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A. Introduction 

Diseases of the respiratory tract due to biotic and abiotic noxae are the most important cause 

for economic losses in swine husbandry. Next to direct animal losses due to premature death 

in outbreaks of acute respiratory disease indirect economic losses play an important role. 

These include a reduced production efficiency characterized by decreased average daily 

weight gain, reduced feed conversion rates, the occurrence of secondary disease problems, 

and cost and time intensive animal treatment.  

Respiratory diseases in swine are typical multifactorial problem complexes. The diagnostic 

procedure has to be adapted to the different causative factors involved, e.g. climatic 

conditions in the microenvironment of the stable, interfering bacterial and viral infections or 

husbandry and management factors. Swine are commonly carriers of various micro-

organisms which do not cause any health problems under good husbandry conditions, so 

that bacteriological and virological diagnoses are often difficult to interpret. Persistently 

infected carrier animals which do not show clinical symptoms are the main cause for 

disseminating respiratory diseases among individuals and between herds. Especially in 

livestock practitioners focus on the prevention of disease aiming at maintaining a high health 

status in the herd. This is not only a matter of economic efficiency but also the best approach 

with respect to animal welfare and consumer protection. Therefore the most challenging task 

for the veterinarian in the future is the early detection of a disturbance in the balance 

between host immune system, environmental influences and microbial invaders, so that 

effective measures for the prevention of clinical respiratory disease can be taken. This task is 

one important part in the framework of an Integrated Quality Assurance System in swine 

production and leads to the question how porcine health - or rather the pig as a “faultless 

product” – could be defined. 

An answer to this question is facilitated by new diagnostic approaches aiming at the 

detection of lung alterations as the consequence of acute, chronic or subclinical effects of 

microorganisms or abiotic factors. The effort of this work was embarking on the strategy of 

examining parameters in the host for its diagnostic use regardless of the original cause of 

lung affection. In this study BALF was chosen as the diagnostic material to study the lung 

milieu in pigs, and a standardized experimental infection model was established to induce 

and examine pathogen-specific changes in the respiratory tract. 

The essential objective of this study was the identification of endogenous disease markers in 

porcine bronchoalveolar lavage fluid (BALF) which are independent of the causative agents 

for inflammation inside the respiratory tract. 

In a first step the procedure of bronchoalveolar lavage (BAL), and its influence on the results, 

is characterized and reference values for bronchoscopic BALF were established. Existing 

reference limits for parameters in BALF vary between laboratories; these differences are due 
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to the generally inhomogenous health status of pigs and differing lavage techniques. A well-

standardized BAL procedure is performed in infection experiments with Actinobacillus 

pleuropneumoniae (A.pp.), a porcine respiratory tract pathogen causing peracute, acute or 

chronic respiratory disease with typical pathomorphologic lung alterations worldwide. 

Different routes of infection are compared to identify the model which most closely resembles 

natural A.pp. infection. The animal model is used to study host-pathogen interactions in the 

lung, and the work presented here is focused on the changes occuring inside the host under 

the influence of the pathogen.  

The large surface of the respiratory tract is coated with a thin layer of airway and alveolar 

secretions (epithelial lining fluid; ELF). For questions regarding pathogenesis of disease, 

which are tightly connected to the search for disease markers, anatomical and physiological 

compartments of the lung as well as the manifold interlocked regulatory systems and 

substance classes have to be taken into consideration. In contrast to cellular components in 

porcine BALF little is known about the behaviour of soluble BALF components after infection. 

Highly relevant are secretion products of activated polymorphonuclear granulocytes (PMNs), 

lipid mediators, oxidants and antioxidants, proteases and antiproteases, adhesion molecules, 

components of the extracellular matrix and nitrogen compounds. In order to identify potential 

biomarkers, a general overview on ELF components is required, facilitating a subsequent 

systematic inspection of single promising components. 

The aim of this study to identify respiratory disease markers in porcine BALF was followed up 

by two different approaches. In the first approach BALF is treated as a complex sample 

which is broken down into single and mostly unknown molecules. Changes in the lung milieu 

were characterized by the comparison of BALF prior to and after infection. The separation of 

the complex mixture of BALF proteins using two-dimensional gel electrophoresis (2D-PAGE) 

turned out to be the most promising laboratory experimental strategy.  

In a second approach, defined parameters known to be of potential use as biomarkers in the 

respiratory tract, e.g. the percentage of PMNs in the differential cell count of BALF which is 

considered to be a sensitive criterion for differentiation between healthy pigs and those with 

lung disease, and glutathione, which is one of the major antioxidants in the respiratory tract, 

are examined systematically in BALF.  

Finally, the results of the experimental studies are transferred to field conditions. The 

potential disease markers, which had been identified in the preceded investigations, are 

tested in pigs originating from herds with and without respiratory disorders of various origin. 

In this context the comparison of different BAL methods becomes necessary. The well-

standardized bronchoscopic BAL is cost- and personnel-intensive and has not found its way 

into clinical practice because of biosecurity reasons. Two alternative BAL methods, which are 

frequently applied in practice, are examined with respect to the traceability of potential 
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disease markers. The evaluation of disease markers is complicated by the lack of a “gold 

standard” for the clinical determination of respiratory health. Therefore sensitivity and 

specificity calculations are based on different reference parameters, e.g. bacteriological 

findings, and clinical findings. During this process of evaluation a possible definition for 

respiratory disease was developed which appeared to be highly appropriate for the pre-

selection of samples for subsequential bacteriological diagnostics and for the confirmation of 

a herd health status.  
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B. Literature review 

B.1. Importance of respiratory disease in swine 

B.1.1. Economic impact 

With 26,334,300 living pigs and 46,904,100 pigs slaughtered in 2004 Germany is the country 

in the European Community with the highest number of pigs, and swine husbandry is an 

agricultural domain with high economic impact (GATZKA et al. 2005). Apart from milk with 

44%, pork with 31% had the largest contingent of the total sales revenue of all animal 

products in 2004 (GATZKA et al. 2005). In 2004 Germany as the largest pork producer in the 

European Community had a gross pork production of 4,072,000 t. The relative amount of 

pork consumption in comparison to meet and meet products from other species is 

approximately 60% and has been stable over the last four years. The per head consumption 

of pork of 54.5 kg per year was higher than the European average of 43.2 kg per year. The 

degree of self-sufficiency in Germany with respect to pork was only 91% in 2004 which is in 

contrast to an average degree of self-sufficiency of 109 % in the European Community.  

Considering this background it is apparent that problems in porcine health will result in high 

economic losses. Several epidemiological investigations on the health status of pig 

populations have been performed over the past years, and it has been found that next to 

diseases of the gastrointestinal tract and locomotory disorders most losses during the 

finishing period are due to respiratory diseases (BAUMANN and BILKEI 2002; BLAHA 1992; 

SCHODER et al. 1993; STRAW et al. 1983). Pneumonic lung alterations diagnosed after 

slaughter in Schleswig-Holstein, North Rhine-Westphalia and Lower Saxony vary from 

approximately 30% to 60% (JENSEN 1996; MÄHLMANN 1996; VOGT 1996; WITTMANN 

1995). Although the effect of respiratory disease upon productivity in a herd is difficult to 

evaluate, there are some clear parameters. The total cost of respiratory disease at herd level 

can be estimated by the sum of output losses like increased feed consumption, decreased 

meat quality or payment, decreased weight gain, increased mortality, as well as costs for 

treatments, vaccination programs, hygiene procedures, and additional labor (CHRISTENSEN 

et al. 1999). Feed conversion can stay unchanged, if only slight clinical symptoms as, for 

example, in mycoplasma-induced pneumonia are seen (STRAW et al. 1989). Mostly the 

average daily weight gain is impaired: In some pigs decreases in growth rates can be up to 

40% while other pigs may not be affected (BENNEWITZ 1982; DEEN 1996). Carcass quality 

and the chemical composition of musculature has been shown to be influenced by 

pneumonic lung lesions. The bacterial contamination of other organs is increased with the 

extent of lung lesions which may be an important aspect in zoonosis prophylaxis 

(FEHLHABER et al. 1992; SCHESTAKOV and ORKIN 1987). Pigs with severly decreased 

growth rate can only be marketed at reduced weights. Lungs which adhere tightly to the rib 
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cage due to fibrinous exudations cause trimming problems during the slaughter process. 

Working hours inside the stable are multiplied because of increased treatment and 

monitoring time, not to mention the additional time spent for removing dead, euthanized or 

severely diseased pigs. The costs for vaccines and medication must be taken into 

consideration as well as their possible negative side effects: Vaccines may decrease feed 

intakes and growth rates by decreasing the appetite, and the water intake may be reduced 

due to bad flavour of some antibiotics. Further, respiratory diseases may increase the 

incidence of secondary diseases in a herd, e.g. gastrooesophageal ulcers, rectal prolapses 

and enteric diseases (DEEN 1996).  

 

B.1.2. Impact on consumer protection 

Although per head consumption of pork has been unchanged over the past years, the image 

of pork as well as that of meat of other origin has declined over the last years. In addition to a 

low price the consumer demands products of an excellent hygienic status obtained from 

animals kept under animal-friendly conditions. Meat should be of high quality and must be 

free of potential health hazards such as drug residues or zoonotic pathogens (INGR 1989). 

Due to the poor image of large-scale livestock farming which, for many consumers, is 

associated with a lack of animal welfare, the consumption of meat is frequently connected to 

a guilty conscience (PUDEL 1994). As a reaction to this social scepticism the character of 

swine farming is changing. A high degree of transparency is being achieved by the “vertical 

integration of all steps of swine production and marketing” starting with a health monitoring of 

individual animals on farm level (BLAHA 1999; BRANSCHEID 1994; MADEC et al. 2001). In 

parallel, cost-intensive forms of animal husbandry in smaller units, which are included in a 

system of biodynamic agriculture, are politically desired (SCHIÖBERG 2002). The aim is a 

well defined and standardized end product which has passed through a transparent system 

of quality assurance. Despite this political support of eco-farming with smaller units, 

approximantely 45% of pigs in Germany are kept in farms with more than 1000 pigs. These 

45% of animals are kept on only 6.1% of the swine farms. In November 2004 the number of 

pig producers (93,700) was down by 7.2 % whereas the total number of pigs (26,334,300) 

was reduced by only 0.6%. These data demonstrate the tendency towards a higher number 

of pigs per farm which, in 2004, was 281.1 and, therefore, 13.5% higher than in 2003. Also, 

the average number of breeding sows per farm has increased by 3.8% from 2003 to 2004 

(GATZKA et al. 2005). The larger the number of pigs per farm, the higher the potential risk of 

economic losses due to respiratory and other diseases. Although modern scientific 

approaches and technologies have led to the development of new strategies to eradicate and 

control various diseases, the frequency of respiratory disease has not been reduced but, to 
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the contrary, the respiratory disease complex evolved together with modern ways of 

production (DONE and WHITE 2003). 

 

B.1.3. Impact on livestock trade 

Increased costs, the social and political demands on animal welfare as well as a change in 

producer liability laws have led to a new challenge for swine practitioners and producers with 

respect to the diagnosis of disease and the definition of health. Although in German 

legislation animals are not considered as “objects” (Basic Constitutional Law of the Federal 

Republic of Germany §20a) all laws concerning objects apply accordingly for animals with 

the only exception of animal welfare as it was defined in 2002 in the German Civil Code 

(BGB §90a). All specified regulations for animal trade have been removed, and particularly 

the lack of a definition of “defective products” (BGB §434) for animals, i.e. products/animals 

which do not have the “commonly expected properties”, is bound to cause conflicts between 

breeding farms, piglet producing or piglet rearing farms as well as fattening units.  

Since 2000 the Product Liability Law (85/374 EWG) is also in effect for livestock in Germany. 

In the case of “defective products” the burden of proof is in the responsibility of the affected 

party. As pigs frequently are carriers of facultative pathogenic microorganisms, particularly in 

the respiratory tract, disease occurs upon transport or restocking due to the combination of 

different factors such as viral and bacterial pathogens and environmental conditions. This 

situation leads to the as yet unanswered question, how porcine respiratory health (i.e. the pig 

as a “faultless product”) can be defined. 

The definition of human health is given in the CONSTITUTION OF THE WORLD HEALTH 

ORGANIZATION (1946): “Health is the state of complete physical, mental, social well-being 

and not merely the absence of disease or infirmity”. Among experts health is defined as a 

dynamically balanced process under the influence of stress and demands 

(http://gesundheit.dgb-bwt.de/definition.html, 17.09.2006). An expanded definition of health is 

given by the sociologist Talcott Parsons as an individual state of optimal productive efficiency 

to fulfil its roles and tasks in society (PARSONS 1951). 

All definitions of human health are difficult to adjust to animal health. For example, high 

productive efficiency of livestock is not necessarily correlated to a high health status. The 

economic impact of single and combined factors of production is frequently unpredictable 

and, therefore, the statistical evaluation of the influence of these factors on the health status 

is highly complicated (DOHOO et al. 1997). Therefore, only a few factors could be statis-

tically verified. It could be shown, for example, that the housing of piglets of the own breeding 

stock or of only one subcontractor is superior to acquisition of piglets from many different 

subcontractors if an all-in-all-out policy is run (GATZKA et al. 2004). During the last years the 

veterinary practice to keep livestock healthy and productive has developed from curative 
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measures to preventive measures. Here it is important to define animal health not quali-

tatively (yes/no), but quantitatively based on several characteristics of a herd, including the 

host immune system, environmental factors and pathogens (BLAHA 1990, 2005).  

 

B.2. Etiological background of respiratory disease 

B.2.1. Porcine Respiratory Disease Complex 

In contrast to humans and other species respiratory diseases in swine are always caused by 

infectious agents. These can vary from farm to farm and lead to catarrhalic, interstitial, 

fibrinous or necrotic inflammatory lung lesions (CHRISTENSEN et al. 1999). During the 

clearance mechanisms in the porcine respiratory tract microorgansims and other particles 

get in contact with respiratory secretions and cells. The mucosal clearance in the nasal and 

tracheobronchial space takes place during the first three hours after intake, and phagocytosis 

in the alveolar space usually occurs during the first 24 h. However, a prolonged clearance by 

phagocytosis and subsequent transport of particles via the lymphatic vessels of the pleura to 

the draining lymph nodes can take more than 100 days (DONE 1988).  

During the past decades nomenclature of porcine respiratory diseases underwent several 

changes reflecting new concepts on the etiology of respiratory disease also associated with 

the changing structures of swine production. Thus, on the one hand, efficacious vaccines 

were introduced (for example against Mycoplasma hyopneumoniae) and, on the other hand, 

novel pathogenic viruses, e.g. Porcine Circovirus Type 2 (PCV II) and Porcine Respiratory 

and Reproductive Syndrome Virus (PRRSV) emerged (DONE and WHITE 2003). Currently, 

transmissible diseases of swine are either classified as classical epizootics or as infectious 

multifactorial diseases, which are characterized by the occurrence of facultative pathogens 

causing clinical problems only in combination with other factors (BLAHA 1990). 

The so called Porcine Respiratory Disease Complex (PRDC) is a paraphrase for respiratory 

disease causing wasting with late recovery and various manifestations in the finishing phase 

(DONE and WHITE 2003). While in the 1960s Enzootic Pneumonia due to Mycoplasma 

hyopneumoniae (M. hyopneumoniae) was considered to be exclusively responsible for the 

clinical picture, in the 21th century the disease is triggered and complicated by viral 

components and, in general, caused by different combinations of swine respiratory 

pathogens (DONE and WHITE 2003). Common viral components are H1N1, H3N2 and 

H1N2 Swine Influenza Virus (SIV), PRRSV, Pseudorabies Virus (PRV), PCV II and Porcine 

Respiratory Corona Virus (PRCV). Common bacterial pathogens include M. hyopneumoniae, 

Mycoplasma (M.) hyorhinis, Bordetella (B.) bronchiseptica, Haemophilus (H.) parasuis, 

Pasteurella multocida (Past. mult.), Streptococcus (S.) suis, Arcanobacterium pyogenes and 

Actinobacillus pleuropneumoniae (A.pp.). Some pathogens do not play an important role in 
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Germany but are highly prevalent in other countries, e.g. Actinobacillus suis and Salmonella 

choleraesuis (CARR 2001; DONE and WHITE 2003). 

 

B.2.1.1. Actinobacillus pleuropneumoniae 

The porcine gramnegative rod Actinobacillus pleuropneumoniae (A.pp.) belongs to the family 

of the Pasteurellaceae (NIJLAND et al. 1997) and causes economically important respiratory 

disease in swine worldwide. Currently, 15 serotypes have been identified which either belong 

to the more common biotype 1 (nicotinamide dinucleotide (NAD) dependent growth) or the 

biotype 2 (NAD-independent growth) (BLACKALL et al. 2002; NICOLET 1992; NIELSEN et 

al. 1997). The serotypes 2,3,5 and 9 are most important in Europe (BLAHA 1992). 

Disease symptoms vary from acute pleuropneumonia with typical necrotic and hemorrhagic 

lung lesions to chronic disease with lung tissue sequestration and fibrotic pleuritis 

(SEBUNYA and SAUNDERS 1983). Infected but clinically healthy animals carrying the 

pathogen are the most important source for disseminating the disease (RYCROFT and 

GARSIDE 2000). A.pp. is considered to be an obligatory and non-invasive extracellular 

pathogen that resides on the epithelium of bronchioli and alveoli as well as in lymphnodes 

and tonsils. Moreover it persists in chronic lung tissue alterations where the effectiveness of 

antibiotics is impaired. After natural infection protective antibodies develop within ten days 

and reach their maximum level after three to four weeks. Naturally infected animals are 

protected against a homologous serotype (CRUIJSEN et al. 1995; HAESEBROUCK et al. 

1997; HENSEL et al. 1996). Maternal antibodies protect newborn piglets up to the age of 10-

16 weeks of age (CRUIJSEN et al. 1992; NIELSEN 1975). 

Several virulence factors have been described. Four RTX toxins varying in cytotoxity, 

hemolytic activity, and distribution among different serotypes are known (FREY and 

NICOLET 1988; FREY et al. 1993; FREY et al. 1994; JANSEN et al. 1994; SCHALLER et al. 

1999). Adherence of the pathogen is mediated by type IV fimbriae which are expressed in 

vivo and after contact to lung epithelial cells (BOEKEMA et al. 2004; ZHANG et al. 2000). 

LPS mediate binding to hemoglobin (BELANGER et al. 1995) and have been proposed to be 

responsible for adhesion to tracheal and alveolar epithelial cells (PARADIS et al. 1994; 

RIOUX et al. 1999; VAN OVERBEKE et al. 2002). The capsule of A.pp. is responsible for its 

resistance to phagocytosis and serum but decreased its ability of adherence (INZANA et al. 

1988; RIOUX et al. 1999). Important for virulence is the uptake of iron either from porcine 

transferrin (GERLACH et al. 1992; GONZALEZ et al. 1990), hemoglobin (BELANGER et al. 

1995; SRIKUMAR et al. 2004), hemin (ARCHAMBAULT et al. 2003; SRIKUMAR et al. 2004) 

or siderophores (BALTES et al. 2003b; MIKAEL et al. 2002). Additionally ABC-transporters 

for nutrient uptake have been described (BALTES and GERLACH 2004; FULLER et al. 

2000; SHEEHAN et al. 2003), as well as an immunoglobulin (Ig) A cleaving protease 
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(NEGRETE-ABASCAL et al. 1994) and a gelatin and actin degrading zinc-metallo-protease 

(GARCIA GONZALEZ et al. 2004). Protection against reactive oxygen radicals is mediated 

by a periplasmic Cu, Zn superoxide dismutase (LANGFORD et al. 1996) and an organic 

hydroperoxide reductase (SHEA and MULKS 2002). A DMSO reductase and an aspartate-

ammonia-lyase (aspartase) facilitate anaerobic respiration (BALTES et al. 2003a; 

JACOBSEN et al. 2005a). The regulation of several virulence-associated factors during 

adaptation to the host environment and to environmental changes has been shown (HENNIG 

et al. 1999; JACOBSEN et al. 2005b; SCHALLER et al. 1999) (BALTES and GERLACH 

2004). 

The investigation of virulence factors and their regulation in vivo was made possible by 

establishing infection models for the disease. In contrast to intrabronchial infection (HENNIG 

et al. 1998) an experimental aerosol infection mimics the natural route of infection and is well 

standardized (BALTES et al. 2001). The experimental infection with A.pp. as an example for 

an obligatory and host-specific respiratory pathogen allows the investigation of bacteria-host 

interactions at the respiratory mucosal surface in general. General strategies for bacterial 

survival inside the respiratory tract might be deduced from the insights obtained from the 

A.pp. infection model.  

 
B.2.2. Environmental factors 

Next to viral and bacterial pathogens environmental and management factors play a role in 

the etiology of the PRDC. Especially in artificial habitats, like in isolated stables for controlled 

swine populations, the delicate balance between the host and influencing factors from the 

outside can easily be disturbed. Changes in management and feeding, irregularities in forced 

ventilation, or the introduction of facultative pathogenic microorganisms may be compen-

sated by the healthy individual but can also lead to disease. In commercial pig farms with 

intensive animal husbandry pigs are kept indoors and are under the influence of several 

artificial environmental factors. These factors have been assigned to four main groups, 

namely i) characteristics of the herd and herd owner, ii) management, iii) air quality of the 

housing of the herd and iv) neighbourhood factors (CLEVELAND-NIELSEN et al. 2002; 

STARK 2000). Every farm shows individual combinations and interactions of environmental 

factors which may affect health and, in particular, respiratory health. However, a correlation 

between a single factor and the prevalence of clinical respiratory symptoms or pathomorpho-

logical lung alterations is often difficult to prove (CLEVELAND-NIELSEN et al. 2002; ROSE 

and MADEC 2002). 

An overview, summary and evaluation of investigations from the literature has been done by 

Done (DONE 1991): Management factors are mostly determined by human decisions like 

stocking density, ventilation, group size, method of production (purchasing weaners), 
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fattening house organization (all-in/all-out vs. continuous), manure systems, moving and 

regrouping of pigs, feeding and pen structure. Air quality has a high impact on disease 

susceptibility which is increased by low stable temperature, by a variation of temperature of 

more than 12 °C within a day, by increased outdoor temperature combined with insufficient 

ventilation, and by a low air exchange rate. Host risk factors for pneumonia in fattening pigs 

are an age between 16-22 weeks, a weaning age below 24 days, and a birth weight below 

one kg (GARDNER and HIRD 1990). Genetic susceptibility to respiratory disease also plays 

a role, e.g. Landrace pigs are more resistant than Yorkshire pigs (DONE 1991). Also, herd 

size influences respiratory health; the larger the herd and the more pigs are kept in one air 

space the higher is the prevalence of pneumonia (AALUND et al. 1976; DONHAM 1991; 

FLESJA and SOLBERG 1981). More than three cubic meters air space and more than 0.7 

square meters per pig are necessary to reduce respiratory disease (DONE 1991). Air quality 

in pig housing is primarily impaired by airborne pollutions such as dust, ammonia, carbon 

dioxide, and hydrogen sulphide. Of course other hazards like microorganisms, other organic 

substances, and endotoxin also play a role. The recommended maximal concentrations of 

contaminants are for dust 2.4 mg/m3, for ammonia 7 ppm, for endotoxin 0.08 mg/m3, for total 

microbes 105 colony-forming units/m3, and for carbon dioxide 1540 ppm. A good quality of 

the ventilation system has been found to be correlated with lower concentrations of 

ammonia, carbon dioxide, microorganisms and endotoxin, but not with dust concentration 

(DONHAM 1991). 
 

B.3. Diagnostic of respiratory disease in swine 

B.3.1. Clinical examination 

The importance of a systematic clinical examination of the individual pig as well as the herd 

has early been emphazised. Next to the broad knowledge of possible differential diagnoses it 

was considered as the basis for the diagnostics of herd problems (SCHULZE 1978). Rhythm, 

intensity and type of breathing were examined (SCHULZE et al. 1963). Dyspnea resulted in 

an increased respiratory rate and is due to an impaired function of the lung. A costal 

respiratory type is characterized by extended inspiration on the cost of exspiration while an 

abdominal respiratory type is characterized by extended exspiration. During pneumonia a 

mixture of both types of dyspnoea can be observed (UECKER 1987; ZIMMERMANN and 

PLONAIT 1997). Percussion of the thoracic wall is of importance for the detection of a 

sensitivity to pain and for provoking of coughing (UECKER 1987). Auscultatory findings at 

the cranial border of the lung field were assessed at three localizations (VON MICKWITZ and 

FEIDER 1972). 

For the diagnosis of herd problems in practice six typical clinical signs are important to 

recognize which are associated with respiratory disease (DONE and WHITE 2003): i) Death 
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following peracute or acute infection (e.g. H. parasuis., A.pp., Actinobacillus suis, Past. mult., 

S. suis, septicaemic Salmonellosis), ii) pyrexia, iii) sneezing after infection of the upper 

respiratory tract (e.g. Aujeszky´s disease, porcine cytomegalovirus, toxigenic Past. mult. type 

D, B. bronciseptica, H. parasuis), iv) coughing when the large airways - major bronchi, 

trachea, larynx - are affected (e.g. influenza, M. hyopneumoniae), v) dyspnoe especially 

when the small airways and alveoli are involved (e.g. PRRSV, SIV, Past. mult. type A, A.pp., 

PCV II) and vi) production failure which means poor growth rate and poor food conversion 

efficiency (following subacute or chronic clinical disease, particularly Enzootic Pneumonia 

(DONE and WHITE 2003)). Other signs which may be associated with respiratory disease 

agents are vesicles on the snout in the case of the occurrence of any of the vesicular 

diseases (e.g. foot-and-mouth disease, vesicular exanthema, vesicular stomatitis, swine 

vesicular disease), conjunctivitis and rhinitis as a common feature of swine fever, cyanosis 

as a symptom of low pulmonary oxygen levels as seen after PRRSV infection and in cases of 

porcine multisystemic wasting syndrom (DONE and WHITE 2003). SIV causes damage to 

the respiratory epithelium, so that the most noticeable clinical sign is a harsh, barking cough 

which is accompanied by nasal and occular discharge and high rectal temperatures (OTTIS 

et al. 1981). The observation of the clinical symptoms and their interpretation relied upon the 

experience of the veterinarian. The additional bronchoscopic examination of the respiratory 

tract and the assessment of mucosal colour, swelling and secretions in combination with 

bronchoalveolar lavage (BAL) has been proven to be an appropriate method for the detection 

of respiratory disease and for obtaining samples for the etiologic diagnosis (KIPPER 1990). 

Additional diagnostic methods such as the analysis of respiratory mechanics, X-ray, lung 

sonography and pulse oxymetry were of use in scientific research on swine (ERHARDT et al. 

1989; KLEIN 1999; WOOD and LLOYD 1980). By the analysis of respiratory mechanics 

pressure ratios and pressure changes during ventilation were evaluated. Conventional and 

modern techniques for the analysis of respiratory mechanics have been used in different 

species in veterinary medicine (REINHOLD et al. 1996a; REINHOLD et al. 1996b; 

REINHOLD 1997a, 1997b; REINHOLD et al. 1997; REINHOLD et al. 1998a; REINHOLD et 

al. 1998b; REINHOLD et al. 1998c; REINHOLD et al. 1998d). In swine intrapleural pressures 

were measured using oesophagus ballon catheters or by puncture of the pleural cavity 

(DENAC et al. 1977; HARMS 1983; PFISTER 1978). A second conventional iso-volume-

method which measures current and pressure signals resulting only from spontaneous 

ventilation is the bodyplethysmography (DONNELLY and HADDAD 1986). Tidal volume, 

respiratory frequency, respiratory minute volume, dynamic compliance, and total pulmonary 

resistance could be determined by conventional methods in pigs (HARMS 1983). By Forced 

Oscillation Techniques (FOT) the response of the respiratory system on an externally 

induced current or pressure signal is analyzed. Impulse oscilloresistometry was adapted to 
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clinically healthy and pneumonic pigs up to 50 kg body weight. By this method next to the 

respiratory rate and the tidal volume, the spectral parameters “resistance”, “reactance”, and 

“coherence” at 5, 10, 15 and 20 Hz each were evaluated; in addition, the model parameters, 

“central and peripheral resistance”, “lung compliance” and “central inertance” were 

determined (KLEIN 1999). 

Using lung sonography in swine the presence and extent of pathological-anatomical lung 

alterations could be assessed. Especially cranioventral lung sections, which are often 

affected by pneumonia, could be examined (KLEIN 1999). Characteristic for normal lung 

tissue were a hyperechoic pleural reflex line and repetition artefacts. During catarrhalic-

purulent bronchopneumonia hyperechogenic lung tissue resembled liver tissue (BEISL 1994; 

HEINRITZI and BEISL 1995). Lung biopsy guided by ultrasound allowed the histological and 

microbiological examination of lung tissue in the living pig (STEINHAUSEN et al. 1997).  

In veterinary medicine the use of pulse oxymetry was mostly restricted to anaesthesia and 

surgery (ERHARDT et al. 1989). Nevertheless during outbreaks of pneumonia in fattening 

pigs the success of antibiotic treatment could be followed up by pulse oxymetry (FÜHRING 

1995; GANTER et al. 1995). 

 

B.3.2. Necropsy 

In case of an accumulation of dead pigs within one week the farmer requests an investigation 

to be made and mostly carcasses are sent for further diagnostics (§ 8 German 

Schweinehaltungshygieneverordnung). The background for this paragraph is the constant 

threat of classical swine fever and other epizootics which have to be recognized as early as 

possible. In general, necropsies of dead or diseased pigs are an essential step during 

diagnostic and treatment of herd problems. Carcass autopsy mostly reveals the anatomic 

localization of the disease and allows the bacteriological, virological, histological or 

toxicological examination of tissue samples. Most frequently isolated bacterial pathogens 

from pneumonic lung tissue were Past. mult., A.pp. and B. bronchiseptica (VON ALTROCK 

1998). H. parasuis is infrequently isolated from the lungs of normal pigs but often isolated 

from lungs of diseased pigs (DONE 1999). During necropsy characteristic 

pathomorphological findings point towards the pathogens responsible but, in most cases, 

cannot be considered as pathognomonic because different pathogens can cause similar lung 

alterations. For example pigs with extensive suppurative pleuritis and pericarditis have been 

found to be infected with certain strains of pleurotropic Past. mult. type A (PIJOAN and 

FUENTES 1987) but fibrinous pleuritis is also typical for an A.pp. infection (SCHOLL 1986), 

and H. parasuis can also cause fibrinous pleuritis and pericarditis (DONE 1999). Hepatic 

congestion and consolidation of the lung with histopathological findings of proliferative 

pneumonia were found after infection with SIV type A (DEA et al. 1992).  



Literature review 

 23

B.3.3. Slaughter checks in the framework of Integrated Quality Assurance 

During the past years consumers have started to define quality not alone based on product 

properties but also based on the production process (JANSEN-MINSSEN 1994). High quality 

standards have to be introduced already on the farms (BRUNKEN 1994). Consumer 

protection measures include the reduction of the direct risk potential caused by zoonoses as 

well as the reduction of pig-specific diseases which cause an increased frequency of 

therapeutic interventions with antibiotic drugs. Respiratory diseases as the main health 

problem during the fattening period are a major cause for antibiotic therapy. Moreover, lung 

lesions detected at slaughter have been found to correlate to alterations in other organs 

(GROßE BEILAGE 1989; VON HAMMEL and BLAHA 1993), and pork from pigs with 

pathological organ reports was found to have a significantly increased primary postmortal 

bacterial contamination (FEHLHABER et al. 1992).  

The Integrated Quality Assurance System during pork production is characterized by 

transparency and control at all stages of production beginning in the breeding farm and 

ending with the sale of pork to the consumer (GROSSKLAUS 1989). During the slaughtering 

process the status of the lung, pleura, heart and liver are evaluated to assess the herd health 

status and to control measures for its improvement (BLAHA 1994). Several diseases 

occuring during the fattening period are reflected by organ reports at slaughter, and the data 

collected at the slaughterhouse are returned to the farmer. This enables the farmer (with the 

help of the veterinarian) to assess the present herd health status and to take measures for its 

improvement (MÄHLMANN 1996). Nevertheless the significance of pathologic-anatomic 

lesions in slaughter pigs as an indicator for herd health is somewhat limited with respect to 

information about lifetime diseases (ERIKSEN et al. 1980; NOYES et al. 1990). Lung 

diseases which occur at the beginning of the finishing period can severely impair fattening 

performance but cause no or only slight pathomorphological lung alterations at slaughter 

because they have healed in the meantime. In contrast to that lung diseases at the end of 

the finishing period lead to severe pathomorphological lung alterations but do not impair the 

fattening performance (NOYES et al. 1990). Therefore, slaughter examination of the lung 

gives no information about lifetime pneumonia because lesions progress and regress 

dynamically throughout the life of pigs (NOYES et al. 1990). 

 

B.3.4. Microbiological and virological examination of samples 

During necropsy or after slaughter samples of altered lung tissue are routinely forwarded for 

microbiological and/or virological examination. Pathogens can be isolated directly from lung 

lesions, so that the probable causative agent for respiratory disease can be diagnosed. The 

careful selection of animals with typical symptoms of acute respiratory disease by the 

veterinarian is of great importance for a successful diagnostic procedure (RÜTHER and 
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OHLINGER 2004). In the living pigs bronchoalveolar lavage fluid (BALF) and tonsillar and 

nasal swabs are appropriate samples to gain information with respect to the lung milieu or 

the upper respiratory tract (RÜTHER and OHLINGER 2004). In the past the lung milieu of a 

healthy individuum was considered as sterile due to physical and bacteriocidal defence 

mechanisms (GREEN 1968; KALTREIDER 1976; LAURENZI 1988). In newer investigations, 

however, several bacterial species have been isolated regularly from BALF samples of 

clinically healthy and specified pathogen-free pigs, so that the presence of a normal flora of 

the upper respiratory tract is assumed (GANTER et al. 1990; HENSEL et al. 1994a). The 

bacterial spectra of healthy and pneumonic pigs are compared in Table 1 (GANTER et al. 

1993; KIPPER 1990). The microbiological examination of BALF in comparison to lung tissue 

leads to similar results but causes a slightly improved sensitivity for Past. mult. and A.pp. 

(GANTER et al. 1993; KIPPER 1990). Persisting pathogens can frequently be detected using 

tonsillar swabs (RÜTHER and OHLINGER 2004). Nasal swabs are appropriate only for the 

detection of pathogens present in the upper respiratory tract. For conventional bacteriological 

methods swabs must be transported in transport medium, e.g. Stuart medium, Ames medium 

(RÜTHER and OHLINGER 2004). Routinely used bacteriological methods, nutrient media, 

and biochemical reactions for the differentiation of bacterial species of the porcine respiratory 

tract have been described previously (BISPING and AMTSBERG 1988; HARTWIG 1994). 

Molecular biological techniques like the polymerase chain reaction (PCR) and in-situ-

hybridization might sometimes be advantageous with respect of costs and time required for 

the diagnosis but – with respect to bacterial pathogens, commonly have a lower analytical 

sensitivity. Multiplex PCRs facilitate the detection of several pathogens during one diagnostic 

procedure. A multiplex PCR for the simultaneous detection of eight different pathogens is 

performed routinely in the Landwirtschaftliche Untersuchungs- und Forschungsanstalt North-

West in Germany; here, samples of pigs with clinical respiratory disease are investigated for 

the presence of PCV II, European and US-strain of PRRSV, the porcine cytomegalovirus, 

SIV type A, M. hyopneumoniae, M. hyorhinis and PRCV. A universal prerequisite for 

molecular biological methods with high accuracy and sensitivity is careful sample handling 

and broad knowledge of infection biology and epidemiology for the difficult interpretation of 

results (RÜTHER and OHLINGER 2004). Table 2 gives an overview of available diagnostic 

methods and the specific recommendations for the most frequently involved respiratory 

pathogens. 
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Table 1: Frequencies of bacterial isolates in BALF of clinically healthy and 
pneumonic pigs 

Bacterial species 

Healthy (n=113) (Kipper 
1990)  
BALF samples positive for 
bacterial isolate (%) 

Pneumonic (n=90) (Ganter 
et al. 1993) 
BALF samples positive for 
bacterial isolate (%) 

α-haemolytic streptococci 52.2 40 
Staphylococcus spp. 50.4 15.6 
E. coli 50.4 17.7 
non-haemolytic streptococci 46.0 17.7 
Staphylococcus hyicus 27.4 3.3 
Klebsiella spp. 25.7 8.9 
Coryneformic bacteria 17.7 1.1 
Enterobacteriaceae 8.8 3.3 
Apathogenic aerobic spore-
forming bacteria 7.1 3.3 

β-haemolytic streptococci 5.3 10.0 
Acinetobacter spp. 5.3 5.6 
H. parasuis. 5.3 7.8 
Haemophilus spp.  6.7 
Pseudomonas spp. 5.3 6.7 
Staphylococcus aureus 5.3  
B. bronchiseptica 2.7 5.6 
Past. Mult. 0.88 73.3 
A.pp. 0.0 4.4 
Neisseria spp.  2.2 
Others 7.1  
Sterile 8.8 4.4 
 

B.3.5. Serology 

A serological test gives information about the exposure of an animal or its mother to a 

pathogen, but rarely allows a conclusion on the infection status, the exposure time or 

whether it is shedding the agent (BAKER 1998). There are two main approaches to 

determine the agent exposure level in the herd, namely i) a representative number of animals 

from different age groups are tested to determine the age of initial exposure. Here, it has to 

be taken into consideration that the serological profile can change at any time due to the 

dynamic balance between herd immunity and agent activity influenced by maternal 

antibodies, vaccinations, and other stresses. ii) the same group of pigs is tested several 

times mostly in weekly or monthly intervals thereby gaining information on the disease 

dynamic in this group. The serological profile is specific for this group and might not be 

conferable to other groups because influences, like the time of year, changing breeding herd 

immunity status and other factors, can alter the profile (BAKER 1998).  
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Serological examinations are generally aimed at the assessment of the infection status of a 

herd rather than that of an individual. Mostly, diagnostic sensitivities and specificities of the 

different serological tests are not sufficiently high for diagnostics in individual animals 

(GROßE BEILAGE 1999). Independent of a pathogen or a test method a four-fold increase 

of an antibody titer in paired samples is considered a proof for infection (GROßE BEILAGE 

1999). During the process of diagnosing a respiratory problem in a herd, serological 

examinations lead to the information about the status with respect to a specific pathogen. 

Thus, a suspicion based on clinical or pathomorphological observations can be confirmed or 

disproved by serological findings. On the other hand, the interpretation of serological findings 

mostly requires additional anamnestic and clinical informations as well as the bacteriological 

or virological examination of samples. Serum titers alone are not proving the causative 

involvement of a pathogen in a clinical disease problem, because they can be induced by 

maternally derived antibodies, after recovery from respiratory disease, or by endemic latent  

disease. Common serological tests, the existence of maternal antibodies, the occurence of 

seroconversion, and the detection of antibodies after infection with respiratory pathogens are 

included in Table 2. 
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B.4. Bronchoalveolar lavage (BAL) 

B.4.1. Bronchoalveolar lavage (BAL) in human medicine 

Bronchoalveolar lavage (BAL) is an important method for the assessment of the alveolar and 

bronchial lung milieu. Since the introduction of flexible fiberoptic bronchoscopy subsegmental 

BAL provided information about the cellular and molecular components of the epithelial 

surface of the lower respiratory tract in healthy and diseased humans (HUNNINGHAKE et al. 

1979; SACKNER et al. 1972). All different aspects of bronchoalveolar lavage fluid (BALF) 

analysis like qualitative, quantitative, and functional analytical cytology, surfactant analysis, 

enzymology, proteomics, microbiology, virology, and the determination of soluble 

components can be followed up by bronchoscopic BALF. BAL is performed after general 

inspection of the bronchial tree and before manipulations like biopsy or brushing are 

performed to avoid blood in the recovered fluid. Although BAL is a safe procedure minor 

side-effects in humans such as coughing, fever, transient alveolar infiltration 24 h after BAL, 

and transient deterioration of lung function parameters may occur (KLECH and POHL 1989). 

BAL as an invasive intervention damages respiratory epithelia and, therefore, can influence 

the results by itself (WARD et al. 1997). No effect on lung epithelial permeability has been 

found 24 h after BAL (KLECH and POHL 1989). BAL leads to an influx of polymorphonuclear 

neutrophilic granulocytes (PMNs) with a peak 6 hours post lavage, a mild perivascular and 

peribronchial edema, and peribronchial and interlobular lymphangiectasis (COHEN and 

BATRA 1980; VON ESSEN et al. 1991; WEISS et al. 1983). Neutrophilia can be observed 

until 2 to 4 days after lavage (COLLIE et al. 1999; LAKRITZ et al. 1997; WOODSIDE et al. 

1983). A loss of surfactant due to repeated lavages in 14 day intervalls has also been 

observed (LOOS et al. 1987).  

One of the difficulties inherent with BAL is the variability of sampling (BAUGHMAN 1997). 

The comparison of different BALF samples is always limited by various endogenous and 

exogenous parameters which influence the outcome of BAL even if performed in the same 

individual with the same method (ETTENSOHN et al. 1988). Lavaging the same lung 

localization twice subsequently leads to changes in the composition of the second BALF 

(DOHN and BAUGHMAN 1985). Lavaging different lung localizations leads to differences 

between both samples due to original differences between lung localizations. Not only in 

localized but also in diffuse lung diseases a high heterogeneity in the inflammatory and 

immune processes occurs in the lower respiratory tract (GARCIA et al. 1986). In human 

medicine differences in technical BAL procedures and BALF processing have been 

overcome by the development of technical recommendations and guidelines in order to 

standardize BAL as an established clinical tool and to improve comparability of research 

results of different workgroups (KLECH and POHL 1989). Approximately 80% of 

bronchoscopic BALF represents alveolar content (RENNARD et al. 1990), but the proportion 
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of recovered rinsing fluid which has reached the alveolar space is not clearly assessable in 

individual samples. In contrast to alveolar lavage bronchial lavage is characterized by more 

epithelial cells, fewer macrophages and lymphocytes and more PMNs, so that in general a 

higher proportion of bronchial wash leads to shifts in cell distributions (AALBERS et al. 1993; 

RENNARD et al. 1990). This is reflected by the cellular composition of the first BALF aliquot 

as a more bronchial sampling (KLECH and POHL 1989). The cell content in BALF varies 

according to the lung segment washed: in general alveolar samples are gained by using a 

larger volume of rinsing fluid (AALBERS et al. 1993; RENNARD et al. 1990; ROBERTSON 

1980). 

Optimal fluid recovery is achieved by occluding the bronchial lumen by the bronchoscope in 

“wedge position” before instilling the rinsing fluid (GOLDSTEIN et al. 1990). The number and 

volume of instilled fluid aliquots vary between workgroups but have to be standardized for 

comparison of different lavage samples (DOHN and BAUGHMAN 1985). Normally total 

volumes between 100 and 400 ml rinsing fluid are used. In children lavage volume can be 

weight-adjusted (2 ml/kg bw) which does not result in different concentrations of the epithelial 

lining fluid (ELF) calculated by the urea dilution method: ELF = (ureaBALF X BALF volume) / 

ureaplasma (GRIGG et al. 1991). To deal with the variability of lavage, several groups have 

proposed using internal (e.g. urea) or external (e.g. methylene blue) markers, but their value 

is limited by the influx and efflux of fluid and substances occurring in the alveolar space 

(BAUGHMAN et al. 1983; BAUGHMAN 1997; RENNARD et al. 1986; WARD et al. 1997). No 

exact specification for the length of time the rinsing fluid should remain in the lung before it is 

suctioned off exist, but this dwell time should be short to prevent diffusion of molecules into 

the BAL fluid from across the alveolar-capillary membran or bronchial epithelium (KELLY et 

al. 1988; MARCY et al. 1987). The influx of urea from the circulation in BALF impairs the 

accuracy of the urea dilution method for calculation of original concentrations of cellular and 

soluble parameters in the pure ELF (RENNARD et al. 1986). Also with other methods the 

quantification of components remains a problem, because reliable denominators or reference 

substances are not yet available. Albumin is used as a reference parameter by many 

investigators, but various diseases alter the integrity of the epithelial capillary membrane, so 

that albumin does not meet the requirements of a substance with a regular static 

concentration within the alveolar space. Other reference substances which have been 

evaluated with unsatisfactory results are potassium and methylen blue (KLECH and POHL 

1989). Because no precise method exists to quantify the dilution of the ELF concentrations 

parameters should be expressed for the original BALF with respect to the volume of instilled 

fluid, recovered fluid and the percentage of recovery (BAUGHMAN 1997; VON WICHERT et 

al. 1993). If the recovery rate is significantly reduced the comparison to a reference 

substance, e.g. urea, may be necessary (KLECH and POHL 1989). The recommendation for 
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a minimum recovery is 10% of the instilled volume (BAUGHMAN et al. 2000). The 

concentration of soluble substances decreases, as the lavage volume increases (KLECH 

and POHL 1989). A negative correlation between the degree of bronchial obstruction caused 

by different pulmonary diseases and the amount of recovered fluid during BAL has been 

shown (DIGILLO et al. 1991; MONTOLI et al. 1991). Standardized non-bronchoscopic 

methods to perform BAL after endotracheal intubation have been established to study safely 

and quickly the presence or absence of airway inflammation in children with various patterns 

of asthma (HEANEY et al. 1996). 

 

B.4.2. Bronchoalveolar lavage (BAL) in pigs 

In contrast to scientific purposes and to human medicine where BAL aims primarily at the 

diagnosis of interstitial disorders (REINHOLD et al. 2005) in the veterinary care of swine 

farms the focus is on the diagnosis of infectious respiratory diseases (PABST 2004). In 

contrast to human, dog, cat and horse the lungs of cattle, pigs and sheep are markedly 

segmented, so that the diagnostic evidence of a BALF sample is only considered as 

representative for the lavaged lung segment (COLLIE et al. 2001; REINHOLD et al. 2005). In 

order to determine the respiratory health of herds the sampling of BALF by various methods 

is being performed in practice with increasing frequency. Subsequently, the BALF is being 

investigated by two different approaches. In one approach, classical microbiological methods 

or PCR analyses are used to investigate the presence of potential pathogens associated with 

PRDC (RÜTHER and OHLINGER 2004). Depending on the lavage method only a small 

proportion of rinsing fluid might be recovered, so that microorganisms in the alveoli of the 

peripheral parts of the lung or within lung tissue might not be detected, e.g. A.pp., S. suis, 

Chlamydia sp.. On the other hand low amounts of superficial microorgansims which were not 

involved in pathogenesis of respiratory disease at the time point of BAL might be detected 

and over-interpreted, e.g. M. hyopneumoniae, M. hyorhinis (RÜTHER and OHLINGER 

2004).  

In a second approach inflammation markers are investigated. Up to now the relative count of 

PMNs is the most sensitive criterion to differentiate between healthy pigs and pigs with 

respiratory disease (GANTER and HENSEL 1997). Both approaches are difficult to interpret 

because the impact of the lavage method on the results has not been investigated. Basically 

three different BAL methods in pigs must be differentiated, i) postmortal BAL of the whole 

lung, ii) intravital BAL without visual control and iii) intravital bronchoscopic BAL of defined 

bronchopulmonary segments (REINHOLD et al. 2005). For postmortal BAL the respiratory 

tract including trachea and larynx is removed in one piece after euthanasia. Rinsing fluid can 

be instilled throughout the larynx or through an incision in the trachea and recovered by 

either manual suction or via a vacuum pump after gentle massage of the lung tissue. Before 
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the procedure the trachea can be closed cranially to prevent a loss of rinsing fluid (GEHRKE 

and PABST 1990b; MAYER and LAM 1984; NIENHOFF 1998; ROTHLEIN and KIM 1982, 

1983). Intravital BAL in swine has to be performed in anaesthetized pigs regardless of the 

method used (KIPPER 1990; NEUMANN et al. 1984). Different protocols for the 

bronchoscopic BAL performance in swine exist and not all implement the technical 

recommendations for human medicine which are essential for research work in veterinary 

medicine (BENDIXEN et al. 1981; GANTER and HENSEL 1997; NEUMANN et al. 1984; 

NEUMANN et al. 1985). The most common method achieving an adequate recovery rate of 

rinsing fluid during BAL is the infusion of small fractions of rinsing fluid which are aspirated 

immediately (KIPPER 1990). It must be kept in mind that each of the aspirated subsets can 

differ in its concentrations of cellular components due to the different dilution of the ELF. In 

general the fraction recovered first contains more PMNs than the following fractions 

(TURNER-WARWICK and HASLAM 1986). The viability of cells in BALF depends on the 

composition of rinsing fluid. Highest viability of alveolar macrophages was found using cell 

culture medium (NEUMANN et al. 1985). Bronchoscopic BAL in pigs is a highly appropriate 

method to take samples for the diagnostics of bacterial lung infections, although ubiquitous 

and commensal microorgansims of the oral cavity can lead to contamination of the samples. 

False negative results may be due to stenoses or obstructions in the lower respiratory tract 

or due to encapsulated local lung alterations. Nevertheless the bacteriological evaluation of 

BALF was found to be more efficient than the bacteriological examination of lung tissue 

(KIPPER 1990). Frequencies of bacterial isolates in BALF of clinically healthy and 

pneumonic pigs are shown in Table 1. Up to now the routine use of fiberoptic bronchoscope 

has not been field-tested due to reasons of economy and biosecurity, while endotracheal and 

transtracheal BAL with disposable material are widely-used in practice. While approximately 

80% percent of bronchoscopically attained BALF represents alveolar content (RENNARD et 

al. 1990), the proportion of recovered rinsing fluid which has reached the alveolar space is 

not assessable in endo- and transtracheal BALF. Especially cranial lung lobes which are 

mostly affected during bronchopneumonia can not be rinsed using lavage methods without 

visual control. With these methods mostly the caudo-dorsal segments of the diaphragmatic 

lobes are lavaged which can lead to false negative results (REINHOLD et al. 2005). When 

BALF is to be used for a subsequent examination by PCR BAL with disposable material is 

recommended to avoid false positive results, because desinfection of the bronchoscope 

might not eliminate DNA and RNA inside the working channel (REINHOLD et al. 2005). BAL 

taken without visual control after intubation and insertion of a catheter through the mouth via 

the trachea into the diaphragmatical lobe has been used with decades-long experience 

(CHARLEY et al. 1980; HARMSEN et al. 1979; VAN LEENGOED and KAMP 1989) and was 

modified by several groups in the recent past (DELBECK et al. 1997; FLAßHOFF 1996; 
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KREJCI et al. 2005; PABST 2004). The same spectrum of microorganisms was isolated in 

endotracheal as well as in bronchoscopic BALF of pneumonic pigs, but a higher 

contamination of endotracheal samples with commensals and environmental contaminants 

has been found (DELBECK et al. 1997). By discarding the first BALF fraction aspirated and 

sampling as many subsequent fractions as needed to obtain a minimal recovery volume of 8 

ml, cell differentiation was facilitated in endotracheally attained BALF, and the respiratory 

health status of swine farms could be estimated using an exceedance of 8% PMN as disease 

criterion (MOMBARG et al. 2002). A practical and simple BAL technique using a steril 

endotracheal tube and instilling several fractions of 10 ml sterile 154 mM NaCl throughout a 

soft polyvinyl chloride alimentary canal resulted in a recovery of 5-10 ml and was 

successfully used for the identification of respiratory tract pathogens (FLAßHOFF 1996). In 

some studies a catheter was directly introduced via the mouth into the trachea without 

previous intubation of the pig (PALZER et al. 2005). 

