (PMA; 
50  ng/mL; Sigma-Aldrich) and Ionomycin (500  ng/mL; 
Sigma-Aldrich) during the last 4 h of incubation.

Intracellular cytokine staining and FCM analysis
For FCM staining, cells were harvested and resuspended 
in PBS (without Ca2+/Mg2+) supplemented with 3% FCS. 
Monoclonal antibodies (mAbs) and secondary reagents 
that were used for cell surface staining and subsequent 
intracellular cytokine staining are listed in Table 1. Stain-
ing was performed in 96-well round-bottom plates with 
all incubation steps lasting for 20  min at 4  °C. For dis-
crimination of dead cells, Live/Dead® Near-IR stain kit 
(Invitrogen) was used. To fix and permeabilize the cells, 
BD Cytofix/Cytoperm and BD Perm/Wash (BD Bio-
sciences, CA, USA) was employed according to manufac-
turer’s instructions.

FCM samples were analyzed on a FACSCanto™ II 
flow cytometer (BD Biosciences) equipped with three 
lasers (405, 488 and 633 nm). For automatic calculation 
of the compensation, single-stain samples were pre-
pared. Between 5 ×  105 and 1 ×  106 lymphocytes were 
recorded per sample. Gating of the lymphocytes, doublet 
discrimination and dead-cell exclusion were performed 
for all samples as displayed in Additional file 2. Data were 
processed by FACSDiva software (Version 6.1.3 BD Bio-
sciences) and transferred to Microsoft Excel (Office 2010; 
Microsoft, Redmond, WA, USA) for further calculations 
and preparation of graphs.

Statistical analysis
Spearman’s rank correlation test was used to investigate 
the correlation between the frequency of Th17 cells and 
disease parameters in individual pigs. Spearman’s rank 
correlation coefficients (ρ) and corresponding p val-
ues were calculated in SPSS software (2011, IBM, SPSS 
Statistics for Windows, Version 20.0, Armonk, NY, 
IBM Corp.). SPSS was also applied to produce correla-
tion graphs. For further elaboration of graphs, Inkscape 
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(Version 0.91; Free and Open Source Software licensed 
under the GPL) was used.

Results
Establishment of an infection model for APP subclinical 
infection
To confirm the establishment of a subclinical APP infec-
tion in the pigs of our study, bacteriological and clinical 
parameters were investigated (Figure  1). APP could be 
isolated from the nose of the majority of infected animals 
both from the acute (6–10  dpi) and from the chronic 
period (27–31 dpi) (Figure 1A). Animals belonging to the 
latter group were additionally tested at 14 and 21 dpi, for 
weekly monitoring. The nasal swabs of some of these ani-
mals were positive during weekly monitoring but not at 
the time of death (indicated by a § in Figure 1A). Isolation 
of APP from tonsils was often impaired by overgrowth of 
contaminating flora, but for the majority of animals from 
the chronic phase (8 out of 10) APP could be identified by 
PCR. At the early endpoint (6–10 dpi), the location from 
which APP was most frequently isolated was the lung, 
with 7 positive samples out of 10. In contrast, at the late 
endpoint (27–31 dpi) only 1 out of 10 samples was posi-
tive in the lung. APP was detected in BALF and TBLN of 
only one animal, which died suddenly at 8 dpi (#19). APP 
could not be detected in salivary glands (G. mandibula-
ris, GM) of any animal.

Macroscopically visible lung tissue alterations were 
highly variable, which is partially reflected by the lung 
lesion and SPES scores (Figure  1B; Additional file  3 for 
representative animals). On average, LLS scores from 
animals sacrificed during the acute phase were higher 
than during the chronic phase. Typical histopathological 
findings indicating porcine pleuropneumonia were found 

in infected pigs varying from acute (hyperemia, edema, 
neutrophilic infiltration) to chronic (sequestration of 
necrotic areas by a mixed inflammatory infiltrate and 
fibroplasia) inflammatory tissue alterations (Additional 
file 4).

To evaluate the health status of the pigs, rectal tem-
perature was measured daily together with other clini-
cal parameters. Generally, infected animals developed 
clinical symptoms like dyspnea and coughing and were 
more lethargic than controls within the first 10  dpi. No 
significant differences in average daily weight gain were 
observed between infected (mean 724.7  g  ±  standard 
deviation of 92.6  g) and control (785.3  g  ±  standard 
deviation of 130.7  g) animals during the first 3  weeks 
post infection. Body temperature of infected animals 
started rising towards 40 °C immediately after the day of 
infection (day 0), with some animals reaching high tem-
perature levels within 1–10  dpi (Figure  1C). Then, the 
rectal temperature stabilized between 39.5 and 40 °C for 
2 weeks to finally align with the levels of control animals 
at the end of the study period (25–31 dpi). In parallel, the 
APP 2-specific humoral response was evaluated through-
out the experiment (Figure 1D). Most of the infected ani-
mals produced antibodies against APP 2 after 14  days, 
i.e., antibodies were only detectable in animals that sur-
vived until the chronic phase of infection. No APP 2 anti-
bodies were detectable in control animals at any time 
point.

Production of IL‑17A and/or TNF‑α by CD4+ T cells 
in response to APP‑CCE
For characterization of the T-cell mediated immune 
response, freshly isolated cells from lung, PBMCs, TBLN 
and tonsils were subjected to in  vitro stimulation with 

Table 1 Antibody panels

a Goat Anti-Mouse IgG2a-PE-Cy7, SouthernBiotech.
b Brilliant Violet 421™ Streptavidin, BioLegend.
c Goat Anti-Mouse IgG2b-AlexaFluor647, Invitrogen.
d Goat Anti-Mouse IgG1-PE, SouthernBiotech.

Antigen Clone Isotype Fluorochrome Labelling strategy Source of primary Ab

Intracellular cytokine staining for IL‑17A and TNF‑α

 CD4 74‑12‑4 IgG2b PerCP‑Cy5.5 Directly conjugated BD Biosciences

 CD8α 11/295/33 IgG2a Pe‑Cy7 Secondary antibodya In house

 TCR‑γδ PPT16 IgG2b BV421 Biotin–streptavidinb In house

 IL‑17A SCPL1362 IgG1 Alexa647 Directly conjugated BD Biosciences

 TNF‑α MAb11 IgG1 BV605 Directly conjugated BioLegend

Intracellular cytokine staining for IL‑10

 CD4 74‑12‑4 IgG2b Alexa647 Secondary antibodyc In house

 CD8α 11/295/33 IgG2a BV421 Biotin–streptavidinb In house

IL‑10 945A 4C4 37B1 IgG1 PE Secondary antibodyd Invitrogen
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APP-CCE of APP 2 followed by ICS for IL-17A and TNF-
α. Medium- and PMA/Ionomycin-stimulated cultures 
served as negative and positive controls, respectively. 