The principle of transtracheal BAL which has been modified for different animal species is 

the introduction of a sterile catheter through a trocar, which is inserted through the 

cricothyroid ligament of the larynx or more distal into the lumen of the trachea (MANSMANN 

and KNIGHT 1972; MCCULLOUGH and BRINSON 1999; SHEEHAN et al. 2005; SPARKES 

et al. 1997). In the recent past this method was modified for it’s routinely performance at farm 

level in pigs (NIENHOFF 2004).  

 

B.4.3. Composition of bronchoalveolar lavage fluid (BALF) 

BALF is composed of the recovered rinsing fluid and ELF. In vivo ELF covers the alveolar 

epithelial surface. It contains substances secreted from the epithelial surfaces of the alveoli 

and distal airways as well as cells and soluble components of different origins. The ELF 

represents approximately 1% of bronchoscopically recovered BALF (RENNARD et al. 1986). 

In the upper airways the ELF is approximately 1-10 µm thick compared with 0.2-0.5 µm in the 

distal bronchoalveolar regions (KELLY and MUDWAY 2003). In the literature the 

differentiation between the pulmonary surfactant layer and the ELF is not well-defined. Some 

authors describe the ELF as the luminal liquid layer covering the surfactant layer 

(REINHOLD et al. 2005) while others describe the ELF as the aqueous hypophase lining the 

airways which is covered by the surfactant (HOHLFELD 2002). In some studies the 

surfactant is considered a component of the ELF, and surfactant phospholipid and protein 

concentrations in ELF are given (HALLMAN et al. 1991). In the bronchial system there exists 

a tight interaction between surfactant and mucus. Both components are mixed in the 

bronchial secretions which are produced by Clara cells in the peripheral bronchial system 

and by goblet cells and peribronchial glands in the upper repiratory tract (MORGENROTH 

1986). In adult humans and animals surfactant contains approximately 90% phospholipids, 
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6% lipids, 3% proteins, and 1% carbohydrates (KAUP and DROMMER 1985). The surface-

active phospholipids consist of approximately 80% phosphatidylcholine (PC), with 

dipalmitoyl-PC (PC16:0/16:0) being the most important molecular species (BERNHARD et al. 

2001a), phosphatidylglycerol (10-12%), phosphatidylserine (3-5%), and phosphatidylinositol 

(2-4%) as well as acid phospholipids and phosphatidylethanolamin (2-7%), sphingomyelin (2-

4%), and lysolecithine as neutral phospholipids. The main fractions of neutral lipids are 

cholesterol (50-60%) and free fatty acids (15%) (KAUP and DROMMER 1985). Acid 

phosphatase as well as alkaline phosphatase as marker enzymes for the synthesis and 

secretion of surfactant were found in isolated surfactant (BOUDREAU et al. 1983). 

Dipalmitoyl-PC as the principal component that reduces surface tension at end-exspiration 

needs the hydrophobic surfactant proteins B and C together with fluidizing phospholipids to 

improve adsorption to the air-liquid interface under the conditions of dynamic surface 

oscillations during the respiratory cycle (RAU et al. 2004). Surfactant associated proteins are 

important components of the innate immune response and participate in the immune and 

inflammatory regulation within the lung. Surfactant proteins A and D belong to the collectins, 

a familiy of collagenous carbohydrate binding proteins. Both show specific interactions with 

various microorganisms and leucocytes (CROUCH 1998). 

Across normal airway epithelia a steep ion gradient with approximately 45% less sodium and 

chloride and around 600% more potassium in the ELF exists than in plasma which is 

maintained by active electrolyte transport processes (JORIS et al. 1993). In other studies 

electrolyte concentrations have been measured with microelectrodes directly in the ELF. 

They differ between species and lung localizations. Sodium concentrations in human BALF 

were 80 mM, but higher concentrations were found in rabbits, ferrets and dogs (WARD et al. 

1999). In rabbits chloride concentrations are high in the foetus but similar to those in plasma 

(100 mM) in older animals. Potassium concentrations were two- or threefold higher than in 

plasma, suggesting that potassium was secreted by the epithelium into the ELF. Ionized 

calcium concentrations have been found to be twice as high in ELF as in plasma which is 

important for optimal surfactant function (WARD et al. 1999). The pH of the ELF is 

significantly lower than that of plasma which could inhibit bacterial adherence to epithelial 

cells (NIELSON et al. 1981). This acid environment is also reflected by low levels of 

bicarbonate (10 mM) (WARD et al. 1999). In BALF samples the macroscopically visible 

whitish foamy layer on top of the opalescent fluid represents the washed-out surfactant. 

 

B.4.3.1. Cellular components 

Despite a lack of BAL standardization between different work groups cellular findings 

expressed as differential cell counts were remarkably similar (HASLAM 1998). Prior to 

cytological examination of BALF the recovery rate has to be determined, the BALF 
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centrifugated, the supernatant decanted and the cell pellet resuspended. Total cell counts 

are determined in a counting chamber. For cell differentiation smears or cytospots are 

prepared from the resuspended cell pellet (NIENHOFF 1998). The diagnostic value of BALF 

cytology depends on the standardization of cytocentrifugation procedures, e.g. speed, time 

and acceleration rate, the area of the cytospot inspected and the number of cells to be 

enumerated (DE BRAUWER et al. 2000a; DE BRAUWER et al. 2000b; DE BRAUWER et al. 

2002). Reference values for the total cell count, macrophages, PMNs, lymphocytes, 

eosinophilic granulocytes and basophilic granulocytes have been established for different 

species in BALF by different workgroups. Some reference values for pigs are presented in 

Table 3. Percentages of mast cells, plasma cells, squamous and bronchial epithelial cells 

can not be reliably enumerated (DE BRAUWER et al. 2002). In normal human non-smokers 

80-90% of the cells are alveolar macrophages, 5-15% lymphocytes, 1-3% PMN, <1% 

eosinophils and <1% mast cells (REYNOLDS and NEWBALL 1974; THE BAL 

COOPERATIVE GROUP STEERING COMMITTEE 1990). Subpopulations of alveolar 

macrophages representing different stages of development or different functions vary in size 

and appearance (SANDRON et al. 1986). In addition approximately 0.4% dendritic cells 

occur in human BALF (VAN HAARST et al. 1994). Both cell species can be differentiated by 

their high (macrophages) and low (dendritic cells) autofluorescence or by identifying cell 

marker molecules using the method of fluorescence activated cell sorter (FACSs) analysis 

(VAN HAARST et al. 1994). As antigen-presenting cells dendritic cells represent 

approximately 1% of all epithelial cells in the airways of the human lung (SERTL et al. 1986). 

The reference values for the differential cell count in porcine BALF are comparable to the 

reference values for children but differ from the reference values for normal adult 

nonsmokers. In pigs different ages and husbandry systems may be responsible for 

differences in reference values. For the pig as a model for investigation of the mucosal 

immune system and different lymphoid organs a panel of monoclonal antibodies has been 

developed (GEHRKE and PABST 1990b; SAALMÜLLER et al. 1987). A comparison in 

germfree and normal pigs revealed differences in the total cell recovery, T-cells, T-

suppressor cells and surface immunoglobulin (Ig) positive cells. T-suppressor cells and 

surface Ig positive cells were also influenced by the age of the animals (GEHRKE and 

PABST 1990b). The influence of age and season on the total and differential cell count, on 

total protein, albumin and enzymes has been systematically tested in dogs, but no changes 

of cellular or biochemical parameters could be found, and there was no evidence for lung 

alteration by repeated BAL procedures in seven-week-intervals (HEILMANN et al. 1991). In 

calves older animals showed a higher percentage of epithelial cells and PMNs (PRINGLE et 

al. 1988). The percentage and the proportion of subpopulations of lymphocytes appear to be 

higher in younger animals of some species. In sheep the proportion of B- and T-lymphocytes 
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was 72:1 in lambs under 8 weeks old and changed to 9:1 in sheep older than 2 years. In 

parallel the proportion of null lymphocytes decreased from 35% to 20-23% (BURRELLS 

1985; CHANANA et al. 1981). In sheep like in humans multinucleated macrophages do occur 

under normal conditions (COSTABEL 1994b). The majority of lymphocytes in equine BALF 

are T lymphocytes which are mostly CD3 and CD8 positive. Less than 10% are B cells 

(HEWSON and VIEL 2002). 

 

B.4.3.2. Soluble components 

Four main problems impede the accurate quantification of soluble components in the alveolar 

ELF, namely i) the degree of dilution of ELF during BAL is not known, ii) the exact sampling 

location remains unknown and not only alveolar space but also bronchioles and conducting 

airways are lavaged, iii) some components may be sampled inadequately due to incomplete 

mixing, and iv) lung permeability is variable (HASLAM 1998). Soluble components reach the 

BALF by various mechanisms including passive transudation, active transport and local 

production (HASLAM and BAUGHMAN 1999). The various inflammatory cells release 

chemical compounds and inflammatory mediators, so that a majority of noncellular 

components consists of cytokines, immunoglobulins, surfactant-like lipids and phospholipids, 

complement factors, and enzymes (PITTET et al. 1997). Some concentrations for soluble 

components in unconcentrated BALF fluid are summerized in the “technical 

recommendations and guidelines for BAL” (KLECH and POHL 1989). Main fractions are 

described as phospholipids, nucleic acids and proteins originating from the ELF covering the 

airways (REYNOLDS 2000). Proteins constitute approximately 0.5-1% of the dry weight of 

bronchial secretions (KELLY and MUDWAY 2003). More than 90% of proteins in BALF are 

originating from plasma by passive diffusion due to the permeability of the air-blood barrier. 

Among these proteins some are synthesized locally in the lung as well to provide additional 

protection against invading pathogens, oxidative damages and proteases (HUNNINGHAKE 

et al. 1979; WATTIEZ and FALMAGNE 2005). The remaining 10% of proteins are produced 

by lung cells and can be classified into antioxidant proteins, cytoskeletal proteins, proteins 

involved in tissue repair and proliferation, in immunological and inflammation responses, and 

in lipid metabolism (HUNNINGHAKE et al. 1979) (WATTIEZ and FALMAGNE 2005). The 

main protein fractions in BALF are albumin (50%), transferrin (5%), α-1-antitrypsin (α-1-AT) 

(5%), and IgA and G (30%) (BURRELLS 1985; NOEL-GEORIS et al. 2002). The ratios of 

protein species vary depending on the compartment sampled, e.g. albumin concentrations 

are lower (12-20%) and lysozyme (15-35%) and lactoferrin (2-4%) concentrations are higher 

in the nasal and bronchial compartments of the airways (KELLY and MUDWAY 2003). In 

general the alveolar structures are relatively impermeable to very large molecules, e.g. α2-

macroglobulin with 820 kDa and ß-lipoprotein with 3200 kDa which are not found in BALF of 
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healthy subjects (HUNNINGHAKE et al. 1979). With the technical progress in proteomics 

more than one thousand proteins have been differentiated up to now and are under 

investigation for their differential expression in various lung disorders (NOEL-GEORIS et al. 

2002). 
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B.4.4. BALF disease markers in human medicine 

Inflammatory and immune effector cells and related proteins are present throughout the 

alveolar structures. The major disorders of the lung involving alveolar structures can be 

classified as destructive, interstitial, infectious and neoplastic, each with characteristic 

changes of cellular and soluble components (HUNNINGHAKE et al. 1979). In human 

medicine BAL is a helpful diagnostic tool for the diagnosis of these changes particularly with 

respect to certain diseases. Thus foreign bodies as in silicosis or asbestosis can be identified 

in BALF, interstitial lung diseases of various origin as well as lung cancer can be diagnosed 

by alterations of the cellular pattern, and in the acquired immune deficiency syndrom (AIDS) 

diagnosis of acquired secondary lung infections is facilitated by BAL. 

 

B.4.4.1. Detection of pathogens and cellular markers 

BAL has become an accepted tool for the diagnosis of infectious lung diseases, e.g. 

opportunistic infections such as Pneumocystis carinii (BAUGHMAN 1999; GOLDEN et al. 

1986; STOVER et al. 1984), Mycobacterium tuberculosis, Mycobacterium kansasii, Histo-

plasma capsulatum and Cryptococcus neoformans in AIDS (BAUGHMAN et al. 1994). With 

the identification of specific lung pathogens in 84.6 % of AIDS patients BAL has been found 

to be more sensitive than transbronchial lung biopsy in one study (CONSIGLI et al. 1991). 

Special recommendations for BALF processing exist for the detection of Pneumocystis 

carinii, cytomegalovirus, mycobacteria, fungi, Toxoplasma spp. and Cryptosporidia  spp. 

(KLECH and POHL 1989). Rare as well as common bacterial infections can be diagnosed by 

BAL in ventilated and in non-ventilated patients (CANTRAL et al. 1993; TORRES and EL-

EBIARY 2000). For the diagnosis of common infections semi-quantitative bacterial BALF 

culture has to be performed to differentiate between colonization and deep-seated infection. 

Different cut–offs (ranging from 103 to 105 CFU/ml), a bacterial index of 4 or 5 (indicating the 

sum of the logarithms base 10 [log10] of the different microorganisms isolated) or the number 

of cells with intracellular organisms serve as the basis for defining bacterial pneumonia. The 

diagnostic sensitivity of semi-quantitative culture shows a high variability ranging from 22-

100% comparing different studies (THORPE et al. 1987; TORRES and EL-EBIARY 2000). In 

8% of BALF samples of immunocompromised patients with infection of the lower respiratory 

tract viruses other than cytomegalovirus could be recovered. These included herpes virus, 

influenza virus, parainfluenza virus, rhinovirus, adenovirus, enterovirus and respiratory 

syncytial virus (CONNOLLY et al. 1994). 

In human medicine total cell count, cell vitality, differential cell count and cell morphology are 

examined routinely in BALF (REINHOLD et al. 2005). A bronchitis index (normal, mild, 

severe) has been evaluated by visual inspection of segmental and subsegmental airways in 

children and has been related to the number and percentage of PMNs and the frequency of 
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identifying bacterial pathogens. The association of a high bronchitis index with PMNs has 

been shown to be predictive of bacterial infection with 80% sensitivity and 75% specificity. 

The higher the proportion of PMNs the lower is the proportion of macrophages (RONCHETTI 

et al. 1991). Among cellular variables only the percentage of PMNs allows to distinguish 

between infectious and non-infectious disorders (DRENT et al. 2001). 

Up to now no standards exist to confirm the diagnostic process of cellular differentiation so 

that a great variation in cellular differentiation results between laboratories can be seen 

(COSTABEL 1994a). The extent of airway contamination in lavage samples can be assessed 

by different indicators. Lavage samples with more than 5% epithelial cells are not approriate 

with respect to drawing reliable conclusions on alveolar composition (HASLAM 1998). 

Cytologic examination for malignant cells has been proven to be useful to detect 

malignancies such as bronchoalveolar cell carcinoma, lymphangitic spread of breast cancer, 

Hodgkin´s disease and lymphangiosis (REINHOLD et al. 2005; RENNARD 1990). A 

diagnosis by the examination of cell morphology is further possible in cases of extrinsic 

allergic alveolitis (EAA), where smoker macrophages, foamy macrophages and plasma cells 

were found, in pneumoconiosis, when dust particle inclusions were found, in alveolar 

proteinosis with characteristic acellular oval bodies and large amounts of amorphous debris, 

and in alveolar hemorraghic syndrome with iron-positive macrophages (DANIELE et al. 1985; 

REINHOLD et al. 2005). Accumulated multi-nucleated macrophages are an indication for 

brochial obstruction or for the process of unavailing phagocytosis of a non-phagocytable 

agent (DECONTO and DEEGEN 1983).  

For differential diagnosis of the most important interstitial lung diseases in humans the 

determination of total and differential cells and especially the T-lymphocte CD4/CD8 ratio in 

BALF is important. In the case of lymphocytosis in BALF lymphocyte subsets in BALF can be 

differentiated by immunocytochemical procedures, immunofluorescence or flow cytometry on 

the basis of cell receptors into CD4- (T-helper cells), CD8- (T-suppressor cells), CD3- (T-

lymphocytes), CD1- (Langerhans cells), CD57- (natural killer cells) and CD20- (B-

lymphocytes) positive cells (COSTABEL et al. 1992; KEOGH and LIMPER 2005; PADOVAN 

et al. 1992). The CD4/CD8 ratio in BALF increases proportionally with the age of the patient. 

In smokers the proportion of CD8-positive lymphocytes is increased (KLECH and POHL 

1989). In sarcoidosis (SAR) a high percentage of CD4-positive lymphocytes leads to an 

increase of the CD4/CD8 ratio (LEATHERMAN et al. 1984; VERSTRAETEN et al. 1990). At 

quotients higher than five SAR can be diagnosed with very high probability so that 

transbronchial biopsy is not necessary (COSTABEL 1994b). Using a number of selected 

BALF variables such as the yield of recovered BALF, total cell count, percentage of 

macrophages, lymphocytes, PMNs and eosinophils, the differentiation between SAR, EAA 

and idiopathic pulmonary fibrosis (IPF) is possible. A computer programme based on a 



Literature review 

 44

polychotomous logistic regression model was developed to predict diagnoses for patients 

with interstitial lung disease based on the parameters mentioned above (DRENT et al. 1996). 

In SAR lymphocyte-macrophage rosettes occur; lymphocytes adhere to and are not 

phagocytosed by alveolar macrophages (HUNNINGHAKE and CRYSTAL 1981; REYNOLDS 

1978). In EAA T-lymphocytes predominate in the cell count with a mean proportion of 70%. 

They are mostly CD8-positive cells. In EAA macrophage numbers are decreased, and cells 

are engorged. The number of mast cells or basophils is increased especially in the acute 

form (FINK 1973; HASLAM 1987; LEATHERMAN et al. 1984). In IPF the number of PMNs 

and eosinophils is increased while lymphocytes are within the range seen in healthy 

individuals (REYNOLDS et al. 1977). Acute inflammatory lung reactions after exposure to 

organic dust or bacterial endotoxin lead to an increase in PMNs, lymphocytes and fibronectin 

whereas alveolar macrophages, eosinophils and mast cells remained unchanged 

(SANDSTROM et al. 1992). An increase in the number of PMNs is also found during the 

acute respiratory distress syndrome (ARDS), bacterial pneumonia, subacute EAA, collagen 

vascular diseases, connective-tissue disorders or idiopathic bronchiolitis obliterans 

(CHOLLET-MARTIN et al. 1996; DRENT et al. 1993a; GABBAY et al. 1997; ICHIKAWA et al. 

1990; KIRTLAND et al. 1997; NAGAI and IZUMI 1997). Eosinophilia may be indicative of an 

eosinophilic pneumonia, allergic bronchopulmonary aspergillosis or a drug-induced 

eosinophilic lung reaction (ALLEN et al. 1990). An increased number of mast cells in BALF 

had been found in tuberculosis, malignant lymphomas, IPF and asthma (PESCI et al. 1993). 

 

B.4.4.2. Soluble markers 

Lung disorders are associated with changes in ELF composition with respect to proteins and 

surfactant phospholipids; these changes can be discovered in BALF. A BALF protein-based 

diagnosis of lung disease must differentiate between i) proteins originating from serum, ii) 

lung-specific proteins, iii) proteins produced by lung inflammatory cells, and iv) other proteins 

such as tumor markers or markers involved in oxidative burst, tissue damage and apoptosis 

(NOEL-GEORIS et al. 2001).  

The total protein concentration in BALF is regarded as a sensitive but non-specific parameter 

in respiratory diseases (FOGARTY 1983; REINHOLD 2001). Variable albumin 

concentrations in BALF are due to an increased permeability of the blood-air barrier in 

various stages of disease (HASLAM 1998). The albumin to urea ratio can be used to assess 

alveolar permeability (BAUGHMAN and DOHN 1991). Good candidates for lung specific 

biomarkers occur at higher levels in BALF than in plasma, because they are specifically 

produced in the airways, e.g. the surfactant protein A (SP-A) and the Clara cell protein 16 

(CC16), which are highly abundant in ELF. The SP-A concentration has been found to be 

approximately 1 mg/ml in ELF, 10 µg/ml in BALF, and 0.1 µg/ml in serum. The concentration 
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of CC16 has been found to be approximately 100 µg/ml in ELF, 1 µg/ml in BALF and 0.01 

µg/ml in serum (WATTIEZ and FALMAGNE 2005). An increase of lung-specific proteins in 

plasma is an indication for increased damage to the alveolo-capillary barrier as it has been 

shown for surfactant proteins A and B (HERMANS et al. 2003). A significant rise of serum 

proteins, such as IgG, IgA, IgM, albumin, alpha-1-protease inhibitor, alpha-1-antitrypsin and 

alpha-2-macroglobulin, in BALF is characteristic for most interstitial lung diseases (NOEL-

GEORIS et al. 2001). IgG, IgM, procollagen III aminoterminal propeptide, and beta-2-

microglobulin have been found to be sensitive for detection of inflammation, but specific 

changes characteristic for a specific respiratory disease could not be determined (SUTINEN 

et al. 1991).  

A decrease of the two major phospholipid classes phosphatidylcholin and phosphatidyl-

glycerol has been found in patients with ARDS (LEWIS and JOBE 1993). An elevated ratio of 

total lung surfactant phospholipids to total protein has been found in asbestosis and 

asbestose exposure in contrast to interstitial lung diseases such as SAR, EAA and IPF. The 

parameter might be useful in the differential diagnosis of unclear interstitial lung disease 

(KLEIN et al. 1991).  
Unspecific marker enzymes in the context of acute lung injury from inhaled airborne toxins 

have been evaluated using animal models. The cytoplasmic enzyme lactate dehydrogenase 

(LDH) serves as indicator for cell death or membrane damage whereas some lysosomal 

enzymes like beta-glucoronidase were increased after chronic exposure to insoluble particles 

(HENDERSON 1984). An increase of LDH levels in BALF indicates the involvement of 

alveolar macrophages or PMNs. The LDH isoenzyme pattern enables the determination of 

the cells involved; a low LDH3/LDH5 ratio has been found to be related to alveolar 

macrophages, and a high ratio was related to PMNs (COBBEN et al. 1999a). The 

LDH4/LDH5 ratio in BALF was found to be a sensitive and specific marker discriminating 

between infectious and non-infectious pulmonary disorders (COBBEN et al. 1999b). High 

concentrations of alkaline phosphatase (AP), which is produced in pneumocytes type II and 

Clara cells, indicate increased surfactant synthesis and secretion or alveolar cell damage 

(BOUDREAU et al. 1983; COBBEN et al. 1999b). Acid phosphatase and beta-glucoronidase 

have been investigated as markers in different lung diseases. Both enzymes did not show 

any correlation to a certain cell type. In patients with miliary tuberculosis the acid 

phosphatase was significantly increased, which may be due to a higher degree of lysosomal 

activity of pulmonary alveolar macrophages in tuberculosis (PROBST et al. 1991). An 

increase in Angiotensin-converting enzyme is evidence for endothelial cell damage in the 

pulmonary capillaries (HENDERSON 1984). Angiotensin-converting enzyme is involved in 

the metabolism of several bioactive peptides and has been found to be decreased in the 

epithelium of asthmatic patients with eosinophil inflammation (ROISMAN et al. 1999). 
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In diseases which induce lymphocyte activation, e.g. SAR, the measurement of soluble CD4 

and CD8 molecules in BALF can be of diagnostic value (SATO et al. 1991). Another useful 

parameter in SAR is the soluble IL-2 receptor which is expressed by activated T-cells and 

alveolar macrophages (LAWRENCE et al. 1988). 

In addition, a vast repertoire of cytokines and other biological mediators and effector 

molecules has been detected so far, but none has achieved clinical usefulness. 

In general the antibacterial activity of BALF due to antimicrobial components has been found 

to be increased in individuals with pulmonary inflammatory diseases such as SAR 

(AGERBERTH et al. 1999). Calgranulin C, a zinc and calcium-binding protein involved in 

receptor-mediated signalling pathways and belonging to the S100 family of calcium binding 

proteins, was found to be significantly increased in sputum and serum of patients with cystic 

fibrosis (CF) (FOELL et al. 2003). In contrast to that in patients with CF concentrations of 

small, anionic antimicrobial peptides in BALF were significantly decreased, and it has been 

shown that the increased susceptibility of CF patients to infection is partly due to the 

breakdown in pulmonary innate immune mechanisms (BROGDEN et al. 1999). Acute phase 

proteins as haptoglobin and the lipopolysaccharide binding protein (LBP) can be measured in 

human BALF. Both have been found to be elevated in ARDS (GHIO et al. 2003; MARTIN et 

al. 1997).  

The lung basement membrane is a complex structure including type IV collagen, laminin, 

entactin, fibronectin, and heparan sulfate/chondroitin proteoglycans. At least two members of 

the matrix metalloproteinases family, gelatinases A and B, degrade several components of 

the lung basement membrane under physiological and pathological conditions. The cytokine-

mediated expression of both enzymes by interstitial and alveolar epithelial cells, alveolar 

macrophages, nonciliated bronchiolar cells, and type 2 pneumocytes was significantly 

increased after hyperoxia-induced damage (PARDO et al. 1998). Fibronectin and tenascin as 

normal constituents of the ELF of the lower respiratory tract were significantly increased in 

interstitial lung diseases (KAARTEENAHO-WIIK et al. 1998; RENNARD and CRYSTAL 

1982). Three components of the extracellular matrix, vitronectin, fibronectin and hyaluronan, 

have been found to be increased in SAR as markers for inflammation but not for a fibrotic 

process (EKLUND et al. 1992). Connective tissue-related markers like hyaluronan and 

procollagen III are appropriate indicators for fibrosing activity in the lung during acute allergic 

alveolitis and IPF (LARSSON et al. 1992; ZHAO et al. 1997). Procollagen I and III were 

elevated in BALF from ARDS patients (KEANE et al. 2002).  

In diffuse lung diseases membrane adhesion receptors like selectins or the immunoglobulin 

supergene family (IGSF) are involved in inflammation. While selectins mediate the initial 

rolling of leucocytes, IGSF members, such as the intercellular adhesion molecule (ICAM-1), 

vascular cell adhesion molecule 1 (VCAM-1), and the platelet/endothelial cell adhesion 
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molecule (PECAM), mediate firm attachment and migration of leucocytes through the cellular 

barrier. Soluble forms of adhesion molecules can be measured in BALF using ELISAs, and 

they may be used as markers of active disease as it has been shown for soluble E-selectin 

(SOUTHCOTT et al. 1998) and ICAM-1 (KIM et al. 1999). Soluble ICAM-1 concentrations 

have been found to be increased in carriers of the human T-cell lymphotropic virus type I 

(SEKI et al. 2000). Soluble VCAM-1 and ICAM-1 levels were of predictive value in the 

outcome of ARDS (AGOURIDAKIS et al. 2002).  

Numerous lung diseases are characterized by an imbalance between reactive oxygen 

species (ROS). One major ROS-species, nitric oxide (NO), is synthesized by the inducible 

nitric oxide synthase (iNOS). An increase in NO has been shown for viral, fungal and 

bacterial infections (TSAI et al. 1997). As a self-protective mechanism several antioxidants 

are present in ELF, such as mucin, which is a glycoprotein rich in cysteine residues with 

metal binding properties, reduced glutathione, uric acid, extra-cellular superoxide-dismutase, 

metal chelating proteins such as coeruloplasmin, lactoferrin and transferrin, ascorbic acid, 

and α-tocopherol (KELLY and MUDWAY 2003; MACNEE 2000). Antioxidant concentrations 

and activities of antioxidant enzymes such as catalase, superoxide dismutase, GSH-S-

transferase and gluthathion peroxidase have been investigated in the presence of oxidative 

stress occuring in smokers and patients with chronic obstructive pulmonary disease (COPD). 

The ELF of the lower respiratory tract of healthy individuals contains 140-fold more total 

glutathione than plasma. Compared with nonsmokers, cigarette smokers had approximately 

80% higher levels of ELF total glutathione (CANTIN et al. 1987). Oxidative damage can be 

measured as an increase in the ratio of the oxidized intermediate glutathione disulfide 

(GSSG) and the reduced glutathione (GSH). This ratio has been found to be higher in 

premature infants with severe courses and less favourable prognosis of the respiratory 

distress syndrome (BODA et al. 1998). GSH concentrations, GSSG concentrations and the 

GSH/GSSG ratios have been measured in HIV infected patients with and without 

Pneumocystis carinii infection. Higher GSSG levels in patients with AIDS and secondary 

infections reflected an altered GSH redox state. GSH and GSSG were suggested as useful 

indicators of the progression of the disease (ADAMS et al. 1993; BUHL et al. 1989). Total 

and reduced glutathione concentrations in the ELF of HIV-infected patients have been found 

to be only about 60% of those in the controls (BUHL et al. 1989). 

Up to now no routinely used soluble marker for infectious respiratory diseases in BALF 

exists. 
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B.4.5. BALF disease markers in veterinary medicine 

B.4.5.1. Detection of pathogens in BALF 

In contrast to humans and to horses in commercial livestock BAL was performed primarily for 

microbiological diagnostics. The interpretation of results often is difficult because of the 

occurence of facultative pathogenic microorganisms also in healthy animals as it has been 

shown for pigs (GANTER et al. 1993; HENSEL et al. 1994a). Also, in 44% of healthy dogs 

bacteria were found in the lower respiratory tract (BAUER et al. 2003; LINDSEY and PIERCE 

1978; PECORA 1976), and only B. bronchiseptica in dogs and Mycoplasma spp. in cats are 

considered as primary pathogenic microorganisms (REINHOLD et al. 2005). 

 

B.4.5.2. Cellular markers 

In swine and sheep the most sensitive criterion to differentiate between healthy and diseased 

individuals is the proportion of PMNs, which increases in parallel to the total cell count 

(GANTER 1996; GANTER and HENSEL 1997). Infections with the Maedi-Visna Virus in 

sheep lead to an increase in the proportion of lymphocytes and to changes in the 

subpopulations of lymphocytes (LUJAN et al. 1993). An accumulation of Curschmann´s 

spirals found in sheep infected with the Maedi-Visna Virus, was an indication for bronchial 

obstruction (GANTER 1996). Curschmann´s spirals consist of concentrated mucus, which is 

squeezed out of the bronchioli with high pressure and with a rotation during the exspiration. 

In lung adenomatosis juvenile cells and conglomerates of tumor cells are found (GANTER 

1996). In dogs and cats kariolytic PMNs were considered as indicators for bacterial pore-

forming leucotoxin during infection. Double nucleated macrophages or multi-nucleated 

histiocytic giant cells were found in granulomatous inflammation due to mycosis, toxoplas-

mosis, tuberculosis or a ciliary dyskinesia (COWELL et al. 1999). Viral infections lead to an 

unspecific increase of lymphocytes which are normally present only in low numbers. An 

increase of eosinophils can be an indicator for eosinophilic tracheobronchitits in dogs or for 

asthma in cats (FOSTER et al. 2004). Dysplastic and neoplastic cells desquamate from 

carcinomas and lymphosarcomas and can be detected in BALF (COWELL et al. 1999). In 

horses non-cellular features as quantity and quality of mucus strands, Curschmann´s spirals, 

fungal spores and extracellular or intracellular bacteria are examined. Alveolar macrophages 

or multinucleated giant cells containing phagocytozed hemosiderin can be detected for 

several months after an episode of exercise-induced pulmonary hemorrhage (MCKANE et al. 

1993). Apoptotic PMNs with condensed nucleus and minimal cytoplasm as well as “globule 

leucocytes” with large basophilic, grape-like granules within the cytoplasm and an eccentric 

nucleus are increased in BALF of horses with inflammatory airway disease or heaves. An 

increased percentage of mast cells is correlated with increased hyperreactivity to histamine 

bronchoprovocation in horses with decreased exercise tolerance. Increased airway hyper-
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responsiveness is correlated with an elevated eosinophil population in equine BALF. An 

increase in epithelial cell population and loss of ciliary plates (ciliocytophteria) can be a result 

of epithelial damage from viral infection (HEWSON and VIEL 2002). 

 

B.4.5.3. Soluble markers 

A significant increase of the total protein content was observed in calves with respiratory 

disease (FOGARTY 1983). Increases in enzyme activities as LDH, AP and β-glucoronidase 

were an indication of cell destruction (DRENT et al. 1999). In sheep and calves LDH and AP 

have been found to be less sensitive than cellular parameters in inflammatory lung 

alterations (GANTER 1996; REINHOLD 2001). In contrast to that the AP activity has been 

found to be an appropriate marker for lung adenomatosis in sheep, because of the 

proliferation of type II pneumocytes. An AP activity over 444 U/l ELF has been found to have 

a sensitivity of 51% and a specificity of 90% for the diagnosis of lung adenomatosis 

(GANTER 1996). In dogs with bronchopneumonia LDH and AP enzyme activities were 

significantly increased. Interleukin-17 secreted by activated T-cells and involved in the 

recruitment of PMNs was increased in horses with heaves after chonic antigen challenge 

(DEBRUE et al. 2005). The pulmonary antioxidant status was investigated in horses during 

acute airway inflammation induced by organic dust inhalation. Next to neutrophilia, an 

increase in elastase and a decrease in ascorbic acid were found. Hydrogen peroxide as a 

marker for oxidative stress stayed unaffacted (DEATON et al. 2005). In heaves-affected 

horses oxidative stress has been assessed by the detection of increased GSH and GSSG as 

well as isoprostane 8-epi-PGF2α-concentrations in the ELF (KIRSCHVINK et al. 2002b). 

Acute-phase-proteins such as haptoglobin, serum amyloid A, C-reactive protein and 

lipopolysaccaride binding protein (LBP) have been examined in the blood of experimentally 

infected cattle and pigs (CHEN et al. 2003; HULTEN et al. 2003; SCHROEDL et al. 2001). In 

gnotobiotic pigs an increase of haptoglobin in BALF has been found seven days after 

infection with PRCV combined with an intratracheal inoculation of lipopolysaccharide (LPS). 

LPS binding protein (LBP) and soluble CD14 were also markedly increased from days one to 

12 after infection (VAN GUCHT et al. 2006).  

 

B.4.6. BALF disease markers in pigs 

In swine the proportion of PMNs is significantly increased in pneumonic pigs and correlated 

to the total cell count. The percentage of PMNs in the differential cell count of BALF is 

currently considered to be the most sensitive criterion for differentiation between healthy pigs 

and those with lung disease (GANTER and HENSEL 1997). Cytological reference values are 

shown in Table 3. Reference values for BALF cell counts vary between laboratories which is 

due to the generally inhomogenous health status of pigs and to differing lavage techniques 
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(GEHRKE and PABST 1990a). Changes in the blood differential cell count of pneumonic 

pigs were not correlated to the BALF differential cell count, and the latter has a far better 

diagnostic significance in pigs with respiratory disease (HARTWIG 1994). 

After infection bronchus-associated lymphoid tissue (BALT) develops, although no clear-cut 

compartmentalization of lymphocyte subsets is seen (DELVENTHAL et al. 1992). In BALF 

the percentage of T-helper cells was found to be approximately 2%, T-suppressor cells 

varied according to the pigs age from 0.8% to 8% (PABST 1996). In healthy pigs the majority 

of CD8+ T-cells are CD3-negative and are designated as natural killer (NK) cells, playing an 

important role in the first line of defence against infectious agents. In acute pneumonic 

infection of pigs the percentage of lymphocytes in BALF has been found to be increased, 

while the relative proportion of T-helper and T-suppressor lymphocytes did not change 

(GEHRKE and PABST 1990b). In other studies lymphocyte subset distribution in BALF 

changed after infection with respiratory pathogens (FALDYNA et al. 2005; KOHLER et al. 

1997). After experimental A.pp. infection the number of CD3+ lymphocytes increased due to 

the expansion of γδ-T-cells (FALDYNA et al. 2005). 

Lung plasma cells mainly reside in intravascular and interstitial pools, in the lamina propria 

and the bronchus-associated lymphoid tissue (PABST 1996). The last-mentioned consists of 

lymph follicles reaching the mucosa of the respiratory bronchioli (HUANG et al. 1990). IgG 

and IgA are synthesized by immigrated plasma cells in the bronchoalveolar lumen (DRENT 

et al. 1993b; HENSEL et al. 1994b). IgM occurs only in small amounts in the porcine 

respiratory tract (DONE 1988; MORGAN and BOURNE 1980; MORGAN et al. 1980). The 

proportion of IgG:IgA is low in tracheal secretions and higher in bronchoalveolar secretions. 

More than 97% of the IgA and approximately 63% of the IgG is synthesized locally by plasma 

cells in the bronchoalveolar space (MORGAN et al. 1980). Three weeks after the oral 

application of living A.pp. a significant increase in specific IgG and IgA directed against the 

capsule of A.pp. was found in BALF. After aerosol infection with A.pp. a specific increase in 

IgA, IgG and IgM in BALF was found (HENSEL et al. 1994b). Increased levels of IgA after 

A.pp. infection occurred regardless of the severity of infection or the presence of specific 

colostrum-derived antibodies (KREJCI et al. 2005). 

In pigs an age-dependent composition of surfactant has been shown. In newborn piglets 

surfactant proteins B and C, fluidizing phosphatidylcholin molecular species and arachidonic 

acid-containing phospholipids are increased in comparison to adolescent pigs (RAU et al. 

2004). In swine with acute and chronic bronchopneumonia but not in swine with interstitial 

pneumonia surfactant protein D has been shown to be increased in surfactant preparations 

(SOERENSEN et al. 2005a). An increase in the relative concentration of phosphatidylinositol 

(PI) and a decrease in the relative concentration of phosphatidylglycerol (PG) in pigs 

experimentally infected with Past. mult. has been found. This was expressed quantitatively in 
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terms of the PC/PI and PG/Phosphatidylethanolamin (PE) ratios, which were 5.29 and 1.27 

in healthy young pigs, whereas in infected ones the corresponding values were 2.48 and 0.4. 

Animals with a higher degree of pneumonia produced lower PC/PI values, whereas PG/PE 

ratios variations were not significant (SACHSE 1989). 

In contrast to cellular and surfactant components soluble disease markers for lung alterations 

in swine are barely available. Up to now most studies are limited to measurements of 

changes in cytokine levels and acute phase proteins which have been done in blood 

preferentially (LAURITZEN et al. 2003; MULLER et al. 2002; MULLER et al. 2003). Studies 

of cytokine profiles during bacterial and viral infections in pigs concentrated mainly on IL-1, 

IL-4, -6, -8, -10, -12, -18, INFα and TNFα (MUNETA et al. 2000; NUNTAPRASERT et al. 

2005; THANAWONGNUWECH et al. 2004; VAN REETH et al. 2002). In addition, cytokines 

and other soluble components in BALF were measured in pig models for human diseases 

and surgery, e.g. Il-1 had been found to be a non-invasive marker that is useful to predict the 

viability of the pulmonary graft after lung transplantation (REGA et al. 2005). 

The total protein concentration and LDH- and AP-activities in BALF were determined in 

healthy and pneumonic pigs. Only the AP activity was found to be significantly increased in 

pneumonic pigs (NIENHOFF 1998). 

A general increase in proteolytic activity in porcine pulmonary fluids due to an increased 

secretion of matrix metalloproteases was found during experimental infection with PRRSV. 

This local production of extracellular proteases involved in tissue remodelling may favour 

secondary infections (GIRARD et al. 2001).  

Up to now no soluble respiratory disease marker in BALF exists for the routine examination 

of BALF samples in pigs . 

 
B.5. Proteomics as a tool to search for lung disease markers in BALF 

In the post-genome era proteome analysis is widely accepted as the complementary 

technology for genetic profiling and as a powerful tool for identifying novel prognostic, 

diagnostic and therapeutic markers (WATTIEZ and FALMAGNE 2005). While the number of 

genes in higher organisms is predicted to be 20,000-40,000 the number of proteins may vary 

between 50,000 to half a million. The proteome is dynamically changing in response to 

environmental factors and internal signals, and gives insight into disease processes at a 

molecular level (HOCHSTRASSER et al. 2002). The proteomic approach makes the 

detection of post-translational modifications of BALF proteins possible, which is essential for 

understanding the molecular pathogenesis of lung disease (VEENSTRA and SRIVASTAVA 

2003; VON BREDOW et al. 2003). In this context the proteolysis of SP-D during cystic 

fibrosis has been shown, and isoforms of specific BALF proteins, such as surfactant protein 

A have been detected (WATTIEZ and FALMAGNE 2005). The identification of protein 
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modifications and degradation products has been facilitated by new techniques such as 

Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS) and 

immunoaffinity detection (WATTIEZ and FALMAGNE 2005).  

In classical proteome research two-dimensional gel-electrophoresis or multidimensional 

liquid chromatography is combined with mass spectrometry, MALDI-TOF or ESI-MS/MS 

(PENG et al. 2003; SMITH 2002). In the first dimension of 2D-electrophoresis proteins are 

separated based on their isoelectric point and in the second dimension according to their 

molecular mass. By comparing two-dimensional protein maps of different stages of a disease 

proteins specifically- or down-regulated by disease can be identified (BARNOUIN 2004). A 

complementary method to 2D-PAGE is protein profiling by surface-enhanced laser 

desorption/ionization (SELDI) and imaging mass spectrometry of untreated body fluids, cell 

lysates or tissue samples (BOGGS 2004; CHAURAND et al. 2004).  

By lung tissue proteome work a human lung cancer database with transcriptomic and 

proteomic informations has been developed (OH et al. 2001). Using Laser Capture 

Microdissection (LCM) the selection and recovery of a homogenous population of cells based 

on their morphological and histological characteristics out of fresh frozen lung tumor tissue is 

possible (CRAVEN and BANKS 2001). The proteome analysis of macrophages, lung 

fibroblasts, ciliary axonemes, mesenchymal cells, bronchial epithelial cells and cancer cells 

was performed on isolated cells either extracted directly from lung tissue or from cell culture, 

and these investigations provided a deeper insight into the molecular mechanisms of 

different lung pathologies like asthma, fibrosis, and lung cancer (WATTIEZ and FALMAGNE 

2005). Because plasma contains nearly all proteins it might be an ideal sample for a lung 

proteome approach as well. Theoretically, in plasma a systemic response to a specific 

disease can become visible, but unfortunately the concentration of specific pulmonary 

proteins in plasma is relatively low. In contrast to plasma, lung tissue and ELF much better 

reflect the local environment of the lung, and the dynamic range of their protein concentration 

is lower (HERMANS et al. 2003). Chemical, physical and biological exposures as well as 

lung diseases induce biochemical modifications of the ELF (REYNOLDS 2000). Sputum 

induced with hypertonic saline, nasal lavage, and condensation of exhaled breath have been 

used to sample secretions of the distal airways as well, but BALF has been found to most 

accurately reflect the ELF protein composition (WATTIEZ and FALMAGNE 2005). As a 

consequence of the low protein content and the high salt concentration in BALF the process 

of sample preparation has to be optimized using different techniques, including dialysis, 

membrane filtration, precipitation and gel filtration (WATTIEZ and FALMAGNE 2005). 

Since proteomics has been used as a tool to search for lung disease markers the high 

complexity of ELF protein composition due to the broad range of sources became obvious 

(NOEL-GEORIS et al. 2001). Proteome analysis of BALF has been performed initially in 
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1979 for the examination of samples from patients with alveolar proteinosis in comparison to 

healthy individuals (BELL and HOOK 1979). Other workgroups followed and confirmed the 

BALF proteome research potential (LENZ et al. 1993). The development of a current master 

gel of BALF proteins has led to the visualization of >1200 silver stained protein spots up to 

now (LINDAHL et al. 1995; LINDAHL et al. 1996; LINDAHL et al. 1999a; LINDAHL et al. 

1999b; MAGI et al. 2002; NOEL-GEORIS et al. 2002; SABOUNCHI-SCHUTT et al. 2001; 

SABOUNCHI-SCHUTT et al. 2003; WATTIEZ et al. 1999; WATTIEZ et al. 2000). Paper 

bridge sample application and the use of narrow-range immobilized pH gradient strips has 

further increased the resolution of 2D-PAGE and the number of identified protein 

(SABOUNCHI-SCHUTT et al. 2001). Among the 2D-databases under construction one 

database with a list of more than 1000 proteins already identified in human BALF is available 

on the worldwide web (http://w3.umh.ac.be/~biochim/BALF2D.html, 15.09.2006) (NOEL-

GEORIS et al. 2002; WATTIEZ et al. 2000). Various different lung pathologies have been 

investigated by BALF differential-display proteome analysis, such as SAR, bacterial 

pneumonia, IPF, lupus erythematosis, Wegener’s granulomatosis, hypersensitivity 

pneumonitis, chronic eosinophilic pneumonia, alveolar proteinosis, asbestosis, lipoid 

pneumonia, CF and acute lung injury. Some fibrosing interstitial lung diseases like SAR and 

IPF have been studied most thoroughly (WATTIEZ and FALMAGNE 2005). In BALF of 

asthmatic patients about 1500 proteins were identified of which 10% were differentially 

expressed representing a wide spectrum of functional classes such as acute-phase proteins, 

chemokines, complement factors, cytokines, local matrix proteins, monocyte-specific granule 

proteins, and proteases. Many of these proteins were identified as novel pathological 

mediators and biomarkers of asthma (WU et al. 2005). Many of the inflammatory lung 

diseases are associated with oxidative stress, and specific proteins have been found to 

participate in the protection of the pulmonary tract against oxidants, e.g. the antioxidant 

protein 2 and CC16 (BROECKAERT et al. 2003; WATTIEZ et al. 2003). 

Next to the quantification of molecular changes associated with lung injuries the analysis of 

the BALF proteome offers the possibility to monitor therapeutic interventions. In CF 

proteolytic degradation of lung tissue by chronic neutrophilic inflammation can be reduced by 

inhalation of α-1-protease inhibitor. In the corresponding BALF protein patterns reduced 

proteolysis of SPA and other proteins have been found (GRIESE et al. 2001). 

 

B.5.1. Proteomics as a tool to search for lung disease markers in BALF of 
animals 

Most proteome studies of lung tissue or BALF in animals have been performed establishing 

animal models for human respiratory diseases. For allergic lung inflammation mouse and rat 

models exist (FAJARDO et al. 2004; SIGNOR et al. 2004). The susceptibility of different 
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mouse strains to ozone has been used to investigate the influence of oxidative stress in the 

respiratory tract on the BALF protein composition (WATTIEZ et al. 2003). A mouse BALF 

protein database is under construction in parallel to a human BALF protein database and 

available on the worldwide web (NOEL-GEORIS et al. 2002). In dogs several lung specific 

proteins have been detected comparing the serum and BALF two-dimensional protein 

patterns (LENZ et al. 1990). In cattle two calcium-dependend phospholipid-binding proteins 

belonging to the annexin family have been detected (BOUSTEAD et al. 1988). In horse, 

sheep, cat, and swine data about two-dimensional protein patterns of lung tissue or lung 

lavage fluid are currently not available.  

 

B.6. Antibacterial peptides 

Respiratory secretions have been found to be broadly antimicrobial which is due to naturally 

occuring antimicrobial peptides (AMP) as a part of the innate immune system. The epithelial 

cells lining the airways play a responsive role in the innate immune defense itself, mimicking 

the mechanisms found in phagoctic cells, e.g. production of AMPs and induction of a signal 

network to recruit phagocytic cells (DIAMOND et al. 2000). While some AMP are 

constitutively expressed, the expression of others can be modulated locally by inflammation 

(GANZ 2002; TRAVIS et al. 2001). Their onset of effect is within minutes, and they are able 

to control small numbers of a broad spectrum of bacteria. Synergistic combinations of AMP 

are more potent and increase the rate of bacterial killing. This impairs the multiplication of 

bacteria and the developement of resistant phenotypes. Members of the nuclear factor κB 

(NF-κB)-family induce expression of the human-β-defensin (hBD)-2 gene as well as AMP in 

insects, which indicates a conserved signal transduction pathway among different species 

(CAVERLY et al. 2003). AMPs can be classified by structural characteristics (EPAND and 

VOGEL 1999). A common feature of the cationic AMPs is their amphipathic structure which 

mediates membrane interaction. Cytotoxicity may be due to the disturbance of the bacterial 

inner or outer membrane, transmembrane pore formation, or a result of membrane passage 

to reach a target inside the cell (EPAND and VOGEL 1999). Translocated peptides may 

inhibit cell-wall-, nucleic-acid- or protein synthesis or enzymatic activity or they can alter 

cytoplasmic membrane septum formation (BROGDEN 2005). The exploration of 

antimicrobial substances in body fluids is often limited by their low concentrations but could 

be facilitated by low volume assays (COLE et al. 2000; LEHRER et al. 1991). Cationic 

antimicrobial polypeptides are responsible for the majority of antibacterial activity of nasal 

fluid. Lysozyme and lactoferrin are most abundant at about 0.1-1 mg/ml ELF followed by the 

secretory leukoprotease inhibitor (SLPI) at about 0.01-0.1 mg/ml ELF, α-defensins (human 

neutrophil peptides HNP 1-3) at about 10 µg/ml ELF, β-defensins (hBD 1-3) at about 1 µg/ml 

and cathelicidins (GANZ 2004). Other known or putative polypeptides with antimicrobial 
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properties are β-microseminoprotein, lipophilin C, β2-microglobulin, histone H4, calgranulin A, 

calgranulin B, lipocalin-1 and PLUNC (palate, lung, and nasal epithelium clone) (COLE et al. 

2002; GANZ 2004). The calcium-binding protein Calgranulin C which has been found to be 

highly abundant in granulocytes has filaricidal and filariastatic activity (GOTTSCH et al. 

1999). Peroxidase, bacterial permeability-inducing protein-1, and phospholipase A2 also 

contribute to innate defense against microbial pathogens. In humans the human cathelicidin 

LL37/hCAP18, hBD-1, -2 and –3, in cattle the tracheal antimicrobial peptide (TAP) and the 

lingual antimicrobial peptide (LAP), in mouse the mouse-β-defensin-3, and in rat the rat-β-

defensin-2 have been found to be induced by inflammation. In newborn infants significantly 

increased concentrations of LL37/hCAP18 and hBD –1 and -2 have been found during 

pulmonary or systemic infection (SCHALLER-BALS et al. 2002). A rapid increase of TAP 

expression was found during acute Mannheimia haemolytica pneumonia in calves 

(CAVERLY et al. 2003). 