Total living lymphocytes were gated and analyzed for 
CD4 expression and IL-17A production (Additional 
files 2A–D). A considerable variability in frequencies of 

Infected animals 
Acute (6-10dpi) Chronic (27-31dpi) 

Animal# 1 2 3 4 5 19 7 8 13 15 11 6 9 10 12 14 16 17 18 20

Nose § § § § §
Tonsil
Lung 
GM 
TBLN 
BALF 

LLS  5.9 0.8 5.9 2.5 2.9 17 0  0   3.4  2.9  2.9 1.3  0  0  2.9  1.8 1.6 1.9 0 1.3 

SPES  0 2  4  3  3  4  0  0  3   3  4  0 0  3 0 4  0  0 0  0 

A 

B 

C 

38.4

38.8

39.2

39.6

40

40.4

40.8

41.2

41.6

42

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

R
ec

ta
l t

em
pe

ra
tu

re
 (°

C
) 

control 

coloured 
infected 

1st necropsy  
(acute) 

2nd necropsy 
(chronic) 

Time (days) 

0.0
0 6 10 14 313121 0 6 10 14 313121

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 S
am

pl
e 

R
at

io
 (O

D
s/

M
O

D
p)

 

Days post infection 

D 

APP isolated (endpoint) § APP isolated (14/21dpi) PCR+ Isolation and PCR+ no APP 

lortnocdetcefni

Figure 1 Microbiological investigation, lung pathology, clinical signs and antibody titers of APP-infected pigs. A The presence of APP 
was investigated at different host locations during necropsy (GM, Glandula mandibularis; TBLN, tracheobronchial lymph node; BALF, bronchoalveolar 
lavage fluid). Red boxes indicate APP detection by agar isolation, orange boxes indicate APP detection by PCR and orange boxes with red lines indi‑
cate positive results by both techniques. Green boxes indicate negative findings for APP. Results shown in the table refer to sampling on the day of 
euthanasia. The nasal swabs of animals #11, 9, 12, 16 and 17 were tested positive only on day 14 and/or 21 pi. This is indicated by red boxes with §. 
B Pathology of the lung was assessed by lung lesion score (LLS) for the lung tissue and by slaughterhouse pleurisy evaluation system (SPES) for the 
pleura. C Rectal temperatures were measured daily in both infected (colored lines) and control (black lines) animals. Body temperature of 40 °C or 
higher was considered as fever (red line). D Humoral response against APP serotype 2. Data are expressed as a ratio between optical density of the 
sample (ODs) and the mean of the optical density of the positive control (MODp). Colored lines in the left graph show ratios for infected animals, 
black lines in the right graph indicate ratios from sera of control animals.
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IL-17A+ CD4+ T cells was found between different ani-
mals and organs following APP-CCE stimulation (Fig-
ure  2). Figure  2A shows representative data of IL-17A 
production and CD4 expression in lung-derived lympho-
cytes isolated from different animals during the acute and 
chronic phase. For each time point, original FCM data 
from one animal with a high and a low frequency of APP-
CCE-responsive IL-17A+ CD4+ T cells is shown. In addi-
tion, respective contour plots for lymphocytes from an 
APP-infected but apparently non-responding animal (fre-
quency of IL-17A+ CD4+ T cells was higher or at the same 
level for medium stimulation as compared to APP-CCE 
stimulation) as well as an animal from the control group 
are presented. Following PMA/Ionomycin stimulation IL-
17A production was found in a subpopulation of CD4+ 
T cells from all animals. Similar findings were obtained 
in PBMC cultures, albeit frequencies of IL-17A+ CD4+ 
T cells were somewhat lower (Additional file 5). Overall, 
the highest number of animals with elevated frequencies 
of APP-CCE reactive-IL-17A+ CD4+ T cells was found 
within lung and PBMCs (Figure  2B). During the acute 
phase the frequencies of IL-17A+ CD4+ T cells in the lung 
were substantially higher in five out of nine animals com-
pared to the control animals. This was similar during the 
chronic phase, with two animals (#11, #12) showing even 
increased frequencies of IL-17A+ CD4+ T cells. Within 
PBMCs the number of responding animals was similar to 
the lung during the acute phase but, later in the chronic 
phase, the median of the frequency of IL-17A+ CD4+ T 
cells dropped down to control levels. In TBLN and tonsils, 
CD4+ T cells of only a few infected animals responded 
with IL-17A production to APP-CCE stimulation, regard-
less of the time post infection (Figure 2B).

Expression of CD8α is correlated with activation and/
or memory formation of porcine CD4+ T cells [34] and 
following PMA/Ionomycin stimulation, IL-17A produc-
ing CD4+ T cells mainly have a CD8α+ phenotype [17]. 
We therefore analyzed CD8α expression and IL-17A 
production in gated CD4+ T cells following APP-CCE 
stimulation (Figure  3; Additional file  6). In the lungs of 
animals belonging to the acute group, the majority of 
IL-17A+ CD4+ T cells following APP-CCE and PMA/
Ionomycin stimulation were CD8αdim, whereas in the 
chronic phase CD8α expression tended to be higher and 
this applied equally to APP-CCE and PMA/Ionomycin 
stimulated cells (Figure 3). Similar results were obtained 
with PBMCs albeit here an up-regulation of CD8α in 
IL-17A-producing CD4+ T cells from the acute to the 
chronic phase was less obvious (Additional file 6).

Next, we analyzed co-production of IL-17A and TNF-α 
within APP-CCE-stimulated CD4+ T cells (Figure  4; 
Additional file  7; for gating strategy see Additional files 
2E  and F), since frequent co-production of TNF-α has 

been observed in PMA/Ionomycin-stimulated porcine 
IL-17A+ CD4+ T cells [17]. The majority of IL-17A-pro-
ducing CD4+ T cells isolated from lung tissue (Figure 4) 
or within PBMC (Additional file  7) did not co-produce 
TNF-α following APP-CCE stimulation (Figure 4A; Addi-
tional file 7A, indicated by arrowhead 1). In contrast, but 
in accordance with previously published data [17] follow-
ing PMA/Ionomycin stimulation most IL-17A+ CD4+ T 
cells co-produced TNF-α (Figure 4A; Additional file 7A, 
arrowhead 2). Despite low frequencies for the majority of 
APP-infected animals, a tendency of higher frequencies 
of TNF-α+ IL-17A+ CD4+ T cells was found within lym-
phocytes from APP-infected pigs compared to control 
animals following APP-CCE stimulation. This applied 
to cells isolated from lung tissue (Figure  4B) and blood 
(Additional file 7B).

APP‑CCE stimulation induced production of IL‑17A by a 
subset of lymphocytes that is neither TCR‑γδ+ nor CD4+

After stimulation with APP-CCE, at least for some ani-
mals a considerable number of CD4− cells showed the 
ability to produce IL-17A in parallel to CD4+ T cells (Fig-
ure 2A). This finding was more prominent in the lung, but 
it was detected also in PBMCs (Additional file 5). Since 
porcine γδ T cells were previously identified as potential 
IL-17A producers following PMA/Ionomycin stimulation 
[16], we hypothesized that these cells might also contrib-
ute to IL-17A production following APP-CCE stimula-
tion. Hence, CD4− cells were further gated for expression 
of TCR-γδ and IL-17A (Additional files 2E and G). Inter-
estingly, these IL-17A-producing cells induced by APP-
CCE stimulation were TCR-γδ− (Figure  5; Additional 
file 8, arrowhead 1). However, they were also present in 
lymphocytes isolated from control animals (Figure  5; 
Additional file  8, last column), which seems to indicate 
that these cells did not require a preceding in vivo prim-
ing by APP. Their frequency was quite variable between 
individual animals but mostly exceeded the very low fre-
quency of IL-17A-producing CD4− TCR-γδ− cells iden-
tified in medium stimulated cultures. Following PMA/
Ionomycin stimulation, IL-17A-producing γδ T cells 
could be identified (Figure  5; Additional file  8, bottom 
panel, arrowhead 2), although IL-17A producing cells 
isolated from lung tissue showed a dim expression of 
TCR-γδ. Overall, this confirms the potential of porcine 
γδ T cells for IL-17A production but our data suggests 
that APP-CCE stimulation does not induce IL-17A pro-
duction in this prominent porcine T-cell subset.