A class of antimicrobial peptides with anionic properties has been detected in human, ovine 

and bovine lung and was distinct from other antimicrobial peptides; they are present in 

pulmonary surfactant and require zinc as a cofactor and they are small and anionic due to 

homopolymeric regions of aspartate. Anionic peptides were not induced by infection or acute 

inflammation but were produced constitutively (BROGDEN et al. 1998; FALES-WILLIAMS et 

al. 2002a). This constitutive production has been found to be higher in hyperplastic, less 

differentiated cells of the respiratory airways and serves as a preliminary protection against 

infection until new, fully differentiated cells were able to express their own inducible array of 

AMPs (FALES-WILLIAMS et al. 2002b). In patients with CF the concentration of small, 

anionic antimicrobial peptides in BALF was significantly decreased. The increased 

susceptibility of CF patients to infection is known to be partly due to the breakdown in 

pulmonary innate immune mechanisms (BROGDEN et al. 1999). 

Lysozyme and lactoferrin are secreted from submucosal glands and neutrophils. The 13 kDa 

enzyme lysozyme is directed against the β1→4 glycosidic bond between N-

acetylglucosamine and N-acetylmuramic acid residues of the peptidoglycan and has been 

found to be bactericidal against gram-positive bacteria. In combination with the 80 kDa iron-

binding protein lactoferrin it is also bactericidal against gram-negative bacteria (GANZ 2004). 

Lactoferrin has been found to prevent biofilm development of Pseudomonas aeruginosa. 

Because lactoferrin chelates iron, bacteria wander across the surface instead of forming cell 

clusters and biofilms (SINGH et al. 2002). Many peptides were broad-spectrum microbicides 

which are effective also against fungi and enveloped viruses (COLE et al. 2002). The 12 kDa 

non-glycosylated protein SLPI shows antimicrobial activity of its amino terminal domain 

against Gram-negative and Gram-positive bacteria. Its carboxy terminal domain is involved in 

intracellular regulation of responses to LPS (GANZ 2002). Defensins are 3 to 5 kDa peptides 
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sharing a consensus motif of six cysteines with three intramolecular disulfide bridges and are 

major components of the dense azurophilic granules of neutrophils (HNP 1-3) and in 

epithelial cells. They are microbicidal at micromolar concentrations against Gram-negative 

and Gram-positive bacteria, yeast, fungi and certain enveloped viruses (GANZ 2002; 

SCHNAPP and HARRIS 1998). Cathelicidins are a large family of mammalian microbicidal 

peptides with a conserved amino terminal precursor structure designated as cathelin domain 

(approximately 100 amino acid residues) but highly heterologous carboxy terminal peptides 

(10-40 amino acid residues). Extracellular proteolytic cleavage frees the carboxy terminal 

peptide and leads to activation (GANZ 2002). Most cathelicidins are linear peptides forming 

amphiphatic α-helices. Others have β-hairpin structures stabilized by disulphide bonds or are 

larger in size and display repetitive proline motifs (ZANETTI 2004). The sole known human 

cathelicidin was designated as hCAP18, FALL39 and LL-37 and originated from PMN-

specific granules and several tissues including airway epithelial cells (BALS et al. 1998; 

GANZ 2002). The sole cathelicidin in mice is named CRAMP, for Cathelin-Related 

Antimicrobial Peptide. Other species such as cattle and pigs express many different 

cathelicidins (NIZET and GALLO 2003). Several have been isolated and characterized, 

including ovine SMAP29, and OaBac5α, caprine ChBac5, bovine Bac 5, Bac 7, BMAP-28, 

indolicidin 9, cyclic dodecapeptide, porcine PR-39, protegrins (PG) -1, 2, 3, prophenin-1, 

rabbit p15 and CAP18 (BROGDEN et al. 2001; HARWIG et al. 1995; SHAMOVA et al. 1999; 

ZANETTI 2004). The porcine prophenin has been found to be associated with porcine 

pulmonary surfactant contributing to the antibacterial properties of surfactant preparations 

used for treatment of the respiratory distress syndrome in premature infants (Curosurf®) 

(WANG et al. 1999). Besides their antimicrobial properties cathelicidins are mediators of 

inflammation involved in cell proliferation and migration, wound healing and angiogenesis, 

immune modulation and the release of cytokines and histamines (BALS and WILSON 2003). 

Porcine PMNs lack defensins but are well endowed with cathelicidins, which are activated by 

neutrophil elastase (SHI and GANZ 1998). PR-39 and protegrin are expressed constitutively 

in bone marrow as prepropeptides, stored as propeptides in neutrophil granules and are 

processed to mature peptides by enzyme cleavage. PR-39 gene expression occurs in liver, 

kidney and other lymphoid organs at two, seven and 14 days of age but not at 28 days of 

age or older (WU et al. 1999). PR-39 kills bacteria by a non-pore-forming mechanism 

interfering with bacterial protein and DNA synthesis after membrane passage (BOMAN et al. 

1993). The first 26 amino acid residues of the Aminoterminus were found to be the functional 

antibacterial domain. The minimal inhibitory concentration against enteric gram-negative 

bacteria was approximately 1 µM (2-4 µg/ml) and the minimal bactericidal concentration was 

approximately 2 µM (4-8 µg/ml) (SHI et al. 1996a). PR-39 induces the synthesis of syndecan-

1 and -4 which are involved in the regulation of blood coagulation, cell adhesion and wound 
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repair. PR-39 is also an inducer of angiogenesis. On the one hand it has been found to be 

chemotactic for PMNs in vitro at 0.5-2 µM concentrations, but on the other hand it inhibits 

phagocyte NADPH oxidase activity, thus limiting excessive tissue damage by reactive 

oxygen intermediates during inflammation (HUANG et al. 1997; SHI et al. 1996b). PR-39 

mediates inhibition of NF-κB resulting in a decreased expression of the endothelial adhesion 

proteins VCAM-1 and ICAM-1, and leading to a reduced adherence of PMNs to coronary 

vascular endothelium in mouse and rat models (ZANETTI 2004). After systemic Salmonella 

choleraesuis infection serum PR-39 levels were found to be increased threefold reflecting its 

involvement in the host’s response to systemic infection (ZHANG et al. 1997). 
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C. Materials and methods 

C.1. Methodic outline of the search for respiratory disease markers in BALF  

As the basis for the search of respiratory disease markers the method of bronchoscopic BAL 

was standardized to obtain comparable BALF samples from healthy and experimentally 

infected pigs (C.4). Different methodical procedures for the separation of BALF components 

and the subsequent comparison of BALF samples from animals prior to and after infection 

were tested (C.3). The methodic outline is illustrated in the flow chart in Fig. 1. BALF is 

treated either as a complex sample containing a vast amount of almost unidentified 

molecules (SELDI technique, 2D-PAGE, Phage display), or known parameters in BALF were 

examined systematically, e.g. cells, glutathione. 

The most promising approach was the separation of BALF proteins by 2D-PAGE resulting in 

the identification of potential disease markers (C.6.1.2). Therefore the main emphasis of this 

study was set on the evaluation of the 2D-PAGE results. 

In surfactant preparations of a limited number of BALF samples the total phospholipid 

concentrations, the percentages of the various molecular species of the major phospholipid 

phosphatidylcholin (PC), the surfactant function and the surfactant proteins A (SP-A) and D 

(SP-D) were determined. The used methods are described elsewhere (BARTLETT 1959; 

BERNHARD et al. 1997; BERNHARD et al. 2001b; BLIGH and DYER 1959; POSTLE et al. 

2001; RAU et al. 2004). ESI-MS was performed by Dr. med. Gunnar Rau1 and the pulsating 

bubble surfactometer (PBS, Electronetics, Amherst, N.Y., USA) was operated by Christa 

Acevedo1. 

Phage display technique was performed based on the Ph.D.-12 phage display library 

containing M13 coliphages (New England Biolabs, Beverly, MA, U.S.A.) as described 

elsewhere (STRATMANN et al. 2002). The library has a complexity of 2.7x109 random 12-

mer peptides with a concentration of 1.5 x1013 plaque forming units (PFU) per ml. A series of 

affinity purifications referred to as biopanning (KOIVUNEN et al. 1999) served for the 

identification of pages which bound specifically to protein components in BALF from 

diseased pigs but not from healthy pigs. Additionally biopanning was performed on the gel-

excised spot 10 (prophenin-2), which was increased in the chronic stage of A.pp. infection 

(D.2.1.2). Nucleotide sequencing of phage DNA was done by SeqLab, Göttingen, Germany. 

Sequences were compared and consensus sequences were identified. Specific phage 

clones were tested as detecting reagents for BALF components in diseased animals with 

Western blot- or ELISA-technique or after coupling to paramagnetic particles (Streptavidine 

MagneSphere®, Promega Inc., Madison, Wisconsin, U.S.A.). 
                                                 
1 Departments of Pediatric Pulmonology and Neonatology, and of Pediatric Surgery at Hannover 

Medical School, Hannover, Germany 
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Fig. 1: Flow chart of the modus operandi searching for respiratory disease markers in 
porcine BALF (Links to promising approaches are indicated by bold arrows and 
bold framed description fields). 

 

C.2. Basic materials and methods 

C.2.1. Chemicals, reagents and equipment 

Chemicals and reagents used in this study were purchased from Sigma (Deisenhofen, 

Germany), Merck (Darmstadt, Germany) or Roth (Karlsruhe, Germany) unless stated 

otherwise. Media and media ingredients were purchased from Difco (Augsburg, Germany) 

and Oxoid (Wessel, Germany). Equipment and specific biologicals are indicated in brackets. 

 

C.2.2. Buffers and solutions 

Buffers and solutions used in this study are summarized in the Appendix (L.1-L.4) or noted in 

the text where appropriate. 

 

C.2.3. Bacterial cultures  

C.2.3.1. Bacterial strains 

Bacterial strains used in this study are listed in Table 4. 
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C.2.3.2. Media and growth conditions 

Escherichia (E.) coli strains were cultured in Luria-Bertani (LB) medium or on LB agar. 

Bacteria were incubated overnight at 37°C in an incubator (Memmert GmbH & Co. KG, 

Schwalbach, Germany) or in a shaking incubator (Incubator shaker Series 25, New 

Brunswick Scientific Co, Inc., Edison, NJ, U.S.A.). 

Actinobacillus pleuropneumoniae (A .pp.) strains were cultured in supplemented PPLO 

medium with 0.1% Tween® 80 or on supplemented PPLO agar. The cultures were incubated 

overnight at 37°C in a 5% CO2 incubator (Heraeus CO2-Auto-Zero, Heraeus Instruments 

GmbH Labortechnik, Hanau, Germany) or in a shaking incubator. For growth experiments 

with additives supplemented PPLO medium with 0.1% Tween® 80 was inoculated with 10% 

volume of an overnight liquid culture. Bacteria were grown to an OD600 of 0.2-0.4 at 37°C in a 

shaking incubator. For anaerobic culture, media were degased at 600 mbar for 10 min and 

pre-incubated overnight in anaerobic jars using the AnaeroGenTM system (Oxoid GmbH, 

Wesel, Germany) or in an anaerobic incubator before inoculation with liquid A.pp. cultures 

(10% of the total volume). Cultures were then incubated with stirring for three hours at 37°C 

under anaerobic conditions. 

 

Table 4: List of bacterial strains used in this study 

Strain Characteristics Reference or source 
E. coli DH5α F’ F’ lendA1 hsdR17 (rκ- mκ

-- 
supE44 thi-1 rec A1 gyrA (Nalr  
relA1 ∆(lacZYA-argF)U169 
deoR [Φ80dlac∆(lacZ)M15]) 

(RALEIGH et al. 1989) 

E. coli TOP 10 F’ F’ mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 rec A1 
deoR araD139 ∆(araleu) 7697 
galU galK rpsL (Strr) endA1 
nupG 

TOPO TA Cloning®, 
Invitrogen, Groningen, The 

Netherlands 

A. pleuropneumoniae AP76  A.pp. serotype 7 strain kindly 
provided by the Western 
College of Veterinary medicine, 
Saskatoon, Canada  

(ANDERSON et al. 1991) 

A. pleuropneumoniae 
C5934 

A.pp. serotype 2 clinical isolate 
from the lung of a diseased pig 
in northern Germany  

(TONPITAK et al. 2002) 

A. pleuropneumoniae 
C5934 (∆ApxII∆ureC) 

Genetically defined ApxII toxin 
and urease negative double 
mutant strain 

(TONPITAK et al. 2002) 

 
C.2.3.3. Determination of bacterial living cell counts 

180 µl medium were pipetted in each well of a 96-well tissue culture plate. In the first line 20 

µl of the respective liquid cultures were added per well and mixed. This step was followed by 
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serial vertical transfer of 20 µl. Subsequently 25 µl of each well were plated onto agar, 

incubated overnight at 37°C and colonies counted the next day.  

 

C.2.3.4. Whole cell lysate 

300 mg zirconium beads were added to 1 ml thawed A.pp. cell suspension in 50 mM Tris-

HCl (pH 7.2). Cells were ruptured using a Ribolyser at 6,000 rpm for 20 seconds. Cells were 

cooled down on ice for 3 min before using the Ribolyser again. Subsequently, sonication 

(Sonifier® Cell disruptor, Branson Sonifier, Branson Power Co., Dannbury, U.S.A.) with 3 x 

30 pulses on ice was performed. Unbroken cells were removed by centrifugation at 16,000 x 

g in a benchtop centrifuge (Centrifuge 5415D, Eppendorf AG, Hamburg, Germany) for 10 

min. Protein concentration was determined using the bicinchoninic assay.  

 

C.2.4. Manipulation of proteins 

C.2.4.1. Determination of protein concentration 

Bicinchoninic Acid (BCA) assay 
Protein concentrations were determined using the BCA protein assay kit (Micro BCA®, 

Uptima Interchim, France). The assay is based on the same principle as the Lowry assay, 

since it also depends on the conversion of Cu2+ to Cu+ under alkaline conditions (SMITH et 

al. 1985). The assay was performed according to the manufacturer’s instructions and 

quantified in an ELISA reader (MR5000, Dynatech Laboratories Inc., Alexandria, U.S.A.) at a 

wavelength of 550 nm.  

 

Biuret assay 
Protein content was determined using the biuret method (ROBSON et al. 1968) followed by 

comparison with an albumin standard with defined protein content. Briefly, two portions of 2 

ml of BALF were cleared of protein by adding 2 ml of 0.6 M perchloric acid over night. After 

centrifugation (30 min, 6,000 rpm) the pellets were air dried and one pellet was dissolved in 2 

ml Biuret reagens for 30 min. The other pellet served as a control and was dissolved in 2 ml 

0.2 M NaOH. Extinctions were measured by wavelength 546 nm in a photometer (LKB 

Biochrom Ultrospec, Biotech, Freiburg, Gemany). Calculation of protein content was based 

on the extinction of the sample minus extinction of the control sample and comparison with 

an albumin standard with defined protein content. 

 

C.2.4.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Discontinuous SDS-PAGE (SAMBROOK 1989) was performed in a vertical minigel system 

(Mini-Protean II®, Biorad, Munich, Germany), according to the manufacturers instructions. 
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Proteins are first concentrated in a stacking gel and then separated in a separation gel at 150 

V for 65 min. Prior to loading samples were mixed with 10 µl 2 X SDS sample buffer, boiled 

at 100°C with 3 min in a heating block (Multi-Block-Heater, Lab-Line Instr. Inc., Melrose Park, 

U.S.A.) and centrifuged briefly. Either prestained molecular weight standard (Roti-Mark 

prestained, Carl Roth, Karlsruhe, Germany) or non-stained molecular weight standard (LMW 

Electrophoresis Calibration Kit, Amersham Biosciences, Freiburg, Germany) were run on the 

same gel to estimate the molecular mass of the proteins.  

 

C.2.4.2.1. Two-dimensional SDS-PAGE (2D-PAGE) 

First dimension: Isoelectric focusing 
In the first dimension proteins are separated based on their isoelectric point. 

Immobiline®Dry Strips (pH 3-10 or pH 4-7, 18 cm, Amersham Pharmacia Biotech AB, 

Uppsala, Sweden) were rehydrated with 360 µl rehydration solution containing the protein 

sample for 11 h and subsequently focused using an Ettan IPGphor® (Amersham Pharmacia 

Biotech AB, Uppsala, Sweden) for 14 h in a series of time blocks with increasing voltage: 2 h 

at 100 V, 1 h at 500 V, 1 h at 1000 V, 2 h at 4000 V, a linear gradient spanning from 4,000 V 

to 8,000 V in 2 h, and a final step at 8,000 V for 6 h.  

 

Second dimension 
In the second dimension a regular SDS-PAGE was performed in order to separate the 

focused proteins according to their molecular weight. After isoelectric focusing strips were 

transferred to a plastic bag and stored at –20°C or processed immediately. For the second 

dimension strips were equilibrated in a solution of 50 mM Tris-base (pH 8.8), 6 M urea, 30% 

glycerol, 2% SDS and 65 mM dithiotreitol (DTT) for 15 min followed by 15 min in the same 

solution containing iodoacetamide (244 mM) instead of DTT. Second dimension SDS-PAGE 

was performed in a vertical gel electrophoresis chamber (Hoeffer Scientific Instruments, San 

Francisco, U.S.A.) on a SDS-PAGE separating gel (12.7% acrylamide, 0.3% bisacrylamide). 

Gels were run at 25°C and 80 V for 15 min followed by 200 V for 3.5 hours.  

 

Protein detection 
Proteins were visualized by staining the gels overnight either with Coomassie Brilliant Blue 

R250 or with colloidal Coomassie G-250 (WILTFANG et al. 1991) followed by silver staining 

using a silver staining kit according to the manufacturer’s instructions (ProteoSilverTM Plus 

Silver Stain kit, Sigma, Missouri, U.S.A.) or using a manual protocol of the silver staining 

method (RABILLOUD 1999). Three preparations of individual samples were used to 

generate 2D gels for spot comparison. Protein patterns from BALF prior to infection were 

compared to protein patterns from BALF taken 4 or 7 and 21 days after infection from the 
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same pig manually or by using the 2D-PAGE software Phoretix® (Nonlinear Dynamics, 

Newcastle, UK).  

 

C.2.4.2.2. Identification of differentially expressed proteins by mass spectrometry 

Prominent spots expressed in BALF from day 21 post infection samples were excised from 

gels, digested with trypsin, and the resulting peptides were analysed by mass spectrometry 

(AgeLab Pharma GmbH, Hamburg, Germany). Peptide mass fingerprint analyses were 

performed using the MASCOT program (www.matrixscience.com), and significant matches 

were identified using the SwissProt database (release 24/08/2004). Scores were calculated 

by the molecular weight search score algorithm (MOWSE) and are significant (p<0.05) if 

greater than 69.  

 

C.2.4.3. Immunoblotting  

C.2.4.3.1. Dot Blot 

5-10 µl of samples were spotted onto a nitrocellulose membrane (Protran BA85, 0.45 µm, 

Schleicher and Schuell, Dassel, Germany), air dried and blocked over night at 4°C in 

blocking buffer.  

 

C.2.4.3.2. Western blotting in a tank transfer system 

Proteins which were separated by one dimensional SDS-gels were transferred to a 

nitrocellulose membrane as described by SAMBROOK et al. (1989) for 45 min at 50 V using 

the Mini Transfer-Blot® system (Bio Rad Inc., Munich, Germany). Blots were blocked over 

night at 4°C in blocking buffer.  

 

C.2.4.3.3. Visualization 

Immunoblotting was performed according to standard procedures using an alkaline 

phosphatase-conjugate and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue 

tetrazolium (NBT) as substrate for visualization of protein bands (SAMBROOK 1989).  

Because enhanced chemiluminescence increases the sensitivity of immunoblotting, some 

blots were incubated with horseradish-peroxidase-conjugate as secondary antibody. Then 

membranes were incubated with a chemiluminescent peroxidase substrate (Super Signal 

Ultra, Pierce, Illinois, USA) and exposed to an X-ray film (Kodak X-OMAT® AR or BioMAX®, 

Sigma, Deisenhofen, Germany). 

The dilutions of the primary and secondary antibodies shown in Table 5 were given in the 

respective chapters. 

 

http://www.matrixscience.com/
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Table 5: Antisera and conjugates  

Antibody/conjugate Characteristics Source 
Mouse anti-PR-39 mAb 
(mouse mAb) 

Recognizing mature 
PR-39 and the proform 

Frank Blecha, Department of Anatomy 
and Physiology, Kansas State 
University, Kansas, USA (SHI et al. 
1996a; ZHANG et al. 1997) 

Rat anti-PR-39 pAb 
(rat pAb) 

Recognizing mature 
PR-39 and the proform 

Frank Blecha, Department of Anatomy 
and Physiology, Kansas State 
University, Kansas, USA (SHI et al. 
1996a; ZHANG et al. 1997) 

Rabbit anti-PR-39 pAb 
(rabbit pAb) 
 

Directed against a 
carboxyterminal PR-39 
peptid fragment, 
recognizes the mature 
PR-39 and its proforms

Seqlab (Göttingen, Germany). 

Rabbit anti-human SPA 
pAb  

Cross-reaction with 
porcine, rat and bovine 
SPA 

Byk Gulden (Konstanz, Germany) 

Rabbit anti-mouse SPD 
pAb  

Cross-reaction with 
porcine and rat SPD 

Chemicon International (Hofheim, 
Germany) 

Horseradish peroxidase-
conjugated pig-anti rabbit 
IgG (H+L) 

 DAKO (Hamburg, Germany) 

Horseradish-peroxidase-
conjugated goat-anti 
mouse IgG (H+L) 

 Dianova (Hamburg, Germany) 

Horseradish-peroxidase-
conjugated goat-anti rat 
IgG (H+L) 

Minimal cross-reaction 
to mouse, bovine, 
human, horse and 
rabbit serum proteins 

Dianova (Hamburg, Germany) 

Horseradish-peroxidase-
conjugated goat-anti 
rabbit IgG (H+L) 

 Dianova (Hamburg, Germany) 

Alkaline phosphatase-
conjugated goat anti-
mouse IgG (H+L) 

 Dianova (Hamburg, Germany) 

Alkaline phosphatase-
conjugated goat anti-rat 
IgG (H+L) 

 Dianova (Hamburg, Germany) 

Alkaline phosphatase-
conjugated goat anti-
rabbit IgG 

 Dianova (Hamburg, Germany) 

Alkaline Phosphatase 
conjugated streptavidin 

 Dianova (Hamburg, Germany) 

 

C.3. Challenge experiments in pigs 

C.3.1. Animal groups 

In the years 1994-2005 several infection experiments with Actinobacillus pleuropneumoniae 

(A.pp.) were performed in the Institute for Microbiology of the University of Veterinary 

Medicine, Hannover. In this work the animal experiments shown in Table 6 in which pigs 
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were infected with A.pp. or only with 154 mM NaCl as mock-infected control animals were 

evaluated. 

 

Table 6: Infection experiments with Actinobacillus pleuropneumoniae in pigs 

Year Des n Infection experiment Route of 
infection Additional information 

1997 D 11 A.pp. serotype 7 AP76 intratracheal (HENNIG et al. 1998) 

1999 R 33  not infected no (HENNIG-PAUKA et al. 
2001) 

2000 T80 8 A.pp. serotype 7 AP 76 aerosol (BALTES et al. 2001) 

2001 M2 16 

A.pp. serotype 2 strains : 
A. pleuropneumoniae C5934 
A. pleuropneumoniae C5934 

(∆ApxII∆ureC) 

aerosol (TONPITAK et al. 2002) 

2001 M3 8 A.pp. serotype 7 AP 76 aerosol (BALTES et al. 2003a) 
2002 M4 8 A.pp. serotype 7 AP 76 aerosol (BALTES et al. 2003b) 

2003 A1 8 A.pp. serotype 7 AP 76 intratracheal gilts (appromximately 100 
kg body weight) 

2004 M6 8 A.pp. serotype 7 AP 76 aerosol (JACOBSEN et al. 
2005a) 

2005 M10 8 NaCl (154 mM) aerosol This study  
2005 M12 8 NaCl (154 mM) aerosol This study  

Des : Designation, n : number of pigs 

 

C.3.2. Infection experiments 

C.3.2.1. Challenge experiment timeline 

Day –7 to –1: Arrival at the facility, collection of BALF and blood samples 

Day 0: Intratracheal or aerosol infection with A.pp. or mock infection in an 

aerosol chamber 

Day 4: Collection of BALF and blood samples (M2), euthanasia and post 

mortem examination (A1) 

Day 7: Collection of BALF and blood samples (D, T80, M3, M4, M6, M10, M12), 

euthanasia and post mortem examination (A1) 

Day 21: Collection of BALF and blood samples, post mortem examination 

following euthanasia (D, T80, M2, M3, M4, M6, M10) 

 

C.3.2.2. Origin and housing of animals 

Pigs were of both sexes, aged approximately 7-12 weeks and showed no symptoms of 

respiratory disease (D, R, T80, M2, M3, M4, M6, M10, M12). They were purchased from 

herds, which were routinely monitored and specified pathogen-free from endo- and 

ectoparasites, toxigenic Past. mult., A.pp. and PRRSV. .They were cared for in accordance 
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with the principles outlined in the “European convention for the protection of vertebrate 

animals used for experimental and other scientific purposes” (ETS123). Groups of 8 pigs 

were housed in separate isolation units on flat floor with controlled temperature and 

ventilation. They were fed restrictedly with compound feed and had free access to water. 

Pigs were examined clinically at least once a day. Body temperatures and clinical symptoms 

like depression, dyspnoea, coughing or inappetence were noted in charts for each pig.  

Pigs of trial A1 were gilts of approximately 100 kg body weight originating from a closed 

A.pp. free herd.  

 

C.3.2.3. Aerosol infection 

The aerosol chamber was constructed by Impfstoffwerk Dessau Tornau as described by 

previously (JACOBSEN et al. 1996) and allows the simultaneous infection of four pigs up to 

12 weeks of age. The walls are of stainless steel and all tubing is made from autoclaveable 

silicone or teflon. An acrylic window allows surveillance of animals during aerosol exposure. 

For air exchange in the chamber one of two air vents equipped with filters is connected to a 

compressor. The suspension is aerosolized via a nozzle operated by compressed air 

(BALTES et al. 2002). 

For mock infection 13 ml sterile NaCl (154 mM) for four pigs is aerosolized over approxi-

mately 2 minutes at a pressure of 2 bar. For aerosol infection bacteria were diluted in ice-

cold NaCl (154 mM) resulting in a total living cell count of approximately 105/ml. One dose of 

13 ml corresponds to approximately 1 x 102 A.pp. cells per liter of aerosol in the chamber and 

is aerosolized over 2 minutes at a pressure of 2 bar. This dose induces severe but not fatal 

disease (BALTES et al. 2002). Ten minutes after complete aerosolization of the challenge or 

mock doses, the air in the chamber was exchanged ten times over a duration of 20 minutes 

before opening the chamber. The detailed description of the preparation of bacteria for 

aerosolization and the technical adjustments of chamber equipment are given by (BALTES et 

al. 2002). 

 

C.3.2.4. Intrabronchial infection experiments 

Eleven twelve weeks old pigs (D) were infected intrabronchially under anaesthesia with 104-

105 A.pp. cells in 10 ml Brain-Heart-Infusion bouillion. The infection dose was instilled via 

endoscope into the right cranial lung lobe (HENNIG et al. 1998). 

Eight gilts (A1, 160-188 days old, German Landrace) were housed in groups of two pigs in 

separated stables. Pigs were infected experimentally into the trachea with an A.pp. serotyp 2 

strain to determine the infectious dose for pigs of this age und this route of infection, because 

no data were available. 
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Two pigs each were infected with different doses of 1010, 6*105, 8*103 and 2*103 CFU in 154 

mM NaCl. Different doses were tested in two pigs before the next group with another dose 

was infected. Sows were anaesthetized intramuscularly with a combination of 2 mg/kg bw 

azaperon (Stresnil®, Jansen GmbH, Neuss) and 15 mg/kg bw ketamine (Ursotamin®, 

Serumwerk Bernburg AG, Bernburg) and layed down on the floor in ventral recumbency. 

With an adjustable Fahrenkrug mouth gag for big dogs (Heiland Vet GmbH, Hamburg, 

Germany) the mouth was held open and lighted by a torch. Using a 25 cm long tongue 

depressor a plastic tube with outer diameter of 1 cm and 30 cm length (Frommeyer, 

Hannover, Germany) was positioned as an endotracheal tube through the glottis in the 

trachea. A thin and flexible polyethylene tube with an outer diameter of 1.52 mm (Kleinfeld, 

Gehrden, Germany) was introduced through the endotracheal tube far in the bronchial 

system. Ten ml challenge dose were instilled in the bronchial system through an injection 

needle which was inserted in the outer end of the flexible tube. Surviving pigs were 

euthanized intravenously with pentobarbital (Eutha 77®, Essex, München) not later than 

seven days after infection. 

 

C.3.2.5. Post mortem examination 

After final BAL pigs were euthanized by intravenous application of 10 ml pentobarbital. At 

postmortem analysis, lung lesion scores were determined according to the method described 

by Hannan et al. 1982. Briefly, the size and position of lesions were mapped on a simplified 

lung chart representing the seven lung lobes which are subdivided into triangles. A maximum 

possible score of 5 can be allotted to each lung lobe. The number of affected triangles in one 

lung lobe represents the pneumonic area which is assessed as a fraction of 5 (resulting in a 

maximum score of 35 for the complete lung). 

Affected and unaffected lung tissue of up to 7 locations, tonsil and bronchial lymph node 

were taken for bacteriological examination. Post mortem analyses as well as bacteriological 

and serological examinations were performed as previously described (BALTES et al. 2001; 

HANNAN et al. 1982). 

 

C.3.2.6. Ultrasonic examination of the lung 

16 pigs of trial M2 which had been either infected with an A.pp. serotype 2 wildtype strain 

(n=8) or the double negative mutant strain A.pp. C5934 (∆ApxII∆ureC) (n=8) (TONPITAK et 

al. 2002) were examined for lung alterations via ultrasound prior to infection and at days 4 

and 21 after infection. At necropsy pathomorphological lung alterations were compared to the 

ultrasonic findings. The ultrasonic examination was limited to the diagnosis of pleuritis (low 

reflexes or hypoechogenic structures at the lung surface, liquid present in the pleural space 

or subpleurally), and lung abscesses or sequesters (hypo- or hyperechogenic structures 
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according to the proportions of solid and liquid contents, sound absorbance, comet tail 

artefacts). 

After anaesthesia chest walls were shaved and pigs were examined using a 7.5 MHz linear 

scanning ultrasonic head coupled to ultrasound (Hitachi EUB-405, Hitachi Medical 

Corporation, Tokyo, Japan). Beginning in the first intercostal space all intercostal spaces 

were examined bilaterally using ultrasonic contact gel. 

 

C.4. Bronchoscopy and Bronchoalveolar lavage (BAL) 

C.4.1. Performance  

C.4.1.1. Bronchoscopy and Bronchoscopic BAL 

Before BAL pigs were anaesthetized by intramuscular application of azaperone (2 mg/kg bw) 

and ketamine (15 mg/kg bw) and positioned in a hammock in ventral recumbency. The upper 

jaw was held open by a ribbon. A flexible fiberoptic bronchoscope of the type XP20, P20, 

P20D, PE2 or IT3 (Olympus, Hamburg, Germany) was protected by a duro plastic tube 

against bites and was pushed forward through the glottal cleft under visual control using a 

laryngoscope (Heine Optotechnik, Herrsching, Germany). Clinical pulmonary conditions were 

judged by a bronchoscopic score based on the findings of Kipper (KIPPER 1990) and 

extended with additional information. The criteria and the corresponding scores are given in 

Table 10. 

The tip of the bronchoscope was pushed into `wedge position` into the bronchus trachealis 

which leads into the right posterior cranial lobe. 100 ml of sterile 154 mM NaCl solution 

divided into five fractions of 20 ml were instilled and aspirated by a vacuum pump 

(Endoaspirator, Georg Pauldrach, Hannover, Germany) by applying a suction force of 0.2 to 

0.5 bar immediately after each aliquot had been introduced. The BALF were kept on ice until 

cytological and bacteriological examinations. After each BAL bronchoscopes were cleaned 

mechanically, rinsed with tap water and desinfected externally. By connecting the working 

channel of the bronchoscope to a circulating pump in a desinfection bath the bronchoscope 

was desinfected internally for 15 minutes. Afterwards the instruments were rinsed with tap 

water again and dried by compressed air. 

 

C.4.1.2. Endotracheal BAL 

Anaesthetized pigs with fixed upper jaw in ventral recumbency were intubated through the 

glottis in the trachea using a laryngoscope and a plastic tube with outer diameter of 1 cm and 

30 cm length (Frommeyer, Hannover, Germany). A sterile catheter (Rüsch catheter, Bertram, 

Hannover, Germany) was passed through the endotracheal tubus as far as possible into the 

trachea and the bronchial tree. 20-40 ml of sterile 154 mM NaCl solution was instilled and 
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aspirated immediately. This method was performed in five farms by Dr. Stefan Bremerich, 

Veterinary Association of the BHZP (Bundeshybridzucht Programm), Ellringen, Germany. 

 
C.4.1.3. Transtracheal BAL  

A transtracheal lavage method established by SPARKES et al. (1997) in dogs and cats was 

performed in six farms in a total of 39 pigs in a modified manner by Dr. Hendrik Nienhoff, Pig 

health service, Landwirtschaftskammer Hannover, Lower Saxony, Germany. The 

anaesthetized pig was positioned in dorsal recumbency with the head extended. The larynx 

was fixed manually and a needle (Braunüle MT®, 50 mm, 4/G2, Braun Melsungen AG, 

Melsungen, Germany) was inserted percutanuously behind the larynx between two tracheal 

rings into the lumen of the trachea. A 50 cm feeding tube with an outer diameter of 2.1 mm 

and an inner diameter of 1.5 mm (Braun Melsungen AG, Melsungen, Germany ) was passed 

through the needle into the trachea and the bronchial system as far as possible. A volume of 

20-40 ml 154 mM sterile NaCl solution was instilled and immediately aspirated.  

 

C.4.1.4. Post-mortem BAL 

BAL in euthanized pigs out of herds with naturally occurring outbreaks of respiratory disease 

was performed by Dr. Hendrik Nienhoff, Pig health service, Landwirtschaftskammer 

Hannover, Lower Saxony, Germany. The method for BAL post mortem was described 

previously and performed in a modified manner (GEHRKE and PABST 1990b; MAYER and 

LAM 1984; TREBICHAVSKY et al. 1987): The euthanized pigs were positioned on their 

backs. After preparation the trachea was opened by incision with a sterile scalpel. A 60 cm 

polyvinyltube was pushed forward into the principal bronchus. BALF was gained using 100 

ml of sterile 154 mM NaCl solution which was aspirated by an exhaust pump with a vacuum 

of 0.5 bar (NIENHOFF 1998).  

 

C.4.2. Processing of BALF 

BALF samples were processed as soon as possible within 3 hours for bacterial culture, 

cytological examinations and for storage of the supernatants. Cytological and biochemical 

examinations were performed by the clinical laboratory of the Clinic for Swine and Small 

Ruminants, University of Veterinary Medicine, Hannover using routine methods described by 

KIPPER (1990) and DELBECK (1995). BALF sample cells were counted in three fields of a 

Türk counting chamber (0.1 mm depth) disregarding erythocytes and epithelial cells. After 

centrifugation at 200 X g of native BALF the supernatant was poured of and stored at –80°C. 

The pellet was resuspended in the remaining fluid. For differential cell count 10-20 µl of the 

concentrated cell suspension was diluted in 8 ml 154 mM NaCl. Depending on the total 

number of cells a volume of 0.5 to 1 ml of this suspension was spun down for 10 minutes at 
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20°C and 200 x g using a cytocentrifuge (Varifuge 20 RS Zytosystem, Heraeus Sepatech 

GmbH, Osterode, Germany) to produce cytospots on slides. Cytospots were stained with 

10% May-Grünwald/Giemsa solution, and 200 cells were differentiated for each differential 

count. 

The urea content was measured in BALF and plasma according to the urea test kit-

instructions (Urea testkit, Sigma® Chemical, Montana, USA). Lactate dehydrogenase (LDH) 

activity was measured using a LDH-in vitro diagnosticum® (Boehringer, Mannheim, 

Germany) based on the reaction from pyruvate to lactate. Determination of Alkaline 

phosphatase (AP) activity in BALF was performed using an ALP-in vitro diagnosticum® 

(Roche Diagnostics GmbH, Mannheim, Germany). The test method is based on the reaction 

of p-nitrophenylphosphate and water in phosphate and p-nitrophenol which is catalyzed by 

the enzyme AP (Recommendations of the German Society for Clinical Chemistry. 

Standardization of methods for the estimation of enzyme activities in biological fluids, 1972). 

Extinctions were measured photometrically at the wavelengths suggested (Uvikon 930, 

Biotek Kontron Instruments, Neufahrn, Germany).  

On condition that urea as a small molecule has the same concentrations in plasma prior to 

BAL as in the ELF the dilution factor of ELF was calculated from the ratio of urea 

concentrations in plasma and BALF. Cell counts, enzyme activities and protein content in 

BALF were multiplied by the dilution factor. 

Bacteriological examination of a cell pellet obtained by centrifugation at 200 x g or of pure 

BALF was performed as previously described by the diagnostic laboratory of the Institute for 

Microbiology, Department of Infectious Diseases, University of Veterinary Medicine, 

Hannover (BALTES et al. 2001; GOETHE et al. 2000; Hannan et al. 1982; Leiner et al. 

1999). BALF supernatant intended for use in electrophoresis, ELISA and induction 

experiments was centrifuged > 5,000 x g for 10 minutes after thawing to remove cell debris 

and bacteria. 

 

C.4.3. Methodical studies in bronchoscopic BAL 

C.4.3.1. Comparison of BALF out of different lung locations 

In five animals BALF was taken via bronchoscope under visual control from the Bronchus 

trachealis as well as from a subsegment bronchus of a main lung lobe. BALF samples out of 

the different locations were compared. 
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C.4.3.2. Separated evaluation of five BALF fractions of subsequent BALFs of an 
individual animal 

Conversion of measured concentrations in BALF into the respective theoretical 

concentrations in ELF based on the urea dilution factor is limited by the influx of urea 

throughout the blood-air-barrier during the process of BAL due to the concentration gradient. 

The dwell time which is the time between instilling one aliquot of rinsing fluid and recovery of 

the aliquot influences the influx of urea during BAL performance. In order to verify and to 

quantify this effect BAL was performed bronchoscopically in a 10 week old pig with clinical 

symptoms of chronic bronchopneumonia at four subsequent time points (day 0, day 25, day 

58, day 68). In this approach the five BALF aliquots of 20 ml rinsing fluid each were not 

pooled as usual but evaluated separately. The dwell time as well as the recovery of each 

aliquot was documented. Urea and protein concentrations were determined in each BALF 

aliquot and in serum in order to estimate the error of the urea dilution method due to the 

influx of urea during BAL procedure. 

 
C.4.3.3. Establishing of reference values of selected BALF components 

BALF reference values for cellular components, total proteins and enzyme activities (LDH, 

AP) were established in BALF specimens obtained bronchoscopically from 52 healthy, 

specified pathogen-free pigs of both sexes, aged approximately 10 weeks and originating 

from three closed herds (Table 6: D prior to infection, R, T80 prior to infection). All pigs were 

free from endoparasites, ectoparasites, A.pp. and toxigenic Past. mult.. No antibodies 

against pseudorabies virus and classical swine fever virus were detected. The pigs were 

clinically healthy. 

All values were tested for normal distribution using the Shapiro-Wilks test (SAS® statistical 

program). 

 
C.5. Evaluation of different A.pp. infection routes  

Intrabronchial infection experiments (trial D) had been published previously (HENNIG et al. 

1998). The BALF samples of seven pigs which survived the whole period of the experiment 

and showed less than 9% PMNs in BALF prior to infection were examined retrospectively for 

the biochemical parameters AP and LDH activities and total protein content. For the 

retrospective comparison of parameters in BALF after aerosol infection eight pigs infected 

with an A.pp. serotype 7 strain (T80) and eight pigs infected with an A.pp. serotype 2 strain 

(M2) were chosen. Additionally a comparisons of all trials with naturally occurring A.pp. 

infection with a serotype 2 strain were performed. The surveillance of animals and 

performance of BAL during the acute outbreak of porcine pleuropneumonia in a grower pig 
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farm has been described previously (NIENHOFF 1998). Briefly, on each farm three untreated 

animals were euthanized and necropsied for etiological diagnostic purpose. Other pigs were 

treated with a long acting amoxicillin on day 1 and 3 or a long acting ceftiofur at day 1. After 

two weeks 20 pigs were euthanized and necropsied and samples for bacteriological cultures 

were taken. BAL was performed on all animals post-mortem. BALF samples were processed 

immediately for bacteriological culture and cytological examinations. Urea, total protein and 

LDH- and AP-activities were measured in the BALF supernatants. 

 

C.6. Searching for markers in BALF to define respiratory health 

C.6.1. Analysis of BALF of uninfected versus infected pigs 

C.6.1.1. Surface-enhanced laser desorption/ionization (SELDI) mass spectrometry 

Using SELDI-TOF mass spectrometry analysis complex samples of heterogenic composition 

can be examined. Samples are applied directly onto chips with specified chemical properties 

and affinities. Bound proteins are captured, retained, and purified directly on the chip by 

several washing steps with buffers of various stringency. The loaded chip is bombarded with 

laser beams and single proteins are unhinged and accelerated in an electric field. Small 

proteins fly fastest and hit the detector first. Information about molecular masses and rough 

chemical properties of single proteins can be obtained. BALF prior to infection, of the acute 

stage and of the chronic stage of infection were sent for SELDI analysis to Paul Langford, St. 

Mary Hospital, London, U.K.. BALF supernatants of three pigs (T80-26, M2-3, M3-1) were 

examined using two different matrices: α-cyano-4-hydroxycinamic acid (CHCA) optimal for 

high molecular weight proteins, sialinic acid (SPA) optimal for low molecular weight 

substances. Both matrices were combined with hydrophobic (H50) or ionic properties (weak 

cationic exchange surface WCX2 and strong anionic exchange surface SAX2). 

 

C.6.1.2. Proteomics 

Proteins in the BALF supernatant had to be concentrated prior to 2D-PAGE. An appropriate 

amount of protein-containing sample aliquot (100-200 µg) was precipitated overnight at 4°C 

with trichloroacetic acid (TCA [10% f.c.]) and harvested by centrifugation (5,000 x g, 10 min).  

In some BALF samples proteins were fractionated according to their molecular mass by 

subsequent ultrafiltration steps using filters with cut-offs of 100 kDa and 30 kDa (Amicon® 

Centriplus® Centrifugal Filter Devices, Millipore, Schwalbach, Germany). The resulting 

fractions with concentrated proteins of molecular masses >100 kDa, 30-100 kDa and <30 

kDa were precipitated with TCA and treated similar to total BALF supernatants. 

The precipitated protein pellets were broken up in ice-cold acetone using a sonicator, stored 

for 2 h at –20°C, and centrifuged again as described above. Pellets were air-dried and 
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resuspended in rehydration solution (8 M urea, 2% CHAPS). Protein concentrations were 

determined using a commercial protein assay kit (Micro BCA®, Uptima Interchim, France). 

For isoelectric focusing, protein concentrations were adjusted to 275 µg/ml in rehydration 

solution supplemented with DTT (18 mM f.c.), IPG-buffer (pH 3-10 [0,5% f.c.], Amersham 

Biosciences, Uppsala, Sweden) and bromphenol blue (0.001% f.c.). In the first dimension 

proteins were separated based on their isoelectric points and in the second dimension by 

their molecular masses. 

 

C.6.2. Evaluation of specific parameters in porcine BALF 

C.6.2.1. The antibacterial peptide PR-39 

C.6.2.1.1. PR-39 antibodies 

Monoclonal mouse (mAb) and polyclonal rat antibodies (rat pAb) which recognize the mature 

PR-39 and the proform (cathelin-containing PR-39) were kindly provided by Frank Blecha, 

Department of Anatomy and Physiology, Kansas State University, Kansas, USA (SHI et al. 

1996a; ZHANG et al. 1997).  

Polyclonal antibodies directed against synthetic PR-39 were raised in rabbits. Custom 

immunization was done by Seqlab GmbH (Göttingen, Germany), according to the following 

two-month protocol: 

 

Day 0 First intracutaneous injection of antigen, pre-immune serum 

Day 21 Second intracutaneous injection of antigen 

Day 35 First bleeding (10-20 ml) 

Day 49 Third intracutaneous injection of antigen 

Day 53 Second bleeding (10-20 ml) 

Day 60 Final bleeding 

 

Peptides were generated after predicting the antigenic determinants by the method of Hopp 

and Woods (HOPP 1993). Rabbits were immunized with either the first aminoterminal 16 

amino acids (RRRPRPPYLPRPRPPP) or with the last 17 carboxyterminal amino acids 

(PPRIPPGFPPRFPPRFP) of the mature PR-39, each peptide included one predicted epitope 

and was coupled to cystein. Antisera against the carboxyterminal PR-39 peptid fragment 

(rabbit pAb) recognizes the mature PR-39 and its proforms. In order to reduce background 

signals IgG antibodies were purified with IgG affinity columns (HiTrapTM Protein GHP, 

Amersham Biosciences, Uppsala, Sweden) and concentrated by ultrafiltration with a cut-off 

of 10 kd (Centricon 10®, Amicon, USA).  
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C.6.2.1.2. PR-39-Western-Blot 

For Western blot analysis 500 µl BALF were precipitated with 10% TCA over night at 4°C 

after centrifugation at 16,000 x g for 10 min. Protein pellets were harvested by centrifugation, 

suspended in ice-cold acetone and centrifuged again. Pellets were air-dried and 

resuspended in 30 µl A. dest.. 10 µl of BALF-protein samples and 5 or 10 ng commercial PR-

39 (Affiniti Research Products Ltd, Exeter, U.K.) in SDS sample buffer were separated on a 

15% SDS-PAGE gel at 150 V for 65 min. Proteins were transferred to a nitrocellulose 

membrane for 45 min at 50 V. Immunoblotting was performed according to standard 

procedures (SAMBROOK 1989) using mAb (1:5000), rat pAb (1:5000) or rabbit pAb (1:4000) 

as primary antibody and horseradish-peroxidase-conjugated goat-anti mouse (1:50,000), 

goat-anti rat or goat-anti rabbit (1:10,000) as secondary antibody. For visualization of protein 

bands the membrane was exposed to a chemiluminescent peroxidase substrate. 

 
C.6.2.1.3. PR-39 ELISA 

To semiquantify increased PR-39 concentrations a PR-39 capture ELISA described 

previously (ZHANG et al. 1997) was used with modifications and a larger number of BALF 

and serum samples was tested (33 samples from day 0, 25 samples from day 4 or 7, and 31 

samples from day 21 post infection). 96-well microtiter plates (MaxiSorbTM Surface, Nunc, 

Roskilde, Denmark) were coated overnight at 4°C with mouse mAb (1.4 µg/ml) in carbonate 

buffer (0.1 M; pH 9.8). After washing twice with phosphate buffered saline supplemented with 

Tween 20 (PBST), plates were blocked for 2 h at room temperature in PBST containing 1% 

BSA. All BALF samples, antibodies and conjugates were used in dilution buffer. The PR-39 

concentrations in BALF were determined using a reference-standard-method (BUTLER et al. 

1987) based on serial two-fold dilutions of BALF (1:2 to 1:128) and synthetic PR-39 (12.5 

ng/ml initial concentration) as control. Plates coated with mouse mAb were incubated with 

BALF. After four washes, the first antibody (rat pAb (30 µg/ml) or rabbit pAb (1:1,000)) was 

added. After three washes plates were incubated with the conjugate (peroxidase-labeled 

goat-anti-rat Ab or peroxidase-labeled goat-anti-rabbit Ab). All incubation steps were done for 

2 h with shaking at room temperature. After three washes plates were incubated with 

substrate SeramunBlue® fast (3, 3`,5, 5` tetramethylbenzidine [1.2 mM], hydrogen peroxide 

[3 mM]; Seramun Diagnostika Gmbh, Wolzig, Germany) for 10 min at room temperature 

followed by the addition of stop solution (H2SO4 [2M]) according to the manufacturer’s 

instructions. Colour development was determined at 450 nm using a microtiter plate reader 

(SLT-Spectra, SLT Labinstruments Deutschland GmbH, Crailsheim, Germany). Differences 

in PR-39 concentrations were evaluated using the Signed Rank Test for Paired Samples 

(SAS® statistical software). To investigate whether the increase in PR-39 is likely to be due to 
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increased systemic levels, PR-39 concentrations in serum/plasma were determined in some 

of the pigs.  

 
C.6.2.1.4. Characterization of PR-39 

PR-39 antibacterial assay 
The antibacterial effect of commercial PR-39 was tested preliminary with the Kirby-Bauer 

disk-diffusion method: From overnight bacterial cultures of A.pp. or E. coli DH5α a single 

colony was resuspended in sterile 154 mM NaCl and adjusted to an OD600 of 0.1, and sterile 

filter discs impregnated with increasing PR-39 concentrations (0.024 nM/0.12 ng/ml to 80 

µM/400 µg/ml) were placed on the agar surface. Plates were incubated over night at 37°C. 

Because any inhibition zone is not only dependent on the inhibitory effect of the antibiotic but 

also on inoculum size, medium composition, incubation temperature, excess moisture, and 

thickness of the agar, the more standardized broth microdilution method was performed 

additionally. The minimal inhibitory concentrations (MICs) and the minimal bactericidal 

concentrations (MBCs) of PR-39 were determined. This method is recommended for testing 

bacterial sensitivity to antibacterial agents according to the Clinical and Laboratory Standards 

Institute (NCCLS) guidelines in document M31-A2 (2002). Briefly 50 µl of different PR-39 

concentrations ranging from 2 µM to 40 µM in medium were dispensed into wells of 96-well 

tissue culture plates. Single bacterial colonies were resuspended in sterile 154 mM NaCl. 

The OD600 was measured in a 1:10 dilution of the bacterial suspension, and the OD of the 

original suspension was calculated. The wanted OD of 0.00027 corresponds to the desired 

CFU of 2-8 x 105 /ml and was adjusted by dilution. For E. coli cation adjusted Mueller-Hinton-

Boullion (MHBII) and for A.pp. PPLO medium with Isovitalex (1%) and Tween 80 (0.1%) as 

well as Vast Fastidiuous Medium (VFM) were used. 50 µl of the bacterial suspensions were 

added to each well of the microtiter plate. Plates were incubated overnight at 37°C and the 

MICs were identified as the smallest concentration of PR-39 that inhibits the growth of the 

test bacterium. Ten microliters of 1:10, 1:100 and 1:1000 dilutions of the inoculum as well as 

10 µl of each well of the microtiter plate at the next day were plated onto agar plates to 

determine the MBC by standard CFU counting. The MBC is identified as the smallest 

concentration of PR-39 that prevents any bacterial growth. 