Inconsistent IL‑10 production by CD4+ T cells 
following APP‑CCE stimulation
To investigate a potential induction of IL-10-producing 
lymphocytes in our APP-CCE in vitro stimulation assay 
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the production of IL-10 was analyzed in parallel samples 
to that of IL-17A/TNF-α in combination with cell sur-
face staining for CD4 and CD8α expression. Overall, with 

the exception of cells isolated from the APP-infected pig 
#17, frequencies of IL-10+ CD4+ T cells were low and 
inconsistently distributed between individual animals 
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Figure 2 APP-CCE specific IL-17A-producing CD4+ T cells in lung, blood, tracheobronchial lymph nodes and tonsils. Cells isolated 
from lung, blood (PBMC), tracheobronchial lymph nodes (TBLN) and tonsils were incubated overnight with APP crude capsular extract (APP‑CCE), 
medium or PMA/Ionomycin. Living lymphocytes were gated (not shown; see Additional file 1) and further analyzed for the expression of IL‑17A 
and CD4. A For the lung, data from representative animals from different groups are displayed: #5 and #8 for the acute phase, designated as “high 
responder” and “low responder” respectively; #12 and #16 for the chronic phase designated as “high responder” and “low responder” respectively; 
#6, designated as non‑responder and control #23. Approximately 1 × 106 (APP and medium) and 2 × 105 (PMA/Ionomycin) cells are shown in the 
contour plots. Numbers displayed within the contour plots indicate the percentages of IL‑17A+ CD4+ T cells within total CD4+ T cells. B Frequency 
of IL‑17A+ CD4+ T cells within total CD4+ T cells in lung, blood (PBMC), tracheobronchial lymph node (TBLN) and tonsils of all infected animals 
(red dots) and control animals (blue dots) during acute and chronic phase. Numbers next to colored dots indicate numbers of individual animals. 
Median percent values are indicated by black bars. Medium‑corrected percent values are presented (% of IL‑17A+ CD4+ T cells within total CD4+ T 
cells for APP‑CCE stimulation minus % of IL‑17A+ CD4+ T cells within total CD4+ T cells for medium incubation).
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during the acute and the chronic phase as well as differ-
ent organs (Figure 6). However, in cells of some animals, 
the frequency of IL-10+ CD4+ T cells was at least two-
fold higher following APP-CCE stimulation compared 
to medium and was also higher compared to that from 
control animals. This applied to animals #3, 5 and 7 in the 
lung during the acute phase and animal #18 during the 
chronic phase (see also Figure 6A for original FCM data). 
Similarly, within PBMCs, animals #7, 4, 5, 11 and 15 
appeared to have APP-CCE-reactive IL-10+ CD4+ T cells 
above background levels (see also Additional file  9 for 
original FCM data). Isolated during the chronic phase, 
CD4+ T cells from animal #17 showed an exceptionally 
high frequency of IL-10 producing cells after APP-CCE 
stimulation, both in lung and in tonsils (Figures 6A and 
B). The reasons for this are unknown. CD4− IL-10-pro-
ducing cells were identified (Figure 6A; Additional file 9 
and data not shown) but similar frequencies were found 
for APP-CCE- and medium-stimulated cultures.

Frequency of IL‑17A+ CD4+ T cells correlates positively 
with disease parameters during the chronic phase 
of infection
We next investigated whether the variable frequency of 
APP-CCE-reactive IL-17A+ CD4+ T cells between dif-
ferent animals and organs correlated with parameters of 
APP pathogenesis and also APP-specific antibody titers. 
In chronically infected animals, the frequency of APP-
CCE-reactive IL-17A+ CD4+ T cells isolated from the 

lung showed a positive correlation with LLS (Spearman’s 
rho =  0.858; p =  0.001) and with APP 2 antibody titers 
(Spearman’s rho = 0.632, p = 0.05). For IL-17A+CD4+ T 
cells within PBMCs of the same group of animals also a 
positive correlation with LLS and antibody titers was found 
(Spearman’s rho of 0.679; p = 0.031 and 0.742, p = 0.014 
respectively) (Figure  7). In contrast, for acutely infected 
animals no positive correlation of IL-17A+ CD4+ T cells 
isolated from lung or blood with the LLS was found (Addi-
tional file  10). Additionally, the frequencies of APP-CCE-
reactive IL-17A+ CD4+ T cells isolated from the lung and 
blood were tested for correlation with histological scores of 
the lung tissue adjacent to tissue used for isolation of lym-
phocytes (Additional file 11). A total histological score for 
each sample was calculated by summing up all analyzed 
parameters (see Additional file 4) and was used to calculate 
the correlation. No significant correlation was found, which 
may indicate that APP-CCE-reactive IL-17A+ CD4+ T cells 
have a general capacity for lung homing.

Discussion
The main focus of the study was to characterize the 
cytokine response of T cells isolated from pigs under-
going either an acute or a subclinical APP infection. To 
address this question, we first aimed to establish an infec-
tion model that evokes typical but not lethal APP disease 
symptoms and induces a status of subclinical infection. 
Most of the experimental infections described in the lit-
erature so far focused on studying the acute phase of 
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Figure 3 Expression of CD8α by IL-17A+ CD4+ T cells in the lung. Cells isolated from lung tissue were incubated overnight with APP crude 
capsular extract (APP‑CCE), medium or PMA/Ionomycin and subsequently analyzed for CD4, CD8α and IL‑17A expression by FCM. Living CD4+ T 
cells were gated (not shown; see Additional file 1) and subsequently investigated for expression of CD8α and IL‑17A. Data from the same animals as 
in Figure 2 are shown. Approximately 1 × 105 (APP and medium) and 5 × 104 (PMA/Ionomycin) CD4+ T cells are shown in the contour plots.
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APP infection [35–37]. The outcome of APP infection 
is depending on the route of infection, the dose and the 
virulence of the strain [38]. Baarsch et  al. [39] demon-
strated that the route of infection influences the distri-
bution of lung lesions, with the intranasal inoculation 
provoking mainly unilateral lesions and the endotra-
cheal infection inducing diffuse bilateral pneumonia. To 

better mimic natural infection, we decided to perform 
an intranasal inoculation. To avoid loss of bacterial solu-
tion by swallowing or miscalculation of the actual infec-
tion dose by aerosol administration, the inoculum was 
sprayed directly into the nostrils rather than deposited as 
a liquid. Considering that vaporizing the bacterial solu-
tion into finely atomized particles increases the chance of 
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Figure 4 Co-production of TNF-α and IL-17A by CD4+ T cells in the lung. Phenotyping and intracellular cytokine staining were performed on 
cells from lung tissue following overnight in vitro stimulation (APP‑CCE, medium, PMA/Ionomycin). A Living CD4+ T cells were gated (not shown; 
see Additional file 1) and further analyzed for production of TNF‑α and IL‑17A. Data from the same animals as in Figure 2 are shown. Approximately 
1 × 105 (APP and medium) and 5 × 104 (PMA/Ionomycin) cells are shown in the contour plots. B Frequency of IL‑17A/TNFα co‑producing CD4+ 
T cells in lung tissue of infected animals (red dots) and control animals (blue dots) during acute and chronic phase. Numbers next to colored dots 
indicate numbers of individual animals. Median percent values are indicated by black bars. Medium‑corrected percent values are presented (% of 
IL‑17A+ TNF‑α+ cells within total CD4+ T cells for APP‑CCE stimulation minus  % of IL‑17A+ TNF‑α+ cells within total CD4+ T cells for medium‑incu‑
bation). Arrow heads are introduced in the main text.
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APP reaching the alveoli [1], the infection dose was kept 
to low levels to avoid the induction of a per-acute form. 
The endpoints where chosen to compare acute and sub-
clinical phase of infection. We hypothesized that at days 
6–10 a first activation of T cells may be measurable like 
previously reported for acute influenza A virus infection 
[40]. Additionally, the median duration of APP tonsillar 
colonization was reported around 7–8 weeks post-infec-
tion (pi) [41] leading to the assumption that APP would 
still be present at days 27–31 pi causing a subclinical 
infection. Pathological and clinical findings confirmed 
the establishment of a bi-phasic course of infection. The 
variety of rectal temperatures obtained during the acute 
phase paralleled with the variety of lung lesions observed 
at necropsy, with patterns ranging from severe and diffuse 
pneumonia with dark red–purple areas (per-acute), local-
ized necrotizing pneumonia accompanied by fibrinous 
pleurisy (acute) to firm adhesive pleurisy and organized 
sequestra (chronic). On the opposite, during the chronic 
phase animals showed more uniform lesions and their 
body temperatures dropped down to physiological levels. 
These results indicate that our infection model success-
fully induced an acute infection that resolved into a sub-
clinical one. Furthermore, this dichotomy could also be 
found by analyzing the presence of APP at different host 
compartments. During the acute phase, APP was mostly 
detected in the lung (7 out of 10), and hardly in the tonsils 
(3 out of 10). During the chronic phase, only one animal 

was positive in the lung, whereas in the tonsils 8 out of 10 
tested positive. This might indicate a shift in the tropism 
of the bacteria from the lower to the upper respiratory 
tract and might be interpreted as an attempt of the bacte-
ria to escape from the local immune response in the lung.

In frame of this study, we developed an in vitro stimula-
tion assay using a crude capsular extract of APP. This assay 
was used to investigate the production of IL-17A, TNF-α 
and IL-10 in lymphocytes isolated from lung, peripheral 
blood, tracheobronchial lymph node and tonsil. Our data 
suggest that IL-17A-producing CD4+ T cells are induced in 
the lung tissue and blood of most APP-infected pigs. IL-17 
is a pro-inflammatory cytokine, known to play a role in pul-
monary infection and neutrophil recruitment [42, 43]. Its 
role in veterinary animal species [44] and its up-regulation 
in the surroundings of APP colonies in affected lung lesions 
on mRNA level have been previously described [14]. Thus 
it is tempting to speculate that the APP-CCE-reactive IL-
17A producing CD4+ T cells identified in this study repre-
sent APP-specific Th17 cells. The specificity of these cells is 
corroborated by two findings. First, similar to PMA/Iono-
mycin-induced IL-17A+ CD4+ T cells, these putative APP-
specific Th17 cells expressed low or intermediate levels of 
CD8α. Its expression in porcine CD4+ T cells is related to 
activation and/or memory formation [34, 45]. Therefore, 
this CD8α expression can be interpreted as an indication 
that APP-CCE-reactive IL-17A-producing CD4+ T cells 
performed an in vitro recall response. Secondly, APP-CCE 
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Figure 5 Production of IL-17A by non-CD4+ cells and γδ T cells in the lung. Cells isolated from lung tissue were incubated overnight with 
APP‑CCE, medium or PMA/Ionomycin and subsequently analyzed for CD4, TCR‑γδ and IL‑17A expression by FCM. Living lymphocytes excluding 
CD4+ T cells (not shown; see Additional file 1) were gated and further analyzed for expression of IL‑17A and TCR‑γδ. Data from the same animals as 
in Figure 2 are shown. Approximately 1 × 106 (APP and medium) and 2 × 105 (PMA/Ionomycin) cells are shown in the contour plots. Arrow heads 
are introduced in the main text.
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reactive IL-17A producing CD4+ T cells were nearly com-
pletely absent in lymphocytes isolated from control pigs, 
indicating that APP-naive CD4+ T cells did not respond to 
in vitro stimulation with APP-CCE.

Human [46] and porcine [17] CD4+ T cells have the 
capacity to co-produce IL-17A and TNF-α following PMA/
Ionomycin stimulation. Furthermore, a synergistic effect 
between IL-17 and TNF-α has been reported, enhancing 
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neutrophil migration [47]. Also, TNF-α is known to play a 
major role in the immune-pathogenesis of APP infection 
[35, 48]. Following APP-CCE stimulation, we found that 
the majority of CD4+ T cells that produced IL-17A did not 
co-produce TNF-α. This suggests that CD4+ T cells are not 
a main source of TNF-α during APP infection.

Interestingly, a small subset of CD4− TCR-γδ− cells 
showed production of IL-17A upon APP-CCE stimula-
tion but was also identified in control animals. Innate 
sources of IL-17 are described [49] such us iNKT cells 
[50], NK cells [51] and innate lymphoid cells type 3 
(ILC3) [52]. To affirm that the population revealed in our 
study is actually belonging to one of the subsets men-
tioned above, further investigations would be needed.

For several persistent pathogens like Mycobacterium 
tuberculosis [21], Leishmania spp. [23] and Toxoplasma 
gondii [22], IL-10 has been reported to impair their 

clearance by influencing the delicate balance between sup-
pression and activation of host immune responses. In this 
study we therefore evaluated the production of IL-10 by 
CD4+ T cells in different organs but a specific induction 
upon APP-CCE stimulation was found only in few animals 
and frequencies of IL-10+ CD4+ T cells were rather low. In 
a previous study, IL-10 mRNA was predominantly found 
within lung lesions of APP-infected pigs but was only min-
imal in non-affected areas. [53]. Of note, lung tissue sam-
ples in our study were derived from a defined anatomic 
area (dorsal portion of the left caudal lobe) and only in a 
single animal (#11) sequestra were included in that area. 
The frequency of IL-10-producing CD4+ T cells derived 
from this animal was high in both APP-CCE-(0.17%) 
and medium-(0.17%) stimulated cultures, resulting in a 
medium-corrected value of zero (Figure  6B, lung). Thus, 
we cannot exclude a potential role of IL-10 in the immune 
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pathogenesis of APP infection. Further studies on affected 
lung lesions should be carried out in future studies to deci-
pher the exact role of IL-10 in APP infections.

Finally, we observed that the frequency of Th17 cells in 
lung and PBMCs from chronically infected animals cor-
related positively with the lung lesion score and APP-spe-
cific antibody titers. Such a correlation was not found in 
the animals during the acute infection phase. This could 
be related to the enormous variety of lung lesions (dif-
fuse/local necrotic and hemorrhagic areas, fibrosis, for-
mation of sequestra, absence of lesions) observed at the 
necropsy during the acute phase, as described above. 
Moreover, no positive correlation between Th17 cells and 
the histological score of lung tissue samples from which 
lymphocytes had been isolated was found in the chronic 
phase of infection. Together with the positive correlation 
between frequency of Th17 cells in lung tissue as well as 
blood and the lung lesion score, this may indicate that 
these APP-specific Th17 cells have a general capacity for 
lung homing and also recirculate via the bloodstream. 
This would correspond with functional attributes ascribed 
to effector memory T cells [54]. However, the precise 
functional role of these Th17 cells in APP pathology and 
persistence remains speculative. It is well established that 
cytokine production by Th17 cells can have protective but 
also pathologic roles in lung immunity [19]. An exces-
sive recruitment of neutrophils due to IL-17 production 
by CD4+ T cells could lead to progressive inflammation, 
which might explain the positive correlation between lung 
lesion and IL-17 production. Additionally, APP chronic 
lung lesions are usually characterized by fibroplasia [1] 
and IL-17 was shown to be involved in the occurrence and 
the development of pulmonary fibrosis in rats [55]. Nev-
ertheless, our in vitro stimulation system does not allow 
a distinction between actively IL-17A-producing CD4+ T 
cells in vivo (at the time of isolation) and the re-stimula-
tion of quiescent APP-specific Th17 memory cells upon 
a second exposure to the antigen. Therefore, the precise 
role of the putative APP-specific Th17 cells in APP immu-
nity, identified in our study, remains to be elucidated.

In conclusion, our results support previous findings 
that T cells are involved in the immune response to APP 
infection. We could show for the first time that APP-spe-
cific T cells with functional attributes of Th17 cells are 
induced in most APP-infected animals, which during the 
chronic phase of infection seem to positively correlate 
with lung lesion formation. Thus, our findings highlight 
the relevance of detailed immunological studies address-
ing T-cell differentiation for a better understanding of 
host-pathogen interactions in APP. Moreover, our infec-
tion model provides a solid basis for such studies in a 
controlled setting. This will contribute to a better under-
standing of APP pathogenesis and persistence.