 

Aspartase assay 
As previously shown the aspartase of A.pp. is upregulated upon induction with BALF and 

under anaerobic conditions (JACOBSEN et al. 2005a). Aspartase metabolises aspartate to 

fumarate, which serves as an alternative electron acceptor under anaerobic conditions (VAN 

HELLEMOND and TIELENS 1994). Several BALF components could be responsible for the 

upregulation of aspartase. PR-39 was tested as one potential inducing agent.  
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A.pp. liquid cultures in the logarithmic growth stage (OD660 of 0.3-0.4) were supplemented 

with PR-39 resulting in final PR-39 concentrations ranging from 10 pM to 20 nM (50 pg/ml, 

250 pg/ml, 500 pg/ml, 2.5 ng/ml, 5 ng/ml, 50 ng/ml, 100 ng/ml f.c.). Mixtures were incubated 

for 1 h at 37°C in a shaking incubator. A culture without PR-39 served as a standard and 

negative control. A culture incubated at 37°C for 3 h under anaerobic conditions served as 

positive control.  

Cells were harvested by centrifugation (7,000 rpm, 4°C, 10 min), washed once in 50 mM 

Tris-HCl (pH 7.2), resuspended in 50 mM Tris-HCl (pH 7.2) and stored at –70°C until further 

preparation. Whole cell lysate was prepared as described above (C.2.3.4.). Protein 

concentrations in the whole cell preparations were determined by the BCA assay and 

adjusted to 1 mg protein/ml. The aspartase activity was measured spectrophotometrically at 

240 nm by determination of fumarate formation (TOKUSHIGE 1985): One ml assay buffer 

consisting of 3 mM MgCl2, 0.1 M L-aspartate and 0.1 M Tris-HCl (pH 9.0) was applied to half 

micro cuvettes. After addition of 60 µl (60 µg) of A.pp. whole cell lysate the reaction was 

initiated. In order to exclude unspecific reactions the addition of 50 mM Tris-HCL (pH 7.2) 

instead of whole cell lysate to assay buffer served as a negative control. The increase in 

absorbency at 240 nm was determined (PAULSEN and HUSTEDT 1994). Aspartase activity 

was expressed in relation to the respective standard comparing changes in optical densities 

per minute. 

 

C.6.2.2. Glutathione 

An imbalance between pro- and antioxidants is defined as oxidative stress and can be 

estimated by reduced and oxidized glutathione (GSH/GSSG). BALF supernatants prior to 

A.pp. infection and after infection were examined either unconcentratedly or after 

lyophilization and 10-fold concentration. Glutathione levels were determined using a 

commercially available glutathione test kit for blood (OxisResearchTM, Oxis Health Products 

Inc., Portland, U.S.A) according to the manufacturers instructions with slight modifications. 

Different NaCl concentrations were tested to exclude an influence of increased salt 

concentration. For lyophilized BALF samples 1.5 M NaCl served as a blank and negative 

control. Calibration curves were made with glutathione in 1.5 M NaCl which correspond to 

tenfold concentrated BALF. The GSH/GSSG assay is based on an enzymatic method for 

quantitative determination of total (reduced and oxidized) glutathione (TIETZE 1969). While 

the assay protocol provided a dilution of the original sample to 1:488 in the reaction mixture 

for total glutathione and to 1:60 concentration for GSSG, a dilution of 1:30 for total 

glutathione and of 1:8 for GSSG was chosen for BALF. The original amounts of assay 

components versus the chosen amounts for BALF are given in the Appendix in Table 40 
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Table 7: Numbers of animals for glutathione determination 

Timepoint of 
infection 

GSHtotal 
unconcentrated 

BALF 

GSSG 
unconcentrated 

BALF 

GSHtotal 
lyophilized 

BALF 

GSSG 
lyophilized 

BALF 
Day 0 23 19 12 9 

Day 4/7 15 13 5 3 
Day 21 21 17 10 7 

GSHtotal total glutathione, GSSG oxidized glutathione, GSH reduced glutathione 

 
C.7. Evaluation of PR-39 as a novel respiratory disease marker 

For the evaluation of PR-39 as a disease marker, BALF samples obtained by different 

methods from pigs suffering from various respiratory disease were examined (Table 8). In a 

first step pigs out of one nucleus herd with high respiratory health status were lavaged either 

bronchoscopically (M12), endotracheally (BF1) or transtracheally (BF11) in order to 

investigate the impact of the lavage method itself on the result. In addition pig farms with 

respiratory problems were visited, and transtracheal or endotracheal BAL was performed in 

selected pigs. Bronchoscopic BAL was performed in stationary or ambulant pigs in the Clinic 

for Swine and Small Ruminants, University of Veterinary Medicine, Hannover. An aliquot of 

BALF was transferred immediately to Mycoplasma selective nutrient broth (Mykoplasma 

Liquid Medium ML 10A, Mycoplasma experience Ltd., Reigate, UK). BALF was processed as 

soon as possible for cytological and bacteriological examination. Supernatants were stored 

at –80°C and used for the PR-39 ELISA.  

In a second step results between pigs out of herds with a high (HH) and a low (LH) clinical 

respiratory health status were compared. In a third step diagnostic sensitivities and 

specificities of PR-39 and the relative number of PMN with respect to disease associated 

parameters were calculated and a disease definition was suggested. Finally, recommen-

dations for the practical use of PR-39 were given. 
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Table 8: Origin of BALF samples used for the evaluation of BAL methods and 
disease markers in practice 

Farm 
Number 

of 
animals 

History of 
respiratory 

disease 
Stage of 

production 
Estimated 

body weight of 
examined pigs

Performance of BAL, 
volume of rinsing 

fluid 
BF1 

 
BF11 

 
M12 

20 
 

10 
 
8 

None 
Nucleus herd, 

German Yorkshire 
breed 

15-30 kg 

endotracheal, 30 ml 
 

transtracheal, 20 ml 
 

bronchoscopic, 100 ml 
BF2 5 6 month Finishing unit 70 kg transtracheal, 20 ml 

BF3 5 Acute Farrow-to-finish, 
rearing unit 25 kg transtracheal, 20 ml 

BF4 5 6 month Rearing 8-10 kg transtracheal, 20 ml 
BF5 4 2 month Rearing 25-30 kg transtracheal, 20 ml 
BF6 10 4 month Gilt rearing 40-45 kg endotracheal, 20-40 ml
BF7 10 Several years Gilt rearing 45-50 kg endotracheal, 40 ml 
BF8 10 Several years Gilt rearing 30 kg endotracheal, 40 ml 

BF9 10 Several years Nucleus herd, 
Pietrain, boars 25-30 kg endotracheal, 40 ml 

BF10 10 2 years 
Farrow-to-finish, 

rearing and growing 
unit 

10-45 kg transtracheal, 20 ml 

M11 37 Acute to 
chronic 

Individual piglets 
originating from 
various farms, 

Clinic for Swine and 
Small Ruminants 

10-50 kg bronchoscopic, 100 ml 

 

C.7.1. Comparison of different methods to obtain BALF 

In order to examine differences in BALF samples due to the lavage method, bronchoscopic, 

endotracheal and transtracheal BAL was compared in healthy pigs. 

At day 21 after mock-infection all eight pigs in trial M12 underwent BAL twice. At first, BALF 

was taken bronchoscopically from the Bronchus trachealis and secondly, without visual 

control, from a main bronchus by either endotracheal or transtracheal BAL. BALF samples 

taken in one individual with two different methods and therefore originating from different 

lung localizations were compared. 

To compare the three methods of BAL performed in different individuals, pigs out of one 

nucleus herd with high clinical respiratory health status were lavaged either broncho-

scopically (M12), endotracheally (BF1) or transtracheally (BF11). 

Preliminary reference limits for endotracheal and transtracheal BALF were established. 

 
C.7.2. Comparison of different BAL methods in pigs with various respiratory 

diseases  

Bacteriological findings were evaluated by summarizing detected microorganisms in three 

classes as “facultative pathogens”, “non-classified NAD-dependent bacteria” and 

“commensals and environmental contaminants” (Table 9). All bacterial species which are 
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known to be potential agents causing respiratory disease are subsumed as “facultative 

pathogens” with no further differentiation in “facultative” or “obligate” pathogens. Only 

frequencies of positive samples but not the quantification of colonies of bacterial species 

were taken into consideration. 

 

Table 9: Bacterial isolates found in BALF of healthy and diseased pigs 

Facultative Pathogens Commensals and environmental contaminants 
H. parasuis 
Past. mult. 
B. bronchiseptica 
M. hyopneumoniae 
S. suis 
Arcanobacterium pyogenes 
A.pp. 
 

Non-classified NAD-dependent 
bacteria 

Actinobacillus minor 
Actinobacillus indolicus 
NAD-dependent Actinobacillus spp. 
Other non-classified NAD-dependent 
bacteria 

Acinetobacter spp. coagulase neg. Staph. spp.
Aeromonas spp. M. haemolytica 
Alcaligenes spp. Moraxella spp. 
alpha-haem. Sc. Morganella spp. 
anhaem. Sc. Mould fungus 
Bacillus spp. Myroides spp. 
beta-haem. Sc. Pantoea spp. 
Citrobacter spp. Past. spp. 
Corynebacterium spp. Proteus spp. 
E.coli Pseudomonas spp. 
Enterobacter spp. Scion fungus 
Enterococcus spp. Staph. aureus 
Klebsiella spp. Staph. hyicus 

 

C.7.3. Statistical analysis 

Data were analysed using SAS® statistical software (SAS Institute Inc., Cary, NC, USA). All 

quantitative data were tested for normal distribution using the Shapiro-Wilks Test. Means and 

standard deviations are reported in normally distributed data. Comparison of quantitative 

parameters in two independent animal groups were performed using the Student´s t-Test, 

paired values of the same animals were compared using the Student´s t-Test for paired 

samples. Parameters which are non-normally distributed are reported as median values, the 

25 and 75 percentiles, and maximum and minimum values. Differences in quantitative 

parameters between groups were evaluated using Wilcoxon Two-Sample Test. Paired 

values of the same animals were compared using the Signed Rank Test for Paired Samples. 

Frequencies were compared by Fisher’s Exact Test. Correlations between parameters were 

examined by calculating the Pearsson´s Correlation Coefficient in normally distributed data 

and the Spearman’s Correlation Coefficients in non-normally distributed data.  
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C.7.3.1. Receiver Operating Characteristics (ROC)  

The diagnostic-sensitivity, the diagnostic-specificity and the predictive values are used for the 

evaluation of diagnostic tests. In a four-field table the four test possibilities are described. In 

the text instead of “diagnostic-sensitivity” and “diagnostic-specifity” only “sensitivity” and 

“specificity” are mentioned, although the true disease status of an animal was not known but 

only estimated by disease parameters. 

The diagnostic impact of the relative number of PMNs and the concentrations of PR-39 were 

investigated by constructing Receiver Operating Characteristics (ROC) plots resulting from 

the calculation of sensitivities and specificities for different potential cut-off-values. In ROC-

curves diagnostic sensitivity (Y-axis) and 100-diagnostic specificity (X-axis) at different cut-off 

values are plotted. The applicability of a test system to differentiate between healthy and 

diseased individuals at different cut-off values can be estimated. The 95% confidence limits 

of the respective percentages can be calculated (SAS® statistical software). 

 

C.7.3.2. Odds ratios 

The odds ratio (OR) can be considered as a synonym value for the risk ratio which is defined 

as the proportion of the risk of being diseased in positively tested animals to the risk of being 

diseased in negatively tested animals. The resulting risk ratio is a factor for the increase of 

disease frequency in positively tested animals.  

The OR is the proportion of the quotients of positively to negatively tested animals in the 

groups of diseased and healthy animals: 

 

OR= (D+/H+)/(D-/H-)=(D+ x H-)/(D- x H+) 

 

D+= diseased and test positive 

D-=diseased and test negative 

H+= healthy and test positive 

H-= healthy and test negative 

 

For cut-off values of interest ORs for dichotomic variables were calculated. In case that zero 

appeared in any field of the four-field-table, 0.5 was added to each field to make the ORs 

calculable. Is the OR as well as the lower 95% confidence limit >1, the relative risk of being 

diseased is significantly higher in animals tested positive. 

Additionally the Kappa index was calculated to determine the agreement between the 

defined respiratory status and the respiratory status predicted by the test. 
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C.7.3.3. 95% Confidence limits 

Confidence limits for calculated percentages as prevalence, sensitivity and specificity, are 

dependent on absolute numbers. They were calculated using SAS® statistical software but 

can also be read off statistical tables. In the text confidence limits are only mentioned for 

selected ORs, sensitivities and specificities. 
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D. Results 

D.1. Examination of the respiratory tract during experimental infection with 
Actinobacillus pleuropneumoniae 

D.1.1. Establishing of a validation key for bronchoscopic findings 

The diagnostic value of bronchoscopic findings in the respiratory tract was assessed by 

establishing a bronchoscopic score and retrospective relation to other parameters. 

Bronchoscopic clinical scores were evaluated for all animals prior to infection with A.pp. as 

well as in the acute and chronic stage of infection. Mock-infected pigs were evaluated in the 

same way. Scores were assigned for different criteria shown in Table 10. The sum of scores 

was divided by 5 to get a mean clinical score for the time point of examination. 

Significant increases of the bronchoscopic scores were found in A.pp. infected pigs at day 

4/7 and day 21 after infection (p<0.0001; Fig. 2). These changes did not correlate to the 

extent of lung lesions.  

 

Table 10: Clinical scores as evaluated during bronchoscopy 

 Amount of 
secretion 

Quality of 
secretion 

Color of 
mucosa 

Vascular 
injection Mucosal swelling 

0 None none pale low None, carina not swollen, 
symmetrical 

1 Low serous light pink medium 

Deformed bronchial lumen 
or swollen carina or 
deformed bronchial 
subdivisions  

2 medium mucous hyperaemic or 
blurry high 

Deformed bronchial lumen 
and swollen carina or 
deformed bronchial 
subdivisions  

3 high Purulent or 
bloody 

Deep red 
and/or  
necroses 
and/or surface 
alterations 

Extravasation 
(petechial 
bleeding) 
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Fig. 2: Bronchoscopic scores of mock-infected (groups M10 and M12) and of A.pp. 
infected pigs. The box represents the 50% between 25% and 75% quartiles. The 
line inside the box indicates the median. The top and bottom lines denote 
maximum and minimum values. In A.pp. infected pigs significant differences (p< 
0.05) were indicated by differences in the letters a and b.  

 

 

D.1.2. Validation of bronchoscopic BALF 

The composition of BALF can be influenced by methodological factors such as the lung 

localization rinsed and the fraction number of recovered fluid analyzed. These factors should 

be standardized as good as possible in order to achieve a comparability between BALF 

samples.  

 

Lung localization 
The porcine lung is highly segmented, so that the diagnostic result of a BALF sample cannot 

be considered as representative for the entire lung but only for the lavaged lung segment. 

In five pigs out of group M11 (Table 8) suffering from respiratory disease BAL was performed 

bronchoscopically by first lavaging the Bronchus trachealis followed immediately by lavaging 

a subsegment bronchus of a main lobe. Neither statistical differences nor correlations 

between the numbers of bacterial isolates, total cell counts and recovery rates of both lung 
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localizations were found. Statistical values are given in Table 41 in the Appendix. The 

numbers of bacterial species per sample are shown in Fig. 3. 

 

 

Fig. 3: Numbers of isolates of facultative pathogens and commensals and environmental 
contaminants per BALF sample out of the Bronchus trachealis (A) and the main 
lung lobe (B) of the same pig. Facultative pathogenic species are specified. 
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Recovered fractions of BALF 
The hypothesis that the influx of urea is increased during the procedure of BAL because of a 

longer retention time of rinsing fluid could be rejected by the separate evaluation of the five 

fractions in one individual at four different timepoints. The retention period of the first BALF 

aliquots (125 sec) was more than twice as high as the retention periods for the next four 

aliquots (51.3 + 2.5 sec), but urea concentrations were lowest in the first aliquots. The 

recovery of the first aliquots was lowest because bronchial and alveolar surfaces are initially 

covered by the rinsing fluid and adhesion forces are effective. 

With the exception of recovery rate and urea contents in fractions 1 and 2 no significant 

differences between the different aliquots were found. Data are shown in Table 42 in the 

Appendix. Because BALF fractions were found to be highly variable at the different 

timepoints in the same individuum, it was decided to use a pool of all fractions for further 

examinations. Because protein concentrations in BALF as well as in plasma were highly 

variable at the four different timepoints - day 0, day 25, day 58, day 68 - in the same 

individuum the comparison of proteins in different BALF samples, e.g. by 2D-gel-

electrophoresis, requires determination of the total amount of protein and the adjustment of 

samples to the same protein concentration prior to analyses.  

In order to optimize standardization of the lavage procedure as well as reproducibility and 

comparability of BALF samples, the Bronchus trachealis was consistently chosen for the 

lavage following a standardized protocol using five fractions of 20 ml rinsing fluid each. 

 

D.1.2.1. Reference values of selected components in bronchoscopic BALF 

Reference values of cellular components, total proteins and enzyme activities (LDH, AP) in 

the BALF as well as in the ELF, calculated by the urea dilution method, were established in 

BALF samples obtained bronchoscopically from 52 healthy pigs. All BALF total cell counts 

were below the upper reference limit of 4.5 Giga litre-1 (GANTER and HENSEL 1997). Only 

BALF samples with a recovery rate of a minimum of 80 per cent of rinsing fluid were included 

into the evaluation; further, no BALF samples containing a blood contamination, as assessed 

macroscopically, were included. Because of an asymmetric frequency distribution of values 

of all parameters, the data were transformed into logarithms. The transformed values 

showed an almost symmetrical distribution in total cell counts and in total counts of alveolar 

macrophages in BALF and ELF, in total counts of lymphocytes in the BALF, in urea contents 

in plasma and BALF, in LDH- and AP-activities in ELF, and in the ELF dilution factors. 

Reference values for these parameters were set as the arithmetic mean of the log-

transformed values + two standard deviations. Reference limits are the re-transformed 

results. There was a significant correlation between the logarithms of plasma urea and urea 

in BALF (Pearson´s Correlation Coefficient: r=0.55, p<0.001). The recovery rate, the 
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amounts of non-cellular components per ml BALF, and the ratios of LDH:total protein, 

AP:total protein and AP:LDH are shown in Table 43 in the Appendix. 

The log-transformed values of all other parameters showed significant deviations from a 

Gaussian distribution, so that the 0.95 reference range was indicated by 0.025 and 0.975 

fractiles for establishing reference values. Reference limits are shown in Table 11. 
 

Table 11: Means and standard deviations and reference limits of BALF and ELF of 52 
healthy pigs 

 Means±SD Reference limits 

BALF 

Total cell count  -0.13±0.27 log (Giga litre-1) 0.22-2.55 (Giga litre-1) 

Total count of macrophages -0.22±0.30 log (Giga litre-1) 0.15-2.42 (Giga litre-1) 

Total count of lymphocytes -1.43±0.39 log (Giga litre-1) 0.01-0.22 (Giga litre-1) 

Total count of PMNs  0.001-0.11 (Giga litre-1) 

Relative number of macrophages   58-100 (%) 

Relative number of lymphocytes   0.01-16 (%) 

Relative number of PMNs  0.01-9 (%) 

Urea  -0.77±0.23 log (mmol litre-1) 0.06-0.48 (mmol litre-1) 

Protein   0.01-0.52 (gramme litre-1)

LDH   10-120 (Units litre-1) 

AP   7-88 (Units litre-1) 

ELF 

Total cell count  1.09±0.33 log (Giga litre-1) 2.71-56.49 (Giga litre-1) 

Total count of macrophages  1.00±0.35 log (Giga litre-1) 2.02-49.91 (Giga litre-1) 

Total count of lymphocytes  0.1-4.74 (Giga litre-1) 

Total count of PMNs   0.01-3.48 (Giga litre-1) 

Protein   0.1-13.13 (gramme litre-1)

LDH  2.68±0.29 log (Units litre-1) 127-1843 (Units litre-1) 

AP  2.47±0.27 log (Units litre-1) 86-994 (Units litre-1) 

Plasma urea  0.45±0.15 log (mmol litre-1) 1.38-5.67 (mmol litre-1) 

ELF-factor 1.22±0.19 log 6.80-40.2 

 

The new reference values were determined for pigs of the appropriate age and for the 

established standardized bronchoscopic BAL protocol used for all further infection 

experiments.  
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D.1.3. Ultrasonic examination of the lung during experimental aerosol infection 
with A.pp. 

In order to evaluate the A.pp. aerosol infection model with respect to the development of lung 

alterations the diagnostic value of thoracic ultrasound was investigated. Sixteen pigs infected 

via aerosol either with an A.pp. serotype 2 strain or the respective mutant strain were 

examined for ultrasonically detectable lung alterations during the course of disease. Prior to 

infection no lung alterations could be detected using ultrasound. 

Ultrasonic findings were either attributed as pleuritis (low reflexes or hypoechogenic 

structures at the lung surface) or abscesses/sequesters (hypo- or hyperechogenic structures) 

and compared to pathomorphological lung alterations retrospectively (Table 12). The 

ultrasonic detection of pleuritis and lung sequesters was more sensitive in the acute stage of 

infection. At this stage of infection liquid in the pleural space as well as the higher liquid 

content of lung sequesters facilitated the ultrasonic detection of lung tissue alterations. In the 

chronic stage of infection the low sensitivity of the method due to the consolidation of lung 

tissue sequesters led to false negative results, so that the extent of pathomorphological lung 

alterations cannot be determined quantitatively using thoracic ultrasound. An orientation 

guide for thoracic ultrasound in pigs is shown in Fig. 4. Ultrasonic findings 21 days after A.pp. 

infection are exemplified in two pigs (Fig. 5 and Fig. 6). 

 

Table 12: Sensitivity and specificity of ultrasonic findings  

Ultrasonic findings day 4 (n=15) Ultrasonic findings day 21 (n=15) 
 

Total Pleuritis Abscesses Total Pleuritis Abscesses 
Lung 
alterations 
day 21 

 + - + - + - + - + - + - 

+ 7 1     4 4     
Total 

- 2 5     1 6     
+ 3 2   1 4   

Pleuritis 
- 

Sens. 87.5% 
Spec. 71% 2 8   

Sens. 50% 
Spec. 85.7% 0 9   

+   4 3   2 5 
Abscesses 

-   
Sens. 60%
Spec. 80% 1 7   

Sens. 20% 
Spec. 100% 2 6 

         
 

     
Sens. 57% 
Spec. 87.5%     

Sens. 28,5%
Spec. 75% 
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Fig. 4: Orientation guide for thoracic ultrasound in pigs (KLEIN 1999; POPESKO 1998) 

 

Fig. 5: Ultrasonic findings of pig M2/2 at day 21 after A.pp. infection (4. ICR, left hand 
side). Pathomorphological findings: The left medial lobe showed multiple small 
lung tissue sequesters and fibroblastic adhesions with the cranial lobe and 
thoracic wall. The right caudal lobe showed one cobnut sized sequester and 
fibroblastic adhesions to the thoracic wall. The total lung lesion score was 1.5. 
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Fig. 6: Ultrasonic findings of pig M2/6 at day 21 after A.pp. infection. The total lung lesion 
score was 5.8. A: 3. ICR, right hand side. Pathomorphological findings: Cranial 
and medial lobes showed multiple circumscribed lung tissue sequesters and a 
mild pleuritis. B: 6. ICR, left hand side. Pathomorphological findings: The caudal 
lobe showed one walnut sized sequester and a mild pleuritis.  
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D.1.4. Establishing animal models for experimental A.pp. infection 

In order to establish appropriate animal models for A.pp. infection different infection routes 

were compared with each other and with naturally occurring A.pp. infection. Different A.pp. 

serotypes, different infective doses, differing time points after infection, postmortal BAL of the 

whole lung vs. bronchoscopic BAL, and the age of the animals have to be taken into account 

as important additional influencing factors.  

 

D.1.4.1. Intratracheal infection of gilts (A1) 

The aerosol infection in an aerosol chamber is not possible in older pigs with body weights 

above 50 kg bw. In order to establish an animal model for experimental A.pp. infection in 

adult pigs and to investigate the susceptibility to A.pp. and the pathogenesis of disease in 

older pigs an intratracheal infection route was tested. 

An overwiew of clinical and postmortal findings and the recovery of A.pp. in individual pigs is 

given in Table 13. Pigs suffered from severe respiratory symptoms with all infection doses, 

so that it was concluded that older pigs were as susceptible to an A.pp. infection as younger 

pigs. With the exception of two pigs which had been infected with 8 x 103 CFU and which 

survived until the end of the experiment on day 7, all pigs had to be euthanized at the first 

day after infection. Pigs challenged with the highest dose (6 x 1010 CFU) did not show any 

respiratory symptoms but died with symptoms of shock within 10 h after infection. At 

postmortem examination symptoms of cardiovascular failure were found with increased fluid 

in the pericardium and lung oedema (Fig. 7). From the first day after infection all surviving 

pigs showed inappetence. The main primary symptoms were lethargy and severe dyspnoea. 

One of the two pigs which had been infected with 8 x 103 CFU showed nausea. Sporadic 

coughing was observed after infection and became manifest starting day 4 after infection. 

Both pigs were euthanized at day 7 after infection. Pathomorphological examination revealed 

a chronic pleuritis with large fibroblastic adhesions to the thoracic wall and purulent fluid in 

the pleural cavity. All lung lobes showed sequestered areas (Fig. 9). The swollen spleen 

showed a high-grade follicular hyperplasia and the kidneys contained fresh infarcts. 

Two pigs infected with 6 x 105 CFU survived 16 h. At post mortem analysis both animals 

showed increased volumes of fluid in pericardium and pleural cavity as well as a high-grade 

fibrinous pleuritis. The lung parenchyma was swollen and deep red (Fig. 8). The spleen was 

swollen and showed a follicular hyperplasia. Fresh infarcts could be seen in the kidneys. 

Both pigs infected with 2 x 103 CFU survived 48 h. Pathomorphological findings were similar 

to those of the two pigs infected with 6 x 105 CFU, but pleuritis was already partly fibroblastic 

with a thickened pleura (3 mm) (Fig. 10).  

The intratracheal A.pp. infection model for finishing and adult pigs was as reliable as the 

aerosol A.pp. infection model in growing pigs.  
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Table 13: Infection dose, survival time, clinical symptoms, pathomorphological and 

bacteriological findings in 8 gilts infected intratracheally with A.pp. 
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1  1010 10 h 12.1 - + + +++ + - - 
2  1010 10 h 5 - + - +++ - - - 
3  6*105 16 h 23.8 - + + +++ ++ + ++ 
4  6*105 16 h 26.3 - - +++ +++ + + + 
5  8*103 6 Tg 18.8 + + + +++ + ++ ++ 
6  8*103 6 Tg 28.7 + + + +++ + + ++ 
7  2*103 48 h 21.4 + + + + - + - 
8  2*103 48 h 29.7 - + - +++ + + ++ 

+ A. pp. growth only on directly inoculated agar, ++ A. pp. growth in first streak, +++ A. pp. 
growth in second streak 
 

 

Fig. 7: Pathomorphological findings 10 h after intratracheal infection of gilts with 6 x 1010 
CFU A.pp.: Lung oedema and haemorrhagy 
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Fig. 8: Pathomorphological findings 16 h after intratracheal infection of gilts with 6 x 105 
CFU A.pp.: Fibrinous pleuritis (A) and fibrinous pneumonia (B). 
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Fig. 9: Pathomorphological findings 7 days after intratracheal infection of gilts with 8 x 
103 CFU A.pp.: Fibroblastic pleuritis and lung sequesters with colliquative 
necrosis.  
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Fig. 10: Pathomorphological findings 48 h after intratracheal infection of gilts with 2 x 103 
CFU A.pp.: Fibroblastic pleuritis (A) and purulent necrotic pneumonia (B). 
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D.1.4.2. Comparison of cellular and biochemical parameters during experimental 
and naturally occuring A.pp. infection  

In a swine herd with a naturally occuring outbreak of porcine pleuropneumoniae (A.pp. 

serotype 2) postmortal BALF samples from pigs with acute clinical symptoms (n=3) and from 

pigs at day 14 after the occurrence of first clinical signs (n=19) were examined and compared 

to 

i) BALF samples from pigs of trial D (A.pp. serotype 7) 14 and 21 days after 

experimental intrabronchial infection (n=9), 

ii) BALF samples from pigs of trial M2 (A.pp. serotype 2) 4 and 21 days after 

experimental aerosol infection (n=8), 

iii) BALF samples from pigs of trial T80 (A.pp. serotype 7) 7 and 21 days after 

experimental aerosol infection (n=8) 

 

Postmortal BALF samples from pigs with natural A.pp. infection were characterized by higher 

protein concentrations (lower dilutions of the ELF), which was likely due to the difference in 

lavage method (lavaging the whole lung). For a better comparability of postmortal and 

bronchoscopic BALF, parameters were transformed to ELF-concentrations. Increases in lung 

lesion scores, LDH and AP activities, LDH/protein- and AP/protein-quotients, total cell 

counts, absolute and relative numbers of PMNs as well as decreases in the relative number 

of macrophages were taken into consideration to assess the severity of disease.  

The comparison of the different routes of experimental infection - intrabronchial and via 

aerosol -, as well as the comparison of aerosol infection with different A.pp. serotypes, 

resulted in no differences in lung lesion scores. Intrabronchial infection resulted in a more 

severe course of disease than aerosol infection.  

A more severe state of disease at day 4 after aerosol infection with A.pp. serotype 2 than at 

day 7 after aerosol infection with A.pp. serotype 7 was found. In the chronic stage of infection 

no differences could be found between both serotypes. 

LDH- and AP-activities as well as the LDH/protein- and AP/protein-quotients were only useful 

as indicators for lung alterations during a severe course of infection as in the intrabronchial 

infection group. 

Descriptive statistical values of the respective parameters within each group are shown in 

Table 44 in the Appendix. Significant differences between groups were calculated using 

either the Student’s t-Test (normally distributed data) or the Wilcoxon Two-Sample Test. The 

respective error probabilities of significances are shown. 
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Summary of the comparison of different infection routes 
The advantage of the intrabronchial infection route is the safe application of a quantitatively 

well-defined infective dose. It is applicable in young and adult pigs independent of body 

weight and age. The intrabronchial infection route is highly standardized but results in a more 

severe course of disease than the aerosol infection route or natural infection, because the 

host defense mechanisms of the upper respiratory tract are bypassed. Obvious differences in 

important disease parameters in intrabronchially and naturally A.pp. infected pigs show that 

the intrabronchial infection route is not appropriate to mimic natural infection. For the 

examination of host-pathogen interactions during A.pp. infection the aerosol infection route is 

a most appropriate animal model for younger pigs. Differences between A.pp. serotypes 

could not be observed in the chronic stage of infection. 

 

D.1.4.3. Aerosol infection experiments and clinical observations 

Animals of 52-65 days of age (trials T80, M2, M3, M4, M6) were infected in an aerosol 

chamber. Bronchoscopic BAL was performed as described above. 

After experimental aerosol infection all swine showed clinical symptoms like depression, 

inappetence or coughing. The body temperatures exceeded 40°C in 30 of 40 animals (75%) 

during the first three days after infection. Upon necropsy, lung lesions were diagnosed as 

coagulative and liquefacious necroses which were sequestered by a fibrinous demarcation. 

A.pp was reisolated from pneumonic lesions, tonsils or lung lymphnodes in 87% pigs (34/39). 

Data are recorded in Table 45 in the Appendix. 

To show differences in BALF composition between healthy and A.pp.-infected pigs most 

clearly, pigs with more than 9% PMN in the differential cell count prior to infection were 

excluded from the evaluation study as well as two pigs without any pathomorphological lung 

alterations at day 21 after infection in combination with constant negative bacteriological 

results. The remaining 33 pigs were grouped according to their lung lesion score (Table 26). 

A lung lesion score of 5 was chosen as the cut-off between pigs with mild and severe 

affections of the lung. The bronchoscopic scores were increased in both groups at days 7 

and 21 in comparison to day 0.  

 

D.1.4.4. Influence of the procedures of BAL and aerosol infection on lung milieu: 
mock-infected pigs 

In order to assess the influence of the technical procedures of three consecutive 

bronchoscopic BALs and aerosol aspiration on the respiratory health status of pigs, two 

mock infection experiments were performed. The experiments were necessary to reject the 

hypothesis of an influence of the technical procedure itself during the A.pp. infection 

experiments. The two control groups (M10 and M12) used for mock infection with 154 mM 
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NaCl contained eight pigs each, and originated from a herd with high clinical respiratory 

health status. Although all pigs were free of clinical symptoms, differences were found 

between both groups with respect to the number of pigs showing positive bronchoscopic 

findings or relative numbers of PMNs exceeding the 9% cut-off. 

Group M10 was rated as consisting of pigs with an affected respiratory tract. Three pigs 

showed increased relative numbers of PMNs, i.e. more than 9% in the differential cell count 

of the first BALF, which has been considered the cut-off value for healthy pigs. Only one pig 

was without visual pathological findings upon bronchoscopy in the bronchial tree. S. suis was 

found in seven animals, B. bronchiseptica was found in six pigs, and H. parasuis in two 

animals at the beginning of the experiment.  

Pigs in group M12 were rated as pigs with a good clinical respiratory health status. 

Nevertheless two pigs showed more than 9% PMNs in the BALF differential cell count. Four 

pigs were without pathological findings upon bronchoscopy in the bronchial tree. B. 

bronchiseptica could be isolated from the first BALF of six pigs. Significant differences 

between both mock-infection experiments with respect to selected cellular parameters are 

shown in Table 46 in the Appendix. 

Independent of the initial health status the repeated BAL as well as NaCl-aerosolisation 

during mock-infection did not have any effect on the frequency of detection of facultative 

pathogenic bacteria (B. bronchiseptica, Past. mult., H. parasuis., S. suis) or the frequency of 

commensals and environmental contaminants in both groups. Further, there was no increase 

in the bronchoscopic scores within each mock infection group (Fig. 2). Therefore, 

consecutive BALs on their own do not have a significant impact on the respiratory tract. 

 

D.2. Searching for markers in BALF samples to define respiratory health 

Up to now the definition of respiratory health and the detection of respiratory disease in 

swine is based onto serological, virological and bacteriological findings. The aim of the study 

was to find endogenous disease markers in porcine BALF which are independent of the 

causative agents for inflammation inside the respiratory tract. 

In a first approach BALF, as a complex sample, was compared prior to and after 

experimental aerosol infection with A.pp. using different methods. In a second approach 

selected parameters were examined in BALF prior to and after infection.  

In a limited number of surfactant preparations after infection a tendency of decreased total 

phospholipid concentrations and decreased relative amounts of palmitoyllinoleoyl-PC 

(16:0/18:2 PC) as well as increased total protein concentrations and increased relative 

amounts of palmitoylmyristoyl-PC (16:0/14:0 PC) and palmitoyloleoyl-PC (16:0/18:1 PC) 

were observed. The surfactant function as well as SP-A and SP-D were not influenced after 

infection in the examined animals. 
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Phage display against protein spot 10 (prophenin-2) resulted in two binding phage clones, 

while nine phage clones were found which bound specifically to components in BALF of 

infected pigs (Table 49 in the Appendix). The identified phages were not usable as diagnostic 

reagents to further characterize BALF components . 

 

D.2.1. Searching for markers in complex BALF samples to define respiratory 
health 

D.2.1.1. Surface-enhanced laser desorption/ionization (SELDI) mass spectrometry  

Using different combinations of low or high molecular weight matrices with hydrophobic, 

anionic and cationic exchange surfaces protein peaks of BALF of three pigs prior to infection, 

of the acute stage and of the chronic stage of infection were analyzed for consistent 

differences in peak occurrence. Protein peaks of different molecular weights are summarized 

in Table 47 in the Appendix. Two peaks were identified, which were consistently different in 

all three pigs at different stages of infection; one peak at approximately 10.6 kDa (a protein 

with cationic properties), and one peak at approximately 4.9 kDa (a protein with anionic 

properties) were only found after infection. An approximatley 15 kDa protein with anionic 

properties was only found prior to infection. However, the protein amounts available were not 

sufficient to facilitate further characterization of these proteins. 

 

D.2.1.2. Comparison of BALF-2D-Patterns 

Swine with chronic A.pp. infection showed different protein patterns in BALF in comparison to 

healthy individuals. The summary of the evaluation of BALF protein patterns of ten pigs prior 

to infection and at day 21 after infection is reflected by the virtual 2D-gel shown in Fig. 11. 

The intensity of 77 protein spots was found to be increased in the chronic stage of infection 

in individual animals. The clinical data of the ten examined pigs are shown in Table 14. The 

frequency of protein spot occurrence within the ten examined pigs is shown in Table 48 in 

the Appendix.  

Impreciseness in the adjustment of sample protein content is due to the method of protein 

quantification. Because BALF protein content was reproducible higher in infected animals 

less BALF volume from samples of day 21 after infection was taken for sample preparation. 

This results mostly in slightly lower final protein application to the 2D-PAGEs of infected 

animals. Therefore a decrease of spot size could not be evaluated, whereas the alpha error 

in detecting increased spot sizes is minimized automatically.  

Twelve spots which were found to be increased in intensity at day 21 after infection in at 

least seven out of the ten pigs are shown in Fig. 12. They were sent for peptide mass 

spectrometry analysis, and protein detection was successful in six spots. Peptide sequences 

are shown in Table 16. Data base comparison revealed matches for three proteins. Two 
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proteins were identified as prophenin-2 precursor and PR-39, both belonging to the group of 

cathelicidin-associated antimicrobial peptides in eukaryotes. One protein was identified as 

Calgranulin C which is a member of the highly various S100-protein family of calcium-binding 

proteins (DELL'ANGELICA et al. 1994).  

2D-PAGEs of concentrated BALF protein fractions after ultrafiltration with cut-offs of 30 kd 

and 100 kd are shown in Fig. 13. Spots of interest are increased at day 21 after infection. 

BALF from day 4 or day 7 after infection from eight out of the ten pigs was analysed by 2D-

gel electrophoresis and inspected for presence or absence of the twelve interesting spots 

mentioned above (Table 15). A consistent protein pattern among different pigs irrespective of 

the day or the serotype could not be found. Pigs which had been infected with A.pp. serotype 

2 and were lavaged on day 4 after infection showed more of the 12 spots increased than pigs 

infected with A.pp. serotype 7 and lavaged at day 7 post infection. No difference in the lung 

lesion scores was found at day 21 between both groups.  

 

Table 14: Clinical, pathological and microbiological parameters of pigs selected for 
2D-PAGE of BALF samples 
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M2/2 2 40.0 1.5 7.5 16.5 0 0 0 
M2/4 2 39.8 2.7 11 8.7 0 0 3 
M2/6 2 39.3 5.8 7.3 4.5 2 0 3 
M2/7 2 40.3 0.3 10 5.5 2 0 1 
M3/1 7 40.8 3.15 12.2 2 1 0 3 
M3/2 7 40.8 5.21 7.5 22.8 1 0 3 
M3/3 7 40.0 12.99 11 42 0 0 1 
M3/4 7 40.2 13.38 8.2 52.2 1 0 1 
M3/5 7 40.4 7.49 15.7 36 0 3 3 
M3/6 7 40.7 12.5 6.3 15 0 3 3 

 
1)  The scheme of lung lesion mapping and evaluation described by Hannan et al. 1982 and 

stipulated in the European Pharmacopoeia for the testing of A. pp. vaccines was used.  
2)  0, no detectable colonies; 1, less than 100 colonies; 2, more than 100 colonies but no 

confluent growth; 3, confluent growth 
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Table 15: Retrospective examination of BALF 2D-PAGE of the acute stage of infection 
for protein spots which were differentially expressed at day 21 p. inf.  
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Fig. 11: Constructed exemplary 2D-gel of porcine BALF proteins which were differentially 
expressed at day 21 after experimental A.pp. infection in individual pigs. The 
protein patterns of ten pigs prior to infection and at day 21 after infection had been 
compared. Spots which are surrounded by circles appear in the protein pattern of 
the pig M3/5 which is shown here. Spots which occured in BALF 2D-gels of other 
individuals complement this fictive pattern as hatched circles. Numbered spots 
are annotated in Table 48.  
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Fig. 13: Silver stained 2D-PAGE of BALF from a representative pig (M3/2) prior to 
infection (A) and on day 21 after infection with A.pp. (B). BALF protein fractions of 
30-100 kDa (approximately 160 µg) and lower 30 kDa (approximately 8 µg) were 
concentrated prior to sample preparation for 2D-PAGE by two ultrafiltration steps 
with cut-offs of 100 kDa and 30 kDa.  

 

D.2.2. Evaluation of specific parameters in porcine BALF 

Because 9% PMN in the BALF differential cell count have been found to be the reference 

limit in healthy pigs (Table 11), pigs with higher relative numbers of PMNs in BALF prior to 

infection were excluded from the following evaluation studies; also, two pigs without any 

pathomorphological lung alterations at day 21 after infection in combination with constant 

negative bacteriological results were excluded. 

 

D.2.2.1. PR-39 in BALF and serum 

Two proteins, which had been identified by mass spectrometry as prophenin-2 precursor and 

PR-39, both belong to the cathelicidin family of antimicrobial peptides. Further investigations 

focused on PR-39, because its various effects in the context of inflammation and host-

pathogen interaction have been shown previously. It appeared to be the most promising 

candidate to be used as a health marker for the porcine respiratory tract. Thus, this 

antimicrobial peptide is specific for pigs, it has been described to be present in increased 
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amounts in serum after an intestinal salmonella infection, and a diagnostic ELISA in serum to 

quantify the PR-39 concentrations has been described.  

Searching for ways to support the results of 2D-PAGE in a larger number of animals, PR-39 

was examined in BALF samples by Western-Blot analyses and ELISA using different anti-

PR-39 antibodies. 

 

D.2.2.1.1. Preparation of rabbit anti PR-39 antisera 

In order to facilitate detection of PR-39, sera against different peptides were raised in rabbits. 

Rabbit antiserum raised against the carboxyterminal PR-39 peptid fragment (rabbit pAb) 

recognizes the mature PR-39 and its proforms but shows cross reactions to whole BALF 

protein components as well as to A.pp. and E. coli. Rabbit antiserum directed against the 

aminoterminal half of the PR-39 peptid did not show specific reactions with PR-39.  

In addition to the rabbit sera prepared in house, a polyclonal rat anti-PR-39 serum and a 

monoclonal mouse anti-PR-39 antibody was kindly provided by Frank Blecha, Department of 

Anatomy and Physiology, College of Veterinary Medicine, Kansas State University, 

Manhattan, Kansas, USA, for further investigations. 

 

 

Fig. 14: Western blot analysis of PR-39 in BALF. Synthetic PR-39 (10 ng) and native PR-
39 and its proforms in porcine BALF are detected either with mouse anti-PR-39 
Mab (A) or rabbit anti-PR-39 pAb (B). In 1A, 2A, 3A, 6A and 7A concentrated 
BALF from healthy pigs (M3/2, M3/4, M3/6, M3/3, M3/6) prior to infection is 
shown. In 1B, 2B, 3B, 6B and 7B concentrated BALF from the respective animals 
21 days after experimental A.pp. infection is shown. 4A (M3/3) and 5A (M3/6) are 
unconcentrated BALF samples from healthy pigs in comparison to 
unconcentrated BALF samples of the same animals 21 days after A.pp. infection 
(4B, 5B). A chemiluminescent peroxidase substrate was used to visualize 
antibody binding.  
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D.2.2.1.2. Western-Blot analysis of PR-39 in BALF 

Western Blot analyses confirmed the differential expression of PR-39 that was observed in 

2D-PAGE. Precursor and processed forms were detected reproducibly in BALF taken from 

pigs on day 21 after infection but not in BALF taken prior to infection. 

To increase the sensitivity of PR-39 Western blot detection BALF samples were 

concentrated by TCA precipitation. In some samples of chronically infected pigs, however, 

PR-39 was present in very high amounts, thereby facilitating detection in non concentrated 

BALF fluids (Fig. 14, line 4B).  

 

D.2.2.1.3. PR-39 ELISA 

To semiquantitatively determine if PR-39 was reproducibly increased after infection and if 

serum levels changed accordingly, a large number of samples was evaluated by ELISA 

technique. 

 

D.2.2.1.3.1. Test evaluation 
PR-39 levels in BALF were determined using the mouse mAb as a capture antibody. Either 

the rat pAb or the rabbit pAb were used as the detecting antibody, and the ELISA was 

validated using synthetic PR-39 peptide. After optimization the limit of detection of the PR-39 

ELISA was a concentration of 0.05-0.08 nM PR-39 with the rat pAb as the detecting antibody 

and a concentration of 0.1-0.2 nM PR-39 with the rabbit pAb. The correlation coefficients 

between optical densities and the respective calculated PR-39 concentrations were 0.96 for 

measurements with the rat pAb and 0.85 for measurements with the rabbit pAb up to a 

concentration of 4 nM PR-39. 

An essential step in the validation of an ELISA is the determination of the reproducibility. The 

quality of the plate coating with the monoclonal PR-39 antibody as well as the quality of the 

positive standard, the quality of the detecting antibody and of the conjugate are crucial for a 

serological test.  

 
Well-to-well variation  

In order to examine the reproducibility between single wells 100 µl of the PR-39 standard 

(12.5 ng/ml or 2.6 nM) were applied to 6 wells each on in line B. Line A served as a blank. 

On plates 1 and 2 the test was performed using the rat pAb and on plates 3 and 4 the test 

was performed using the rabbit pAb as the detecting antibody. Together with the previously 

determined dilutions of detecting serum and conjugate the colour development of the test 

was shown to be in a linear range with this standard concentration. The raw data (OD) are 

shown in Table 17. 
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Table 17: Reproducibility from well to well (OD) 

plate  OD1 OD2 OD3 OD4 OD5 OD6 mean SD V% 
Blank 0.284 0.241 0.229 0.232 0.203 0.214 0.23 0.03 12.00 
PR-39 1.744 1.777 1.92 1.99 2.022 1.992 1.91 0.12 6.25 

1 

Difference 1.46 1.536 1.691 1.758 1.819 1.778 1.67 0.14 8.62 
Blank 0.279 0.266 0.274 0.277 0.303 0.281 0.28 0.01 4.44 
PR-39 1.383 1.731 1.772 1.92 2.094 1.882 1.80 0.24 13.33 

2 

Difference 1.104 1.465 1.498 1.643 1.791 1.601 1.52 0.23 15.36 
Blank 0.326 0.358 0.349 0.353 0.328 0.339 0.34 0.01 3.89 
PR-39 2.163 2.160 2.122 2.057 2.024 2.072 2.10 0.06 2.73 

3 

Difference 1.837 1.802 1.773 1.704 1.696 1.733 1.76 0.06 3.20 
Blank 0.396 0.422 0.436 0.420 0.416 0.407 0.42 0.01 3.28 
PR-39 1.215 1.383 1.462 1.314 1.449 1.412 1.37 0.09 6.82 

4 

Difference 0.819 0.961 1.026 0.894 1.033 1.005 0.96 0.08 8.86 
OD optical density, V% coefficient of variation 

 

Variations of the blank wells were observed which are commonly due to unspecific reactions 

of detecting serum or conjugate with the monoclonal coating antibody. The variation 

coefficient determined for blanked values was observed to be below 20%.  

 
Intra assay variation 

For calculation of the intra assay variation the ELISA was performed with standard PR-39 

(12.5 ng/ml or 2.6 nM) in two wells on one plate and in 6 wells each on two plates (see well 

to well variation). Two-fold linear dilutions of synthetic PR-39 peptide were applied from line 

B to H, so that PR-39 concentrations could be determined by a standard calculation method 

(BUTLER et al. 1987). Results of the ELISA with both detecting antibodies (rat pAb/ rabbit 

pAb) are shown in Table 18 and 19. 

 

Table 18: Intra assay variation with standard PR-39 (12.5 ng/ml) and polyclonal rat-
anti-PR-39 as the detecting antibody 

Plate (ng/ml) 
1 

(ng/ml) 
2 

(ng/ml) 
3 

(ng/ml) 
4 

(ng/ml) 
5 

(ng/ml) 
6 

Mean 
(ng/ml)

SD 
(ng/ml) V% 

1 13.20 12.10     12.65 0.78 6.2 

2 12.91 14.30 14.42 14.70 14.54 13.01 13.98 0.80 5.7 

3 15.51 14.83 15.26 17.23 15.38 11.65 14.98 1.83 12.2 

          

      mean 13.87 1.14 8.0 
V% coefficient of variation 
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Table 19: Intra assay variation with standard PR-39 (12.5 ng/ml) and polyclonal rabbit-
anti-PR-39 as the detecting antibody 

Plate (ng/ml) 
1 

(ng/ml) 
2 

(ng/ml) 
3 

(ng/ml) 
4 

(ng/ml) 
5 

(ng/ml) 
6 

Mean 
(ng/ml)

SD 
(ng/ml) V% 

1 11.56 11.01 10.49 11.42 11.20 9.25 10.82 0.86 7.9 

2 13.37 12.82 13.34 14.09 12.61 15.17 13.57 0.94 6.9 

3 11.53 12.20 13.56 14.20 9.96 12.58 12.34 1.51 12.2

          

      mean 12.24 1.10 9.0 
V% coefficient of variation 

 

For PR-39 detection either with the rat pAb or the rabbit pAb the intraassay coefficients of 

variation were in average lower than 10%. By analysis of variance with one factor the mean 

coefficient of variation within a plate was calculated. It was 10% using the rat pAb as the 

detecting antibody and 9% using the rabbit pAb as the detecting antibody. 

 
Inter assay variation 

Four different standard PR-39 concentrations were examined by the PR-39-ELISA at least in 

duplicate on three different days. The inter assay variations are shown in Table 20 and Table 

21. 

 

Table 20: Inter assay variation with different standard PR-39 concentrations and the 
polyclonal rat-anti-PR-39 as the detecting antibody 

PR-39 concentration (ng/ml) 25.00 20.00 12.50 6.25 
  
Plate 1 18.75 25.40 14.37 5.28 
Plate 2 25.61 19.39 14.27 7.03 
Plate 3 27.15 21.19 13.00 7.48 
Mean 23.84 21.99 13.88 6.59 
SD 3.65 2.52 0.62 0.95 
V% 15.3 11.5 4.5 14.4 
V% coefficient of variation 
 

Table 21: Inter assay variation with different standard PR-39 concentrations and the 
polyclonal rabbit-anti-PR-39 as the detecting antibody 

PR-39 concentration (ng/ml) 10.00 20.00 12.50 6.25 
  
Plate 1 6.86 13.99 12.30 5.81 
Plate 2 9.46 28.13 13.83 4.65 
Plate 3 10.79 16.83 11.67 7.03 
Mean 9.04 19.65 12.60 5.83 
SD 2.00 7.48 1.11 1.19 
V% 22.1 38.1 8.8 20.4 
V% coefficient of variation 
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In routinely performed serological tests, plates are coated with the purified antigen and 

serum antibodies are detected. In contrast to this scheme the PR-39-ELISA is a capture 

ELISA requiring additional incubation steps. This leads to an increased error rate which is 

reflected by the results of the inter assay variation analysis. Thus, with the polyclonal rat-anti-

PR-39 detecting antibody the interassay coefficient of variation was lower than 20% (mean 

11%). With the polyclonal rabbit-anti-PR-39 the interassay coefficients of variation was 

higher (mean 22%; Table 21). By analysis of variance with one factor the mean coefficient of 

variation between plates within different concentrations was calculated. It was 34% using the 

rabbit pAb and 17% using the rat pAb as the detecting antibody. These data show that the 

rat pAb is better suited for the PR-39 capture ELISA.  