Additional files

Additional file 1. Clinical score protocol. Clinical examinations were 
performed daily throughout the experiment. Alterations in behavior, 
gait, presence of respiratory symptoms (cough and dyspnea), and body 
temperature were assessed and scored on a scale from 0 to 4 based on 
the listed symptoms or traits.

Additional file 2. FCM gating hierarchy. Representative example of 
the FCM gating strategy used in this study. Data is derived from lung of 
animal #12 (APP‑infected). (A) Lymphocytes were gated according to 
their light scatter properties. (B) A FSC‑W/H gate coupled with a SSC‑W/H 
gate was applied in order to exclude potential doublet cells. (C) Near‑IR 
stain was used for Live/Dead discrimination. Only Near‑IR negative cells 
(live cells) were included in the following analyses. (D) Co‑expression of 
CD4 and IL‑17A for identification of IL‑17A+ CD4+ T cells. (E) Cells were 
further distinguished in either CD4+ or CD4− T cells. (F) Within the CD4+ 
subpopulation, the production of IL‑17A and TNF‑α was investigated. (G) 
Within the CD4− subpopulation, the expression of IL‑17A and TCR‑γδ was 
investigated.

Additional file 3. Pathological findings in the lung of acutely and 
chronically infected animals. Lungs from representative animals, one 
for the acute and one for the chronic phase, are shown. (A) Bilateral dif‑
fuse hemorrhagic pneumonia and fibrinous pleurisy in an acutely infected 
animal (#3). (B) Necrotic foci surrounded by scar tissue (sequestra) and 
adhesive pleurisy with evidence of firm adhesions between visceral and 
parietal pleura in a chronically infected animal (#11).

Additional file 4. Histological evaluation of lung tissue from 
infected animals. Lung tissue of the dorsal portion of left caudal lung 
lobe (adjacent to samples used for lymphocyte isolation) was taken from 
acutely and chronically infected animals. This tissue was paraffin embed‑
ded, stained with hematoxylin and eosin, and examined for presence and 
quantity of parameters A–H (see legend). The quantity and presence of 
each parameter were assessed by using a score from 0 to 3 (0 = not pre‑
sent, 1 = low grade, 2 = moderate grade, 3 = high grade). No sample in 
this study presented lesions of grade 3; therefore this grade is not shown 
in the legend.

Additional file 5. APP-specific induction of IL-17A+ CD4+ T cells in 
peripheral blood. PBMCs were incubated overnight with APP crude cap‑
sular extract (APP‑CCE), medium or PMA/Ionomycin. Living lymphocytes 
were gated (not shown; see Additional file 1) and further analyzed for 
the expression of IL‑17A and CD4. Data from representative animals from 
different groups are displayed: #5 and #4 for the acute phase, designated 
as “high responder” and “low responder” respectively; #11 and #17 for the 
chronic phase designated as “high responder” and “low responder” respec‑
tively; #6, designated as non‑responder and control pig #23. Approxi‑
mately 7 × 105 (APP and medium) and 2 × 105 (PMA/Ionomycin) cells are 
shown in the contour plots respectively. Numbers displayed within the 
contour plots indicate the percentage of IL‑17A+CD4+ T cells within total 
CD4+ T cells.

Additional file 6. Expression of CD8α by IL-17A+ CD4+ T cells in 
peripheral blood. PBMCs were incubated overnight with APP crude 
capsular extract (APP‑CCE), medium or PMA/Ionomycin. Living lympho‑
cytes were gated (not shown; see Additional file 1) and further analyzed 
for the expression of CD8α and IL‑17A. Data from the same animals as in 
Additional file 2 is shown. Approximately 3 × 105 (APP and medium) and 
5 × 104 (PMA/Ionomycin) cells are shown in the contour plots.

Additional file 7. Co-production of TNF-α and IL-17A by CD4+ T 
cells in peripheral blood. Phenotyping and intracellular cytokine stain‑
ing were performed on PBMC following overnight in vitro stimulation 
(APP‑CCE, medium, PMA/Ionomycin). (A) Living CD4+ T cells were gated 
(not shown; see Additional file 1) and further analyzed for production of 
TNF‑α and IL‑17A. Data from the same animals as in Additional file 2 are 
shown. Approximately 3 × 105 (APP and medium) and 5 × 104 (PMA/
Ionomycin) cells are shown in the contour plots. (B) Frequency of IL‑17A/
TNF‑α co‑producing CD4+ T cells in PBMC of infected animals (red dots) 
and control animals (blue dots) during acute and chronic phase. Numbers 
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next to colored dots indicate numbers of individual animals. Median 
percent values are indicated by black bars. Medium‑corrected percent‑
age values are presented (% of IL‑17A+ TNF‑α+ cells within total CD4+ T 
cells for APP‑CCE stimulation minus % of IL‑17A+ TNF‑α+ cells within total 
CD4+ T cells for medium incubation). Arrow heads are introduced in the 
main text.

Additional file 8. Production of IL-17A by non-CD4+ cells and γδ 
T cells in the peripheral blood. PBMC were incubated overnight with 
APP‑CCE, medium or PMA/Ionomycin and subsequently analyzed for 
CD4, TCR‑γδ and IL‑17A expression by FCM. Living lymphocytes excluding 
CD4+ T cells (not shown; see Additional file 1) were gated and further ana‑
lyzed for expression of IL‑17A and TCR‑γδ. Data from the same animals as 
in Additional file 2 are shown. Approximately 7 × 105 (APP and medium) 
and 2 × 105 (PMA/Ionomycin) cells are shown in the contour plots. Arrow 
heads are introduced in the main text.

Additional file 9. APP-CCE-specific IL-10-producing CD4+ T cells 
in peripheral blood. PBMC were incubated overnight with APP‑CCE, 
medium or PMA/Ionomycin and subsequently analyzed by FCM. Living 
cells were gated (not shown; see Additional file 1) and further analyzed for 
expression of IL‑10 and CD4. Data from representative animals from differ‑
ent groups are displayed: #15 for the acute phase and #11 for the chronic 
phase, both designated as “responders”; #6, designated as “non‑responder” 
and control pig #23. Approximately 8 × 105 (APP and medium) and 
1.5 × 105 (PMA/Ionomycin) cells are shown in the contour plots. Numbers 
displayed within the contour plots indicate the percentage of IL‑10+ CD4+ 
T cells within total CD4+ T cells.

Additional file 10. Correlation of the frequency of IL-17A+ CD4+ 
T cells with lung lesion score during the acute phase. Scatterplots 
show correlation of the frequency of IL‑17A+ CD4+ T cells isolated 
from lung and blood with lung lesion score in acutely infected animals. 
Spearman’s Rank Correlation Coefficients (ρ) are displayed above each 
scatterplot.

Additional file 11. Correlation of the frequency of IL-17A+ CD4+ 
T cells with histological score of lung tissue during the chronic 
phase. Scatterplots show correlation of the frequency of IL‑17A+ CD4+ 
T cells isolated from lung and blood during the chronic phase with the 
histological score of the lung tissue sampled adjacent to tissue used for 
lymphocyte isolation. Histological scores for each sample were calculated 
by summing up the grading of all parameters shown in Additional file 4. 
Spearman’s Rank Correlation Coefficients (ρ) are displayed above each 
scatterplot.
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Behavior Gait Cough Dyspnea Temperature Score

Physiologic Physiologic Absent Absent 38.5-39.5 0

Lethargic Laying down 39.6-40 1

Apathetic Sitting-dog 
position Present More costal or 

abdominal 40.1-41 2

Stupors Swinging >41 3

Comatose Unable to stand Only costal or 
abdominal <38.5 4
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# A B C D E F G H 
1 0 0 1 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 
3 0 0 0 1 0 0 0 0 
4 0 1 0 1 1 1 1 0 
5 0 0 0 0 0 1 1 0 
19 0 2 2 2 2 2 2 0 
7 0 1 1 0 0 0 1 0 
8 0 0 0 0 0 0 1 0 
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15 0 2 1 1 1 1 1 0 
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9 0 1 0 1 0 1 0 0 
10 0 2 2 2 0 1 1 0 
11 1 2 2 0 1 2 1 2 
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8. DISCUSSION 

8.1. Selecting a suitable infection model  

To assess porcine immune responses against App at different stages of infection, we 

performed two animal infection experiments under standardized conditions.  