Additionally the inter assay variation was evaluated for 20 BALF samples with low or mediate 

PR-39 concentrations which had been examined on at least three different plates (Table 22). 

Samples with very high PR-39 concentrations showed a very high inter assay variation. This 

is to be expected as these samples had optical densities above 1.0 and are, therefore, 

beyond the linear part of the enzyme reaction curve.  

ELISA-Units (EU) were converted into molar concentrations based on the molecular mass 

(4720.7) and the concentration of synthetic PR-39 causing an ELISA response of 100 EU 

(12.5 ng/ml). 

 

Table 22: Inter assay variation of the PR-39 ELISA (rat pAb) with BALF samples 
Plate Plate 1 Plate 2 Plate 3 Plate 4 Mean SD V% 

Sample 
number EU nM EU nM EU nM EU nM EU nM EU nM V% 

1 231 6 188 5 85 2   168.0 4.3 75.0 2.1 44.7 
2 217 6 129 3 113 3   153.0 4.0 56.0 1.7 36.6 
3 0 0 0 0 0 0   0.0 0.0 0.0 0.0 0.0 
4 0 0 0 0 0 0   0.0 0.0 0.0 0.0 0.0 
5 0 0 0 0 0 0   0.0 0.0 0.0 0.0 0.0 
6 0 0 0 0 0 0   0.0 0.0 0.0 0.0 0.0 
7 0 0 0 0 0 0   0.0 0.0 0.0 0.0 0.0 
8 0 0 0 0 0 0   0.0 0.0 0.0 0.0 0.0 
9 8.2 0.2 39 1 38 1 17.5 0.5 25.7 0.7 15.3 0.4 59.6 

10 36 1 18 0.5 23 0.6 21 0.5 24.5 0.7 7.9 0.2 32.4 
11 368 10 673 17 474 12 325 8 460.0 11.8 155.2 3.9 33.7 
12 145 4 150 4 139 4 108 3 135.5 3.8 18.9 0.5 13.9 
13 825 21 251 7 441 11 557 14 518.5 13.3 240.1 5.9 46.3 
14 11.29 0.3 35 1 48 1 23.5 0.6 29.4 0.7 15.7 0.3 53.3 
15 329 9 226 6 196 5 184 5 233.8 6.3 65.9 1.9 28.2 
16 354 9 231 6 228 6 184 5 249.3 6.5 73.1 1.7 29.3 
17 1155 30 809 21 690 18 851 22 876.3 22.8 197.9 5.1 22.6 
18 237 6 129 3 112 3   159.3 4.0 67.8 1.7 42.5 
19 300 8 179 5 129 3   202.7 5.3 87.9 2.5 43.4 
20 235 6 101 3 92 2   142.7 3.7 80.1 2.1 56.1 

mean         168.9 4.4 57.8 1.5 27.1 
EU ELISA units, V% coefficient of variation 
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The high variation coefficients of BALF samples tested on different days are most likely due 

to the very high or very low PR-39 concentrations as well as due to the complex test 

procedure. A titration of each BALF sample – as it would have been highly desirable – could 

not be performed due to the very limited supply of mouse monoclonal coating antibody. 

Therefore, the PR-39 ELISA should be considered as a semi-quantitative testing system 

suitable for the determination of PR-39 concentrations above or below a certain cut-off. 

Using a cut-off of 1 nM as it was chosen during the experimental A.pp. infection (Fig. 17) 

none of the 20 animals examined here was classified differently in repeated testings.  

 

D.2.2.1.3.2. PR-39 concentrations measured during infection experiments 
Thirtythree pigs were included in the evaluation study for PR-39. Original data of individual 

animals are shown in Table 45 in the Appendix. 

Neither PR-39 concentrations nor percentages of PMN in BALF showed a normal 

distribution, so that statistical evaluation with non-parametric tests was performed (Signed 

Rank Test for Paired Samples, Spearman´s Correlation Coefficient). 

PR-39 concentrations were increased in BALF on day 21 after infection when compared to 

concentrations before infection and in mock-infected control animals (Fig. 15 and 16). 

Significant differences were found between day 0 and day 4/7 after infection (p=0.009), day 

4/7 and day 21 after infection (p=0.0001), and day 0 and day 21 after infection (p<0.0001).  

In serum and plasma samples PR-39 concentrations increased in the acute stage and 

decreased significantly in the chronic stage after infection in comparison to healthy animals 

(day 4/7, p=0.03; day 21, p<0.01). 

No difference in PR-39 concentration was found between BALF at day 4 after infection with 

A.pp. serotype 2 (trial M2, n=5), BALF of day 7 after infection with A.pp. serotype 7 (T80, M3, 

M4, n=20) and BALF of day 7 after mock infection (M12, n=6).  

Significantly (p=0.01) higher PR-39 concentrations (median 6.4 nM) at day 21 after infection 

were found in pigs infected with A.pp. serotype 7 (T80, M3, M4, M6, n=26) in comparison to 

pigs infected with A.pp. serotype 2 (n=5, median 0.52 nM). Pigs infected with A.pp. serotype 

2 showed a significantly lower lung lesion score (median 0.4) than pigs infected with A.pp. 

serotype 7 (median 7.0).  

PR-39 concentrations were correlated to the lung lesion scores (r=0.6, p=0.0003) and to the 

bronchoscopic scores at day 21 after infection (r=0.36, p=0.05).  

A significant difference between pigs with a lung lesion score <5 and >5 was found for PR-39 

levels at day 21 post infection using the Wilcoxon Two-Sample Test (p=0.0098).  

In contrast to animals with lung lesion scores <5 animals with lung lesion scores >5 showed 

a significant increase in PR-39 concentrations on days 4/7 and 21 in comparison to day 0 
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and on day 4/7 compared to day 21 (Table 26). These data show tight dependance of PR-39 

concentrations and the degree of lung alterations.  

Spearman´s Correlation Coefficients of PR-39 concentrations and cellular variables in BALF 

of different stages of A.pp. infection with the respective error possibilities are given in Table 

23 and 24. Prior to infection PR-39 is positively correlated to the relative numbers of PMNs 

and lymphocytes; it is negatively correlated to the relative number of macrophages. At the 

acute stage of infection no correlations were found with PR-39. Significant correlations 

between PR-39 concentrations and total cell counts, PMNs, lymphocytes and macrophages 

were found at day 21 after A.pp. infection. Also, absolute PMN concentrations correlated 

significantly with PR-39 concentrations prior to and at day 21 after A.pp. infection. These 

data show the tight correlation between PR-39 and PMNs in the chronic stage of infection 

which can be explained by the PR-39 excretion from PMNs. No correlation was found in the 

acute stage of infection between both parameters although PMNs as well as PR-39 were 

significantly increased. Both parameters are promising candidates as disease markers (Fig. 

16). 

 

 

Fig. 15: PR-39 concentrations in BALF (B) and serum/plasma (S) of pigs infected with 
A.pp. and in BALF of mock-infected pigs (BC) quantified by an ELISA using the 
rat pAb as detecting antibody. The box represents the 50% between 25% and 
75% quartiles. The line inside the box indicates the median. The top and bottom 
lines denote maximum and minimum values. Numbers on top of the boxes 
indicate the number of animals examined. Significant differences (p<0.05) for PR-
39 concentrations are indicated by asterisks in BALF and by differences in the 
letters a and b in serum. 
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Table 23: Correlations of PR-39 concentration with cellular parameters prior to 
infection  

 C (G/l) NA (G/l) LA (G/l) MA (G/l) N (%) L(%) M (%) PR-39 (nM)

C (G/l)  rs=0.37 
p=0.03 

rs=0.56 
p=0.0008 

rs=0.96 
p<0.0001   rs=0.35 

p=0.05  

NA (G/l) rs=0.37 
p=0.03   rs=0.39 

p=0.03 
rs=0.94 
p<0.0001   rs=0.5 

p<0.003 

LA (G/l) rs=0.56 
p=0.0008   rs= 0.43 

p=0.01  rs=0.79 
p<0.0001 

rs= -0.41 
p=0.02  

MA (G/l) rs=0.96 
p<0.0001 

rs=0.39 
p=0.03 

rs= 0.43 
p=0.01    rs=0.5 

p=0.003  

N (%)  rs=0.94 
p<0.0001      rs=0.54 

p=0.001 

L (%)   rs=0.79 
p<0.0001    rs=-0.8 

p<0.0001 
rs=0.42 
p<0.01 

M (%) rs=0.35 
p=0.05  rs= -0.41 

p=0.02 
rs=0.5 
p=0.003  rs=-0.8 

p<0.0001  rs=-0.5 
p<0.003 

PR-39 (nM)  rs=0.5 
p<0.003   rs=0.54 

p=0.001 
rs=0.42 
p<0.01 

rs=-0.5 
p=0.003  

rs Spearman`s Correlation Coefficient, p error probability (p<0.05=significant), C total cell 
count (G/l), N relative number of PMNs (%), L relative number of lymphocytes (%), M relative 
number of macrophages (%), NA absolute number of PMNs (G/l), LA absolute number of 
lymphocytes (G/l), MA absolute number of macrophages (G/l) 
 

Table 24: Correlations of PR-39 concentration with cellular parameters at day 21 after 
A.pp. infection 

 C (G/l) NA (G/l) LA (G/l) MA (G/l) N (%) L(%) M (%) PR-39 (nM)

C (G/l)  rs=0.7 
p<0.0001 

rs=0.7 
p<0.0001 

rs=0.98 
p<0.0001 

rs=0.44 
p=0.01   rs=0.64 

p=0.0001 

NA (G/l) rs=0.7 
p<0.0001  rs=0.62 

p=0.0002 
rs=0.63 
p=0.0002 

rs=0.91 
p<0.0001  rs=-0.53 

p=0.0023 
rs=0.57 
p=0.0007 

LA (G/l) rs=0.7 
p<0.0001 

rs=0.62 
p=0.0002  rs= 0.58

p=0.0006 
rs=0.52 
p=0.0024 

rs=0.54 
p=0.0017 

rs=-0.67 
p<0.0001 

rs=0,46 
p=0.01 

MA (G/l) rs=0.98 
p<0.0001 

rs=0.63 
p=0.0002 

rs= 0.58
p=0.0006     rs=0.58 

p=0.0007 

N (%) rs=0.44 
p=0.01 

rs=0.91 
p<0.0001 

rs=0.52 
p=0.0024 

rs=0.63 
p=0.0002   rs=-0.64 

p=0.0001 
rs=0.53 
p=0.002 

L (%)   r=0.54 
p=0.0017    rs=-0.58 

p=0.0007  

M (%)  rs=-0.53 
p=0.0023 

rs=-0.67 
p<0.0001  rs=-0.64 

p=0.0001 
rs=-0.58 
p=0.0007  rs=-0.39 

p=0.03 

PR-39 (nM) rs=0.64 
p=0.0001 

rs=0.57 
p=0.0007 

rs=0,46 
p<0.01 

rs=0.58 
p=0.0007 

rs=0.53 
p=0.002  rs=-0.39 

p=0.03  

rs Spearman`s Correlation Coefficient, p error probability (p<0.05=significant), C total cell 
count (G/l), N relative number of PMNs (%), L relative number of lymphocytes (%), M relative 
number of macrophages (%), NA absolute number of PMNs (G/l), LA absolute number of 
lymphocytes (G/l), MA absolute number of macrophages (G/l) 
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Fig. 16: PR-39 concentrations (nM) and the relative number of PMNs (%) in BALF of pigs 
prior to and after infection with A.pp.. The box represents the 50% between 25% 
and 75% quartiles. The line inside the box indicates the median. The top and 
bottom lines denote maximum and minimum values. The broken line at 9% 
indicates the PMN (%) reference limit for healthy pigs. Spearman´s Correlation 
Coefficients of both parameters at different stages of infection are shown (rs) and 
significances are indicated by asterisks *p<0.05, ***p<0.005). Numbers next to the 
boxes are the numbers of animals examined. 

 

To differentiate between effects of A.pp. infection on the one hand and the effects of BAL 

and mock-infection itself on the other hand on PR-39 concentrations the control group M12 

with pigs with a high clinical respiratory health status was compared to the group of A.pp. 

infected animals. 

Two pigs of the control group showed more than 9% PMNs in the BALF differential cell count 

which was considered the cut-off value for healthy pigs. Both pigs were excluded from the 

evaluation because pigs out of the A.pp. infected group with increased relative numbers of 

PMN had also been excluded from the evaluation. Three of the remaining six pigs of the 

control group showed PR-39 concentrations beyond 1 nM in the first BALF before mock 

infection. At day 7 and 21 after mock infection there was a non-significant tendency of PR-39 

increase. The comparison of BALF PR-39 concentrations of infected and control animals 

resulted in no significant differences in BALF prior to and in the acute stage of infection. At 

day 21 after infection PR-39 concentrations in BALF of infected pigs were significantly higher 

than in BALF of mock-infected pigs (Fig. 15). 
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Sensitivities and specificities for different cut-offs of PR-39 are given in Table 25 and shown 

in Fig. 17. Receiver operating characteristic (ROC) curves were plotted for PR-39 

concentrations in BALF at day 4/7 and day 21 of infection (Fig. 17). The results showed that, 

using the rat pAb as a detecting antibody, at a cut-off for PR-39 concentration in BALF of 1 

nM, a specificity of 68% and a sensitivity of 64% in the acute stage or 90% in the chronic 

stage of infection were obtained. This result clearly implies that PR-39 can be used as a 

potential marker for the chronic stage of infection and, at this stage of disease, is superior to 

the relative number of PMNs because of better sensitivity and specificity values. It was found 

that the relative number of PMNs showed slightly higher sensitivity and specificity values in 

the acute stage of infection at a 4% cut-off.  

 

Table 25: Sensitivities and specificities at different cut-off values for two diagnostic 
tests in the acute and chronic stage of infection 

 PR39 ELISA (nM) with the rat pAb PMN (%) 
Cut-
off Sens. Spec. Sens. Spec. 

 Day 4/7 after 
infection 

Day 21 after 
infection  Day 4/7 after 

infection 
Day 21after 

infection  

0.1 96 100 6    
0.2 92 100 15    

0.25 92 100 18    
0.5 84 94 32    

0.75 80 90 59    
1 64 90 68 88 81 38 

1.25 48 84 71    
2    80 74 50 

2.5 20 65 85    
3    76 74 65 
4    68 68 79 
5 8 48 91 60 55 85 
6    56 52 91 
7    52 45 94 
8    36 39 100 
9    32 29 100 

10 4 35 94 24 29 100 
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Fig. 17: Receiver Operating Characteristic (ROC) -curves for PR-39 and the relative 
number of PMNs in BALF of pigs experimentally infected with A.pp.. For every 
cut-off value the 100-specifity on the x-axe and the sensitivity on the y-axe is 
shown. The y=x-axes is depicted. ROC-curves of the PR-39 ELISA using a 
polyclonal rat-anti-PR-39 antibody with BALF of the acute stage (A) and of the 
chronic stage of infection (B) are shown in comparison to the relative number of 
PMNs. The dotted lines indicate the sensitivity and 100-specificity for the 
suggested cut-off value of PR-39 at 1 nM. ROC-curves of the PR-39 ELISA using 
a polyclonal rabbit-anti-PR-39 antibody with BALF of the acute and chronic stage 
of infection are shown in C. 

 

D.2.2.1.3.3. Establishing of reference values of PR-39 in bronchoscopic BALF 
In addition to the reference limits for components in bronchoscopic BALF listed in Table 17, 

PR-39 reference limits were estimated from six animals out of group M12 and 34 animals out 

of groups T80, M2, M3, M4 and M6 (Table 6) prior to experimental A.pp. infection. The 

relative numbers of PMNs in the respective BALF samples were below the 9% limit and other 

cellular components also were within the reference values established for healthy pigs (Table 

11). Logarithmic values of PR-39 concentrations were normally distributed and the reference 

limits were determined by arithmetic mean ± two standard deviations of the log-transformed 

values. Reference limits are the re-transformed results (Table 27).  
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Table 27: Reference limits of PR-39 in bronchoscopic BALF of 40 healthy pigs 

 N Means+SD Reference limits 

BALF 

PR-39 40 -0.11+0.58 log (nM) 0.05-11.15 (nM) 

 

 

D.2.2.1.4. Characterization of PR-39 effects 

The antibacterial effect of commercial PR-39 (Affiniti Research Products Ltd, Exeter, U.K.) 

was initially tested using a disk-diffusion method (Kirby-Bauer). No inhibition zones were 

found for A.pp. and E. coli with PR-39 concentrations up to 400 µg/ml (80 µM). The more 

standardized broth microdilution method was performed to determine the minimal inhibitory 

concentrations (MICs) and the minimal bactericidal concentrations (MBCs) of PR-39 on A.pp. 

and E. coli as a control organism. The MICs were assessed by the turbidities in the different 

wells in comparison to the well containing pure culture without PR-39. For A.pp a MIC of 5 

µM was determined in VFM medium only. In E. coli the MIC was 1 µM with all media. The 

MBC as the smallest concentration of PR-39 that prevents any bacterial growth could not be 

determined for A.pp. with the chosen concentrations. In E. coli the MBC was 40 µM in VFM, 

PPLO and MHB medium. 

As previously shown the aspartase of A.pp. is upregulated upon induction with BALF and 

under anaerobic conditions (JACOBSEN et al. 2005a). In this study PR-39 was tested as one 

potential inducing agent, but A.pp. aspartase activity was not increased by the chosen PR-39 

concentrations. 

 

D.2.2.2. PMN and other cellular parameters in BALF 

The percentage of PMNs in the differential cell count of porcine BALF is currently considered 

to be the most sensitive diagnostic parameter to differentiate between healthy pigs and those 

with lung disease. In this study the parameter was used as a marker for respiratory disease 

with a cut-off of 9 %. 

PMNs increased significantly in the acute and chronic stage of infection (p<0.0001). At the 

acute stage of infection the absolute number of PMNs was correlated with the absolute 

number of lymphocytes (r= 0.5, p=0.003). At day 21 after infection PMNs were correlated 

with the total cell count (Table 23 and 24). 

Animals with a lung lesion score <5 showed significant increases in the absolute number of 

PMNs on days 7 and 21 compared to day 0. In contrast to PR-39 the relative number of 

PMNs was significantly increased at day 4/7, so that a higher sensitivity of PMNs could be 

assumed in the acute stage of infection. Animals with lung lesion scores >5 showed a 

significant increase of absolute and relative numbers of PMNs at days 4/7 and 21 compared 
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to day 0 and at day 4/7 compared to day 21 (Table 26). Sensitivities and specificities of 

PMNs at different cut-offs are given in Table 25 and shown in Fig. 17.  

Total cell counts increased significantly at day 4/7 (p=0.0009) and 21 (p<0.0001) after 

infection in comparison to day 0. Significant correlations to the number of lymphocytes, 

macrophages and PMNs were found prior to and at day 21 after infection (Table 23 and 24). 

Absolute lymphocyte concentrations (p=0.006) and macrophage concentrations (p=0.0006) 

increased and the relative numbers of macrophages decreased (p=0.026)  at day 21 after 

infection.  

These data confirm the high diagnostic value of the relative number of PMNs for the 

respiratory health status of pigs. The total cell count and concentrations of other cellular 

components show significant changes only in the chronic stage of infection. The relative 

number of macrophages can be considered as a negative disease marker in the chronic 

stage of infection. 

 

D.2.2.3. Glutathione in BALF 

Glutathione (GSH) has been reported to increase during the course of respiratory tract 

infection as a first unspecific defense response aimed at prevention of oxidative damage to 

the respiratory epithelium. In this study a tendency towards an increase of GSHtotal during the 

course of infection could be observed (Table 50 in the Appendix, Fig. 18). However, changes 

in GSHtotal and oxidized glutathione (GSSG) concentrations in unconcentrated BALF were not 

significant (Signed Rank Test for Paired Samples, Student’s t-Test after logarithmic 

transformation, and normal distribution of transformed data). In unconcentrated BALF a 

significant negative correlation of GSHtotal with the lung lesion score could be found at day 21 

after infection (rs=-0.55, p=0.02). Because of a better sensitivity the GSH and the GSSG 

contents were determined in lyophilized BALF samples. No significant changes could be 

observed in either of the two parameters. A linear relationship of the transformed data of 

GSH and GSSG could not be confirmed statistically using regression analysis. However, 

correlations with several other parameters could be detected (Table 28). These data show 

that glutathione is not an appropriate disease marker in BALF.  
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Fig. 18: Glutathione concentrations in unconcentrated BALF samples prior to and after 
A.pp. infection. The box represents the 50% between 25% and 75% quartiles. 
The line inside the box indicates the median. The top and bottom lines denote 
maximum and minimum values. Numbers on top of the boxes indicate the number 
of animals examined.  

 

Table 28: Spearman`s Correlation Coefficients (rs) between GSHtotal and GSSG and 
other parameters in lyophilized BALF samples 

 GSHtotal 
a.inf.  

GSSG 
a. inf. 

GSHtotal 
day 7 
p. inf. 

GSSG  
day 7 
p. inf. 

GSHtotal  
day 21 
p. inf. 

GSSG 
day 21 
p. inf. 

GSHtotal a. inf.  rs=0.8, 
p=0.005

    

GSSG a. inf. rs=0.8, 
p=0.005

     

GSHtotal day 7 p. inf.    rs=1.0, 
p<0.0001 

  

GSSG day 7 p. inf.   rs=1.0, 
p<0.0001

   

GSHtotal day 21 p. inf.      rs=0.82, 
p=0.02 

GSSG day 21 p. inf.     rs=0.82, 
p=0.02 

 

Total cell count day 7 p. inf.    rs=1.0, 
p<0.0001 

  

Total cell count day 21 p. inf.     rs=0.74, 
p=0.02 

rs=0.85, 
p=0.01 

Total number of PMNs day 7 p. inf.    rs=1.0, 
p<0.0001 

  

Lung lesion score   rs=-0.97, 
p=0.005 

rs=1.0, 
p<0.0001 

  

GSHtotal total glutathione concentration including the oxidized and reduced form, GSSG 
concentration of oxidized glutathione, p error probability (significant: p<0.05) 
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D.3. Evaluation of PR-39 as a novel respiratory disease marker 

As described in the previous chapters the relative number of PMNs and the antibacterial 

peptide PR-39 have been found to be promising respiratory disease markers during 

experimental A.pp. infection. The major aim of the following study was to determine the 

diagnostic value of parameters in BALF obtained without the expensive endoscopic 

equipment but with disposable material under field conditions. For the assessment of the 

practical use of both markers they had 

i) to be evaluated in BALF obtained by other common BAL methods which are 

perfomed under practical conditions, 

ii) to be evaluated for different respiratory diseases 

 

D.3.1. Comparison of different methods to obtain BALF 

Bronchoscopic BAL of defined bronchopulmonary segments in swine follows a standardized 

protocol implementing the technical recommendations for human medicine and is essential 

for research work. Yet, the routine use of a fiberoptic bronchoscope for the examination of 

the pigs respiratory health status has not been field-tested due to economical and biosecurity 

reasons. However, several variations of endotracheal and transtracheal BAL methods 

without visual control, using disposal material, are widely-used in practice with increasing 

frequency. Results out of endotracheal and transtracheal BALF are difficult to interpret 

because the impact of the lavage method on the results has not yet been investigated. In this 

study bronchoscopic, endotracheal, and transtracheal BAL were compared in individual pigs 

and on the herd level. It was assumed that there were major differences between the BALFs 

obtained with the three BAL methods as different lung localizations will be lavaged. 

 

D.3.1.1. Comparison of bronchoscopic, endotracheal and transtracheal BALF in 
healthy individual pigs 

In the eight pigs of group M12 BAL was performed twice at day 21 after mock infection. First 

BALF was taken bronchoscopically from the Bronchus trachealis (b) and immediately 

afterwards without visual control from a main bronchus by either endotracheal BAL (e; 4 

pigs) or transtracheal BAL (t; 4 pigs).  

Descriptive statistical parameters for the different groups are shown in Table 51. Frequencies 

of samples positive for oropharyngeal pavement cells and bronchial/bronchiolar ciliated 

epithelial cells within the different lavage groups are shown in Table 29.  
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Table 29: Comparison of frequencies of the occurrence of qualitative cellular 

parameters in BALF samples in the different lavage groups in healthy pigs 

Bronchoscopic 
BALF b1 

 

Endotracheal 
BALF e 

Bronchoscopic 
BALF b2 

 

Transtracheal 
BALF t 

  

Pos. Neg. Pos. Neg. Pos. Neg Pos. Neg. 
Qualitative cellular BALF parameters 

Oropharyngeal 
pavement cells (n) 

75% 
(3) 

25%
(1) 

0% 
(0) 

100%
(4) 

50% 
(2) 

50% 
(2) 

25% 
(1) 

75% 
(3) 

Bronchial/bronchiolar 
ciliated epithelial 
cells (n) 

0% 
(0) 

100%
(4) 

75% 
(3) 

25%
(1) 

25% 
(1) 

75% 
(3) 

75% 
(3) 

25% 
(1) 

Pos. samples positive, Neg. samples negative 
 

Differences in the same individuals due to different lung localizations and BAL methods were 

found between bronchoscopic BALF and the two other BALF types. The recovery rate, total 

cell count and the relative number of lymphocytes were significantly higher in bronchoscopic 

than in transtracheal BALF (Table 30). Approximately twice as many isolates of commensals 

and environmental contaminants were found in bronchoscopic BALF (p=0.014) when 

compared to transtracheal BALF. The detection of B. bronchiseptica was consistent in both 

lung localizations independently of the BAL method. H. parasuis could be detected in 

transtracheal BALF of one animal, and PCR for M. hyopneumoniae was positive in 

bronchoscopic BALF of one animal. 

These results show an impact of the chosen BAL method and lung localization on cytological 

and bacteriological findings. Thus, the values for the same parameter usually varied widely in 

the same pig depending on the BAL method and lung localization. No significant differences 

of PR-39 concentrations were found between the different BAL methods and lung 

localizations. 
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Table 30: Descriptive statistical values of parameters of different BAL methods and 
localizations  

 Rec Use UBALF ELF C N NA L LA M MA P Pat Co Se

Bronchoscopic BALF b1 

n 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

mean 68.0 2.11 0.13 18.4 0.885 9.8 0.086 13.4 0.116 76.7 0.681 2.8 0.8 4.0 0.8

SD 5.4 0.58 0.05 9.9 0.057 6.8 0.598 5.5 0.042 6.3 0.097 3.7 0.5 2.9 0.5

median 67.5 2.06 0.13 14.3 0.880 6.6 0.058 12.8 0.113 75.2 0.652 1.3 1.0 4.0 1.0

max 74.0 2.82 0.19 33.1 0.960 20.0 0.176 19.5 0.160 85.2 0.818 8.2 1.0 7.0 1.0

min 63.0 1.51 0.07 11.6 0.820 6.0 0.055 8.5 0.079 71.0 0.600 0.4 0.0 1.0 0.0

Endotracheal BALF e 

n 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

mean 58.1 2.11 0.07 35.2 0.608 4.9 0.029 7.8 0.046 86.9 0.529 0.7 0.8 3.5 1.0

SD 30.8 0.58 0.04 18.5 0.355 2.4 0.025 4.5 0.047 6.5 0.308 0.5 0.5 1.3 0.0

median 61.3 2.06 0.07 31.1 0.750 5.5 0.029 8.0 0.034 85.5 0.673 0.6 1.0 3.5 1.0

max 92.5 2.82 0.12 60.0 0.850 7.2 0.055 13.0 0.112 96.0 0.701 1.2 1.0 5.0 1.0

min 17.5 1.51 0.03 18.9 0.080 1.5 0.004 2.2 0.007 80.5 0.068 0.1 0.0 2.0 1.0

Bronchoscopic BALF b2 

n 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

mean 72.5 2.42 0.21 14.8 1.020 8.5 0.086 6.7 0.070 84.7 0.862 1.9 1.0 6.5 0.8

SD 12.2 0.53 0.14 7.3 0.608 4.2 0.055 1.6 0.053 4.3 0.513 1.6 0.8 1.7 0.5

median 73.0 2.45 0.20 14.1 1.005 7.7 0.086 6.4 0.054 85.1 0.862 1.4 1.0 6.5 1.0

max 86.0 2.92 0.37 23.2 1.660 14.0 0.153 8.7 0.144 88.5 1.361 4.2 2.0 8.0 1.0

min 58.0 1.85 0.09 7.9 0.410 4.5 0.018 5.2 0.029 80.2 0.363 0.6 0.0 5.0 0.0

Transtracheal BALF t 

n 4 4 4 4 4 3 3 3 3 3 3 4 4 4 4

mean 14.4 2.42 0.06 52.8 0.335 21.7 0.110 3.6 0.016 74.6 0.307 2.4 1.0 3.3 0.5

SD 4.3 0.53 0.03 34.9 0.288 9.9 0.112 1.2 0.012 10.5 0.139 2.3 0.8 1.3 0.6

median 13.8 2.45 0.06 39.4 0.290 16.5 0.056 4.0 0.010 79.0 0.296 1.6 1.0 3.0 0.5

max 20.0 2.92 0.10 104.5 0.720 33.2 0.239 4.5 0.029 82.2 0.451 5.9 2.0 5.0 1.0

min 10.0 1.85 0.02 28.1 0.040 15.5 0.036 2.2 0.008 62.7 0.174 0.8 0.0 2.0 0.0
 

Rec recovery (%), Use urea concentration in serum (mmol/l), UBALF urea concentration in 
BALF (mmol/l), ELF dilution factor of the epithelial lining fluid (Use/UBALF), C total cell count 
(G/l), N relative number of PMNs (%), NA absolute number of PMNs (G/l), L relative number 
of lymphocytes (%), LA absolute number of lymphocytes (G/l), M relative number of 
macrophages (%), MA absolute number of macrophages (G/l), P PR-39 concentration (nM), 
Pat number of facultative pathogenic isolates per sample, Co number of isolates of 
commensals and environmental contaminants per sample, Se number of isolates of non-
classified NAD-dependent bacteria per sample. 
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D.3.1.2. Comparison of bronchoscopic, endotracheal and transtracheal BALF in 
pigs from a herd with high clinical respiratory health status 

The comparison of different lavage methods is problematic even if performed in the same 

animal at the same point of time. Lavaging the same individual repeatedly may lead to 

differing results, as the lung milieu would have changed due to the previous BAL. For this 

reason differences between BALFs obtained with the three BAL methods were examined in 

different animals from the same herd with a high clinical respiratory health status and no 

history of respiratory disease. This herd was a closed nucleus herd with a breeding stock of 

500 sows routinely monitored and specified pathogen-free from endo- and ectoparasites, 

toxigenic Past. mult., A.pp. and PRRSV. In Germany, no nucleus herds with a higher 

standard of respiratory health are known.  

For the direct comparison of the three BAL methods 38 pigs out of a herd with a high clinical 

respiratory health status were selected randomly and lavaged either bronchoscopically under 

visual control (M12, 8 pigs), endotracheally (BF1, 20 pigs), or transtracheally using 

disposable material (BF11, 10 pigs) (Table 8). All pigs showed good body condition and had 

no clinical symptoms of respiratory disease. While bronchoscopic BAL was performed in pigs 

kept in the University of Veterinary Medicine, Hannover, endotracheal and transtracheal BAL 

were performed in swine farms under field conditions using disposal material.  

Recovery rate, total cell count, and urea concentration were compared between the different 

lavage groups (Fig. 19). In order to facilitate a meaningful comparison of the three different 

BAL procedures bacteriological results were summarized by combining microorganisms 

detected into three classes designated as “facultative pathogens”, “non-classified NAD-

dependent bacteria” and “commensals and environmental contaminants” (Table 9). In the 

case of isolation of a confluent layer of M. hyorhinis this finding was added to the class of 

“facultative pathogens”. Comparison of frequencies between groups was performed using 

the Fisher´s Exact Test. Descriptive statistical values in all lavage groups and significant 

differences calculated by the Wilcoxon Two-Sample Test are shown in Table 51 in the 

Appendix.  

Recovery rates and total cell counts differed significantly between the three BAL methods, 

being highest in the bronchoscopic method (Fig. 19). Urea concentrations were significantly 

higher in bronchoscopic BALF than in transtracheal BALF, as well as the total cell counts and 

the absolute numbers of macrophages and lymphocytes. Serum urea concentrations did not 

differ between both groups.  

Qualitative cell morphology characteristics such as the occurrence of oropharyngeal 

pavement cells or ciliated bronchial and bronchiolar cells could be determined in all lavage 

groups (Table 31). In transtracheal BALF pavement cells were found in only 10% of the 

samples, and in endotracheal BALF ciliated cells were not detected in any of the samples. In 
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15 out of 20 endotracheal BALF samples the quantitative differentiation of cells was not 

possible due to destruction of cell morphology, while in samples of the other lavage groups 

the relative number of cell fractions could be determined reproducibly. In contrast, the PR-39 

concentration could be determined in all samples of all three lavage groups with no 

significant difference between the lavage groups. Pathogens (B. bronchiseptica, S. suis, M. 

hyorhinis, M. hyopneumoniae) were isolated from 87.5% of the brochoscopic, 30% of the 

endotracheal and 20% of the transtracheal samples (Table 31). The M. hyopneumoniae PCR 

was positive in four bronchoscopic and in two endotracheal BALF samples. In summary 43% 

of the pigs out of a herd with high clinical respiratory health status were positive for 

pathogenic microorganisms. Commensals and environmental contaminants were found in all 

bronchoscopic and endotracheal samples and in 60% of the transtracheal samples. 

Significant differences between the lavage methods with respect to the number of different 

species of commensals and environmental contaminants as well as of pathogens per BALF 

sample are shown in Fig. 20. The lowest number of different species of commensals and 

environmental contaminants was found in transtracheal BALF.  

 

Table 31: Statistical comparison of frequencies of the occurrence of qualitative 
cellular and bacteriological parameters in BALF samples in the different 
lavage groups in healthy pigs 

Bronchoscopic  
BALF b 

 

Endotracheal 
BALF e 

Transtracheal 
BALF t 

  

Pos. Neg. Pos. Neg. Pos. Neg. 

Significant 
differences between 

groups (Fisher’s 
Exact Test) 

Qualitative cellular BALF parameters 

Oropharyngeal 
pavement cells (n) 

88% 
(7) 

13% 
(1) 

100%
(16) 

0% 
(0) 

10%
(1) 

90%
(9) 

b↔t p=0.0029 
e↔t p<0.0001 

Bronchial/ 
bronchiolar ciliated 
epithelial cells (n) 

75 % 
(6) 

25% 
(2) 

0% 
(0) 

100%
(16) 

100%
(10) 

0% 
(0) 

e↔t p<0.0001 
b↔e p<0.0001 

Qualitative bacteriological BALF parameters 

M. hyopneumoniae 
PCR (n) 

50% 
(4) 

50% 
(4) 

10%
(2) 

90%
(18) 

0% 
(0) 

100%
(10) 

b↔t p=0.0229 
b↔e p=0.0400 

Commensals and 
environmental 
contaminants (n) 

100% 
(8) 

0% 
(0) 

100%
(10) 

0% 
(0) 

60%
(6) 

40%
(4)  

Pathogens (n) 87.5% 
(7) 

12.5%
(1) 

30%
(3) 

70%
(7) 

20%
(2) 

80%
(8) 

b↔t p=0.0150 
b↔e p=0.0200 

Pos. samples positive, Neg. samples negative, p error probability (significant: p<0.05). 
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Fig. 19: Volume of recovered rinsing fluid (%), total cell count (G/l) and urea concentration 
(mmol/l) in bronchoscopic, endotracheal and transtracheal BALF in pigs 
originating from a herd with high clinical respiratory health status. Significant 
differences (p<0.05) are indicated by asterisks. The box represents the 50% 
between 25% and 75% quartiles. The line inside the box indicates the median. 
The top and bottom lines denote maximum and minimum values. Numbers on top 
of the boxes indicate the number of animals examined.  
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Fig. 20: Numbers of isolated bacterial species classified either as commensal and 
environmental contaminants or as pathogens per bronchoscopic, endotracheal or 
transtracheal BALF sample in pigs originating from a herd with high clinical 
respiratory health status. Significant differences (p<0.05) are indicated by 
asterisks. The box represents the 50% between 25% and 75% quartiles. The line 
inside the box indicates the median. The top and bottom lines denote maximum 
and minimum values. Numbers on top of the boxes indicate the number of 
animals examined. 

 

The findings of the methodical comparison between the three BAL methods can be 

summarized as follows, although there is some limitation due to the individual variability of 

biological samples: 

 



Results 

 128

Summary of the comparison of the three lavage methods within one herd with high 
clinical respiratory health status  
 

1. The total cell count and qualitative morphological cellular characteristics can be 

determined in all BALF samples independent of the BAL method. A quantitative cell 

differentiation could only be performed in bronchoscopic and transtracheal BALF.  

2. The total cell count, the recovery rate, the proportion of samples positive for ciliated 

and pavement epithelial cells as well as the quantity of contaminating bacterial 

species per sample differ between the BALFs obtained with the different methods: 

- The recovery rate is highest in bronchoscopic and lowest in transtracheal 

BALF. 

- The total cell count is highest in bronchoscopic and lowest in endotracheal 

BALF. 

- The absolute number of lymphocytes and macrophages is higher in 

bronchoscopic than in transtracheal BALF. 

- The contamination with commensals and environmental contaminants is 

lowest in transtracheal BALF. 

3. The ELF dilution factor was highest in transtracheal BALF. 

4. PR-39 is detectable in all groups with no significant difference in concentration.  

5. M. hyopneumoniae PCR appears to have the highest diagnostic sensitivity in 

combination with bronchoscopic BAL. 

6. The isolation of pathogenic organisms by itself has no significance for the clinical 

respiratory health status of the herd.  

 

For detection of bacterial pathogens in the respiratory tract transtracheal BAL is an adequate 

method. In infection experiments only bronchoscopic BAL is adequate for the evaluation of 

changes in BALF composition, because the proportion of the alveolar fraction in the 

recovered rinsing fluid is highest.  

 

D.3.1.3. Establishing of reference values of selected components in transtracheal 
and endotracheal BALF 

Reference values of cellular components, urea, the ELF-factor and PR-39 in BALF as well as 

in the ELF calculated by the urea dilution method were established in the BALF samples 

obtained endotracheally from 20 healthy pigs (BF1, Table 8) and transtracheally from 10 

healthy pigs (BF11, Table 8). All values or the respective logarithmic values were distributed 

normally when tested with the Shapiro-Wilks Test (SAS® statistical program). Reference 
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values were set as the arithmetic mean ± two standard deviations of the original or the log-

transformed values. Reference limits are the re-transformed results.  

Reference limits are shown in Table 32 and 33. 
 

Table 32: Means and standard deviations and reference limits of endotracheal BALF 
of 20 healthy pigs 

 n Means±SD Reference limits 

BALF 

Recovery 20 25.9±10.4 (%) 5.0-46.7 (%) 

Total cell count  15 -1.24±0.610 log (Giga litre-1) 0.003-0.948 (Giga litre-1) 

Urea  20 -1.13±0.37 log (mmol litre-1) 0.01-0.41 (mmol litre-1) 

PR-39 15 -0.16±0.65 log (nM) 0.03-14.04 (nM) 

ELF 

Total cell count  15 0.132±0.529 log (Giga litre-1) 0.119-15.490 (Giga litre-1) 

PR-39 15 1.17±0.70 log (nM) 0.61-365.52 (nM) 

Plasma urea  20 2.01±0.87 (mmol litre-1) 0.3-3.8 (mmol litre-1) 

ELF-factor 20 1.39±0.35 log 4.95-122.23 
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Table 33: Means and standard deviations and reference limits of transtracheal BALF 
of 10 healthy pigs 

 n Means±SD Reference limits 

BALF 

Recovery 10 14.8±5.8 (%) 3.1-26.4 (%) 

Total cell count  10 -0.515±0.351 log (Giga litre-1) 0.061-1.539 (Giga litre-1) 

Total number of 
macrophages  

10 -0.595±0.329 log (Giga litre-1) 0.056-1.159 (Giga litre-1) 

Total number of 
lymphocytes 

9 -2.018±0.584 log (Giga litre-1) 0.001-0.141 (Giga litre-1) 

Total count of PMN  8 -1.480±0.547 log (Giga litre-1) 0.003-0.411 (Giga litre-1) 

Relative number of 

macrophages  

10 84.4±15.9 (%) 54.5-100 (%) 

Relative number of 
lymphocytes  

9 0.43±0.48 log (%) 0.3-24.5 (%) 

Relative number of 
PMN  

10 10.4±10.6 (%) 10.7-31.5 (%) 

Urea  10 0.04±0.02 (mmol litre-1) 0.001-0.09 (mmol litre-1) 

PR-39 8 0.38±0.68 log (nM) 0.11-55.14 (nM) 

ELF 

Total cell count  10 18.723±8.649 (Giga litre-1) 1.423-36.021 (Giga litre-1) 

Total number of 
macrophages  

9 1.171±0.254 log (Giga litre-1) 4.600-47.704 (Giga litre-1) 

Total number of 
lymphocytes 

9 -0.315±0.409 log (Giga litre-1) 0.074-3.174 (Giga litre-1) 

Total number of 
PMN  

8 0.177±0.448 log (Giga litre-1) 0.191-11.857 (Giga litre-1) 

PR-39  8 2.103±0.554 log (nM) 9.88-1628.88 (nM) 

Plasma urea  10 2.28±0.94 (mmol litre-1) 0.41-4.15 (mmol litre-1) 

ELF-factor 10 63.69±35.06 0-133.81 

 

The comparison of reference limits of the three BAL methods revealed lower urea 

concentrations and total cell counts in endotracheal and in transtracheal than in broncho-

scopic BALF. In transtracheal BALF the absolute and relative numbers of macrophages and 

the absolute numbers of lymphocytes were lower, while the absolute and relative numbers of 

PMNs and the relative numbers of lymphocytes were higher.  
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D.3.2. Evaluation of markers in BALF obtained by different BAL methods in pigs 
with naturally occurring respiratory disease 

While bronchoscopic BAL was performed in stationary or ambulant pigs in the Clinic for 

Swine and Small Ruminants, endotracheal and transtracheal BAL were performed on swine 

farms under field conditions. Different animals out of different herds were examined for their 

respiratory health status by undergoing one of the three different methods of BAL procedure.  

The total cell count and PR-39 concentrations could be determined in all BALF samples, 

while cell differentiation was only possible in bronchoscopic and transtracheal BALF, but has 

to be interpreted differently according to the method. Further, the isolation of pathogenic 

organisms by itself has no significance for the clinical health status of the herd, which is of 

great importance for the classification of individual animals as clinically healthy or diseased.  

 

Therefore the aim of the study was restricted to two major question: 

1. Is there a correlation of PR-39 levels in comparison to other parameters in BALF 

obtained without the expensive bronchoscopic equipment but with disposable 

material under field conditions? 

2. Can the PR-39 level be used as a disease marker for A.pp. infections only or is it 

applicable to prediction of porcine respiratory disease in general? 

 

D.3.2.1. Characterization of swine farms  

Farm conditions differed between the herds examined (i. e. management factors, disease 

problems, vaccination programs, climate conditions, precolonization with commensal 

microorganisms). Within each lavage group the individual herds were analyzed and 

compared with each other to detect differences which were due to different herd conditions. 

Descriptive statistical parameters of the three lavage groups M12, BF1, BF11 with pigs out of 

one herd with high clinical respiratory health status are recorded in Table 51 in the Appendix. 

Descriptive statistical values of herds with respiratory problems or a history of respiratory 

disease are given in the Appendix in Table 52. 

During experimental A.pp. infection a tight correlation between the relative number of PMNs 

and the PR-39 concentration has been found in chronically infected pigs. During respiratory 

diseases naturally occuring on swine farms most pigs are in the chronic stage of disease. For 

this reason a tight correlation between the relative number of PMNs as well as the PR-39 

concentrations in naturally diseased pigs was hypothesized. It was assumed that both 

parameters were promising disease parameters in BALF of pigs suffering from various 

respiratory diseases. In endotracheal BALF cellular parameters could not be determined, so 

that only PR-39 could be evaluated as a marker for respiratory disease. 
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D.3.2.1.1. Bronchoscopic BAL (group A) 

Herd M12 (n=8) 
Pigs originated from the same nucleus herd as M10, BF1 and BF11 (D.3.1.2.). Animals from 

this herd with high clinical respiratory health status exhibited no clinical signs or history of 

respiratory disease and were selected randomly. In Germany, no nucleus herds with a higher 

standard with respect to respiratory health are known .  
The individual pigs of this group were used as a negative control group for experimental 

A.pp. infection and for a methodical comparison of the three BAL methods as described 

above. All pigs were clinically healthy. B. bronchiseptica and M. hyopneumoniae could be 

detected in several samples. Descriptive statistical values are shown in Table 51 in the 

Appendix.  

 

Herd M10 (n=8) 
Pigs originated from the same nucleus herd as M12, BF1 and BF11 (D.3.1.2.). Although pigs 

were free of clinical disease symptoms, seven pigs showed visual pathological findings upon 

bronchoscopy in the bronchial tree. B. bronchiseptica, S. suis and H. parasuis could be 

detected in several samples. The individual pigs of this group had been used for the 

examination of the influence of the BAL procedure itself as described above.  

 

Herd M11 (n=29) 
In this group pigs which had been delivered to the Clinic for Swine and Small Ruminants at 

the University of Veterinary Medicine, Hannover, in order to diagnose respiratory diseases 

were summarized. The individual pigs originated from various herds. They were of high 

inhomogeneity with respect to their body conditions, health status, and respiratory symptoms 

which were due to various facultative pathogenic microorganisms such as M. 

hyopneumoniae, A.pp., Past. mult., Arcanobacterium pyogenes, H. parasuis, S. suis, and B. 

bronchiseptica. 

 

Statistical comparison of herds belonging to the bronchoscopic lavage group A 
Group M12 differed significantly from group M10 with respect to the lower number of 

pathogenic species isolated per BALF sample (p=0.004). Group M12 differed significantly 

from the most inhomogenous group M11 in various parameters, which were significantly 

increased in group M11. Thus, urea concentrations in serum (p<0.0001) and BALF 

(p=0.0008), relative numbers of PMNs (p=0.017) and lymphocytes (p=0.04), absolute 

numbers of PMNs in BALF (p=0.03) and in the ELF (p=0.02), the PR-39 concentration in the 

ELF (p=0.045), and the number of commensals and environmental contaminant species 
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isolated per BALF sample (p=0.0009) were lower in group M12, while the relative numbers of 

macrophages were higher (p=0.007). 

 
D.3.2.1.2. Endotracheal BAL (group B) 

Herd BF1 (n=20) 
Characteristics of herd BF1 are given in chapter D.3.1.2. Pigs originated from the same 

nucleus herd with a high clinical respiratory health status as pigs of groups M10, M12 and 

BF11. All pigs were clinically healthy. Only in samples of 10 pigs bacteriological 

examinations were done. Descriptive statistical values are shown in Table 51 in the 

Appendix.  

 

Herd BF6 (n=10) 
On this breeding farm gilts were produced with 180 sows. Since 4 month prior to sampling 

coughing was observed as the major symptom in pigs at approximately 40 kg body weight. 

Approximately 80% of the pigs showed clinical symptoms. All pigs chosen for lavage 

procedure showed clinical symptoms such as dyspnoea or coughing. Five of them were in a 

poor body condition. M. hyopneumoniae and H. parasuis were detected in some samples. 

Cell differentiation was not possible in the BALF samples.  

 

Herd BF7 (n=10) 
On this gilt breeding farm respiratory symptoms had been observed since several years in 

approximately 70% of pigs with 45-50 kg body weight. At the time point of lung lavage all 

pigs were in good body conditions and did not show respiratory disease symptoms. Because 

with exemption of M. hyorhinis facultative pathogenic microorganisms could not be detected 

in any sample, serum samples were testet for antibodies against A.pp., SIV serotypes H1N1, 

H3N2 and H1N2 subtypes, M. hyopneumoniae and PRRSV by the IVD GmbH at the 

University of Veterinary Medicine, Hannover. Positive serological findings were obtained for 

M. hyopneumoniae which were most probably due to the M. hyopneumoniae vaccination 

routinely preformed in this herd. According to informations of the responsible swine 

practitioner high ammonia air concentrations inside the stables were at least in part causing 

the respiratory problems. Cell differentiation was not possible in the BALF samples.  

 

Herd BF8 (n=10) 
On this breeding farm gilts were produced with about 100 sows. Since several years 

approximately 30% of pigs with about 30 kg body weight showed clinical symptoms of 

respiratory disorders. All pigs chosen for lavage procedure showed mild coughing. S. suis 
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and H. parasuis could be isolated from a small number of samples. Cell differentiation was 

not possible in the BALF samples.  

 

Herd BF9 (n=10) 
This boar breeding and growing nucleus herd contained approximately 1300 pigs. Since 

several years approximately 30-40% of pigs with 25-50 kg body weight showed clinical 

symptoms of Glaesser’s Disease. All pigs chosen for lavage procedure were from the flat 

deck and weighed approximately 25-30 kg. They suffered from dyspnoea and coughing. 

Different S. suis strains were isolated from several samples. Cell differentiation was not 

possible in the BALF samples.  

 

Statistical comparison of herds belonging to the endotracheal lavage group B 
A herdwise comparison within group B was performed by the Wilcoxon Two-Sample Test 

and led to the detection of several significant differences in some parameters. Frequencies of 

microbiological isolations of facultative pathogens, commensals and environmental 

contaminants and non-classified NAD-dependent bacteria were compared by the Fisher´s 

Exact Test. Error probabilities of significances (p<0.05) are shown in Table 53 in the 

Appendix. BF1 as a herd with high clinical respiratory health status with no history of 

respiratory disease showed lower values in most of the examined disease parameters than 

other herds. BF9 is one herd with an obviously more severe course of disease compared to 

other herds. In BF7, where pigs seemed to be subclinically infected, the original cause for 

respiratory disease remained unclear. This herd differed significantly from the herd with high 

clinical respiratory health status BF1, as well as from BF9, the herd with more severe 

respiratory disease. 

 

D.3.2.1.3. Transtracheal BAL (group C) 

Herd BF2 (n=5) 
This farm with 220 fattening pigs suffered from respiratory problems for half a year. The 

morbidity was approximately 15%. Five animals had died because of respiratory disease. All 

pigs examined in this study were finishing pigs of approximately 70 kg body weight. They 

were in good body conditions but all showed coughing and dyspnoea. Past. mult. and M. 

hyopneumoniae were isolated in almost pure culture from most of the samples.  

 

Herd BF3 (n=5) 
Herd BF3 was a closed system with piglet production and enclosed fattening unit. 