App infection can result in per-acute, acute or chronic disease (Gottschalk, 2012). In 

experimental infection, the outcome of the disease varies depending on route of infection, 

dose and virulence of the strain (Rosendal et al., 1985). In both studies, an App biotype 1-

serotype 2 strain [(no. C3656/0271/11, isolated from a fattening pig with respiratory 

symptoms during an acute outbreak of porcine pleuropneumonia in northern Germany and 

stored at the Institute of Microbiology, University of Veterinary Medicine, Hanover, 

Germany] was used. This strain has been well characterised by dose-response studies and 

infection experiments (Hennig-Pauka et al. 2008) and for this reason was chosen for our 

studies. 

In the first experiment intratracheal infection with a relatively high dose (approximately 

1.6x106 CFU) of App serotype 2 was performed in order to induce porcine pleuropneumonia 

in its per-acute/acute stage. Since diffuse bilateral pneumonia can be induced by this model, 

intratracheal infection is recommended for cytokine expression studies using a small number 

of animals (Baarsch et al., 2000). In our first study six animals were infected and their organs 

were analysed for cytokine and acute phase protein expression in comparison to control 

animals. In parallel, the influence of the host environment on variations in the metabolic 

fingerprint of App isolated from either the upper and the lower respiratory tract was assessed 

by Fourier-Transform Infrared (FTIR-) spectroscopy.  

In the second experiment, the purpose was to mimic a natural infection and to induce a 

subclinical disease. For this reason an intranasal administration of the inoculum by a 
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vaporizer was chosen. Spraying the bacterial solution directly into the nostrils may increase 

the chance of these small pathogen-containing droplets to reach the lung alveoli (Nicolet et 

al., 1969). This application method might reduce the amount of infectious solution that is 

usually lost by swallowing, but could also increase the virulence by allowing the bacteria to 

reach deep part of the lung. For this reason, the challenge dose was kept to low levels (2x104 

CFU). The infection group consisted of 20 animals that were further divided into 2 groups: 

one with an endpoint at 6-10 days post infection (dpi) and the other with an endpoint at 27-31 

dpi. These endpoints were chosen to enable the investigation of T cells in the early effector 

phase in the course of a primary immune response whereas the late time point was postulated 

to allow the analysis of T cells during chronic/subclinical infection.  

8.2. Early immune response 

8.2.1. Cytokine and acute phase protein expression in tissues and body fluids 

Acute phase proteins are known to be primarily synthetized in the liver in response to 

inflammation (Murata et al., 2004). In addition, non-hepatic production of acute phase 

proteins has been reported in inflammatory diseases of various species; but little is known for 

pigs, especially during App infection. Skovgaard et al. looked for cytokine and acute phase 

protein expression in extra hepatic sites and found that the acute phase response against App 

is not restricted to the liver, but rather disseminated to other organs (Skovgaard et al., 2009). 

To determine how much and which organs are actually responsive at this stage of infection, 

pigs were euthanized eight hours after infection, and samples from liver, lung salivary gland 

and tonsils were analysed for gene expression.  

A wide spectrum of molecules was investigated, such as inflammatory cytokines (IFN-γ, IL-6, 

IL-1 and TNF-α), T-cell growth factor IL-2, chemokine IL-8 (CXCL8), anti-inflammatory 

cytokines (IL-4 and IL-10), products of respiratory stress (iNOS and HO1), and acute phase 

proteins (SAA, CRP and Hp). These molecules were analysed both at a transcriptional and 
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protein level at different host sites, and the obtained results will be discussed in the following 

chapter. 

Since IFN-γ, IL-2, IL-4, iNOS and HO1 gene expression was below the detection limit, these 

molecules were not included into further analyses. In the liver, only IL-6 and SAA expression 

was found to be significantly up-regulated in infected animals compared to controls. 

Surprisingly, an increase in Hp and CRP expression in liver, which was reported in previous 

studies (Skovgaard et al., 2009, Hedegaard et al., 2007), was not detected. Additionally, the 

hepatic production of IL-1 and IL-8, described in another study (Skovgaard et al., 2010), was 

not observed in our experiment. The greatest cytokine response was detected in the lung, the 

organ of primary infection. All the investigated pro-inflammatory cytokines were significantly 

increased in infected animals. In contrast to previous findings using cDNA microarrays 

(Hedegaard et al., 2007) and in situ hybridization (Cho et al., 2005), where an increase of IL-

10 mRNA expression in inflamed areas of the lung was reported, the expression of IL-10 did 

not differ between the groups in any organ. Within the acute phase proteins, only SAA 

appeared to be up-regulated in the lung. The high expression of the neutrophilic chemo-

attractant IL-8 in the lung, already observed in the past by northern blotting (Baarsch et al., 

1995) and in situ hybridization (Myers et al., 2002), probably contributes to the neutrophilic 

infiltration that characterizes App lung lesions. Moreover, the observed drop in segmented 

neutrophils combined with a rise in band cells in the blood stream of infected animals might 

be the result of massive migration of mature neutrophils to the lung. The salivary gland was 

the only organ that showed a significant up-regulation of all the investigated acute phase 

proteins, and additionally an increase in IL-6 and IL-1 mRNA expression. Interestingly, 

tonsils and salivary glands showed opposite immunological reactions. In tonsils no difference 

in mRNA expression of cytokines or acute phase proteins was found between the groups, 

even though App was detected at this site. These findings are in accordance with those of 
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Skovgaard et al., who described tonsils as the least responsive tissue, with only a moderate 

increase in IL-6 mRNA expression (Skovgaard et al., 2009). Accordingly, in our study only a 

slight tendency of increased IL-6 expression was observed.  

We analysed the acute phase response also on the protein level in host body fluids. In serum, 

no significant changes in IL-6, IL-1 and TNF-α were detectable. This might be due to the 

early end-point of our study with 8 hpi. Indeed, the earliest detectable cytokine was shown to 

be IL-6 which reaches its serum concentration peak at 10 hpi (Wyns et al., 2015). 

Interestingly CRP serum concentration increased significantly in infected animals, while Hp 

did not differ between groups. This confirms the assertion that CRP reacts faster than Hp in 

pigs infected with App (Heegaard et al., 1998, Skovgaard et al., 2009). 

In BALF, IL-6 and IL-1 were not significantly increased. The concentration of TNF-α in 

BALF was opposite to the other cytokines, dropping from in-range concentrations in controls 

to non-detectable levels in infected animals. This was an unexpected finding, because on the 

transcriptional level TNF-α was found to be up-regulated in lungs of infected animals. Thus 

it´s tempting to speculate that App infection could trigger a pathway or a molecule, which 

either inhibits the translation of TNF-α mRNA or influences detectability of the  TNF-α 

protein further downstream. In saliva, in contrast to serum, a significant increase in Hp was 

detected, while the increase in CRP concentration was not significant. Further discussion on 

the role of saliva and the salivary gland during early infection will be given in section 8.2.3. 

Overall, the significant increase of SAA gene expression in all organs but tonsils, qualifies 

this acute phase protein to become a reliable biomarker to evaluate health status in swine. The 

limitation of our study relies on the fact that we didn´t quantify SAA on the protein level in 

body fluids. Nevertheless, previous studies provided insight that the measurement of SAA in 

saliva can be used to differentiate between healthy and diseased animals (Soler et al., 2011). 
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Thus, it would be worthy to investigate its feasibility as a biomarker in pigs affected by 

porcine contagious pleuropneumonia.  

8.2.2. Host immune response mirrors bacterial adaptation at primary sites of infection 

In parallel to host immune response, the metabolic fingerprint of App isolates from the upper 

and the lower respiratory tract of infected pigs was analysed using FTIR. This technique has 

been used in the past decades not only for diagnostics but also for studying the influence of 

external variables, as host genotypes or stress, on the metabolic fingerprints of bacteria 

(Grunert et al., 2014, Alvarez-Ordonez et al., 2011).  

Before undergoing FTIR analysis, App isolates from nostrils, tonsils and lung were subjected 

to serotype 2 specific PCR (APPcps2), and their M13-PCR profiles were compared to the 

inoculation strain to confirm their genotypic identity to the App strain used for the infection. 

Even though all isolates expressed the same profiles on the genotype level; FTIR spectral 

analysis revealed differences in their phenotype. The fact that the isolates from the lung 

clustered together with the inoculation strain but apart from the isolates from the upper 

respiratory tract, might be an indication for a rapid adaptation of App to different host body 

compartments. Additionally, within these two distinct clusters, the isolates from the lung 

showed similar phenotypes, while the isolates from the upper respiratory tract were highly 

diverse.  This variation within the latter isolates could reflect the variation in the onset of 

clinical symptoms in individual animals. With a high probability, coughing facilitated the 

movement of bacteria from the lung to colonization sites in the upper respiratory tract, and 

consequently had an influence on the onset of colonization of the tonsils. From the moment of 

tonsil colonization until the moment of cultivation, the bacteria could have had more or less 

time to adapt to the newly colonised site depending on appearance of symptoms in each 

animal.  
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Considering that tonsils and nostrils are known as niches of bacterial persistence (Sidibe et al., 

1993, Vigre et al., 2002), this observed phenotypic metabolic adaptation might be an 

expression of a switch to the persistent form of App. Since the most pronounced differences 

in the phenotype were located in the polysaccharide region, App crude capsular extracts 

(CCEs), which are characterised by high content of polysaccharides, were subjected to FTIR 

analyses. Comparison of FTIR spectra of CCEs extracted from App isolated from the lower 

and upper respiratory tract revealed differences in the protein and carbohydrate composition. 

To identify the molecules that undergo these modifications, further studies are needed.  

Regulation of the capsule expression is often a strategy used by bacteria to initiate persistence. 

S. aureus, for example, can maintain chronic infections by losing its capsule (Tuchscherr et 

al., 2010). Thus, given the importance of the capsule as virulence factor, we hypothesise that 

an App capsular extract could be a promising candidate to stimulate lymphocytes in a specific 

manner and characterize App-specific T-cell immune responses. For this reason, we decided 

to use it as a stimulus in the second experimental study.  

Interestingly, the innate immune response of the host and the metabolic bacterial modification 

follow the same clustering. While, on the host side, the lung showed a strong acute phase 

reaction and the tonsils had no detectable response, on the bacterial side, App isolates from 

the lung formed a unique cluster with the inoculation strain and App isolates from the tonsils 

underwent diverse phenotypic modifications. Thus, it is tempting to speculate that the massive 

response in the lung might have induced App to migrate to a more comfortable niche where, 

by switching to a less virulent form, it can evade the immune response.  

8.2.3. Salivary gland and its importance in early oral immunity  

In our study the highest acute phase response was observed in the salivary gland, namely 

glandula mandibularis. To our knowledge, there are only few studies that investigated the 

porcine acute phase response in this body compartment. Muneta et al. described IL-18 as a 
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suitable biomarker for stress response in porcine salivary glands (Muneta et al., 2011) and 

local production of Hp at this site was detected by immune-histochemical analysis (Gutierrez 

et al., 2012). Past literature mainly focused on the detection of biomarkers in saliva, such as 

SAA (Soler et al., 2011), Hp and CRP (Gutierrez et al., 2013, Soler et al., 2013). In our study 

SAA, Hp and CRP were significantly up-regulated in salivary gland and Hp and CRP were 

increased in saliva of infected animals already 8 hpi. This finding indicates a major role of the 

salivary gland in regard to early oral immunity, and promotes further evaluation of this organ 

for new diagnostic approaches.   
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8.3. T-cell immune responses to App 

8.3.1. CD4+ but not TCR-γδ+ T cells are the major source of IL-17A after in vitro stimulation 

To characterize the T-cell immune responses to App infection, we established an in vitro 

stimulation assay using a crude capsular extract of App (App-CCE). This method was applied 

to test the ability of lymphocytes to produce IL-17A, IL-10 and TNF-α in response to a 

specific stimulus. Lymphocytes were isolated from different host compartments to investigate 

both systemic (blood) and local (lung, tracheobronchial lymph nodes and tonsils) responses. 

The most prominent result was the identification of App-specific IL17A-producing CD4+ T 

cells in the lung and in the blood of the majority of App infected pigs. IL-17A-producing T 

helper (Th17) cells are involved in the development of autoimmune diseases such as multiple 

sclerosis (Gold and Luhder, 2008), systemic lupus erythematous (Li et al., 2015) and 

rheumatoid arthritis (Gaffen, 2009). In the context of combating infections, IL-17A is known 

to recruit neutrophils as well as to trigger the production of antimicriobial peptides (Iwakura 

et al., 2008). Its role in various animal diseases (Mensikova et al., 2013) including pulmonary 

infection (Blanco et al., 2011) has been described. Recently, a high expression of IL-17A 

mRNA in lung lesions caused by App has also been reported (Brogaard et al., 2015). Our 

results are thus in line with previous literature and confirm our assumption that these IL-17A 

producing CD4+ T cells, which are specifically reacting after App-CCE stimulation, are 

indeed App-specific Th17. Additionally, these putative Th17 cells showed low to intermediate 

expression of the activation-related molecule CD8α (Saalmuller et al., 2002) . Thus it is 

tempting to speculate that the stimulation induced in our in vitro assay might be the result of 

an in vitro recall response which is further supported by the observation that these IL-17A 

producing CD4+ T cells were only identified in App-infected animals but not in control 

animals. 
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We investigated in parallel the ability of these cells to co-produce TNF-α together with IL-

17A. Co-production of these two cytokines by CD4+ T cells is a known phenomenon in 

humans (Kim et al., 2013) and pigs (Gerner et al., 2015). Nevertheless, despite the described 

synergistic effect of IL-17A and TNF-α in enhancing neutrophil migration (Griffin et al., 

2012), and the known importance of TNF-α in the response to App infection (Huang et al., 

1999, Baarsch et al., 1995, Choi et al., 1999); we observed that most of CD4+ T cells did not 

co-produce IL-17-A and TNF-α. Following our findings, CD4+ T cells do not seem to play a 

major role in TNF-α production during App infection.  

Even though it is known from literature that next to CD4+ T cells also γδ T cells are source of 

IL-17 in humans A (Peng et al., 2008), cattle (McGill et al., 2016) and pigs (Stepanova et al., 

2012), we could not detect IL-17A production by TCR-γδ T cells upon App-specific 

stimulation. Nevertheless the ability of this lymphocyte subset of producing IL-17A was 

confirmed upon stimulation with PMA/Ionomycin. A possible explanation for this finding 

might be the incapability of our in vitro stimulation system to induce an adequate antigen 

presentation and related recognition by the TCR-γδ. Recognition of pathogen-associated 

molecular patterns by TCR-γδ T cells, unlike CD4+ T cells, doesn´t depend on MHC class II-

associated molecules. Antigen presenting pathways used by these “unconventional” cells are 

so far poorly defined (Liuzzi et al., 2015). Taken together, our data indicate that CD4+ T cells 

are involved in the T-cell response to App by producing IL-17A, i.e. the classical effector 

molecule of Th17 cells. Thereby, as described for other bacterial infections, a type-3 immune 

response seems to occur in App infected pigs. 