Approximately 20% of the growing pigs with approximately 25 kg body weight suffered from 
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acute respiratory disease with coughing and dyspnoea. The letality was about 5-6%. H. 

parasuis and S. suis could be isolated from the samples in almost pure culture.  

 

Herd BF4 (n=5) 
In this specialized piglet rearing unit with 2400 animals approximately 10% of the pigs 

suffered  from respiratory disease. The problem had started half a year ago. All pigs chosen 

for lung lavage had a body weight between 8 and 10 kg and showed coughing and 

dyspnoea. H. parasuis, B. bronchiseptica and S. suis could be isolated from the samples.  

 

Herd BF5 (n=4) 
In this specialized piglet rearing unit with 2500 animals approximately 8% of the pigs suffered 

from respiratory disease for two month. The letality was 5%. Pigs chosen for lung lavage 

weighed 25-30 kg and were in good body conditions. They showed coughing and two of 

them additionally dyspnoea. H. parasuis, B. bronchiseptica, Past. mult. and S. suis could be 

isolated from the samples.  

 

Herd BF10 (n=10) 
This herd consisted of a combined piglet production with 300 sows and enclosed rearing and 

fattening units with 2200 animals. At the time of BAL no acute repiratory problems could be 

observed. Anamnestically two years ago respiratory disease had led to economic losses and 

had been treated. With exemption of the time periods of disease rezidives morbidity was now 

at 2-3% and lethality at 2%. Pigs chosen for lung lavage weighed between 10 and 45 kg and 

were predominantly in poor body conditions. Only two of them showed coughing and one of 

the two also dyspnoea. In general the stage of disease was rated as subclinical to chronic. H. 

parasuis, S. suis and M. hyopneumoniae could be detected in lavage samples.  

 

Herd BF11 (n=10) 
Characteristics of herd BF11 are given in chapter D.3.1.2. Descriptive statistical values are 

shown in Table 51 in the Appendix.  

 

Statistical comparison of herds belonging to the transtracheal lavage group C 
A herdwise comparison within group C was performed by the Wilcoxon Two-Sample Test 

and led to the detection of several significant differences in some parameters. Frequencies of 

microbiological isolations of facultative pathogens, commensals and environmental 

contaminants and non-classified NAD-dependent bacteria were compared by the Fisher´s 

Exact Test. Error probabilities of significances (p<0.05) are shown in Table 54 in the 

Appendix. In spite of low recovery rates cell differentiation was possible in all samples. BF11 
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as a herd with high clinical respiratory health status with no history of respiratory disease 

showed lower values in most of the examined disease parameters than the other herds. In all 

herds microorganims commonly involved in the respiratory disease complex could be 

identified within the lavage samples. Contamination with commensals and environmental 

contaminants was rare which facilitated the bacteriological examinations. The better health 

status of pigs out of herds BF10 and BF11 is reflected by significant differences in disease 

parameters in comparison to the other herds. 

 

D.3.2.1.4. Correlations between parameters within lavage groups 

Significant correlations were found between various parameters within lavage groups. 

Spearman`s Correlation Coefficients (rs) and respective error probabilities (p) of significant 

correlations were given in Table 55 in the Appendix. 

In all lavage groups the relative number of PMNs was negatively correlated with the relative 

number of macrophages. In bronchoscopic and transtracheal BALF the PR-39 concentration 

was positively correlated to the relative number of PMNs and negatively correlated to the 

relative number of macrophages. The calculation with the ELF-corrected values of total 

amounts of cells and of PR-39 did not give additional information. In the endotracheal lavage 

group PR-39 is positively correlated to the number of facultative pathogenic species which 

could be isolated per sample.  

Here, a significant correlation between PR-39 and the relative number of PMNs, which had 

been shown for chronic experimental A.pp. infection so far, has been found also in pigs with 

various naturally occuring respiratory disorders. This supports the high diagnostic value of 

PR-39 as a positive disease marker, so that PR-39 determination can replace the cytological 

examination of BALF samples. An increase of PR-39 was found to coincide especially with 

chronic lung infection. This facilitates the detection of the mostly chronic course of respiratory 

problems on swine farms using PR-39 as a diagnostic marker.  

 

D.3.2.1.5. Comparison of qualitative parameters between the different lavage groups 

For some qualitative parameters an overall comparison between the different lavage groups 

including healthy and diseased pigs was performed. Qualitative or semiquantitative 

parameters as the occurrence of oropharyngeal pavement cells or bronchial and bronchiolar 

ciliated cells are an indicator for the localization the recovered rinsing fluid is mainly derived 

from and independent of the health status of the pig. Frequencies of cellular parameters are 

comparable to the results of the methodical comparison of different lavage methods in one 

herd with high clinical respiratory health status (Table 31 and Table 34). Frequencies of the 

isolation of commensals and environmental contaminants, of non-classified NAD-dependent 

bacteria and of facultative pathogens depend on the chosen lavage method as well as on the 
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health status of pigs and differences are, therefore, difficult to interpret. The frequency of 

samples positive for non-classified NAD-dependent bacteria was highest in bronchoscopic 

BALF.  

 

Table 34: Statistical comparison of the occurrence of qualitative cellular parameters 
in BALF samples obtained by different lavage methods  

Bronchoscopic 
BALF group A 

(n=45) 
 

Endotracheal 
BALF group B 

(n=60) 

Transtracheal 
BALF group C 

(n=39) 

 

Pos. Neg. Pos. Neg. Pos. Neg. 

Significant 
differences between 
groups (X2-test/ 
Fisher’s Exact Test)

Qualitative cellular BALF parameters 

Oropharyngeal 
pavement cells 76% 24% 98% 2% 37% 63% 

A↔C  p=0.0004
B↔C  p<0.0001
A↔B  p=0.0005

Bronchial/bronchiolar 
ciliated cells 42% 58% 16% 84% 66% 34% 

A↔C  p=0.0470
B↔C  p<0.0001
A↔B  p=0.0070

p error probability (significant: p<0.05). 
 

Summary of the evaluation of parameters within and between three BAL groups  
1. Within each lavage group significant differences in various parameters between the 

different herds could be found. Therefore a direct comparison of the three lavage 

groups was not possible for most parameters. 

2. Significant correlations were found between various parameters within lavage groups: 

-The relative number of macrophages and PMNs are negatively correlated in all 

lavage groups. While the relative number of PMNs can be considered as a positive 

disease parameter, the relative number of macrophages can be considered as a 

negative disease marker. 

-PR-39 was negatively correlated to the relative number of macrophages and 

positively correlated to the relative number of PMNs in bronchoscopic and 

transtracheal BALF.  

 

D.3.2.2. Comparison of a herd with high clinical respiratory health status and herds 
with respiratory problems respective different parameters in BALF  

Different disease parameters were compared in BALF from pigs out of a herd with a high 

clinical respiratory health status, designated as “high health pigs” (HH pigs, Table 6 M12, 

Table 8 herds BF1, BF11), and from pigs out of herds with respiratory problems and out of 

group M10 containing pigs with visual pathological findings upon bronchoscopy in the 

bronchial tree, designated as “low health pigs” (LH pigs, Table 6 M10-M11, Table 8 BF2-
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BF10). A tendency towards higher PR-39 concentrations in LH pigs could be shown (not 

statistically significant), which was independent of the BAL method (Fig. 21). The relative 

numbers of PMNs could be determined only for bronchoscopic and transtracheal BALF, and 

in both cases a significant difference between HH and LH pigs could be determined (Fig. 21). 

In bronchoscopic and transtracheal BALF several cellular components were increased in LH 

pigs, while the relative numbers of macrophages were decreased in LH pigs as it is shown in 

Fig. 22-24. The BALF recovery rate was increased in HH pigs of the transtracheal BAL group 

(data not shown).  

Relatively high prevalences of samples positive for facultative pathogens as well as samples 

exceeding the respective reference limits for the relative numbers of PMNs (9% in 

bronchoscopic and 32% in transtracheal BALF) were found in HH pigs (Table 35). Significant 

higher numbers of facultative pathogenic isolates were found in LH pigs in transtracheal 

BALF samples (Fig. 25). 

Descriptive statistical parameters of HH pigs are shown in Table 51 in the Appendix; 

Descriptive statistical parameters of LH pigs as well as of all herds summarized are given in 

Table 59 and Table 60 in the Appendix. 

 

 

Fig. 21: PR-39 concentrations (nM) and the relative number of PMNs (%) in 
bronchoscopic, endotracheal and transtracheal BALF in pigs originating from a 
herd with high clinical respiratory health status (HH) and from pigs out of herds 
with respiratory problems and out of group M10 containing pigs with visual 
pathological findings upon bronchoscopy in the bronchial tree (LH). Significant 
differences (p<0.05) are indicated by asterisks. The box represents the 50% 
between 25% and 75% quartiles. The line inside the box indicates the median. 
The top and bottom lines denote maximum and minimum values. Numbers on top 
of the boxes indicate the number of animals examined. No significant differences 
in PMNs and PR-39 were found between the three lavage groups in HH pigs.  
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Fig. 22: Total cell counts and absolute numbers of PMNs, lymphocytes and macrophages 
in bronchoscopic BALF in pigs originating from a herd with high clinical respiratory 
health status (HH) and from pigs out of herds with respiratory problems and out of 
group M10 containing pigs with visual pathological findings upon bronchoscopy in 
the bronchial tree (LH). Significant differences (p<0.05) are indicated by asterisks. 
The box represents the 50% between 25% and 75% quartiles. The line inside the 
box indicates the median. The top and bottom lines denote maximum and 
minimum values. Numbers on top of the boxes indicate the number of animals 
examined.  
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Fig. 23: Total cell counts and absolute numbers of PMNs, lymphocytes and macrophages 
in transtracheal BALF in pigs originating from a herd with high clinical respiratory 
health status (HH) and from pigs out of herds with respiratory problems and out of 
group M10 containing pigs with visual pathological findings upon bronchoscopy in 
the bronchial tree (LH). Significant differences (p<0.05) are indicated by asterisks. 
The box represents the 50% between 25% and 75% quartiles. The line inside the 
box indicates the median. The top and bottom lines denote maximum and 
minimum values. Numbers on top of the boxes indicate the number of animals 
examined.  
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Fig. 24: Relative numbers of lymphocytes and macrophages (%) in bronchoscopic and 
transtracheal BALF in pigs originating from a herd with high clinical respiratory 
health status (HH) and from pigs out of herds with respiratory problems and out of 
group M10 containing pigs with visual pathological findings upon bronchoscopy in 
the bronchial tree (LH). Significant differences (p<0.05) are indicated by asterisks. 
The box represents the 50% between 25% and 75% quartiles. The line inside the 
box indicates the median. The top and bottom lines denote maximum and 
minimum values. Numbers on top of the boxes indicate the number of animals 
examined. 
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Fig. 25: Number of isolated bacterial species belonging either to facultative pathogens or 

to commensals and environmental contaminants per bronchoscopic, endotracheal 
or transtracheal BALF sample from pigs originating from a herd with high clinical 
respiratory health status (HH) and from pigs out of herds with respiratory 
problems and out of group M10 containing pigs with visual pathological findings 
upon bronchoscopy in the bronchial tree (LH). Significant differences (p<0.05) are 
indicated by asterisks. The box represents the 50% between 25% and 75% 
quartiles. The line inside the box indicates the median. The top and bottom lines 
denote maximum and minimum values. Numbers on top of the boxes indicate the 
number of animals examined. 

 
Table 35: Prevalences of potential disease associated criterions in BALF from pigs 

out of herds with high (HH) and low (LH) clinical respiratory health status  

Criterion HH pigs LH pigs  
 n prevalence n prevalence Significance

(HH vs. LH)
Fakultative pathogens 28 43% 106 76% p=0.007 
PMN > 
-9% in bronchoscopic BALF 
-32% in transtracheal BALF 

18 17% 58 48% - 

p error probability (significant: p<0.05). 
 

The findings of the comparison between the three BAL methods in HH and LH pigs can be 

summarized as follows: 

1. In LH pigs (derived from herds with low clinical respiratory health status and out of 

group M10 containing pigs with visual pathological findings upon bronchoscopy in the 
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bronchial tree) there is a high correlation of the potential disease markers (relative 

number of PMNs and PR-39 concentration). 

2. A positive finding for facultative pathogenic microorganisms in BALF by itself cannot 

be considered as an indicator for respiratory disease. In the herd with high clinical 

respiratory health status a prevalence of 43% of BALF samples were found positive 

for facultative pathogens. 

 

The simple classification of HH and LH pigs based on their origin and the anamnestic survey 

of the herd led to false assignments of individual pigs into the categories “healthy” and 

“diseased”. As it has been shown, both, the PR-39 concentration and the relative number of 

PMNs greatly varied due to individual and herd factors, so that the data from pigs of all herds 

were combined for further evaluations. The following evaluation was targeted on the answer 

of three major questions: 

1. How sensitive and specific are both markers with respect to different disease- 

associated criteria as allocation bases ? 

2. How can porcine “respiratory disease” be defined 

3. What are potential cut-off values for both markers in BALF obtained by different 

methods for the diagnosis of “respiratory disease” ? 

 

D.3.2.3. Sensitivities and specificities of PR-39 and the relative number of PMNs 
with respect to disease associated parameters 

The diagnostic sensitivity and the diagnostic specificity are instrumental in the evaluation of 

diagnostic tests. In a four-field table the four test possibilities are described. In the following 

text instead of “diagnostic sensitivity” and “diagnostic specifity” only “sensitivity” and 

“specificity” are mentioned. Different “health parameters” of the animals are chosen as 

reference criteria. Respective sensitivity and specificity values are shown in Table 56-58 in 

the Appendix. Confidence limits have been calculated only for selected values. 

 

D.3.2.3.1. Sensitivities and specificities of PR-39 relative to PMNs (%) exceeding 
respective reference limits 

A comparison of the PR-39 concentrations of pigs with PMNs exceeding the 9% limit in 

bronchoscopic and the 32% limit in transtracheal BALF with PR-39 concentrations of pigs 

with lower relative numbers of PMNs revealed significantly increased PR-39 levels in pigs 

with high relative numbers of PMNs. This again proves the good correlation of both 

parameters and supports the hypothesis of PMN as one major source for PR-39. Sensitivities 

>80% and specificities >90% are achieved with cut-offs for the PR-39 concentration of 2.5 

nM in bronchoscopic and 5 nM in transtracheal BALF (Table 56 in the Appendix and Fig. 26). 
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Therefore the cytological examination of BALF for the determination of PMNs can be 

replaced by determination of the PR-39 concentration, especially in BALF samples where 

cell differentiation is not possible (e.g. endotracheal BALF).  

 

 

Fig. 26: ROC-curves for PR-39 in bronchoscopic and transtracheal BALF with respect to 
the relative number of PMNs exceeding reference limits of 9% in bronchoscopic 
and 32% in transtracheal BALF. For every cut-off value the 100-specifity on the x-
axe and the sensitivity on the y-axe is shown. The y=x-axes is depicted. 

 

 

D.3.2.3.2. Sensitivities and specificities of PR-39 and the percentage of PMNs relative 
to positive findings of facultative pathogens 

To check a coherence of PR-39 levels and relative numbers of PMNs to the occurrence of 

facultative pathogens in the respiratory tract, pigs were divided into two groups with one 

group being positive for facultative pathogenic microorganisms in BALF and the other group 

being negative. Between both groups PR-39 concentrations and the relative number of 

PMNs were compared. Results are shown in Fig. 27 A and B. A clear tendency towards 

higher numbers of PMNs and PR-39 concentrations was found in the group with positive 

bacteriological findings. A significant difference between both categories was found for the 

PR-39 concentration in the endotracheal BALF group. In this group also a correlation 

between the PR-39 concentration and the number of facultative pathogenic isolates was 
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shown (Table 55 in the Appendix). Sensitivities and specificities for PR-39 concentrations as 

well as for the relative numbers of PMNs are given in Table 57 in the Appendix and in Fig. 

28. At a cut-off of 5 nM PR-39 in bronchoscopic and 10 nM in endotracheal BALF the 

specificity of the PR-39 ELISA with respect to facultative pathogens was 100%, so that 

samples with higher PR-39 concentrations had a high frequency of being positive when 

examined by bacteriological methods or PCR. Using the isolation of pathogens as reference 

a 100 % specificity (95% confidence limit: 40-100 %) was achieved using a cut-off of 9% 

PMNs in bronchoscopic BALF (53% sensitivity). In transtracheal BALF a 100% specificity 

(95% confidence limit: 72-100 %) was achieved using a cut-off of 40% (38% sensitivity) as it 

is shown in Fig. 28 B. These cut-offs for the detection of facultative pathogens in BALF were 

implemented into a disease definition based on bacteriological and cellular findings 

(D.3.2.3.3). 
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Fig. 27: PR-39 concentrations (A) and relative numbers of PMNs (B) in bronchoscopic and 
transtracheal BALF samples either negative or positive for facultative pathogenic 
isolates. Significant differences are indicated by asterisks (p<0.05). The box 
represents the 50% between 25% and 75% quartiles. The line inside the box 
indicates the median. The top and bottom lines denote maximum and minimum 
values. Numbers on top of the boxes indicate the number of animals examined. 
All pigs with a relative number of PMNs higher than 9% in bronchoscopic or 
higher than 40% in transtracheal BALF (dotted line) are positive for facultative 
pathogenic isolates in BALF. 
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Fig. 28: ROC-curves for PR-39 (A) and PMN (B) in bronchoscopic, endotracheal and 
transtracheal BALF with respect to the isolation of at least one facultative 
pathogenic species in the BALF sample. For every cut-off value the 100-specifity 
on the x-axe and the sensitivity on the y-axe is shown. The y=x-axes is depicted. 
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D.3.2.3.3. Sensitivities and specificities of PR-39 with respect to a disease definition 
based on bacteriological findings weighted by an increased relative 
number of PMNs 

Porcine disease parameters like the relative number of PMNs or the PR-39 concentration, 

which are independent of conventional bacteriological and virological diagnostics, can help to 

decide if pathogens and noxes have damaged the respiratory tract. PR-39 cut-offs were 

evaluated using a new definition of respiratory health where bacteriological findings were 

weighted by the relative number of PMNs: Pigs with isolation of at least one pathogenic 

species, including PCR for M. hyopneumoniae, but only in combination with more than 9% 

PMNs in bronchoscopic BALF or 40% PMNs in transtracheal BALF respectively, were 

defined as diseased, suggesting that in these animals pathogens had already provoked a 

cellular reaction and had damaged the respiratory tract. This definition aimed at acute as well 

as at chronic and subclinical stages of infection, when pigs do not inevitably show clinical 

symptoms and are hardly detected by clinical examinations. Thus, using the definition of 

respiratory health described above, in bronchoscopic BALF 89% of the diseased animals 

show a PR-39 concentration of at least 2.5 nM resulting in a significant 72 fold increase in 

risk of being diseased (Kappa index 0.79). In transtracheal BALF 90 % of the diseased 

animals show PR-39 concentrations of at least 5 nM resulting also in a significant 72 fold 

increase in risk of being diseased (Kappa index = 0.74; Fig. 29, Table 36). Odds ratios for 

different PR-39 cut-offs in the different lavage groups are shown in Table 36. 

A transformation of BALF PR-39 concentrations into ELF PR-39 concentrations (using the 

urea dilution method) did not allow the establishment of one cut-off valid for both BAL 

methods (Fig. 29). Sensitivity and specificity values for potential cut-offs for the PR-39 

concentrations in BALF and ELF are shown in Table 58 in the Appendix. 
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Fig. 29: ROC-curves for PR-39 in BALF (A) and in the ELF (B) in bronchoscopic and 
transtracheal BALF with respect to bacteriological findings which were weighted 
by cellular findings: Pigs which were positive for at least one pathogenic species 
in BALF but only in combination with more than 9% PMNs (bronchoscopic BALF) 
or 40% PMNs respectively (transtracheal BALF) were considered as diseased. 
For every cut-off value the 100-specifity on the x-axe and the sensitivity on the y-
axe is shown. The y=x-axes is depicted.  
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Summary 
1. The cytological examination of BALF for the determination of PMNs can be replaced by 

diagnostic of the PR-39 concentration, especially in BALF samples where cell 

differentiation is not possible 

2. For the isolation of facultative pathogens high specificities (100%) for the relative number 

of PMNs were achieved at cut-offs of 9% in bronchoscopic and 40% in transtracheal 

BALF. 

3. Using a disease definition combining bacteriological and cellular results subclinically 

diseased pigs without apparent respiratory symptoms can be identified.  

4. Lavage method-dependent cut-offs for PR-39 with adequate sensitivity and specificity are 

appropriate for predicting respiratory disease in swine. 

5. It was not possible to establish a general PR-39 cut-off value in BALF obtained by 

different BAL methods neither for BALF nor for the transformed concentrations in the 

ELF. 
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Table 36: Odds ratios of different cut-offs of PR-39 with respect to a disease definiton 
where pigs are positive for at least one pathogenic isolate but only in 
combination with more than 9% PMNs in bronchoscopic BALF or 40% PMNs 
in transtracheal BALF respectively 

 Bronchoscopic BALF Transtracheal BALF 
PR-39 cut-off 1 nM 5 nM 1 nM 5 nM 
N 38 38 37 37 

Odds ratio (95% CI) 8.0  
(1.4-44.3) 

100.6  
(5.1-1972.3)

5.3  
(0.6-48.2) 

72.0  
(6.6-785) 

Significance (Fisher´s Exact Test) 0.015 <0.0001 0.224 <0.0001 

% Sensitivity (95%CI) 
 
% Specificity (95% CI) 

88.9  
(65.3-98.6) 

50.0  
(27.2-72.8) 

72.2  
(46.5-90.3) 

100  
(83.2-100.0)

90.0  
(55.5-99.7) 

37.0  
(19.4-57.6) 

90.0  
(55.5-99.8) 

88.9  
(70.8-97.7)

Kappa coefficient (95% Cl) 0.38  
(0.12-0.65) 

0.73  
(0.52-0.94)

0.18  
(-0.02-0.38) 

0.74  
(0.50-0.98)

     
PR-39 cut-off 2.5 nM 15 nM 2.5 nM 15 nM 
N 38 38 37 37 

Odds ratio (95% CI) 72.0  
(9.1-572.0) 

26.7  
(1.4-512.1)

11.3  
(1.3-101.6) 

60.7  
(5.4-676.9)

Significance (Fisher´s Exact Test) <0.0001 0.003 0.023 <0.0001 

% Sensitivity (95%CI) 
 
% Specificity (95% CI) 

88.9  
(65.3-98.6) 

90.0 
(68.3-98.8) 

38.9  
(17.3-64.3) 

100  
(83.2-100.0)

90.0  
(55.5-99.7) 

55.6  
(35.3-74.5) 

70.0  
(34.8-93.3) 

96.3  
(81.0-99.9)

Kappa coefficient (95% Cl) 0.79 (0.59-
0.98) 

0.40 (0.16-
0.64) 

0.34 (0.10-
0.58) 

0.71 (0.44-
0.97) 

Kappa coefficient: <0.00: poor, 0.00-0.20: slight, 0.21-0.40: fair, 0.41-0.60: moderate, 
0.61-0.80: substantial, 0.81-1: almost perfect (LANDIS and KOCH 1977). 
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E. Discussion 

The major aim of the study was to improve the clinical and laboratory diagnostic methods to 

define clinical respiratory health and disease in swine. In individual pigs as well as in herds 

the origin of respiratory disease is mostly multifactorial and a result of complex interactions 

between host, facultative pathogens, and environmental factors. While the diagnostic of 

acute respiratory disease in pigs is achieved easily because of characteristic clinical 

symptoms, chronic or subclinical respiratory disease is not only difficult to detect but in 

general causes more severe economic losses. The interpretation of diagnostic findings in 

swine without clinical symptoms is difficult because no “gold standard” for the clinical 

determination of respiratory health exists. For this reason the main emphasis of the study 

was the investigation of potential markers allowing the sensitive detection of lung alterations 

in pigs which do not show clinical symptoms.  

The basis for the development of new diagnostic approaches is a standardized animal model 

for respiratory disease and the establishment of practical and well defined examination 

methods. In the first part of the study an animal model for respiratory disease - the infection 

with Actinobacillus pleuropneumoniae (A.pp.) - was characterized and diagnostic possibilities 

and limits of bronchoalveolar lavage (BAL) in the pig were examined. In the second part of 

the study the search for diagnostic markers for respiratory disease in porcine 

bronchoalveolar lavage fluid (BALF), which are independent of the causative agents was 

presented. In the third part of the study the diagnostic value of diagnostic markers in BALF 

taken with methods used in the field were evaluated in swine from herds with varying 

respiratory health status.  

 

E.1. Examination of the respiratory tract during experimental infection with 
Actinobaciilus pleuropneumoniae 

E.1.1. Bronchoscopic BAL 

For the first part of the study the experimental infection with A.pp. served as a model. The 

BAL procedure during these experiments was highly standardized in order to compare BALF 

samples prior to and after infection. The most important advantage of bronchoscopic BAL in 

comparison to other BAL methods performed without visual control is the possibility of high 

standardization and reproducibility which is indispensable for scientific investigations 

(KLECH and POHL 1989). The inspection of the mucosal surfaces of the respiratory tract 

prior to BALF sampling is possible. HARTWIG (1994) recorded findings of larynx, trachea, 

main bronchi and bronchus trachealis and found a hyperaemic mucosa, vascular injection 

and white foamy secretions in trachea and bronchi during acute respiratory disease as well 

as a thickened greyish mucosa with extravasations and yellowish viscous secretions during 
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chronic respiratory disease. Physiological findings characterized by smooth and light pink 

mucosa without secretions were also found in pigs with clinical signs of respiratory disease 

which was likely due to interstitial pneumonia or bronchopneumonia in the cranial lung lobes. 

In addition bronchoscopic findings characteristic for chronic lung alterations were found in 

animals with acute respiratory disease. This was likely due to earlier subclinical lung 

alterations which became clinically manifest after a second infection with pneumopathogenic 

microorganisms (HARTWIG 1994). The reduction of the mucociliary clearance by 

environmental factors as NH3, NO2 and SO2 my also lead to chronic bronchoscopic findings. 

In contrast to the study of HARTWIG (1994) in this study bronchoscopic findings were 

evaluated in experimentally A.pp. infected, in mock infected, and in healthy pigs. The 

procedure of BAL itself did not lead to changes in the bronchoscopic scores. Significantly 

increased bronchoscopic scores were only found in the acute and chronic stage of A.pp. 

infection with no difference with respect to the stage of disease. Moreover, it was found that 

the bronchoscopic score can not be used to assess the extent of pathological lung tissue 

alterations. 
In order to establish a highly standardized BAL method in swine preliminary investigations 

dealed with the questions i) to which extent BALF of the same individual differs if taken from 

different localizations of the highly segmented porcine lung and which lung localization 

should be rinsed preferentially ii) whether an established human BAL protocol involving the 

pooling of five fractions of recovered rinsing fluid can be transferred to the pig, and iii) what 

reference limits should be applied for BALF components in the age group used for 

experimental studies ?  

In general, the comparison of BALF samples between different individuals and in different 

studies is hampered by unknown ELF dilution factors, unknown sampling locations (alveolar 

space, bronchioles, conducting airways), incomplete mixing and variable lung permeability. 

From morphometric studies it was estimated that there is normally only 0.05 ml ELF per m2 

mammalian lung surface, so that the dilution caused by BAL is extremely high (GIL and 

WEIBEL 1969). 

The hypothesized differences of BALF derived from different lung localizations in the same 

pig (REINHOLD 2002) imply, that the diagnostic result from a BALF is not representative for 

the whole lung, which is one major criticism of using BAL for diagnostic purposes in pigs. The 

results obtained in this study show that this criticism is only partially valid. Thus neither 

significant differences nor significant correlations in the recovery rate, total cell count, the 

numbers of facultative pathogenic isolates and commensals and  environmental 

contaminants between two lung compartments could be found during the lavage of two 

different lung localizations in the same individual. 
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In the following experiments with bronchoscopic BAL always the Bronchus trachealis was 

lavaged due to three main reasons namely 1) its localization can be identified easily 

(important for standardization), 2) it aerates the right cranial lung lobe, which in general is 

frequently affected by respiratory pathogens (REINHOLD 2002), and 3) also in adult pigs its 

diameter is small enough to allow a wedge position of the bronchoscope without a shift of the 

lung segment rinsed. The lung compartment which is sealed by the tip of the bronchoscope 

is large enough to hold the rinsing fluid and allowed a loss-free fluid recovery. 

The bronchoscopic BAL protocol used here with five fractions of 20 ml rinsing fluid each, 

which were instilled and imidiately sucked of, closely followed the procedure used in human 

medicine (GANTER et al. 1993), although there were some minor methodical differences. In 

human BAL a vacuum of -6.65- (-13.3) kPa was used in some studies; in others no details 

were given about the suction pressure, especially if the aspiration was performed by syringe 

suction. In swine a vacuum with a maximum of -30 kPa can be used without causing 

bleeding and resulting in a high recovery rate of about 80% in healthy animals. All fractions 

were pooled although the first BALF aliquot is considered to be a more bronchial sampling 

characterized by many epithelial cells and PMNs (AALBERS et al. 1993; RENNARD et al. 

1990). Although the first fraction had the longest retention time and the lowest recovery rate 

because of adhesion forces to the bronchial surface the urea and protein concentrations 

were lowest. This implies that the hypothesis that the influx of urea is increased with the fluid 

retention period during the procedure of BAL may only be true for the alveolar space 

(RENNARD et al. 1986).  

In general the calculation of the hypothetical ELF-dilution factor by the quotient of urea 

concentration in serum and BALF contained two major sources of error: 

1. measurement inaccuracies in a working range below 0.1 mmol/l (BALF urea 

reference limits: 0.06-0.48 mmol/l in bronchoscopic BALF) 

2. The equilibrium conditions of blood urea and urea in the epithelial lining fluid - which 

is presumed be present in the alveolic space - can not be applied to the high 

prismatic respiratory epithelium of bronchi and bronchioli.  

 

The main general problems occurring during the quantification of ELF components in BAL- 

have been discussed previously (HASLAM 1998). Because there is no practical method to 

measure the total volume of ELF in the lung prior to lavage, different endogenous and 

exogenous marker substances such as technetium colloid, methylene blue, tritium, inulin, 

urea, albumin and others have been used in human medicine in the recent past to estimate 

the factor of dilution as reliably as possible (KELLY et al. 1988; RENNARD et al. 1986; VON 

WICHERT et al. 1993). Large volumes of fluid cross the alveolar membrane during lavage in 

both directions and most marker substances are diffusible (KELLY et al. 1988; VON 
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WICHERT et al. 1993) . The osmotic transfer of urea across the alveolar wall until restoration 

of equilibrium has been shown to take up to several minutes (SCHMEKEL et al. 1995; 

SIETSEMA et al. 1986). MARCY et al. (1987) found in a 5x20 ml BAL protocol that diffusion 

of urea along the concentration gradient set up by the instillation of urea-free saline into the 

lung and was associated with prolonged dwell times. In contrast VAN DE GRAAF et al. 

(1991) found no relationship between the amount of urea influx and the duration of a BAL. 

They assumed a negligible influx of urea into the first two portions of saline instilled and a 

negligible influx of albumin during the entire lavage procedure, so that a correction factor for 

the urea influx during the following samples was calculated using the urea:albumin ratio 

(VAN DE GRAAF et al. 1991). The conclusion deduced from further studies in human 

medicine concerning the standardization of BAL was that no satisfactory internal or external 

marker is yet available to accurately assess the BALF dilution factor, so that results should 

be reported per ml BALF (BAUGHMAN and RENNARD 1999; HASLAM 1998; HASLAM and 

BAUGHMAN 1999). Only if the recovery rate is significantly reduced the comparison to a 

reference substance may be useful (KLECH and POHL 1989). In diseased sheep with 

varying recovery rates the comparability between BALF samples was improved by reporting 

the results in the ELF (GANTER 1996).  

Some authors regard the total protein concentration in BALF as a sensitive but non-specific 

parameter in respiratory diseases which reflects changes in respiratory and vascular 

permeability (FOGARTY 1983; REINHOLD 2001). In this study protein concentrations in 

BALF and plasma of one individual pig were found to be highly variable at different 

timepoints and in different fractions. Therefore the comparison of concentrations of specific 

proteins in different BALF samples, e.g. by 2D-gel-electrophoresis, requires a determination 

of the total amount of protein and the adjustment of samples to the same protein 

concentration. 

Several studies have been performed previously to establish reference limits for cellular 

parameters in BALF of healthy pigs (Table 3). All of them are difficult to compare because of 

different lavage techniques, the lung region washed, and the origin of the pigs (GANTER and 

HENSEL 1997). The lavage protocol used here shows a best possible standardization using 

pigs with a high health status, so that it was assumed that the alveolo-capillary permeability 

was not affected. The high recovery rate of rinsing fluid (mean 86%) was also due to the high 

elasticity of lung tissue as is to be expected in healthy pigs. It must be assumed that pigs 

with inflammatory lung diseases do not meet these requirements. Astonishingly recovery 

rates in pneumonic pigs are relatively high (about 75%) as it has been shown by DELBECK 

(1995). 

The reference values for the total cell counts in BALF described in this study were lower than 

those reported by GANTER and HENSEL (1997). One reason could be the homogenous 
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high health status of the pigs, which was confirmed by clinical examination, bronchoscopic 

inspection of trachea and main bronchii, quantitative BALF cultures, and low percentage of 

the PMNs in the BALF (COSTABEL 1994b; DELBECK 1995). Another explanation for 

differing cell counts in this study is the slightly modified lavage technique. GANTER and 

HENSEL (1997) inserted a polyvinyl tube with an inner diameter of 1 mm into the biopsy 

channel of the fiberoscope to rinse the lung lobe and to aspirate the lavage fluid. As a 

consequence the stronger vacuum had an effect on the bronchoalveolar surface itself and on 

epithelial-associated cells. Because artificial blood contamination influences the results of 

cell quantities and acellular components, the quality of the BALF was evaluated by 

microscopic inspection for erythrocytes in the cytospots. All samples could be put into 

category I with fewer than 20 erythrocytes per field of vision as defined by MEHNERT and 

BRAUN (1997). The authors preferred microscopic inspection over a quantitative 

measurement of hemoglobin with a hemocytometer and a semiquantitative measurement 

with test strips. In healthy swine blood contamination of BALF is rarely observed if the 

vacuum of the suction pump is less than -30 kPa. In swine with lung diseases the recovery 

rates were lower and the suction pressures had to be even more decreased in order to avoid 

bleeding. In human medicine it has been shown, that large quantities of blood (category III) 

lead to increased concentrations of proteins and PMNs in BALF, so that concentrations have 

to be corrected by a formula based on a quantitative measurement of hemoglobin 

(MEHNERT and BRAUN 1997). 

In veterinary medicine, and especially in swine medicine, there is less experience in the 

measurement and interpretation of noncellular components. The diagnostic value of 

enzymes in infectious pulmonary disorders has not yet been investigated. In human medicine 

the increase of LDH-activity appeared to be of practical value for distinguishing between 

infectious and noninfectious pulmonary disease (COBBEN et al. 1999a; COBBEN et al. 

1999b). Some promising investigations about pulmonary LDH- and AP-activities have been 

made in sheep and calves with pneumonia (GANTER 1996; MILNE and DOXEY 1984; 

REINHOLD et al. 1992). It has been hypothesized that AP- and LDH- activities are indicators 

to be easily determined which can reflect lung alterations also in pigs. AP was detected in 

PMNs, in alveolar type II cells and Clara cells, and an increase can indicate damage of 

alveolar type II cells or a boosted secretion of surfactant (ATWAL and MCFARLAND 1967; 

JAIN 1968; REINHOLD et al. 1992). LDH is a sensitive marker for an acute damage of cell 

membranes (BEGIN et al. 1981a; BEGIN et al. 1981b; HENDERSON et al. 1978) and is 

released by PMNs next to other lysosomal and cytoplasmatic enzymes during phagocytosis 

of bacteria and cell lysis (TALSTAD et al. 1983). The reference limits for urea, protein, AP- 

and LDH-activities as well as their different quotients and the ELF-dilution factor show a 

broad range also under physiological conditions. With this highly standardized BAL protocol 
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in healthy pigs only a small variability in recovery rates occurred, so that the calculation of 

concentrations in the ELF was not necessary for comparison of these pigs. Still, ELF-

concentrations might be helpful when comparing pigs with different infectious respiratory 

disorders and, therefore, reference limits were also established for the ELF in contrast to the 

recommendations of BAUGHMAN and RENNARD (1999) for human medicine. 

An alternative approach to analyze acellular components which is not influenced by dilution 

is to express the concentration of one component as a ratio relative to that of another 

(HASLAM 1998). In our study the LDH:protein ratio, the AP:protein ratio, and the AP:LDH 

ratio in BALF are shown. The ranges of the two first-mentioned quotients show a high 

variability already in these healthy pigs, whereas the AP:LDH quotient might be a promising 

parameter in diseased pigs, because of its narrow range. 

 

E.1.2. Ultrasonic examination of the lung during experimental aerosol A.pp. 
infection  

A preliminary study of the diagnostic value of ultrasonic examination of the lung during 

experimental A.pp. infection was performed in 15 pigs. Fluid, which is accumulated in the 

pleural space and in lung tissue alterations in the more acute stage of infection, is easily 

detectable with ultrasound. In contrast to that changes in the homogeneity of lung tissue 

occuring in the chronic stage of infection due to the consolidation of lung, tissue alterations 

are difficult to differentiate. In the studies of KLEIN (1999) lung sonography findings of 34 

pigs were assigned to the corresponding pathological-anatomical findings with a sensitivity of 

74.62%. This is between the sensitivities found in the acute and chronic stage in this study. 

Some parts of the lung tissue could not be assessed by ultrasound due to their anatomical 

position: The parts of the lung located inside the bony thorax behind the shoulder-blade, the 

facies diaphragmatica of the lung, which is partially covered by the liver and the parts of the 

lung located in the neighbourhood of the mediastinum (KLEIN 1999). In humans 

approximately 60% of the lung surface can be assessed by ultra sound (MATHIS 1995). This 

proportion is probably lower in pigs (KLEIN 1999). While cranioventral parts of the lung which 

are mostly affected during enzootic bronchopneumonia were easily accessible, some parts of 

the main lung lobes which are preferentially affected during porcine pleuropneumonia could 

not be screened by ultrasound (KLEIN 1999). This might be one reason for the relatively low 

sensitivity of 50% for lung alterations using thoracic ultrasound at day 21 after A.pp. infection 

in this study. Sequesters characterized by a centre of necrotic material and a fibroblastic 

demarcation edge were detectable although they do not contain fluid. Those sequesters 

were most often surrounded by large areas of fibrinous pneumonic lung tissue which are 

difficult to define by ultrasound. It was shown that the extent of the real pathomorphological 

lung alterations could not be estimated using thoracic ultrasound, so that the method was not 
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routinely performed during the A.pp. infection experiments. One possibility to improve the 

sensitivity of thoracic ultrasound would be the application of computer-assisted quantitative 

echotexture analysis of ultrasound images for tissue homogeneity comparation. Using these 

programms greyscales can be evaluated and tissue density differences extrapolated (SINGH 

et al. 1997; TOM et al. 1998).  

 

E.1.3. Establishing animal models for experimental A.pp. infection 

In adult pigs arosol infection was not possible, so that the intratracheal infection route had to 

be tested as an alternative on the background of vaccine testing in this age group. Especially 

during the final stage of fattening high economic losses are caused by A.pp., while the 

infectious dose is unknown (LOEFFEN et al. 1999). Therefore the protective efficacy of a 

vaccine against A.pp. over the whole length of the fattening period had to be proved, which 

required an animal model for A.pp. infection also in finishing pigs. A typical pleuropneumonia 

with fever and severe respiratory symptoms as well as characteristic pathomorphological 

lung alterations without the loss of animals during the acute stage of infection should be 

produced. The pathogen should be cultivated from lung tissue. In the experiment pigs 

challenged with the highest dose (1010 CFU) did not show any respiratory symptoms but died 

in the peracute stage of disease within 10 h after infection. The major pathomechanisms 

responsible for this shock symptomatic during peracute A.pp. infection are proinflammatory 

cytokines released by alveolar macrophages as an answer to bacterial lipopolysaccharide 

which are chemoattractants for PMNs and triggers the release of extracellular killing agents 

(BAARSCH et al. 1995; BERTRAM 1985). In addition Apx toxins – depending on the dose - 

either destroy alveolar macrophages and alveolar epithelial cells type 2 (CRUIJSEN et al. 

1992; VAN DE KERKHOF et al. 1996) or stimulate alveolar macrophages, which leads to an 

increased production of oxygen radicals and chemotactic factors which, in turn, are 

responsible for the recruitment of PMNs (DOM et al. 1992). Both mechanisms cause lung 

lesions and can initiate the developement of irreversible septic shock (VAN LEENGOED et 

al. 1989). 

The more severe course of disease observed in pigs infected with 2 x 103 CFU in 

comparison to the two pigs infected with 8 x 103 CFU might be due to individual differences 

in susceptibility, differences in the viability of bacteria used for infection or due to a difference 

in the exact anatomical localization where the inoculum was applied in trachea or bronchi. 

Fibroblastic lung alterations were observed in both groups, and the lung lesion scores did not 

differ. In the study of VAN LEENGOED and KAMP (1989) the relationship between infection 

dose and severeness of pneumonic lesions was shown to not be linear during experimental 

intrabronchial A.pp. infection: Pigs infected with 104 CFU showed more severe lung lesions 

and higher mortality than pigs infected with 106 CFU. The result of this study was a 
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recommended dose for testing the efficiency of vaccines of 103 CFU A.pp. serotyp 2 per 

animal, which were applicated intratracheally. It could clearly be shown that pigs at the age 

of 5 to 6 month are as susceptible to A.pp. as weaner pigs up to 3 month of age. 

After the establishment of a standardized BAL procedure to take samples from the 

respiratory tract different infection routes with A.pp. were compared to agree on an 

appropriate experimental animal model. The comparison of experimentally and naturally 

infected pigs was limited, because of several reasons: i) BALF from naturally infected pigs 

could only be taken post mortem, and an entire left or right lung had to be washed; therefore, 

it was different to the bronchoscopic BALF from experimentally infected pigs, ii) the real time 

point of natural infection was unknown as the incubation time of naturally occuring A.pp. 

infection is influenced by host and environmental factors and therefore not consistent 

(VELTHUIS et al. 2002), iii) naturally infected pigs had been treated. Nevertheless, it was 

decided to compare naturally infected pigs in their chronic stage of disease to intrabronchially 

or via aerosol experimentally infected pigs at days 14 and 21 after infection.  

It was shown that postmortal lavage in general leads to a higher proportion of epithelial lining 

fluid in the recovered rinsing fluid because the whole mucosal surface of the left or right lung 

was washed out using one fraction of 100 ml fluid. Because rinsing fluid was directly instilled 

into the main bronchus it was assumed, that the proportion of alveolar wash in postmortal 

BALF was comparable to bronchoscopic BALF. Important disease associated parameters as 

PMNs and AP- and LDH-activities were found to be increased in the ELF of intrabronchially 

infected pigs. Lung scores did not differ significantly between both groups. A comparison of 

BALF of naturally infected pigs with pigs infected via aerosol with A.pp. serotype 7 showed 

an increase in disease parameters in naturally infected pigs, while the lung lesion scores 

were equal as well. In BALF of pigs infected via aerosol with A.pp. serotype 2 no difference 

in differential cell counts in comparison to BALF of naturally infected pigs was found, so that 

the severity of disease could be considered as equal. 

The comparison of experimental intrabronchial and aerosol infection routes resulted in a 

more severe course of disease after intrabronchial A.pp. infection, where the defense 

mechanisms of the upper respiratory tract are bypassed. Significant changes in enzyme 

activities and correlations to cellular parameters could only be observed during the severe 

course of disease. The significance of AP- and LDH-activities as indicators for respiratory 

disease might be restricted to severe lung alterations.  

The lung alterations in pigs infected with A.pp. serotype 2 were small disseminated lung 

sequesters and looked pathomorphologically different from those caused by A.pp. serotyp 7 

which were localized large lung tissue sequesters. Increased disease parameters at day 4 in 

the serotype 2 group might rather be due to the earlier time point after infection and not to 

the different serotype.  
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By the comparison of the different infection routes it became clear, that aerosol infection 

most closely resembles natural infection. Therefore the aerosol infection route was chosen in 

further experiments with pigs between 7 to 9 weeks of age.  

This animal model for experimental A.pp. infection of weaner pigs can be considered as 

highly standardized and solid. It is based upon the periodical observation of host reactions 

and lung milieu by bronchoscopic BAL and upon aerosol infection with A.pp. mimicking the 

natural invasion of the pathogen. During five infection experiments with a total of 40 pigs 

most animals passed through the acute stage of infection with distinct clinical symptoms as 

fever and coughing and came into the chronic or subclinical stage of disease without 

showing clinical symptoms any longer. Only two animals died before day 21 after infection.  

 

E.1.4. Mock infection experiment 

One point of criticism of the A.pp. infection experiments might be the impact of the complex 

technical procedures of three sequential bronchoscopic BALs and the aerosol aspiration on 

the results. BAL is considered to be an invasive intervention which damages the respiratory 

epithelia and can influence the results by itself (WARD et al. 1997). An influx of PMNs after 

BAL can be observed until 2 to 4 days after lavage (COLLIE et al. 1999; VON ESSEN et al. 

1991; WEISS et al. 1983). For this reason the shortest time-period between subsequent BAL 

was five days during the experiments. The influence of BAL on bronchoscopic scores and 

other disease associated parameters was investigated by two mock infection experiments. It 

should be excluded that BAL favours bacterial multiplication because of a damage of the 

respiratory epithelium and an alteration of the mucosal immune defense mechanisms. The 

mock infection experiments showed that BAL did not increase the naturally occuring bacterial 

burden in the respiratory tract. Bronchoscopic scores decreased at day 7 after mock infection 

(p=0.02), so that a mild therapeutic effect of BAL and/or 154 mM NaCl inhalation could be 

hypothesized. Any effects of BAL onto cellular BALF components seemed to be dependend 

on the initial situation in the respiratory tract, because pigs with visual pathological findings 

upon bronchoscopy in the bronchial tree showed significant higher numbers of PMNs and 

lower relative numbers of macrophages after mock infection in comparison to pigs with a 

high clinical respiratory health status.  

 

E.2. Searching for markers in BALF samples to define respiratory health 

Because of economic reasons the willingness of swine farmers to sacrifice pigs with acute 

and not yet treated respiratory disease for diagnostic purpose is low. Mainly perished or 

chronically diseased and treated animals are sent for post mortem examination (GANTER et 

al. 1993). Bacteriological findings and the resistance to antibiotics of bacterial strains out of 

lung tissue of chronically diseased and treated animals can not be considered as 
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representative for the herd. Those disappointing results from expensive diagnostic measures 

are of low value for the aetiological diagnosis and the decision for an adequate therapy. 

Serological examinations for antibodies against specific pathogens are also often performed 

for diagnostic of respiratory diseases in herds. It must be kept in mind that serological 

findings are always retrospective findings and do not reflect the actual situation during an 

acute outbreak of pneumonia. At the earliest, serological examination can be performed five 

to ten days after the occurrence of first clinical symptoms at the time-point of seroconversion. 

A paired serological examination (one taken from the animals at the time of acute disease 

and the second taken from the same animals two weeks later) to detect shifts in antibody 

activities is recommended for the aetiological diagnosis. Both approaches mean a time delay 

for the farmer on the way to a directed therapy. 

As an alternative appropriate intra vitam diagnostic procedure on swine farms, BAL has been 

described previously and currently is gaining in importance to improve the diagnostics of 

respiratory diseases (DELBECK et al. 1997; HARTWIG 1994; NIENHOFF et al. 2004).  

 

The primary aim of the study was to identify endogenous disease markers in porcine BALF 

which are independent of the causative agents for inflammation inside the respiratory tract. 

The development of new and sensitive diagnostic tests for respiratory health in swine is of 

scientific and economic importance. The flow chart which is shown in the methodic 

description of the search for markers in BALF shows the different approaches chosen to 

achieve this aim. Two major approaches were: 

1. The analysis of BALF as a complex sample with methods allowing the comparison of a 

large amount of unknown components in BALF of animals prior to infection and after 

infection. 

2. The determination of specific parameters which are considered to be promising disease 

parameters. 

In this study the analysis of surfactant in a limited number of pigs revealed no significant 

changes in the surfactant system after infection, so that further work focused on other BALF 

components. In future investigations of changes in the porcine surfactant system after lung 

infection anionic phospholipids such as phosphatidylglycerol (PG) and phosphatidylinositol 

(PI) as well as the neutral phospholipid phosphatidylethanolamin (PE) should be taken into 

consideration. It has been shown previously, that the relative concentrations of PI increased 

and of PG decreased in pigs after experimental infection with Past. mult.. Further, the PC/PI 

and the PG/PE ratios were found to be useful indicators for bacterial lung infection but they 

were not predictive for the severity of the disease (SACHSE 1989). In other workgroups 

appropriate monoclonal antibodies against porcine SP-D have been used successfully for 



Discussion 

 162

SP-D quantification in an ELISA (SOERENSEN et al. 2005b) but these antibodies did not yet 

exist at the time this study was performed.  

The biopanning process of the phage display performed in this study resulted in phage 

clones that appeared to specifically bind BALF components which were increased in 

diseased animals. However, they could not be used as diagnostic tools since they reacted 

neither in a Western blot nor after coupling to paramagnetic beads or in an ELISA. In future 

studies a biopanning with a phage library displaying antibody fragments in contrast to 

peptides would be a promising approach (AZZAZY and HIGHSMITH 2002). 

Using surface-enhanced laser desorption/ionization (SELDI) mass spectrometry BALF 

components could be characterized by their molecular mass and charge. Three consistent 

differences in the peak pattern were identified when comparing BALF prior to and after 

infection. Yet, the amounts available were not sufficient to attempt purification and 

identification of the proteins responsible. Since the nature of a biomarker should be known, 

the SELDI approach was not followed further. However, the differences should be kept in 

mind for future studies when more sensitive identification technologies may be available.  

 

E.2.1. Comparison of BALF-2D-patterns 

In this first attempt of comparative proteome analysis of porcine BALF differences in BALF 

protein profiles from pigs with and without A.pp. infection were examined in order to identify 

BALF-proteins upregulated in chronic respiratory tract infection. A disadvantage of using this 

procedure is the high variability of BALF protein content. However, the majority of proteins 

are serum-derived (HAYEM 1982), and a BALF-based diagnostic scheme is considered 

practical if it is based on ELF-specific components (NOEL-GEORIS et al. 2001). The 2D-

PAGE-based approach was considered to be a reasonable screening method to identify 

possible ELF-specific marker proteins in the complex BALF samples after adjustment of 

sample protein concentrations. Because 2D-PAGE has been reported to be prone to 

methodological variation (GORG et al. 2000), only protein profiles that were evident on 

triplicate gels were compared. Because Coomassie-blue staining was found to be not 

sensitive enough although BALF protein was concentrated by TCA precipitation prior to 

solubilisation, silver staining with an approximate detection limit of 0.1 ng of protein per spot 

was performed. The disadvantages of silver staining are the poor reproducibility of several 

stains, the limited dynamic range and the fact that certain proteins stain poorly, negatively or 

not at all (GORG et al. 2000). 

The spectrum of porcine BALF proteins shown in this study must be considered as only a 

fraction of the real protein spectrum. The fundamental limitations of 2D-gel electrophoresis, 

as it has been performed in this study, are that low abundance proteins, proteins of poor 
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solubility, very small or large proteins and proteins with extreme isoelectric points were not 

recorded (GYGI and AEBERSOLD 2000). 

The comparison of protein patterns of BALF-samples from days 4 or 7 after infection to 

control BALF taken prior to infection showed no consistent differences. This finding likely 

reflects individual differences in the course of disease and in the acute local and systemic 

immune response commonly seen in groups of outbred animals. The differences seen in 

BALF taken from convalescent pigs suggests a consistent pattern in the late reaction to 

respiratory disease, which likely reflects the occurrence of consolidation and tissue repair 

processes. About 80 protein spots which were expressed differentially in individual piglets 

were found. The finding that not all proteins observed to be upregulated were detected in the 

BALF of all animals, is likely due to individual differences and to the generally low 

concentrations of the proteins in question. The protein content in the pure BALF was much 

higher in diseased animals so that the BALF volume taken for TCA-precipitation was much 

lower. Of the 12 proteins subjected to mass spectrometry, six were present in sufficient 

amounts to allow amino acid sequencing. Among these, three gave no match in the 

database. As the Pig Gene Mapping Project (PiGMaP) (http://pigest.genome.iastate.edu, 

15.09.2006) is not yet completed we suppose that the proteins we identified have not been 

mapped up to now (FAHRENKRUG et al. 2002). The identification of only three of the twelve 

proteins analysed by mass spectrometry is likely due to the lack of availability of the entire 

porcine genome sequence. The mass accuracy requirement of peptide-guided database 

searches is dependent upon the purity of the protein prior to digestion, the number of 

peptides submitted for the search, and the genomic complexity of the organism studied 

(MERCHANT and WEINBERGER 2000). The first two requirements have been fulfilled due 

to the effective separation of individual proteins by 2D-gelelectrophoresis.  

All three proteins identified (PR-39, prophenin-2 and calgranulin C) are released by activated 

PMNs. Calgranulin C belongs to the S100 family of calcium and zinc-binding proteins and 

also possesses antimicrobial as well as filariacidal activity (GOTTSCH et al. 1999). It is 

secreted by infiltrating cells at the site of inflammation (DELL'ANGELICA et al. 1994; FOELL 

et al. 2003). The other two proteins Prophenin-2 and PR-39 are cathelin-associated 

antimicrobial peptides which have been isolated from porcine leucocytes before (ZHAO et al. 

1995). Prophenin has also been found in surfactant preparations from organic extracts of 

porcine lung tissue additionally to the surfactant proteins B and C, which had been 

considered to be the exclusive proteins in such preparations at that time (WANG et al. 1999). 

The antibacterial properties of the amino terminal 60 residues of prophenin-1, primarily 

directed against gram negative organisms, have long been known (HARWIG et al. 1995), 

and recently it has been shown that, even in the presence of a lung surfactant preparation, 

http://pigest.genome.iastate.edu/
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an 18-residue carboxy terminal fragment also possesses antibacterial activity (WANG et al. 

2004).  

Because PR-39 has been reported to be increased in serum after infection (ZHANG et al. 

1997) and, because this antimicrobial peptide is involved in wound repair processes (GALLO 

et al. 1994), we hypothesized that PR-39 might be an appropriate disease marker in BALF 

facilitating the detection of convalescent animals, which still might be carriers of the 

pathogen. Therefore, among the three proteins identified, we regarded PR-39 to be the most 

promising candidate for further investigation and performed alternative methods to confirm 

the 2D-PAGE findings. Western blot analysis (Fig. 14) and data from a PR-39 capture ELISA 

(Fig. 16) confirmed the proteomic data showing increased PR-39 in the BALF of pigs 21 days 

post infection.  

For future experiments in order to determine the porcine BALF proteome one or both gel 

electrophoresis dimensions can be replaced with alternative separation methods: IEF gels 

can be scanned directly with a MALDI-TOF mass spectrometer (LOO et al. 1999), or the IEF 

dimension can be replaced by preparative reverse phase (RP)-HPLC (ODA et al. 1999). 

Also, complex protein mixtures can be analyzed by two-dimensional chromatography 

coupled on-line to an ESI-MS/MS instrument (LC/LC-MS/MS) (GYGI and AEBERSOLD 

2000; GYGI et al. 2002).   

 

E.2.2. PR-39 

It was hypothesized that PR-39 might be an appropriate disease marker in BALF facilitating 

the detection of convalescent animals. Western blot analysis and ELISA were used as 

alternative methods to confirm the 2D-PAGE findings.  

For Western blots BALF protein was applied either pure or after precipitation with TCA. In 

some samples of diseased animals the PR-39 concentrations were found to be sufficiently 

high for detection in unconcentrated BALF. It has been shown previously, that the Mab used 

recognized both the mature PR-39 and the proform, the cathelin-containing PR-39 (ZHANG 

et al. 1997).  

The ELISA used here is based upon results of an ELISA used with serum (ZHANG et al. 

1997). An important component of the test is the use of a cationic detergent –

hexadecyltrimethylammonium bromide (CETAB) - which was found to be essential to obviate 

nonspecific binding of defensins to a variety of materials. The presence of as little as 0.001% 

CETAB has been found to diminish the unspecific adsorption of defensin HNP-1 to polyvinyl 

chloride and other plastic surfaces. The ELISA-based detection of defensin required a 1,000-

fold dilution of serum or plasma samples, thus limiting the sensitivity of the ELISA approach. 

Concentrations lower than 40-50 ng/ml were designated as “not detectable” (PANYUTICH et 

al. 1991). In the BALF ELISA for PR-39 CETAB was used in a final concentration of 0.01%. 
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Original concentrations of ELF components in BALF are assumed to be originally diluted up 

to 40 fold in healthy animals. A higher dilution of the original BALF on the cost of sensitivity 

was not performed in the test.  

When using coated plates the entire test lasts up to ten hours due to the various incubation 

steps of two hours each and thorough washing procedures between the steps. For routine 

diagnostics the ELISA procedure would have to be adapted to five or six hours, e.g. by an 

increase of incubation temperatures or by an interruption of the test procedure by one 

overnight incubation step, e.g. with the BALF samples. It has been shown that the two 

detecting antibodies tested for the ELISA behave different in the system as it is shown in Fig. 

17. The rabbit pAb which is directed against one epitope has a higher specificity and a lower 

sensitivity than the rat pAb which recognizes several antigenic epitopes (ZHANG et al. 1997). 

Epitopes can be occupied by binding to the monoclonal coating antibody so that the antigen 

in low abundance is not detected by the rabbit pAb in contrast to the rat pAb which shows a 

higher sensitivity. The variation coefficients of the well-to-well reproducibility and of the intra 

assay- and the inter-assay variation do not exceed 20% which is adequate for a diagnostic 

test (ANONYM 1996). Test evaluation was performed using different concentrations of 

synthetic PR-39 standard. Higher variation coefficients are found in BALF samples measured 

at different days which can be explained by various interactions between reagents and the 

complex composition of the samples. Nevertheless, using a cut-off of 1 nM PR-39, the 

classification was always consistent in the same sample on different days. A cut-off definition 

including a grey zone between PR-39 concentrations which are definitively determined as 

negative and positive must be recommended due to high variation coefficients in the same 

BALF samples. As long as no gold standard exists for the classification of BALF samples the 

sensitivity and specificity of the test system can be estimated most accurately by the 

evaluation of samples from experimentally infected animals. ELISA optimization by 

evaluation of a large, representative number of samples after definition of a gold standard or 

an alternative test could improve the reliability of test results in the future.  

PR-39 was initially characterized as an antibacterial factor in the intestine of pigs 

(AGERBERTH et al. 1991; ZANETTI 2004). At present PR-39 is known as a multifunctional 

peptide involved in host defense and inflammation. Next to its antibacterial activities it is 

involved in a variety of processes, including promotion of wound repair, induction of 

angiogenesis, neutrophil chemotaxis and inhibition of NADPH oxidase activity (ZANETTI 

2004). PR-39 is released in wound fluid by recruited neutrophils and serves as a signalling 

factor for the induction of syndecan (GALLO et al. 1994). The developmental gene 

expression of PR-39 in bone marrow cells, peripheral blood neutrophils and various other 

lymphoid tissues had been shown (WU et al. 1999). Increased cathelicidin gene expression 

after different infectious or inflammatory stimuli was found in vitro and in vivo (WU et al. 



Discussion 

 166

2000). In experimental A.pp. infection the correlation to the relative number of PMNs 

reflected the neutrophilic origin of PR-39 in the chronic stage of infection. It was negatively 

correlated to the relative number of macrophages which can be considered as a negative 

disease marker. Surprisingly no correlations to cellular parameters were found in the acute 

stage of infection although PMNs were highly increased in this stage of infection (Fig. 16).  

Increased serum PR-39 levels have been found after infection with Salmonella choleraesuis 

(ZHANG et al. 1997). The finding that concentrations of PR-39 are not increased in serum in 

the chronic stage of A.pp. infection, is likely due to the stage of infection. Thus, in acute 

systemic A.pp. infection, serum concentrations of PR-39 also show a slight increase (Fig. 

15). In chronic infection, however, the infection is localized to the lung and the involvement of 

PR-39 in wound repair processes might be its primary role (GALLO et al. 1994). 

Nevertheless the significant decrease of serum PR-39 concentrations at the chronic stage of 

infection can not be explained and gave no information on the health status of the pig in this 

study.  

According to its antibacterial properties as well as its involvement in tissue repair processes, 

PR-39 could be regarded as a disease marker of chronic lung alterations as it was shown 

here for chronic A.pp. infection. This stage of infection is characterized by reparative 

processes like sequestered colliquative necroses and persistent pleural adhesions (DIDIER 

et al. 1984; LIGGETT et al. 1987). In fact PR-39 concentrations at day 21 after infection are 

highly correlated to the lung lesion score at the same time point. The lower lung lesion 

scores of the eight pigs infected with A.pp. serotype 2 in comparison to the other pigs 

infected with A.pp. serotype 7 were reflected by significantly lower PR-39 concentrations. 

Pigs with lung lesion scores <5 showed significantly lower PR-39 concentrations than pigs 

with lung lesion scores >5 (Table 26). If PR-39 is released by recruited phagocytic cells or 

lung epithelial cells or if it is newly synthesized after infection needs to be further 

investigated. 

After confirming that PR-39 is increased in BALF taken from pigs 21 days after infection, it 

was investigated whether it could be used as a disease marker by constructing a Receiver 

Operating Characteristic (ROC) plot. The relation between sensitivity and specificity at 

different cut off values was shown in order to establish a quantitative diagnostic test to 

differentiate, at different cut-off values, between healthy and diseased individuals (Fig. 17). 

The optimal cut-off value determined for PR-39 (1 nM) would correspond to a concentration 

of approximately 40 nM in ELF; a value that is well below bactericidal concentrations 

(BOMAN et al. 1993). For antibody detecting ELISAs, e.g. A.pp. ELISA, cut-off determination 

is usually performed by testing definitively negative populations (LEINER et al. 1999). The 

cut-off for differentiation between negative and positive animals can be the arithmetic mean 

in the negative population plus simple, twofold or threefold standard deviation 
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(SUNDERMAN 1975). This approach is not possible for the PR-39-ELISA, because no 

negative population is known. PR-39 concentrations in BALF might be increased by infection 

as well as by unspecific noxa. 

In summary, these findings show for the first time that the concentration of PR-39 in BALF is 

a potential diagnostic marker allowing the detection of clinically healthy pigs convalescent 

from an experimental A.pp. infection.  

PR-39 and several parts of it have been studied for their antibacterial and oxidase inhibiting 

activity. It could be shown, that the aminoterminal 26-residue segment contains the 

antibacterial domain of PR-39 and that the first three arginine residues and the residues 10-

26 (PRLPPR) are essential for this effect (SHI et al. 1996b). Varying antibacterial PR-39 

concentrations being acitve against different pathogens are reported in literature. For enteric 

gram-negative bacteria MICs of PR-39 ranging from 2-4 µg/ml have been found (SHI et al. 

1996a). 40-80% growth inhibition of M. tuberculosis was achieved with PR-39 concentrations 

of 50 µg/ml in vivo (LINDE et al. 2001). The finding that PR-39 had no bactericidal activity on 

A.pp. was unexpected as the bactericidal activity of PR-39 is well documented against other 

gram-negative bacteria (BOMAN et al. 1993; LEE et al. 1989) and the results of dot blots 

indicate a binding or attachment of PR-39 to A.pp. and E.coli. This result is supported by a 

recent study showing a bactericidal activity of the antimicrobial peptide porcine β-defensin 1 

only against B. pertussis, a bacterial pathogen not naturally occuring in pigs, while B. 

bronchiseptica is not inhibited (ELAHI et al. 2006). 

The resistance of A.pp. to PR-39 is in accordance with its ability to persist for extended 

periods of time on the respiratory epithelium of pigs (DOM et al. 1994; HENNIG et al. 1999). 

With the tested concentrations a MIC of 5 µM (25 µg/ml) was determined in VFM medium 

only. However, antimicrobial peptides often appear inactive when assayed under culture 

conditions. Also, the balance of host ionic concentrations of carbonate and NaCl has been 

found to be critical for microbicidal activity of antibacterial peptides. Thus, the concentration 

of ions can cause global changes in bacterial cell structure and gene expression despite no 

change in growth rate occurs (DORSCHNER et al. 2006). In BALF from day 21 after A.pp 

infection the highest PR-39 concentration found was 164 pm/ml (0.8 µg/ml) and the median 

was 5 pm/ml (25 ng/ml). The dilution of ELF in healthy animals by BAL procedure has been 

found to be in the range of 6-40, so that theoretically 4.6-32 µg PR-39 per ml ELF (median 

150 ng-1 µg/ml ELF) are calculated to be present in the ELF in vivo.  

The same variation in the effective antibacterial concentration with respect to different 

pathogens has been shown for prophenin, another antibacterial peptide belonging to the 

group of the cathelicidins: Against E. coli no antibacterial activity was found in an inhibition 

zone assay. Antibacterial activity against B. megaterium was found with peptide 

concentrations of 0.5 mg/ml. A synthetic C-terminal fragment of prophenin which was 
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considered to be also naturally occuring showed antibacterial activities at comparatively high 

concentrations (>10 mg/ml) (WANG et al. 1999). For the synthetic cationic antimicrobial 

peptide polymyxin a significant impact on gene expression in Salmonella Typhimurium had 

been shown recently (BADER et al. 2003). 

Microbes have evolved countermeasures that limit the effectiveness of antimicrobial 

peptides. One mechanism is the decrease of the anionic charge on their cell surface, e.g. by 

the replacement of anionic phospholipids by positively charged lipids (DORRER and 

TEUBER 1977; SHAFER et al. 1984; VAARA and VAARA 1994), the increased incorporation 

of aminoarabinose, palmitate or 2-hydroxymyristate (GUO et al. 1997) or the modification of 

the negatively charged cell wall component teichoic acid by D-alanin (PESCHEL et al. 2000). 

Some bacteria possess proteases to inactivate antimicrobial polypeptides (GUINA et al. 

2000). Neisseria gonorrhoea is able to survive in PMN-rich environments due to its efflux 

system mtr, that removes various antimicrobial substances, including protegrins and LL-37, 

from exposed bacteria (SHAFER et al. 1998). For PR-39 it was shown that the antibacterial 

activity was due to its interaction with bacterial DNA- and protein synthesis (BOMAN et al. 

1993). The molecular mechanisms which are responsible for the antimicrobial effects have 

not been completely elucidated so far. Most probably PR-39 cannot be considered as an 

important factor of host defense against A.pp. in vivo, but it may play a role in synergisitic 

combination with other antimicrobial factors in the porcine respiratory tract, as it has been 

shown for for other antimicrobial peptides which occur in subinhibitory concentrations 

(TRAVIS et al. 2001). The combinations of lysozyme-lactoferrin, lysozyme-SLPI and 

lactoferrin-SLPI as well as the triple combinations of lysozyme, lactoferrin and SLPI or of the 

human-β-defensins, LL-37 and tobramycin, were found to be synergistic (SINGH et al. 2000). 

The multiplicity of antimicrobial factors in the ELF and their synergistic effects might reduce 

the time available for bacteria to develop a more virulent phenotype. Furthermore the 

combination of antimicrobials might prevent the emergence of strains resistant to 

endogenous antimicrobials (SINGH et al. 2000). 

 

E.2.3. Cellular parameters 

The differential cell count in BALF samples is an established diagnostic tool in human and 

veterinary medicine. In swine the relative number of PMN has been found to be the most 

promising candidate to differentiate between respiratory healthy and diseased pigs (GANTER 

and HENSEL 1997). This could be supported by the results of this study with significant 

increases in the relative number of PMNs in the acute and chronic stages of infection. 

Already 24 hours after A.pp. infection masses of chemotaxin producing alveolar 

macrophages as the first line of defence against bacterial invaders were found in the alveolar 

space (CHEN and CHENG 1997). They are responsible for the recruitment of PMNs. The 
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increase of PMNs was found to be dependent on the bacterial burden (HEILMANN 1985). A 

decrease of the relative number of PMNs during PRRSV and A.pp. infection due to a 

cytotoxic effect onto alveolar macrophages resulting in a decreased chemotaxin production 

and recruition of PMNs has also been described (BENDIXEN et al. 1981; OHLINGER et al. 

1991). Nevertheless during all experimental A.pp. infection trials performed the relative 

numbers of PMNs were increased in BALF. 

The total cell count is a highly variable parameter and not adequate for the assessment of 

the cellular defense in the lung (NEUMANN et al. 1985). A decrease in total cell count may 

be due to short retention periods of rinsing fluid in the bronchoalveolar space, altered 

alveolar macrophages or a low bacterial burden. High total cell counts were found in BALF 

samples which were positive for a high-grade isolation of facultative pathogenic 

microorganisms and with a low isolation rate of commensals and environmental 

contaminants (HARTWIG 1994). Reference values for the total cell count in healthy pigs from 

different workgroups as shown in Table 3 are highly variable due to different husbandry and 

environmental factors. The mean total cell count in BALF of pigs experimentally infected with 

Past. mult. was found to be 2-4 G/l in the acute stage of infection which is extremely high in 

comparison to our results at the acute stage of A.pp. infection (HEILMANN and MÜLLER 

1987). The author pointed out the tight dependency of the amount of total cells on the influx 

of PMNs into the alveolar space.  

During the acute stage of naturally occurring pneumonia in swine in average 51.4% alveolar 

macrophages, 42.1% PMNs, 4% lymphocytes and 0.14% eosinophilic granulocytes have 

been found. A significant positive correlation was shown between the total cell count and the 

relative number of PMNs in BALF (HARTWIG 1994). During the acute stage of experimental 

A.pp. infection in this study the relative numbers of all cell fractions were lower. This might be 

due to the different health status of the animals prior to infection. They originated from a herd 

with high clinical respiratory health status with no history of respiratory disease and were 

kept under excellent husbandry conditions. 

 

E.2.4. Glutathione 

Increased oxidative stress leads to a decrease of reduced glutathione (GSH) and an 

accumulation of oxidized glutathione (GSSG) (BAKER et al. 1990; RAHMAN and MACNEE 

2000). One major problem in determining the GSH/GSSG ratio is the oxidation of GSH to 

GSSG during sample preparation. During the test procedure itself the oxidation of GSH is 

overcome by scavenging GSH prior to the determination of GSSG. In the study of CANTIN et 

al. (1987) GSH and GSSG determination in BALF was successful using this test system. The 

necessity to concentrate BALF samples by lyophilization prior to their use in the assay is 

contradictory to the high glutathione concentrations in the human ELF described previously: 
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In comparison to serum, in the ELF a 140 fold elevation of total glutathione has been found, 

while 96% was in the reduced form (CANTIN et al. 1987). 

The maintenance of GSH and urate in the ELF is an important adaptive response during 

infection and inflammation. Cigarette smokers who have an enhanced oxidant burden at their 

alveolar surface, have significantly higher levels of reduced GSH in ELF than do 

nonsmokers, which may be due to the increased number of alveolar macrophages and their 

increased export of glutathione as a result of an increased oxidative metabolism (CANTIN et 

al. 1987). After experimental infection of mice with Ps. aeruginosa GSH and GSSG levels in 

ELF were found to be significantly increased, while the ratio of reduced to oxidized GSH was 

not changed (DAY et al. 2004). In heaves-affected horses an upregulation of pulmonary GSH 

synthesis has been found as well (KIRSCHVINK et al. 2002a). Many cells, including 

lymphocytes, macrophages, and fibroblasts, are known to export the reduced state of GSH 

at a rate exceeding the rate of formation of extracellular GSSG (CANTIN et al. 1987). In this 

study a tendency of an increase of total glutathione after infection was found, which can be 

considered as well as an adaptive response by the lung through stimulation of apical 

transport (DAY et al. 2004). In contrast to that acute oxidative stress as it occurs in severe 

cases of the idiopathic respiratory distress syndrome in newborn and premature infants leads 

to a decrease in GSH concentration and a relative increase in GSSG. The determination of 

both parameters was of prognostic value for the course of disease (BODA et al. 1998). 

During the course of A.pp. infection total glutathione was negatively correlated to the lung 

lesion score, while GSSG concentrations were positively correlated to the total number of 

PMNs and the total cell count at different time points after infection. Compared to patients 

with ARDS (SCHMIDT et al. 2004), where GSSG (0.13+/- 0.02 µM) levels but not GSH levels 

were increased in contrast to healthy volunteers (0.03 +/-0.01 µM), GSSG levels measured 

in this study were much higher also prior to infection (median 0.65 µM). This might be due to 

oxidation which took place during sample preparation or might be characteristic for the 

species. Significant elevations in ARDS patients has been found for retinol, ascorbic acid and 

alpha-tocopherol (SCHMIDT et al. 2004). These parameters might also be promising 

candidates for the assessment of the antioxidant status in porcine BALF. 

 

E.3. Evaluation of PR-39 as a novel respiratory disease marker 

E.3.1. Comparison of different methods to obtain BALF 

The performance of bronchoscopic BAL, which has been established for scientific purposes 

in the clinic, in principle can also be performed on swine farms from a technical point of view. 

The whole procedure lasts approximately 15 minutes per pig including anaesthesia. Yet, the 

subsequent cleaning and desinfection is time-consuming, and carrying the equipment 

required into closed herds presents a significant biosecurity risk; therefore, the application of 
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fiberoptic bronchoscopy for the use on pigs in the field is highly unlikely to find its way into 

common use. However, two other BAL methods, endotracheal and transtracheal BAL 

performed with disposable materials, are widely-used in practice. Therefore, these three BAL 

methods were compared to determine the diagnostic value of parameters in these differently 

obtained BALF. Fiberoptic bronchoscopy was used as a reference method in the current 

study as the currently used cut-off values for cellular parameters have been determined with 

this method.  

In a first approach eight healthy pigs were each lavaged twice using different BAL methods 

thereby assessing differences in the same individual due to different BAL methods. Because 

of the small number of only four animals per group a statistical comparison was not possible 

for all parameters. From the descriptive statistical values some tendencies could be derived 

which were supported also by the following study of different BAL methods in different 

individuals out of the same herd: In contrast to bronchoscopic and endotracheal BAL the oral 

cavity and larynx are bypassed during transtracheal BAL; this is reflected by less 

contamination with commensals and environmental contaminants in transtracheal BALF. 

Most lymphocytes were found in bronchoscopic and most PMNs in transtracheal BALF. 

Commensals and environmental contaminants were clearly increased in bronchoscopic 

BALF in comparison to transtracheal BALF. PR-39 concentrations were lowest in 

endotracheal BALF. Negative correlations between the number of isolates of facultative 

pathogens and PMNs found in two groups might be due to an activation of the cellular 

immune system which has already led to a decrease of the burden with facultative 

pathogenic bacteria.  

The comparison of different lavage methods is problematic even if performed in the same 

animal at the same point of time, due to different lung localizations, different volumes of 

instilled fluid, and an influence on the lung milieu by the previous BAL (DOHN and 

BAUGHMAN 1985; GARCIA et al. 1986; LAM et al. 1985; REINHOLD et al. 2005). 

Therefore, the three BAL methods were also performed in different individuals out of the 

same high health herd.  

Approximately 80% of bronchoscopic BALF represents alveolar content (RENNARD et al. 

1990), while the proportion of recovered rinsing fluid which has reached the alveolar space is 

not assessable in endo- and transtracheal BALF. The recommendation for a minimum 

recovery of 10% of the infused volume (BAUGHMAN et al. 2000) was not achieved in 1.6% 

of the samples in the endotracheal and 46% in the transtracheal group. For both groups it 

must be assumed that the recovered rinsing fluid contained a high proportion of bronchial 

wash leading to shifts in cell distributions, which are characterized by more epithelial cells, 

fewer macrophages and lymphocytes and more PMNs (AALBERS et al. 1993; RENNARD et 

al. 1990; ROBERTSON 1980). The high proportion of bronchial wash in transtracheal BAL is 
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reflected by a low total cell count and low absolute numbers of macrophages and 

lymphocytes.  

MOMBARG et al. (2002) evaluated BALF harvested via an endotracheal catheter based on a 

cut-off of 8% PMNs. In their lavage protocol they discarded the first BALF fraction aspirated 

and sampled as many subsequent fractions as required to obtain at least 8 ml BALF. With 

this lavage method cell differentiation was described to be possible, and total cell counts 

were in accordance with cell counts in the endotracheal BALF found in this study. Due to 

animal welfare considerations, only 20 mls of saline were instilled and the whole aspirate 

was sampled; using this approach, cell differentiation succeeded in only 25% of the 

endotracheal BALF samples.  

In contrast to cellular parameters, the non-cellular parameter PR-39 could be determined in 

all three lavage groups without significant differences. PR-39 originates to a great extent 

from PMNs and could be determined even if cellular parameters were not accessible . 

The number of ciliated epithelial cells from the bronchi amongst the BAL cells serves as an 

indicator for the contamination of a BALF sample with bacteria originating from the upper 

respiratory tract (HASLAM 1998). In human medicine a BALF sample representative for the 

alveolar composition is usually required, whereas in porcine medicine bronchial 

„contamination“ improves the diagnostics of bronchial-associated infectious agents. The 

finding, that 43% of the pigs in the high health herd were found to be positive for pathogenic 

microorganisms clearly shows that the isolation of facultative pathogenic microorganisms 

from the porcine respiratory tract in itself has no significance for the clinical respiratory health 

status of the herd.  

The well known tight adherence of M. hyopneumoniae to ciliated epithelium (DEBEY and 

ROSS 1994) would imply an improved sensitivity of M. hyopneumoniae diagnostics in 

samples with a higher proportion of ciliated epithelial cells, but this could not be supported by 

the results of this study. Thus, the highest number of positive results in the M. 

hyopneumoniae PCR was found in bronchoscopic BALF. This most likely is an indication for 

chronic infections where M. hyopneumoniae  resides in the lower respiratory tract 

(BERTSCHINGER et al. 1972). Due to the highest volume of rinsing fluid a larger proportion 

of the mucosal surface is washed out by bronchoscopic BAL in comparison to the other 

methods. This is likely to also improve the sensitivity for M. hyopneumoniae.  

The original concentrations of parameters in the epithelial lining fluid can be estimated by the 

urea-dilution method. It was found that this method was not be transferable from 

bronchoscopic BALF to endotracheal and transtracheal BALF with higher and inconstant 

bronchial fractions in the recovered fluid. In endotracheal and transtracheal BALF the 

difference in the ELF dilution factor in comparison to bronchoscopic BALF was considered to 

be due to the lack of an equilibrium between blood and ELF urea in the bronchial space. 
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Therefore, differences in BALF composition due to the performance of different methods 

could not be compensated by calculating ELF-concentrations based on the urea-method. 

In comparison to bronchoscopic BALF preliminary reference limits for the total cell counts 

were lower in endotracheal and transtracheal BALF. The most striking difference was the 

higher reference limit for absolute and relative numbers of PMNs in transtracheal in 

comparison to bronchoscopic BALF. In parallel PR-39 concentrations were higher - most 

probably due to its neutrophilic origin. The lower proportion of ELF in transtracheal BALF 

means a lower proportion of recovered rinsing fluid which had reached the alveolar space. In 

contrast to that the bronchial proportion of recovered rinsing fluid is higher in transtracheal 

BALF which is clearly reflected by a shift in cell fractions with higher numbers of PMNs.  

 

E.3.2. Evaluation of BALF markers in pigs with naturally occurring respiratory 
disease 

In this study BALF disease parameters were examined in pigs with ongoing or recently 

occured respiratory diseases of various origins. Two major questions should be answered by 

this field study,namely i) is there a correlation of PR-39 levels to other disease-associated 

parameters also in BALF obtained with disposable material under field conditions ? and ii) is 

PR-39 applicable as a disease marker for porcine respiratory diseases of various origins ? 

On the basis of the methodical comparison of the three lavage methods it was supposed that 

the total cell count and the PR-39 concentration in BALF obtained with all three methods and 

the differential cell count obtained in bronchoscopic and transtracheal BALF have to be 

interpreted differently depending on the BALF method. 

Pathogenic microorganisms such as H. parasuis, Past. mult., B. bronchiseptica, M. 

hyopneumoniae, S. suis, Arcanobacterium pyogenes, M. hyorhinis and A.pp., but not virus 

infections and environmental noxae were taken into consideration in this field study. A 

differentiation of facultative and obligate pathogenic microorganisms was avoided, because 

all pathogens, with the exemption of A.pp., have been also found in clinically healthy animals 

(KIPPER 1990). Other authors have reported that also pigs without a history or any clinical 

signs of respiratory disease have been found serologically positive for A.pp. (MÜLLER et al. 

1987). Other bacteria were classified either as commensals and environmental contaminants 

or non-classified NAD-dependent bacteria if they belong to NAD-dependent Actinobacillus 

species or to other non-classified NAD-dependent bacterial species which both are difficult to 

examine in bacterial culture due to their delicate growth and special growth conditions 

(BISPING and AMTSBERG 1988).  

In previous studies neither the number nor the spectrum of bacterial species in BALF was 

found to be different between healthy pigs or pigs with acute or chronic respiratory disease 

(GANTER et al. 1993; HARTWIG 1994; HENSEL et al. 1994a; KIPPER 1990). The 
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proportion of the isolation of commensals and environmental contaminants was found to be 

increased in pigs with chronic respiratory disease (63%) in comparison to pigs with acute 

respiratory disease (39%). The isolation rate of facultative pathogenic microorganisms was 

increased in pigs with acute respiratory disease with 23.7% Past. mult., 12.9% S. suis type 2, 

12.9% B. bronchiseptica, 8.6% Mycoplasma spp. and 3.2% H. parasuis (HARTWIG 1994). It 

was hypothesized that multiplication of pathogens increased after the occurrence of the first 

clinical symptoms, so that the detection rate of respiratory pathogens can be improved by 

performing BAL at one and a half day after the occurrence of first clinical symptoms 

(HARTWIG 1994).  

All pathogens mentioned above are known to be involved in the “porcine respiratory disease 

complex” (PRDC), being the most frequently occuring respiratory disease between the 18th 

and 24th week of life in pigs. In this period of time mostly a seroconversion against M. 

hyopneumoniae takes place which might be one reason for the high frequency of respiratory 

disease in this age group (GROßE BEILAGE 1999). Several of the herds examined were 

positive for M. hyopneumoniae as assessed by PCR, although most pigs were younger than 

18 weeks. Because of the long incubation period of M. hyopneumoniae it is assumed that 

pigs were chronically diseased. In herd BF2 a cultural isolation of M. hyopneumoniae and 

Past. mult. was possible, so that a typical course of Enzootic Pneumonia with M. 

hyopneumoniae as the primary and Past. mult. as the secondary pathogen was assumed. 

Pigs out of herd BF2 showed highest absolute numbers of lymphocytes which might be a 

reaction to M. hyopneumoniae infection (HOWARD and TAYLOR 1985). B. bronchiseptica 

could be isolated from pigs out of a herd with a high clinical respiratory health status as well 

as from diseased pigs most often in combination with H. parasuis and S. suis. It has been 

reported that S. suis type 2 can be isolated from pneumonic lung lesions mostly in 

combination with other pathogens (HOMMEZ et al. 1986) (HARTWIG 1994). M. hyorhinis as 

a common inhabitant of the respiratory tract of swine is not considered as a primary cause of 

pneumonia, but a frequent isolate from bronchopneumonia (CHRISTENSEN et al. 1999). 

Nevertheless some strains of the organism have been found to produce pneumonia in 

gnotobiotic pigs (GOIS and KUKSA 1974). In this study only a high-level isolation with 

confluent pure culture was taken as an evidence for the involvement of M. hyorhinis in the 

disease and than assessed as “pathogenic”. 

Infections with PRRSV, PRCV and SIV, which also participate in PRDC were not taken into 

account in this study. PRRSV infection in general takes place during the first weeks of 

fattening so that a stable immunity can be exspected in the 18th week. Because of the 

younger age of the animals examined here, an involvement of PRRSV in the respiratory 

problems might have occurred. The involvement of influenza A virus is unlikely because an 
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infection mostly is associated with an acute outbreak after an explosive spreading of the 

agent (GROßE BEILAGE 1999).  

Pigs with a high clinical respiratory health status (M12, BF1, BF11) differed from pigs with a 

lower clinical respiratory health status which was reflected by decreased concentrations of 

disease associated parameters as PMNs, lymphocytes and PR-39 in pigs with high clinical 

respiratory health status. The most important correlation between parameters within lavage 

groups was the positive correlation between PR-39 and the relative number of PMNs and the 

negative correlation between the relative number of macrophages and either PR-39 or the 

relative number of PMNs. While the relative number of PMNs can be considered as a 

positive disease parameter, the relative number of macrophages can be considered as a 

negative disease marker, independently of the lavage method. Correlations of the dilution 

factor of the ELF and various cellular parameters in the transtracheal group were negative 

with exemption of the relative number of macrophages. Higher dilution factors occur 

generally more often in healthy pigs, because no secretion due to inflammatory processes 

increases the original liquid of the lung. 

Frequencies of clinical parameters such as the occurrence of coughing, dyspnoea and body 

conditions below average were most severe in the transtracheal BALF group. Corresponding 

to the anamnestic survey of the herd health status pigs of the transtracheal BALF group 

showed more acute courses of disease while pigs of the endotracheal BALF group showed a 

tendency towards more chronic courses of disease. The frequency of samples positive for 

non-classified NAD-dependent bacteria was highest in bronchoscopic BALF which might be 

due to the largest volume of rinsing fluid moistening a large lung surface area. DELBECK et 

al. (1997) found the same spectrum of microorganisms in endotracheal and in bronchoscopic 

BALF of pneumonic pigs. A high contamination of endotracheal samples with commensals 

and environmental contaminants resulted in a high number of animals with no relevant 

microbiological diagnosis. This is in accordance with the results of our study: In 55% of all 

diseased animals in the endotracheal group no microbiological diagnosis could be provided. 

In the bronchoscopic group no diagnosis could be provided in 10.8% and in the transtracheal 

group in 13.7% of the animals. For transtracheal BALF could be shown, that a low recovery 

rate after rinsing the upper airways is not inevitable less reliable than deeper samples with 

respect to microbiological findings. Transtracheal BALF was found to be most appropriate for 

cultural bacteriological examination. High PR-39 values in transtracheal BALF might be due 

to synthesis by other bronchial cells as it has been shown for lactoferrin and lysozyme as 

abundant antimicrobial proteins in the respiratory tract with a primary airway origin during 

bronchitis (THOMPSON et al. 1990). 

In order to find characteristic differences between BALF of pigs designated as healthy and as 

diseased BALF samples from pigs derived from a herd with high clinical respiratory health 
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status (HH) were compared to BALF samples from pigs derived from herds with poor clinical 

respiratory health status or with visual pathological findings upon bronchoscopy in the 

bronchial tree (LH). Next to other cellular parameters a significant increase of the relative 

number of PMNs as well as a higher frequency of samples positive for pathogenic 

microorganisms were found in LH pigs. By comparison of the number of pigs exceeding the 

respective reference limit for the relative number of PMNs in the BALF groups no significant 

difference could be found between LH and HH pigs. In contrast to this in the study of 

MOMBARG et al. (2002) the frequency of BALF samples in a herd exceeding a reference 

limit of 8% PMN has been found to be an adequate criterion for the classification of the 

health status of the respective herd. In healthy control herds MOMBARG et al. (2002) found 

a mean percentage of 4% of the BALF samples exceeding the reference limit for the relative 

number of PMNs.  

The definition of respiratory health in pig herds and individuals remains a problem, because 

no “gold standard” for the clinical determination of respiratory health exists up to now. For the 

determination of potential cut-offs of both disease markers and for a definition of porcine 

repiratory disease the data from HH and LH were combined. Using sensitivity- and specificity 

calculations as the basis for Receiver Operating Characteristic Plots the wide confidence 

limits due to the relatively small sample sizes has to be kept in mind. 

Sensitivities and specificities of PR-39 concentrations were calculated with respect to BALF 

samples exceeding the BAL method-specific cut-offs of the relative numbers of PMNs. The 

resulting ROC-curve confirms the good correlation of both parameters and supports the 

hypothesis of PMNs being one major source for PR-39. High sensitivities and specificities 

are achieved with PR-39 cut-offs of 2.5 nM in bronchoscopic and 5 nM in transtracheal 

BALF. PMNs have been proven to be a sensitive marker for respiratory disease; this marker  

may be replaced by the determination of the PR-39 concentration, especially in endotracheal 

BALF samples where cell differentiation is not possible. 

Sensitivities and specificities of both parameters relative to a positive bacteriological finding 

for a facultative pathogenic isolate are of interest because of their potential use for a 

preselection of samples for further microbiological diagnostic. During the bacteriological 

examination of bronchoscopic BALF samples from pigs with acute pneumonia, in the study of 

HARTWIG (1994) five percent of the samples were sterile and the number of animals 

positive for at least one pathogenic species was not mentioned. In this study none of the 

samples was sterile. In LH pigs 76% of the samples were positive for facultative pathogenic 

isolates. At a cut-off of 5 nM in bronchoscopic and 10 nM in endotracheal BALF the speci-

ficity of the PR-39 ELISA with respect to facultative pathogens was 100%, so that samples 

with higher PR-39 concentrations had a high frequency of being positive when examined by 

bacteriological methods or PCR. An alternative would be the cytological examination of BALF 
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samples for the relative number of PMNs exceeding 9% PMNs in bronchoscopic and 40% in 

transtracheal BALF. The chosen cut-offs are appropriate for preselecting pigs for further 

diagnostics e.g. multiplex PCR (RÜTHER and OHLINGER 2004). 

As it has been shown, porcine clinical respiratory health cannot be defined solely based on 

microbiological findings. This is exemplified by this study where facultative pathogens were 

isolated in 43% of the pigs from an excellently kept nucleus herd with high clinical respiratory 

health status. A definition based on cellular findings alone is also problematic, because the 

relative number of PMNs can be negatively correlated to the number of pathogenic isolates 

(D.3.1.1.), which might be explained by an activated cellular immune response which has 

already decreased the bacterial burden. 

Therefore the combination of cellular parameters and bacteriological findings is a more 

promising approach of defining respiratory disease in pigs. In a first step the detection of a 

facultative pathogenic species alone was chosen as the reference point to determine the cut-

off with highest specificity of percentage PMN. These lavage-dependent cut-offs for PMNs 

were incorporated in the new disease definition. Microbiological findings were considered as 

relevant for disease if combined with PMNs exceeding 9% in bronchoscopic and 40% in 

transtracheal BALF. It is assumed that in these pigs the bacterial burden has already 

provoked a cellular reaction. According to this definition 11% of HH pigs and 46 % of LH pigs 

would be considered to be not respiratory healthy. 

As the microbiological investigation and the counting of PMNs is laborious and costly, it was 

investigated whether the concentration of PR-39 in BALF could be used as a reliable marker. 

PR-39 concentrations at a cut-off of 2.5 nM in bronchoscopic and 5 nM in transtracheal BALF 

were determined to be appropriate for detecting pigs with subclinical respiratory disorders. 

An affection of the respiratory tract as defined in this study occurs also in herds with high 

clinical respiratory health status as it had been shown in this study. Nevertheless the nucleus 

herd of this study served as a realistic example for an excellent health status.  

The diagnostic profit of positive and negative test results is assessed by their positive and 

negative predictive values. In general at a high specificity the number of false test positive 

results is lower and the positive predictive value of a test is higher. In addition predictive 

values vary according to the disease prevalence in a group.  

In all herds summarized the apparent or test prevalence with the lavage-specific cut-offs 2.5 

nM in bronchoscopic and 5 nM in transtracheal BALF was 40% (30 positive tested out of 75). 

From this result the true prevalence could be estimated by the Rogan-Gladon-Estimator 

(ROGAN and GLADEN 1978) 
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The approximated true prevalence calculated by this formula was 38% which corresponds to 

the empirical true prevalence (28 positive out of 75).  

 
E.4. Recommendations for the use of PR-39 

It is a common situation that pigs suffer from respiratory disease a short time period after 

they have been brought from the weaning into the fattening or breeding unit. Then it is a 

question with legal consequences if the bacterial or viral agents which can often be identified 

as the causative agent have been brought into the herd with pigs from the rearing farm. If the 

seller has not certified freedom of his pigs from specified pathogens, the buyer has no claim 

for refund if pigs were clinically healthy at the timepoint of delivery.  

An important fact with respect to legal issues is supported by the results of this study: Pigs 

can have a good clinical respiratory health status despite carrying facultative pathogenic 

microorgansims. Neither the relative number of PMNs nor the PR-39 concentration can 

replace well proven microbiological and serological methods for the identification of 

pathogens. 

The differentiation of an already affected respiratory tract characterized by a disturbed 

balance between microorganisms and immune system, is possible by the determination of 

the PR-39 concentration in BALF. Recommended PR-39 cut-offs are shown in Table 37. In 

endotracheal BALF, where cell differentiation is not possible, PR-39 concentrations higher 

than 10 nM indicated the occurrence of facultative pathogenic microorganisms in the 

respiratory tract. 

 

Table 37: Recommended Cut-offs for PR-39  

Bronchoscopic BALF Endotracheal BALF Transtracheal BALF 

2.5 nM PR-39 10 nM 5 nM PR-39 

 

E.4.1. Certifying respiratory health on herd level 

According to the disease definition based on bacteriological findings weighted by cellular 

findings 11% of HH pigs and 46 % of LH pigs would not be considered respiratory healthy 

(Table 38 and 41). Using this disease definition for a classification of the clinical respiratory 
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health status of a herd a high specificity of the test system is more important than a high 

sensitivity. The nucleus herd of this study served as a realistic example for an excellent 

health status. 

In this herd without clinical symptoms and with no history of respiratory disease false positive 

results would lead to economic consequences which would not be acceptable. A PR-39 cut-

off of 2.5 nM in bronchoscopic or 5 nM in transtracheal BALF would be appropriate to identify 

pigs subclinically affected by bacterial respiratory pathogens; using this cut-off 4 of 18 (22%) 

HH pigs and 26 of 57 (46%) LH pigs would be diagnosed as not respiratory healthy.  
Based on these results it was suggested to classify those herds as diseased where more 

than 25% of animals from a randomly taken representative sample have concentrations of 

PR-39 above 2.5 nM in bronchoscopic or 5 nM in transtracheal BALF. This recommendation 

has to be confirmed in additional numbers of swine herds in future investigations. 

Further, concentrations of PR-39 in BALF could be used to confirm respiratory health in a 

single individual . 

 

Table 38: Four-field table for PR-39 as a diagnostic marker in pigs with high clinical 
respiratory health status (HH pigs, n=18) 

isolation of at least one pathogenic species, 
including PCR for M. hyopneumoniae, but only in 
combination with more than 9% PMNs in 
bronchoscopic BALF or 40% PMNs in 
transtracheal BALF 

                  
                Disease definition 

 
 
 

Disease marker + - 

 

+ 1 3 4 PR-39 > 
-2.5 nM in bronchoscopic 
BALF 
-5 nM in transtracheal BALF 

- 1 13 14 

 2 16 18 
 

Table 39: Four-field table for PR-39 as a diagnostic marker in pigs out of herds with 
low clinical respiratory health status or with visual pathological findings 
upon bronchoscopy in the bronchial tree (LH pigs, n=57) 

isolation of at least one pathogenic species, 
including PCR for M. hyopneumoniae, but only in 
combination with more than 9% PMNs in 
bronchoscopic BALF or 40% PMNs in 
transtracheal BALF 

 
                Disease definition 

 
 
 

Disease marker + - 

 

+ 24 2 26 PR-39 > 
-2.5 nM in bronchoscopic 
BALF 
-5 nM in transtracheal BALF 

- 2 29 31 

 26 31 57 
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E.4.2. Sample screening test for preselection for bacteriological examination  

The PR-39 concentration was advantageous to identify animals which carry facultative 

pathogens in their respiratory tract, because the probability to get positive bacteriological 

results is clearly increased in samples with higher PR-39 concentration than 2.5 nM in 

bronchoscopic, 10 nM in endotracheal and 5 nM in transtracheal BALF. The PR-39-ELISA in 

BALF is an appropriate screening method to identify samples likely to give a positive 

bacteriological result which, therefore, allows a cost reduction of diagnostic procedures 

required for herd health management. 

In herds with respiratory problems a two-step testing approach is proposed. At first an 

adequate number of animals - according to the estimated intra-herd-prevalence - has to be 

selected for BALF sampling. If pigs are preselected on the basis of respiratory symptoms 

either the sample size could be reduced or the number of detected pigs with higher PR-39 

concentrations would be higher.  

All BALF samples would have to be examined in the PR-39 ELISA and only samples with 

PR-39 concentrations exceeding the lavage-method specific cut-offs would be forwarded for 

further microbiological examination to improve the sensitivity of subsequent expensive 

diagnostic steps. 

 

Up to now only PMNs can be examined during routine diagnostic, because a PR-39 ELISA is 

not commercially available. A commercial PR-39 ELISA would be a meaningful completion of 

the broad spectrum of routinely performed diagnostic procedures to confirm respiratory 

health. If an appropriate test would be available, costs for BALF examination (and for the 

routine control of respiratory herd health) could be reduced considerably. 

 

E.4.3. Conclusions with respect to legal issues 

1. A clinical respiratory health status of a herd can be defined by the absence of clinical 

symptoms and a low percentage of animals with elevated PR-39 levels as a clinical 

marker for an affection of the respiratory tract.  

2. Clinical respiratory health has to be differentiated from the bacteriological and 

virological status of a herd which is not inevitably connected to the clinical health 

status. 

3. The microbiological status (specified pathogen-free) of a herd has to be defined by 

serological, virological and bacteriological examinations. 
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F. Conclusions 

Examination of the respiratory tract during experimental infection with Actinobacillus 

pleuropneumoniae 

1. Bronchoscopic scores based upon visual findings of the bronchial tree during 

bronchoscopy are not informative about the extent of lung alterations. 

2. A standardized protocol for the comparison of bronchoalveolar lavage fluid (BALF) 

samples is based upon bronchoscopic bronchoalveolar lavage (BAL) of the Bronchus 

trachealis using five fractions of 20 ml rinsing fluid each, which are pooled prior to 

further examinations. 

3. The reference limit of the relative number of polymorphonuclear neutrophilic 

granulocytes (PMN) in bronchoscopically obtained BALF is 9% for healthy pigs of 

approximately 10 weeks of age.  

4. The extent of lung alterations in the chronic stage of experimental infection with 

Actinobacillus pleuropneumoniae (A.pp.) cannot be determined using thoracic 

ultrasound. 

5. An intratracheal A.pp. infection model for finishing and adult pigs is as reliable as the 

aerosol A.pp. infection model in growing pigs. 

6. Experimental intrabronchial infection with A.pp. resulted in a more severe course of 

disease than aerosol infection, which mimics natural infection. NaCl-aerosolisation 

and consecutive BALs on their own do not have a significant impact on the 

respiratory tract. 

 

Searching for markers in BALF samples to define respiratory health 

1. Swine with chronic A.pp. infection show different BALF protein patterns in comparison 

to healthy individuals. The antibacterial peptides Prophenin-2 and PR-39 as well as 

the calcium-binding protein Calgranulin C are increased in BALF of pigs in the chronic 

stage of experimental A.pp. infection. 

2. A quantification of PR-39 in BALF and serum is possible using a capture ELISA. 

3. A high correlation between PR-39 and PMNs found in the chronic stage of A.pp. 

infection can be explained by the PR-39 excretion from PMNs. 

4. PR-39 concentrations are correlated to the extent of pathomorphological lung 

alterations, which might be explained by its involvement in wound repair mechanisms. 
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5. In the chronic stage of experimental A.pp. infection PR-39 as a potential disease 

marker shows a specificity of 68% and a sensitivity of 90% at a cut-off of 1 nM. At this 

stage of infection PR-39 is superior to the relative number of PMNs. 

6. Glutathione can not be used as a disease marker in porcine BALF, although the total 

GSH concentration is negatively correlated to the extent of pathomorphological lung 

alterations at the chronic stage of experimental A.pp.infection. 

 

Evaluation of PR-39 as a novel respiratory disease marker 

1. Disease associated parameters in BALF vary depending on the BAL method and lung 

localization rinsed, e.g. the reference limit for PMNs is higher in transtracheal BALF 

than in bronchoscopic BALF. 

2. Cell differentiation is not possible in endotracheal BALF, while PR-39 can be detected 

in BALF obtained with all BAL methods. For the detection of an inflammation in the 

respiratory tract the PR-39 determination can replace the cytological examination of 

BALF samples. 

3. Transtracheal BALF is most appropriate for cultural microbiological examination, 

while bronchoscopic BALF is most appropriate for M. hyopneumoniae PCR. 

4. Pigs can have a good clinical respiratory health status despite carrying facultative 

pathogenic microorgansims, so that microbiological findings by themselves have no 

significance for the clinical health status of a swine herd. Neither the relative number 

of PMNs nor the PR-39 concentration can replace well proven microbiological and 

serological methods for the identification of pathogens. 

5. In transtracheal and bronchoscopic BALF from pigs with various respiratory diseases 

increased relative numbers of PMNs and increased PR-39 concentrations as well as 

decreased relative numbers of macrophages are found to be indices of disease.  

6. All pigs with relative numbers of PMNs higher than 9% in bronchoscopic and 40% in 

transtracheal BALF are positive for facultative pathogenic microorganisms in the 

respiratory tract and are defined as diseased. It is possible to detect these pigs, 

where microorgansims have already provoked a cellular reaction, using PR-39 as a 

diagnostic marker with a cut-off of 2.5 nM in bronchoscopic and 5 nM in transtracheal 

BALF.  