8.3.2. IL-10 and its potential role in App persistence  
 

App is able to persist in the upper respiratory tract of subclinically infected animals, and the 

proportion of pigs carrying App in their tonsils increases between 4 and 12 weeks of age, 

when maternal antibodies decline (Vigre et al., 2002). There are several known strategies that 
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pathogens can use to establish a persistence status in a host (Monack et al., 2004), and 

exploiting host immune-regulatory mechanisms is one of them (Young et al., 2002). It is 

known for intracellular microorganisms like Mycobacterium tuberculosis (Redford et al., 

2011), Leishmania spp. (Belkaid et al., 2001) and Toxoplasma gondii (Neyer et al., 1997) that 

IL-10 can suppress inflammatory immune reactions, so that eventually creates a host 

environment that favours bacterial persistence.  

We thus evaluated the production of IL-10 by lymphocytes isolated from tonsils, lung, 

tracheobronchial lymph node and blood upon App-CCE stimulation. Only few animals 

responded to App-CCE stimulation with a production of IL-10 and the frequency of these IL-

10 producing CD4+ T cells was quite low. In detail, the highest frequencies of these cells were 

found in lung, tracheobronchial lymph node and PBMC of acutely infected animals, while in 

tonsils an outlier belonging to the chronic group was detectable.  

Hitherto, IL-10 production during App infection has been reported only on mRNA level in 

affected areas of the lung of acutely diseased animals (Hedegaard et al., 2007, Cho et al., 

2005). Since we decided to sample the dorsal part of the left caudal lung lobe independently 

of the presence of lung lesion, our results could have been biased by the fact that cytokine 

expression is usually higher in the lesions than in unaltered lung tissue.  

Additionally, in parallel to flow cytometry analysis, lung, tracheobronchial lymph node, tonsil 

and salivary gland were subjected to qRT-PCR. These results have not been published yet. 

Results of these expression studies indicate a moderate increase of IL-10 mRNA in the lungs 

of acutely infected animals and a significant up-regulation in tonsils of chronically infected 

animals (data not shown). Briefly, summing up all results, we can neither confirm nor reject 

our hypothesis of a role of IL-10 production in App persistence. To better address the role of 

IL-10 in App infection, both phenotypic and functional analysis of regulatory T cells in tonsils 

and lung lesions are recommended. Moreover, a correlation analysis between metabolic 
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bacterial modifications of isolates from tonsils and IL-10 expression at the same site could be 

beneficial.   
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8.3.3. Uncharacterized subset of lymphocytes producing IL-17A  

Interestingly, a lymphocyte population of CD4- cells showed the ability to produce IL-17A in 

parallel to CD4+ after App-CCE stimulation. Since another source of IL-17A in swine is 

represented by γδ T cells (Stepanova et al., 2012, Sedlak et al., 2014), we gated these IL-17A-

producing CD4- cells for expression of TCR-γδ, but we found that they were TCR-γδ-. This 

small subset of CD4- TCR-γδ- cells produced IL-17A after App-CCE stimulation not only in 

infected animals but also, albeit at a lower frequency, in control animals. This might suggest 

that these cells do not necessary need previous in vivo priming by App and they could rather 

belong to the innate immune system. Different source of innate IL-17A have been identified 

in the past years (Cua and Tato, 2010). Hitherto, only one report described the production of 

IL-17A by NK cells isolated from mice infected with Toxoplasma gondii (Passos et al., 2010). 

Also in mice, a subset of IL-17A-producing iNKT cells, which are cells of the innate immune 

system that secrete immune-regulatory cytokines after activation by self or foreign 

glycolipids, have been identified in the thymus (Michel et al., 2007). Moreover, ILC3s are 

characterized by their ability to produce IL-17A and/or IL-22 in response to extracellular 

bacterial or fungal infections (Spits et al., 2013). Unlike ILC1s and ILC2s, ILC3s 

constitutively express RORγt and include lymphoid‑tissue inducer (LTi) and LTi- like cells 

which are further subdivided in several subsets (Sutton et al., 2012, Takatori et al., 2009).  

Thus, further investigations, targeting additional cell markers, would be needed to exclude or 

confirm that these CD4- TCR-γδ- cells belong to one of the populations mentioned above. 



PhD Thesis Elena Lucia Sassu	
 

77 
 

8.3.4. Frequency of Th17 cells correlates positively with disease parameters in chronically 
infected animals 

In our study, we found that the frequency of Th17 cells in lung and the blood of chronically 

infected pigs positively correlated with the presence of lung lesions and App-specific 

antibody titres. This correlation was not observed in acutely infected animals. This could be 

related to the high variation in lung lesions shown by animals which were euthanized at the 

early stage. Additionally, we looked for correlation between frequency of Th17 cells and 

histological score assigned to the parts of lung, which were used to isolate the lymphocytes. In 

this latter case, we could not find a positive correlation. The fact that the frequency of Th17 

cells in lung and blood of chronically infected animals correlates with the overall scoring of 

the lung, and not with the scoring of the circumscribed lung sample taken for lymphocyte 

isolation, might be an indication that these Th17 cells are capable of lung homing and can 

recirculate through the blood stream. Consequently, because of their ability to migrate, these 

cells could actually be defined as effector memory T cells (Masopust and Picker, 2012). 

Nevertheless, it is not yet clear which role should be ascribed to these Th17 cells in the 

immune pathogenesis of App infection. Th17 cells were described both as auxiliaries of 

protection (Rathore and Wang, 2016) and pathology during lung infection (Way et al., 2013). 

The massive infiltration of neutrophils that characterizes App lung lesions might be the 

consequence of an exacerbated Th17 response, thus pending for a pathologic role. This would 

be in line with the positive correlation between lung lesions and the frequency of IL-17A 

producing CD4+ T cells.  

Nevertheless, another positive correlation was observed in this study: the one between 

frequency of Th17 cells in lung and blood and App-specific antibody titres.  

IL-17A production has been reported to induce humoral immune response (Iwakura et al., 

2008). Indeed, antigen-specific antibody production is significantly reduced in IL-17−/− mice 
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(Nakae et al., 2002) and IL-17A is known to stimulate the formation of autoreactive germinal 

centres in lymph nodes of autoimmune mice (Hsu et al., 2008). Knowing this involvement of 

IL-17A in enhancing antibody production, we cannot rule out the possibility that Th17 cells 

might have a protective role in App infection. To assess whether Th17 cells can actually 

facilitate the induction of humoral immune response in App infection, further experiments 

would be needed. In summary, our data could not define if Th17 cells have a protective or 

pathologic role in pigs affected by App.  

In conclusion, this PhD thesis represents an analysis of various aspects of porcine immune 

responses against App infection at different disease stages. By investigating the host-pathogen 

interplay both at the lower and upper respiratory tract, we could show that App isolates from 

the tonsils undertake distinct metabolic adaptations to this niche already eight hours after 

intratracheal infection. This phenotypic change of App could be interpreted as a switch to a 

persistent life form. Our in-depth cytokine expression study could identify the salivary gland 

as a major source of acute phase proteins in acutely infected pigs. This implies a predominant 

role of this organ in early oral immunity against App and suggested additional research on the 

use of saliva for monitoring the health status of infected pigs. Additionally, herein we present 

the first attempt to characterize an App-specific T cell immune response not only at a 

phenotypic but also at a functional level. Our findings suggest a potential role of Th17 in the 

immune pathogenesis of App infection. Immunological studies that investigate T-cell immune 

responses against App can be of high relevance for prevention. A better understanding of the 

role of these cells in protection and pathology would be beneficial for developing novel 

prophylactic approaches.   
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