Based on experimental studies PR-39 has been identified as a novel respiratory disease 

marker in porcine BALF. The recommendations deduced from the results of the evaluation of 

PR-39 as a disease marker in swine herds have to be confirmed in additional numbers of 

swine herds in future investigations. 
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G. Summary 

Respiratory disease markers in porcine bronchoalveolar lavage fluid 
In this study bronchoalveolar lavage (BAL) as an important diagnostic intervention in practice 

as well as in experimental laboratory work served as a tool to detect new respiratory disease 

markers in swine. Bronchoalveolar lavage fluid (BALF) from uninfected pigs was compared 

to BALF from pigs experimentally infected with Actinobacillus pleuropneumoniae (A.pp.). 

Respiratory tract infections cause an influx of inflammatory cells and a change in the 

composition of airway fluids in the mammalian host. It was possible to identify the porcine 

antibacterial peptide PR-39 as a potential novel disease marker which was highly correlated 

to the relative number of polymorphonuclear neutrophils (PMN). In a next step different BAL 

methods which are commonly used in practice were compared. The significance of PR-39 

and the relative number of PMNs in pigs suffering from respiratory problems of various origin 

were also examined under practical conditions. 

 

Examination of the respiratory tract during experimental infection with A.pp. 
For infection experiments the well-standardized protocol of bronchoscopic BAL was found to 

be adequate for the evaluation of changes in BALF composition. The procedure of 

bronchoscopic BAL was further examined with regard to the lavaged lung region, the 

composition of recovered fluid fractions and the influence on BALF composition by the 

procedure itself, which has been found to be negligible in healthy pigs. Reference limits for 

bronchoscopic BALF components were established in healthy pigs for the age group used in 

the infection experiments. 

A bronchoscopic scoring system for the assessment of inflammation of the airways was 

established. The bronchoscopic score was not expressive with regard to the actual lung 

lesions.  

For experimental A.pp. infection different infection routes were characterized and compared 

with each other. The aerosol infection resembled most closely natural infection und was 

preferred for experiments in grower pigs. A severe infection was caused by intratracheal 

application of A.pp. without visual control in adult pigs. Thoracic ultrasound was performed to 

follow up lung alterations during experimental A.pp. infection. Pleuritis and lung tissue 

sequesters were detected with a sensitivity of 87.5% and a specificity of 71% at day 4 after 

infection and with a sensitivity of 50% and a specificity of 85.7% at day 21 after infection. It 

was not possible to assess the real extent of pathomorphological lung alterations using 

thoracic ultrasound. 
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Searching for disease markers in BALF 
To address the complexity of BALF composition, different analytical methods were used to 

detect changes in BALF of pigs with respiratory disease in comparison to healthy pigs. In a 

first approach BALF was examined by separating the complex mixture of components up to 

single and almost unknown molecules. In a second approach specific parameters were 

determined in BALF. The analysis of surfactant preparations, the examination of the 

composition of BALF proteins by surface-enhanced laser desorption/ionization (SELDI) mass 

spectrometry as well as Phage Display techniques were not successful with respect to the 

identification of disease markers which can be used for diagnostic of respiratory disease in 

practice. 

Further, changes of protein profiles in BALF were investigated using two-dimensional gel 

electrophoresis. Twelve protein spots which were found to be upregulated in chronically 

infected pigs were further characterized using quadrupole time of flight mass spectroscopy. 

Three of the proteins could be identified as the antimicrobial peptides prophenin-2 and PR-39 

and the calcium-binding protein calgranulin C. Next to the relative number of PMNs, PR-39 

was found to be a promising candidate as disease marker. Investigating BALF from a total of 

36 experimentally infected pigs in a capture ELISA it could be shown that PR-39 levels were 

increased significantly in convalescent pigs without clinical symptoms on day 21 after 

infection. At a cut-off of 1 nM PR-39 showed a sensitivity of 90% and a specificity of 68% in 

chronically infected pigs. In the chronic stage of experimental A.pp. infection PR-39 as a 

diagnostic marker was found to be superior to the relative number of PMNs. 

An antibacterial effect of PR-39 on A.pp. in vitro could be shown only with extremely high 

PR-39 concentrations.  

 

Evaluation of PR-39 as respiratory disease marker 
To assess the impact of different BAL methods on BALF parameters, the three most 

commonly used BAL methods in the living swine – bronchoscopic under visual control, 

endotracheal and transtracheal without visual control - were compared in healthy pigs. Cell 

differentiation was hardly possible in endotracheal BALF, while PR-39 was detectable in all 

BAL groups. Most striking differences in BALF composition due to methodical differences 

were the lowest number of BALF samples positive for oropharyngeal pavement cells and for 

commensal and environmental contaminating microorganisms in transtracheal BALF. M. 

hyopneumoniae PCR appeared to have the highest diagnostic sensitivity in combination with 

bronchoscopic BAL. Preliminary reference values were established for endotracheal and 

transtracheal BALF.  

The use of PR-39 as a respiratory disease maker regardless of the origin of respiratory 

problems was evaluated in eleven swine herds in BALF samples obtained under practical 
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conditions with either bronchoscopic, endotracheal or transtracheal BAL. Main emphasis was 

laid on bacteriological findings, cellular findings and PR-39 concentrations in the respective 

samples. In a herd with high clinical respiratory health herd (HH) 43% and in herds with low 

clinical respiratory health status or in pigs with visual pathological findings in the bronchial 

tree (LH) 76% of the pigs were found positive for potentially pathogenic microorganisms. A 

positive finding for facultative pathogenic microorganisms in BALF by itself can not be 

considered as an indicator for respiratory disease. In LH pigs a high correlation of the 

potential disease markers (relative number of PMNs and PR-39 concentration) was found. 

Based on these findings a novel definition for respiratory tract disease was established using 

a 9% cut-off for the relative number of PMNs for bronchoscopic BALF and a 40% cut-off for 

transtracheal BALF in combination with the occurance of facultative pathogenic 

microorganisms. The antibacterial peptide PR-39 could be determined in all BALF samples 

independent of the method used and was highly correlated to this definition of respiratory 

disease. Thus, in bronchoscopic BALF 89% of the diseased animals showed PR-39 

concentrations of at least 2.5 nM, and in transtracheal BALF 90% of the diseased animals 

showed PR-39 concentrations of at least 5 nM. Pigs with PR-39 concentrations exceeding 

these cut-offs were found to have a significant 72fold increase in risk of being diseased. 

Therefore, an assessment of the clinical respiratory health status on the herd level appeared 

to be possible based on the determination of PR-39 concentrations in BALF using different 

cut-off values according to the lavage method (2.5 nM for bronchoscopic and 5 nM for 

transtracheal BALF). Based on prevalences of pigs with PR-39 concentrations in BALF 

exceeding these cut-offs - although originating from a closed nucleus herd with high clinical 

respiratory health status - it was suggested to classify those herds as diseased where more 

than 25% of animals from a randomly taken representative sample have PR-39 

concentrations higher than 2.5 nM in bronchoscopic or 5 nM in transtracheal BALF. 

PR-39 was found to be an easily accessible soluble disease marker in BALF for individual 

pigs as well as for herd screening to identify pigs subclinically affected by bacterial 

respiratory pathogens. This marker was independent of the original cause of lung affection 

and is appropriate to select BALF samples more effective for further microbiological 

diagnostic.  
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H. Zusammenfassung 

Marker für Respirationserkrankungen in der bronchoalveolären Lavageflüssigkeit des 
Schweines 
Die bronchoalveoläre Lavage (BAL) beim Schwein wird sowohl für die Diagnosestellung in 

der tierärztlichen Praxis als auch im Rahmen experimenteller Untersuchungen eingesetzt. In 

dieser Studie wurde bronchoalveoläre Lavageflüssigkeit (BALF) auf Markersubstanzen für 

die Diagnostik von Erkrankungen des Respirationstraktes beim Schwein untersucht. BALF 

von nicht infizierten Schweinen wurde mit BALF von experimentell mit Actinobacillus pleuro-

pneumoniae (A.pp.) infizierten Schweinen verglichen. Infektionen des Respirationstraktes 

führen zum Einwandern von Entzündungszellen und verändern die Zusammensetzung des 

die Atemwege benetzenden Flüssigkeitsfilms. Das antibakterielle Peptid PR-39, das eine 

hohe Korrelation mit dem prozentualen Anteil der neutrophilen Granulozyten (PMN) in der 

BALF aufwies, konnte als möglicher neuer Krankheitsmarker identifiziert werden. Zunächst 

wurden verschiedene praktikable BAL Methoden beim Schwein miteinander verglichen. 

Gleichzeitig wurde die Aussagekraft von PR-39 und dem prozentualen Anteil der PMNs bei 

verschiedenen, natürlich auftretenden Respirationserkrankungen unter Praxisbedingungen 

untersucht.  

 

Untersuchung des Respirationstraktes während der experimentellen A.-pp.-Infektion 
Für die Untersuchung von Veränderungen in der BALF-Zusammensetzung nach experimen-

teller Infektion erwies sich die bronchoskopische BAL nach einem standardisierten Protokoll 

als geeignete Methode. Die Bedeutung der lavagierten Lungenlokalisation und die Zu-

sammensetzung der zurückgewonnenen Flüssigkeitsfraktionen wurden untersucht. Der 

Einfluß der BAL selbst auf die Zusammensetzung der BALF gesunder Schweine war zu 

vernachlässigen. Für gesunde Schweine der Altersgruppe, die in den Infektionsexperimenten 

verwendet wurden, wurden Referenzgrenzen für bestimmte Parameter in bronchoskopischer 

BALF erstellt. Für die Beurteilung von Entzündungsanzeichen in den Atemwegen wurde ein 

bronchoskopisches Bewertungssystem etabliert. Es ergab sich jedoch kein statistischer 

Zusammenhang zwischen den bronchoskopisch erhobenen Befunden und den tatsächlich 

vorliegenden pathologischen Lungenveränderungen.  

Verschiedene Infektionsrouten für die experimentelle A.-pp.-Infektion wurden beschrieben 

und miteinander verglichen. Die Aerosolinfektion mit A.pp. ähnelte im Verlauf am ehesten 

einer natürlichen Infektion und wurde für Läuferschweine bevorzugt eingesetzt. In aus-

gewachsenen Schweinen konnten schwere Krankheitsverläufe durch die intratracheale 

Applikation der Infektionsdosis ohne Sichtkontrolle ausgelöst werden. 

Die Entstehung von Lungenveränderungen wurde während der experimentellen A.-pp.-

Infektion mittels Lungenultraschall verfolgt. Pleuritische Veränderungen und Lungengewebs-



Zusammenfassung 

 187

sequester konnten mit einer Sensitivität von 87,5% und einer Spezifität von 71% an Tag 4 

nach der Infektion, und mit einer Sensitivität von 50% und einer Spezifität von 85,7% an Tag 

21 nach der Infektion diagnostiziert werden. Das Ausmaß der pathomorphologischen 

Lungenveränderungen konnte mittels Lungenultraschall nicht bestimmt werden.  

 

Krankheitsmarker in BALF 
Um der Komplexität der BALF-Zusammensetzung Rechnung zu tragen, wurden ver-

schiedene Analysemethoden angewendet, bei denen BALF von lungenkranken Schweinen 

mit BALF von lungengesunden Schweinen verglichen wurde. 

In einem ersten Ansatz wurde die BALF in ihre einzelnen und bisher überwiegend unbe-

kannten Bestandteile aufgetrennt. In einem zweiten Ansatz wurden spezifische BALF-

Komponenten direkt untersucht. Weder durch Surfaktantuntersuchungen, noch durch die 

Analyse von BALF-Proteinen mittels Surface-Enhanced Laser Desorption/Ionization (SELDI) 

Massenspektrometrie, noch durch Phage Display konnten Krankheitsmarker für einen 

möglichen Einsatz in der veterinärmedizinischen Praxis identifiziert werden. 

Bei der Untersuchung der BALF-Proteinzusammensetzung mit Hilfe der 2D-Gelelektro-

phorese wurden zwölf Proteine vermehrt in der BALF von chronisch infizierten Schweinen 

nachgewiesen und mit Quadrupole Time of Flight Massenspektrometrie weiter untersucht. 

Drei dieser Proteine wurden als die antibakteriellen Peptide Prophenin-2 und PR-39 sowie 

das Kalzium bindende Protein Calgranulin C identifiziert. Zusätzlich zum prozentualen Anteil 

der PMNs erwies sich PR-39 als ein vielversprechender Krankheitsmarker. Mittels eines PR-

39-Capture-ELISA wurde BALF von 36 experimentell infizierten Schweinen untersucht. In 

chronisch infizierten Schweinen ergaben sich bei einem Cut-off von 1 nM PR-39 eine 

Sensitivität von 90% und eine Spezifität von 68%. Als diagnostischer Marker war PR-39 im 

chronischen Krankheitsstadium der experimentellen A.-pp.-Infektion dem prozentualen Anteil 

der PMNs überlegen. Eine antibakterielle Wirkung von PR-39 gegenüber A.pp. konnte in 

vitro nur mit äußerst hohen PR-39-Konzentrationen hervorgerufen werden.  

 

Bewertung von PR-39 als Marker für Erkrankungen des Respirationstraktes 
Um den Einfluß verschiedener BAL-Methoden auf Messgrößen in der BALF zu untersuchen, 

wurden die drei in der Praxis am häufigsten angewandten Methoden - die bronchoskopische 

BAL mit Sichtkontrolle und die endotracheale und transtracheale BAL ohne Sichtkontrolle - 

an gesunden Schweinen miteinander verglichen. Die Differenzierung von Zellen war in 

endotrachealer BALF kaum möglich, während PR-39 in BALF, die mit allen drei Methoden 

gewonnen worden war, nachgewiesen werden konnte. Die auffälligsten methodisch 

bedingten Unterschiede in der BALF-Zusammensetzung war die niedrigere Nachweisrate 

von Plattenepithelzellen aus der Maul- und Rachenschleimhaut und die damit verbundene 
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niedrige Nachweisrate von Schleimhautkommensalen und Umweltkeimen in transtrachealer 

BALF. Die höchste diagnostische Empfindlichkeit für den Nachweis von M. hyopneumoniae 

mittels PCR ergab sich mit bronchoskopischer BALF. Für Messgrößen in endotrachealer und 

transtrachealer BALF konnten vorläufige Referenzbereiche erstellt werden. 

PR-39 als ein diagnostischer Marker, der unabhängig von der Erkrankungsursache bestimmt 

werden kann, wurde unter Praxisbedingungen in bronchoskopischer, endotrachealer oder 

transtrachealer BALF von Schweinen aus elf Beständen untersucht. Das Hauptaugenmerk 

der Untersuchung lag dabei auf den mikrobiologischen und zytologischen Befunden sowie 

auf den PR-39-Konzentrationen. In einem Bestand mit einem guten klinischen respira-

torischen Gesundheitsstatus (HH) wiesen 43% der Tiere, und in Beständen mit niedrigem 

klinischen respiratorischen Gesundheitsstatus oder in Tieren mit bronchoskopisch sichtbaren 

pathologischen Veränderungen der oberen Atemwege (LH) wiesen 76% der Tiere fakultativ 

pathogene Erreger in der BALF auf. Somit ist ein positiver Erregernachweis nicht auch 

zwangsläufig gleichbedeutend mit einer Erkrankung des Respirationstraktes. In LH Tieren 

konnte eine hohe Korrelation zwischen dem prozentualen Anteil der PMNs und der PR-39 

Konzentration nachgewiesen werden. Auf diesen Befunden aufbauend wurde eine neue 

Definition für eine Erkrankung des Respirationstraktes erstellt, die besagt, dass nur solche 

Tiere als krank eingestuft werden, die einen positiven Erregernachweis in Kombination mit 

mehr als 9% PMNs in bronchoskopischer bzw. mehr als 40% PMNs in transtrachealer BALF 

aufweisen. Unabhängig von der BAL-Methode zeigte sich eine gute Korrelation von PR-39 

zu dieser Krankheitsdefinition. In bronchoskopischer BALF wiesen 89% der erkrankten Tiere 

PR-39-Konzentrationen über 2,5 nM, und in transtrachealer BALF wiesen 90% der 

erkrankten Tiere über 5 nM auf. Schweine mit höheren PR-39-Konzentrationen hatten ein 

statistisch signifikantes, 72fach höheres Risiko, erkrankt zu sein. Eine Bewertung des 

klinischen respiratorischen Herdengesundheitsstatus erscheint daher mit Hilfe der PR-39-

Konzentrationsbestimmung in BALF möglich, wenn die unterschiedlichen BAL-Methoden-

abhängigen Cut-offs (2,5 nM in bronchoskopischer BALF und 5 nM in transtrachealer BALF) 

berücksichtigt werden. Da auch in einem klinisch gesunden Nukleusbestand Tiere mit PR-

39-Konzentrationen in BALF gefunden wurden, die die o.g. Cut-offs überschreiten, sollten 

nur solche Bestände als krank eingestuft werden, in denen mehr als 25% der Tiere einer 

zufällig entnommenen repräsentativen Stichprobe höhere PR-39-Konzentrationen haben als 

2,5 nM in bronchoskopischer bzw. 5 nM in transtrachealer BALF. Als azellulärer BALF-

Bestandteil ist PR-39 ein einfach verfügbarer Krankheitsmarker, mit dem sowohl Einzeltiere 

als auch Bestände auf das Vorliegen einer subklinischen, durch bakterielle Erreger verur-

sachten, Entzündung untersucht werden können. Dieser Marker lässt sich unabhängig von 

der Ursache für die Erkrankung nutzen und ist außerdem dafür geeignet, BALF-Proben für 

die weiterführende mikrobiologische Diagnostik auszuwählen. 
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L. Appendix 

L.1. PAGE 

The composition of acrylamide mixtures is defined by the total percentage concentration of 

both monomers (acrylamide and bisacrylamide)  and the percentage concentration of the 

crosslinker relative to the total concentration (HJERTEN 1962). 

 

10 x SDS-PAGE running buffer: 0.25 M Tris, 2 M glycine, 1% SDS 

 

L.1.1. One dimensional SDS-PAGE 

Acrylamide stock solution: 30% acrylamide, 0.8% bisacrylamide in A. dest. 

Ammonium persulfate:  10% solution in A. dest. 

3.9% collecting gel: 3.05 ml A. dest., 1.25 ml 0.5 M Tris-HCL (pH 6.8), 

50 µl SDS (10%), 0.65 ml acrylamide stock solution, 

5 µl N,N,N´,N-Tetramethyl-ethylendiamin (TEMED), 

50 µl ammonium persulfate (10%). 

10.9% separating gel: 3.9 ml A. dest., 2.5 ml 1.5 M Tris-HCL (pH 8.8), 100 

µl SDS (10%), 3.8 ml acrylamide stock solution, 10 

µl TEMED, 100 µl ammonium persulfate (10%). 

15% separating gel: 2.5 ml A. dest., 2.5 ml 1.5 M Tris-HCL (pH 8.8), 100 

µl SDS (10%), 5.2 ml acrylamide stock solution, 10 

µl TEMED, 100 µl ammonium persulfate (10%). 

2 x reducing SDS sample buffer: 65 mM Tris pH 6.8, 5.2% SDS, 8.7% 2-

mercaptoethanol, 13% glycerol, 0.0009 % (w/v) 

bromphenolblue. 

 

L.1.2. Two dimensional SDS-PAGE 

11% separation gel: 15.6 ml A. dest., 10 ml 1.5 M Tris-HCl (pH 8.8), 15.2 

ml acrylamide stock solution, 400 µl SDS (10%), 40 µl 

TEMED, 400 µl ammonium persulfate (10%). 

13.15 % separation gel: 12.56 ml A. dest., 10 ml 1.5 M Tris-HCl (pH 8.8), 

18.24 ml acrylamide stock solution, 400 µl SDS 

(10%), 40 µl TEMED, 400 µl ammonium persulfate 

(10%). 

13.6 % separation gel: 11.87 ml A. dest., 10 ml 1.5 M Tris-HCl (pH 8.8), 18.9 

ml acrylamide stock solution, 400 µl SDS (10%), 40 µl 

TEMED, 400 µl ammonium persulfate (10%). 
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16.3 % separation gel: 8.07  ml A. dest., 10 ml 1.5 M Tris-HCl (pH 8.8), 22.7 

ml acrylamide stock solution, 400 µl SDS (10%), 40 µl 

TEMED, 400 µl ammonium persulfate (10%) 

 

L.1.3. PAGE Gel staining 

L.1.3.1. Coomassie blue® staining 

Coomassie blue® staining-solution: 1.23 g Coomassie brilliant blue R250, 225 ml 

methanol, 50 ml glacial acetic acid, 225 ml A. dest. 

 

Stain for one h or overnight shaking at room temperature 

 

Destaining solution: 300 ml methanol, 100 ml glacial acetic acid, 600 ml A. 

dest. 

 

Destain shaking at room temperatur until background is clear  

 

L.1.3.2. Colloidal Coomassie blue® staining 

Fixation buffer: 12% Trichloroacetic acid (w/v) 

 

Fixate gels for 1 h at room temperature 

 

Colloidal Coomassie blue® staining solution: 0.1% Coomassie brilliant blue G250, 2% 

Phosphoric acid (v/v), 10% ammonium 

sulfate (w/v), 20% methanol (w/v) in A. 

dest. 

 

Stain for one h or overnight shaking at room temperature 

 

Destaining solution: 25% methanol in A. dest. 

 

Destain shaking at room temperatur until background is clear  

 

L.1.3.3. Silver staining modificated by BLUM (RABILLOUD 1999) 

1. Gel fixation overnight in ethanol:glacial acetic acid:water (3:0.5:6.5) if no colloidal 

Coomassie blue® staining was performed before 

2. Washing 3 x 10 min with A. bidest. 
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3. Incubation 1 min with 0.02% sodium thiosulfate  

4. Washing 2 x 1 min with A. bidest. 

5. Impregnation for at least 30 min in an aequous solution of 12.5 mM silver nitrate (w/v) 

with 0.07% formalin. 

6. Washing 15 sec with A. bidest. 

7. Development with an aequous solution of 3% K2CO3 (w/v), 0.025% formalin and 

0.00125 % sodium thiosulfate until the desired intensity of protein bands 

8. Stopping with an aequous solution of 4% (w/v) Tris  and 2% (v/v) glacial acetic acid 

9. Washing several times with A. bidest 

 

L.1.3.4. Silver staining Kit 

A MALDI-MS compatible, protein detection silver staining kit was used for gels which had to 

be possibly destained (ProteoSilverTM Plus Silver Stain kit, Sigma, Missouri, U.S.A.). All steps 

were carried out at room temperature on an orbital shaker according to the manufacturer´s 

instructions. 

 

L.1.3.5. Silver Destaining 

A stained spot of interest was excised from gel, vortexed and incubated with ProteoSilverTM 

Destainers A and B for 2 min at room temperature according to the manufacturer´s 

instructions. After centrifugation of the destained gel piece, the supernatant was discarded 

and the gel piece is washed with ultrapure water three times. 

 
L.2. Western blotting 

Transfer buffer: 24 mM Tris-HCl (pH 8.0), 110 mM glycine, 20% 

(v/v) methanol 

Blocking buffer: 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5 % 

(w/v) Tween® 20, 0.5% (w/v) gelatine 

10 x washing buffer: 0.1 M Tris-HCl (pH 8.0), 1.5 M NaCl, 0.5 % (w/v) 

Tween® 20 

Substrate buffer: 0.1 M Tris-HCl (pH 8.0), 1 M NaCl, 5 mM MgCl2 

Substrate for alkaline phosphatase: 100 µl BCIP stock solution and 100 µl NBT stock 

solution in 10 ml substrate buffer 

BCIP stock solution: 5 mg/ml 5-bromo-4-chloro-3-indolyl phosphate in 

dimethylformamide 

NBT stock solution: 10 mg/ml nitroblue tetrazolium in 70% (w/v) 

dimethylformamide 
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L.3. ELISA 

Phosphate buffered saline (PBS) 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, 

 1.76 mM KH2PO4 

PBST PBS supplemented with Tween 20 (0.05% f.c.) 

Dilution buffer PBS containing 1% BSA and 0.01% 

 cetrimonium bromide (CETAB, Sigma, St. Louis, 

 MO, U.S.A.) 

 

L.4. Glutathione assay  

Table 40: Components of the enzymatic glutathione assay (OxisResearchTM, Oxis 
Health Products, Inc., Portland, U.S.A) 

Reaction mixture Glutathione 
total (original 
assay) 

Glutathione 
total 
(BALF) 

GSSG 
(original 
assay) 

GSSG 
(BALF) 

Source 

1-methyl-2-
vinylpyridinium trifluoro-
methanesulfonate (US 
Patent 5,543,298) 

  10 µl 10 µl OxisResearchTM

Blood/BALF 50 µl 100 µl 100 µl 100 µl Sample 
5% Metaphosphoric acid 350 µl 200 µl 290 µl 90 µl Sigma 

Metaphosphoric acid extraction of glutathione 
Metaphosphoric acid 
extract 

50 µl 50 µl 50 µl 50 µl  

Assay buffer 3000 µl 450 µl   OxisResearchTM

GSSG buffer   700 µl 150 µl OxisResearchTM

Sample dilution 1:488 1:30 1:60 1:8  
Extract dilution 

Extract 200 µl 200 µl 200 µl 200 µl  
Chromogen 200 µl 200 µl 200 µl 200 µl OxisResearchTM

Glutathion reductase 200 µl 200 µl 200 µl 200 µl OxisResearchTM

Incubation 
NADPH 200 µl 200 µl 200 µl 200 µl OxisResearchTM

Recording change of absorbance at 412 nm for 4 min 
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L.5. Evaluation of bronchoscopic BALF 

Table 41: Comparison of BALF out of two different lung localizations in individual 
pigs 

 Recovery (%) 
Bronchus 
trachealis 

Recovery (%)
Main lung 
lobe 

Total cell 
count (G/l) 
Bronchus 
trachealis 

Total cell 
count (G/l) 
Main lung 
lobe 

N 5 4 5 5 
Mean 72,6 74,0 0,80 0,67 
SD 8,8 9,8 0,25 0,16 
Median 71,0 71,0 0,76 0,71 
Max 85,0 88,0 1,12 0,88 
Min 61,0 66,0 0,56 0,49 

 
Table 42: Comparison of parameters in subsequent BALF fractions 

Fraction BALF 
day 0 

BALF 
day 25 

BALF 
day 58 

BALF 
Day 68 

Mean±SD 

Recovery (ml) 
1 5 4 7 6 5.38+1.11 
2 10 14 11 15 12.50+2.38 
3 9 3 13 16 10.13+5.54 
4 12 11 13 11 11.63+0.75 
5 14 17 13 18 15.50+2.38 

Urea (mmol/l) 
1 0.54 0.07 0.17 0.56 0.34+0.25 
2 0.61 0.28 0.28 0.68 0.46+0.21 
3 0.55 0.79 0.46 0.68 0.62+0.14 
4 0.60 0.65 0.48 0.64 0.59+0.08 
5 0.91 0.66 0.88 0.49 0.74+0.20 

Plasma 9.37 6.09 7.98 8.25 7.92+1.36 
Protein (g/l) 

1 0.00 0.00 0.00 0.00 0.00 
2 1.00 0.38 0.43 0.05 0.47+0.39 
3 0.51  0.21 0.10 0.27+0.21 
4 0.58 0.60 0.22 0.06 0.37+0.27 
5 0.97 0.49 0.55 0.01 0.51+0.39 

Plasma 78.80 64.80 43.80 46.90 58.58+16.35 
ELF-factor 

1 17.35 87.00 46.94 14.73 41.51+33.66 
2 15.36 21.75 28.50 12.13 19.44+7.24 
3 17.04 7.71 17.35 12.13 13.54+4.57 
4 15.62 9.37 16.63 12.89 13.63+3.25 
5 10.30 9.23 9.07 16.84 11.36+3.69 

ELF-protein (g/l) 
1 0.00 0.00 0.00 0.00 0.00 
2 15.36 8.27 12.26 0.61 9.12+6.38 
3 8.69  3.64 1.21 4.51+3.81 
4 9.06 5.62 3.66 0.77 4.78+3.48 
5 9.99 4.52 4.99 0.17 4.92+4.02 
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Table 43: Recovery rates, protein concentrations and enzyme activities per ml BALF 
and ratios between BALF components in healthy pigs 

Animal 
No. 

Recovery 
 (ml = %) 

Total protein 
 (mg/ml 
BALF) 

LDH 
(mU/ml 
BALF) 

AP 
(mU/ml 
BALF) 

LDH/total 
protein 

(mU/mg) 

AP/total 
protein 

(mU/mg) 
AP/LDH 

D1 82 0.310 20 14 65.77 44.48 0.68 
D2 76 0.220 55 23 250.09 106.41 0.43 
D3 90 0.230 25 18 109.69 77.92 0.71 
D4 82 0.100 49 14 485.73 138.21 0.28 
D5 96 0.290 30 15 103.84 52.07 0.50 
D6 80 0.230 30 24 130.77 105.13 0.80 
D7 92 0.110 12 19 111.74 175.33 1.57 
D8 92 0.290 37 14 128.35 47.61 0.37 
D9 85 0.289 32 19 109.51 66.67 0.61 

D10 88 0.290 20 17 70.41 56.95 0.81 
D11 94 0.510 20 15 39.80 29.60 0.74 
R1 78 0.380 14 16 36.84 42.11 1.14 
R2 84 0.270 10 17 37.04 62.96 1.70 
R3 100 0.050 22 20 440.00 400.00 0.91 
R4 83 0.140 20 14 142.86 100.00 0.70 
R5 90 0.350 23 12 65.71 34.29 0.52 
R6 80 0.370 15 12 40.54 32.43 0.80 
R7 83 0.090 36 9 400.00 100.00 0.25 
R8 100 0.020 19 12 950.00 600.00 0.63 
R9 79 0.200 47 10 235.00 50.00 0.21 

R10 81 0.350 29 27 82.86 77.14 0.93 
R11 79 0.000 132 93     0.70 
R12 88 0.310 25 17 80.65 54.84 0.68 
R13 82 0.220 40 18 181.82 81.82 0.45 
R14 84 0.520 21 17 40.38 32.69 0.81 
R15 82 0.320 22 13 68.75 40.63 0.59 
R16 83 0.150 43 38 286.67 253.33 0.88 
R17 76 0.190 40 28 210.53 147.37 0.70 
R18 87 0.460 27 22 58.70 47.83 0.81 
R19 79 0.620 18 21 29.03 33.87 1.17 
R20 88 0.310 24 14 77.42 45.16 0.58 
R21 99 0.420 20 11 47.62 26.19 0.55 
R22 92 0.150 22 10 146.67 66.67 0.45 
R23 90 0.210 13 9 61.90 42.86 0.69 
R24 92 0.110 29 29 263.64 263.64 1.00 
R25 88 0.000 107 21     0.20 
R26 77 0.242 57 6 235.54 24.79 0.11 
R27 83 0.018 118 36 6555.56 2000.00 0.31 
R28 80 0.000 45 23     0.51 
R29 76 0.000 62 43     0.69 
R30 85 0.014 120 23 8571.43 1642.86 0.19 
R31 80 0.018 77 88 4277.78 4888.89 1.14 
R32 86 0.000 51 13     0.25 
R33 94 0.014 93 25 6642.86 1785.71 0.27 

T80/1 92 0.120 19 34 158.33 283.33 1.79 
T80/2 89 0.190 14 12 73.68 63.16 0.86 
T80/3 88 0.350 9 7 25.71 20.00 0.78 
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Animal 
No. 

Recovery 
 (ml = %) 

Total protein 
 (mg/ml 
BALF) 

LDH 
(mU/ml 
BALF) 

AP 
(mU/ml 
BALF) 

LDH/total 
protein 

(mU/mg) 

AP/total 
protein 

(mU/mg) 
AP/LDH 

T80/4 81 0.350 21 21 60.00 60.00 1.00 
T80/5 90 0.130 14 10 107.69 76.92 0.71 
T80/6 76 0.120 21 15 175.00 125.00 0.71 
T80/7 88 0.140 14 6 100.00 42.86 0.43 
T80/8 85 0.010 26 18 2600.00 1800.00 0.69 

        
Mean 86             

Median 85 0.205 25 17 109.69 66.67 0.69 
Range (76-100) (0.000-0.620) (9-132) (6-93) (25.71-

8571.43) 
(20.00-

4888.89) 
(0.12-1.79)

 



Appendix 

247 

L.6. Animal experiments 
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Table 45: Experimental aerosol infection experiments with A.pp. 

  Pig 

Mean 
temp. 
(days 1-
3 p.inf.)  BS 0 BS 7 BS 21 C0 C7 C21 M0 

T80 25 40.9 0 1.2 1.2 0.450 0.403 0.532 70.0
  26 40.5 0 1.2 1.2 0.380 0.388 0.516 76.0
  27 39.4 0 1 0 0.630 0.536 0.790 60.0
  28 39.5 0 0.6 0 0.880 0.559 2.145 46.0
  29 40.4 0 1.6 1.2 0.200 0.276 0.266 72.0
  30 40.6 0 1 0 0.450 0.355 0.440 58.0
  31 40.9 0 0 0 0.280 0.228 0.858 85.0
  32 40.8 0 0.6 0 0.320 0.291 0.359 79.0
M2* 1 39.7 0 0 0.8 0.460 0.310 0.290 92.5
  2 40.0 0 0.2 0.2 0.670 0.920 0.750 96.7
  3 39.8 0 0.2 0 0.890 1.260 0.660 82.5
  4 39.8 0 1 0 0.490 0.980 0.740 84.5
  5 41.4 0   0 0.810     91.0
  6 39.3 0 0 0 1.080 1.390 1.380 84.5
  7 40.3 0 0.2 1 0.920 1.140 0.510 85.0
  8 39.8 0 0.6 1.2 0.830 0.970 1.540 84.2
M3 1 40.8 0 1.2 0.8 0.960 0.960 2.240 95.7
  2 40.8 0 1.6 1 0.680 0.790 3.190 98.2
  3 40.0 0 0.8 0.6 0.870 0.880 7.520 94.5
  4 40.2 1.4 0 0.6 1.050 1.170 5.260 87.2
  5 40.4 0 0 1 0.700 1.120 1.660 92.5
  6 40.7 0 1.2 1.2 1.060 0.950 3.410 97.0
  7 39.3 0 1 0.6 0.710 0.760 1.170 95.0
  8 39.9 0 1.2 0.6 1.300 0.980 1.760 94.2
M4 1   0.6     0.730     93.5
  2 40.5 0 0.8 0.6 1.390 0.940 3.080 95.0
  3 39.9 0 0.6 0 0.810 0.660 0.800 92.0
  4 40.1 0 0.6 0.6 0.870 0.900 1.040 92.7
  5 39.6 0 0 0.6 1.170 1.070 0.990 92.5
  6 40.1 0 0.8 0.8 5.660 1.490 1.330 41.0
  7 40.5 0.6 0.8 0.6 1.260 1.100 1.660 92.7
  8 39.4 0 0.6 1 1.230 0.730 1.560 91.5
M6 1 39.3 0.6   0.8 1.340   1.070 94.2
  2 39.3 0   1 0.880   1.890 91.0
  3 39.1 0     2.140     84.8
  4 40.8 0.2   1.2 1.560   2.180 70.6
  5 40.2 0   0.2 0.640   1.680 98.0
  6 40.3 0   1 1.790   1.940 80.2
  7 40.1 0   0.2 1.320   1.400 91.0
  8 39.2 0   1.2 0.600   1.470 95.6
                    
n   39 40 30 38 40 30 37 40
mean   40.1 0.1 0.7 0.6 1.012 0.817 1.624 84.9
SD   0.6 0.3 0.5 0.5 0.859 0.348 1.425 13.8
median   40.1 0.0 0.7 0.6 0.870 0.910 1.380 91.0
max   41.4 1.4 1.6 1.2 5.660 1.490 7.520 98.2
min   39.1 0.0 0.0 0.0 0.200 0.228 0.266 41.0
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Table 45 continued 

  Pig M7 M21 MA0 MA7 MA21 N0 N7 N21 
T80 25 90.0 76.0 0.315 0.363 0.405 5.0 2.0 9.0
  26 84.0 88.0 0.289 0.326 0.454 3.0 11.0 4.0
  27 96.0 86.0 0.378 0.515 0.680 3.0 1.0 0.0
  28 96.0 82.0 0.405 0.536 1.759 0.0 1.0 0.0
  29   77.0 0.144 0.000 0.205 3.0   1.0
  30 86.0 84.0 0.261 0.305 0.369 0.0 2.0 0.0
  31   83.0 0.238 0.000 0.712 0.0   5.0
  32 90.0 79.0 0.253 0.262 0.283 1.0 0.0 2.0
M2* 1 88.0 82.2 0.426 0.273 0.238 2.0 2.5 5.0
  2 86.7 70.5 0.648 0.798 0.529 0.0 7.5 16.5
  3 90.0 82.5 0.734 1.134 0.545 4.0 3.0 0.5
  4 85.5 79.0 0.414 0.838 0.585 4.0 11.0 8.7
  5     0.737 0.000 0.000 4.0     
  6 86.0 89.7 0.913 1.195 1.238 5.0 7.3 4.5
  7 84.7 89.5 0.782 0.966 0.456 7.5 10.0 5.5
  8 92.0 93.7 0.699 0.892 1.443 10.0 5.6 1.5
M3 1 80.0 81.0 0.919 0.768 1.814 0.7 12.2 2.0
  2 86.0 59.8 0.668 0.679 1.908 0.5 7.5 22.8
  3 78.8 48.0 0.822 0.693 3.610 4.0 11.0 42.0
  4 80.7 42.5 0.916 0.944 2.236 6.5 8.2 52.2
  5 80.2 58.2 0.648 0.898 0.966 6.0 15.7 36.0
  6 84.6 68.0 1.028 0.804 2.319 1.7 6.3 15.0
  7 75.7 68.2 0.675 0.575 0.798 0.7 9.5 10.8
  8 75.5 68.0 1.225 0.740 1.197 2.0 12.0 7.7
M4 1     0.683 0.000 0.000 1.7     
  2 85.5 86.2 1.321 0.804 2.655 0.2 7.5 6.7
  3 85.2 77.2 0.745 0.562 0.618 6.0 5.5 13.7
  4 89.5 87.0 0.806 0.806 0.905 3.2 4.7 8.5
  5 78.0 91.5 1.082 0.835 0.906 1.0 3.7 3.7
  6 84.0 88.5 2.321 1.252 1.177 54.5 6.0 4.5
  7 88.2 86.7 1.168 0.970 1.439 0.2 4.5 7.0
  8 88.5 93.6 1.125 0.646 1.460 2.5 4.0 5.0
M6 1   97.2 1.262   1.040 2.2   0.5
  2   83.0 0.801   1.569 1.8   7.5
  3     1.815   0.000 7.6     
  4   71.7 1.101   1.563 23.0   22.0
  5   90.0 0.627   1.512 0.4   5.0
  6   82.5 1.436   1.601 9.8   8.5
  7   81.2 1.201   1.137 1.0   12.2
  8   82.0 0.574   1.205 0.2   5.0
                    
n   28 37 40 32 40 40 28 37
mean   85.5 79.3 0.815 0.637 1.088 4.7 6.5 9.8
SD   5.3 12.2 0.445 0.351 0.779 9.1 4.0 11.7
median   85.8 82.2 0.741 0.717 1.003 2.4 6.2 5.5
max   96.0 97.2 2.321 1.252 3.610 54.5 15.7 52.2
min   75.5 42.5 0.144 0.000 0.000 0.0 0.0 0.0
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Table 45 continued 

  Pig NA0 NA7 NA21 L0 L7 L21 LA0 LA7 LA21 
T80 25 0.023 0.008 0.048 8.0 3.0 13.0 0.036 0.012 0.069
  26 0.011 0.043 0.021 6.0 5.0 6.0 0.023 0.019 0.031
  27 0.019 0.005 0.000 13.0 1.0 7.0 0.082 0.005 0.055
  28 0.000 0.006 0.000 6.0 2.0 6.0 0.053 0.011 0.129
  29 0.006 0.000 0.003 4.0   10.0 0.008 0.000 0.027
  30 0.000 0.007 0.000 19.0 6.0 7.0 0.086 0.021 0.031
  31 0.000 0.000 0.043 5.0   4.0 0.014 0.000 0.034
  32 0.003 0.000 0.007 10.0 8.0 10.0 0.032 0.023 0.036
M2* 1 0.009 0.008 0.015 5.0 9.5 12.4 0.023 0.029 0.036
  2 0.000 0.069 0.124 3.2 5.5 13.0 0.021 0.051 0.098
  3 0.036 0.038 0.003 13.5 6.7 14.0 0.120 0.084 0.092
  4 0.020 0.108 0.064 4.7 2.0 9.7 0.023 0.020 0.072
  5 0.032   0.000 4.2     0.034 0.000 0.000
  6 0.054 0.101 0.062 10.0 5.0 4.0 0.108 0.070 0.055
  7 0.069 0.114 0.028 7.5 5.0 3.0 0.069 0.057 0.015
  8 0.083 0.054 0.023 5.7 2.3 4.7 0.047 0.022 0.072
M3 1 0.007 0.117 0.045 3.5 7.7 12.2 0.034 0.074 0.273
  2 0.003 0.059 0.727 1.2 6.5 9.8 0.008 0.051 0.313
  3 0.035 0.097 3.158 1.5 10.0 5.0 0.013 0.088 0.376
  4 0.068 0.096 2.746 6.2 10.7 3.2 0.065 0.125 0.168
  5 0.042 0.176 0.598 1.5 3.7 5.5 0.011 0.041 0.091
  6 0.018 0.060 0.512 1.2 8.4 15.0 0.013 0.080 0.512
  7 0.005 0.072 0.126 4.0 13.0 15.2 0.028 0.099 0.178
  8 0.026 0.118 0.136 3.7 12.5 22.7 0.048 0.123 0.400
M4 1 0.012   0.000 4.5     0.033 0.000 0.000
  2 0.003 0.071 0.206 3.5 6.2 1.7 0.049 0.058 0.052
  3 0.049 0.036 0.110 1.7 8.7 8.5 0.014 0.057 0.068
  4 0.028 0.042 0.088 4.0 5.5 4.5 0.035 0.050 0.047
  5 0.012 0.040 0.037 6.2 17.7 4.5 0.073 0.189 0.045
  6 3.085 0.089 0.060 4.5 9.7 7.0 0.255 0.145 0.093
  7 0.003 0.050 0.116 6.7 7.2 6.2 0.084 0.079 0.103
  8 0.031 0.029 0.078 5.0 7.5 1.0 0.062 0.055 0.016
M6 1 0.029   0.005 3.4   2.0 0.046   0.021
  2 0.016   0.142 6.8   9.2 0.060   0.174
  3 0.163   0.000 7.4     0.158   0.000
  4 0.359   0.480 6.4   6.0 0.100   0.131
  5 0.003   0.084 1.4   5.0 0.009   0.084
  6 0.175   0.165 9.6   9.0 0.172   0.175
  7 0.013   0.171 7.8   6.5 0.103   0.091
  8 0.001   0.074 4.2   13.0 0.025   0.191
                      
n   40 30 40 40 28 37 40 32 40
mean   0.114 0.057 0.258 5.8 7.0 8.0 0.057 0.054 0.111
SD   0.486 0.045 0.650 3.6 3.7 4.6 0.051 0.046 0.117
median   0.018 0.052 0.063 5.0 6.6 7.0 0.041 0.051 0.072
max   3.085 0.176 3.158 19.0 17.7 22.7 0.255 0.189 0.512
min   0.000 0.000 0.000 1.2 1.0 1.0 0.008 0.000 0.000
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Table 45 continued 

  Pig A
.p

p 
B

A
LF

 
da

y 
7 

A
.p

p.
 B

A
LF

 
da

y 
21

 

A
.p

p.
 ly

m
ph

 
no

de
 

A
.p

p.
 to

ns
il 

A
.p

p.
 a

lte
re

d 
lu

ng
 ti

ss
ue

 

A
.p

p.
 n

or
m

al
 

lu
ng

 ti
ss

ue
 

LS
 

B
A

LF
/P

R
39

/
0r

at
 

B
A

LF
/P

R
39

/
7r

at
 

B
A

LF
/P

R
39

/
21

ra
t 

T80 25 3 3 0 0 3 0 7.40 15.9 5.9 20.0
  26 3 3 1 0 1 0 5.20 2.3   6.4
  27 1 2 1   3 0 3.30 0.6 3.6 2.1
  28 0 3 0 1 2 1 7.00 0.9 1.2 164.4
  29 0 1 0 0 3 1 7.10 0.6 0.9 1.5
  30 1 1 0 0 3 1 8.80 0.3 1.5 1.1
  31 0 1 1 0 3 0 11.70 0.4 0.5 3.4
  32 0 0 1 0 3 1 2.60 8.9 0.1 1.3
M2* 1 0 0 0 0 0   0.00 0.9 0.5 2.0
  2 0 0 0 0 0   1.50 0.5 1.1 18.6
  3 2 0 0 0 0   0.00 2.5 1.9 0.4
  4 0 0 0 0 3 1 2.70 0.1 0.2 0.4
  5     3   3   24.60 0.8     
  6 2 0 0 0 3   5.80 0.5 1.2 0.5
  7 2 0 0 0 1   0.30 3.7 2.9 1.1
  8 0 0 0 0 1   3.20 1.2 0.2 0.8
M3 1 1 0 0 0 3 1 3.15 0.4   2.4
  2 1 0 0 1 3 0 5.21 0.0 0.9 30.3
  3 0 0 0 1 1 1 12.99 0.5 1.1 34.7
  4 1 0 1 0 1 1 13.38 1.0 4.1 75.9
  5 0 3 1 0 3 1 7.49 2.1 17.4 19.6
  6 0 3 1 0 3 2 12.50 0.2 0.4 66.8
  7 0 0 0 0 0 0 0.26 0.2 0.7 1.8
  8 1 0 0 0 3 1 1.76 0.7 1.6 4.8
M4 1               4.4     
  2 0 1 1   3 0 7.48 0.4 1.0 13.8
  3 0 0 1   3 1 5.34 0.6 1.5 2.8
  4 0 1 0   2 0 9.43 0.5 0.8 2.9
  5 0 2 0   3 1 2.14 0.6 1.4 8.2
  6 1 0 0   1 0 5.60 59.8 1.2 1.8
  7 0 0 0   2 1 3.34 0.2 1.7 3.1
  8 0 2 1   2 1 19.61 0.8 2.1 13.2
M6 1       1 0 0 2.86 2.3   1.4
  2     1 1 1 1 5.71 1.7   6.4
  3     2 2 3 3 27.86 13.5     
  4     2 2 3 1 22.86 8.4   87.2
  5     0 0 2 0 3.57 0.1   6.7
  6     0 1 3 1 7.14 5.8   86.6
  7     0 1 0 0 10.71 0.6   18.6
  8     0 0 0 0 0.00 0.0   7.0
                  
n   30 30 38 30 39 32 39 40 28 37
mean    7.22 3.6 2.1 19.5
SD    6.81 9.8 3.3 34.4
median    5.60 0.6 1.2 4.8
max    27.86 59.8 17.4 164.4
min    0.00 0.0 0.1 0.4
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Table 45 continued 

  Pig B
A

LF
/P

R
39

/
0r

ab
bi

t 

B
A

LF
/P

R
39

/
7r

ab
bi

t 

B
A

LF
/P

R
39

/
21

ra
bb

it 

S
er

um
/P

R
39

/0
ra

t 

S
er

um
/P

R
39

/7
ra

t 

S
er

um
/P

R
39

/2
1r

at
 

T80 25             
  26             
  27             
  28             
  29             
  30             
  31             
  32             
M2* 1 0.0 0.0 0.0 1.2 7.6 4.6
  2     10.6   14.9 13.1
  3 2.8 0.5 0.2 0.3 4.9 7.1
  4 0.1 0.6 0.9 0.0   1.8
  5 0.3 0.0   0.5     
  6 0.2 0.8 0.7 0.0 1.2 2.4
  7 0.0 0.0 0.0 0.2 9.8   
  8 0.4 0.0 0.1 5.3     
M3 1 0.0 0.0 0.0 14.4   3.4
  2 0.0 0.0 1.3 10.8   1.3
  3 0.0 0.0 5.3 1.0   0.5
  4 0.0 0.0 7.7 4.7   0.7
  5 0.0 2.9 2.5 32.7   30.2
  6 0.0 0.0 4.0 3.6   2.8
  7             
  8 0.0 0.0 0.0 4.5   1.0
M4 1             
  2 0.1 0.1 1.1 3.7 7.7   
  3 0.0 0.1 0.2 2.1 6.4   
  4 0.0 0.0 0.2 3.4 2.4 4.2
  5 0.0 0.0 2.1 4.3 11.6 0.4
  6 12.9 0.1 0.5     2.0
  7 0.0 0.2 0.4 4.0   1.8
  8 0.1 0.1 2.4     13.6
M6 1 0.2   0.1 23.7   4.1
  2 0.5   1.4 4.8   2.5
  3 3.2           
  4 6.4   60.9       
  5 0.0   2.8 15.7   3.1
  6 3.2   41.4 5.5   3.7
  7 0.0   3.8 19.7   1.4
  8 0.0   1.6 14.4   3.0
                
n   29 21 28 25 9 23
mean   1.0 0.3 5.4 7.2 7.4 4.7
SD   2.7 0.6 13.4 8.4 4.3 6.5
median   0.0 0.0 1.2 4.3 7.6 2.8
max   12.9 2.9 60.9 32.7 14.9 30.2
min   0.0 0.0 0.0 0.0 1.2 0.4

M2*: findings/samples were from day 
4 p. inf. instead of day 7 p. inf., 0 
timepoint prior to inf., 7 day 7 p. inf. 
or day 4 p. inf. in M2, 21 day 21 p. 
inf., T1-3 mean body temperature at 
days 1 to 3 p. inf. (°C), BS 
Bronchoscopic Score, C total cell 
count (G/l), N relative number of 
PMNs (%), L relative number of 
lymphocytes (%), M relative number 
of macrophages (%), NA absolute 
number of PMNs (G/l), LA absolute 
number of lymphocytes (G/l), MA 
absolute number of macrophages 
(G/l), A.pp. BALF day 7: Isolation of 
A.pp. from BALF samples at day 7 p. 
inf., A.pp. BALF day 21: Isolation of 
A.pp. from BALF samples at day 21 
p. inf., A.pp. lymph node: Isolation of 
A.pp. from lung lymph nodes post 
mortem, A.pp. tonsil: Isolation of 
A.pp. from tonsil post mortem, A.pp. 
altered lung tissue: Isolation of A.pp. 
from pathomorphological lung 
alterations, A.pp. normal lung tissue: 
Isolation of A.pp. from unaffacted 
lung tissue, LS lung lesion score, 
BALF/PR39/rat: PR-39 concentration 
(nM) in BALF measured with a 
polyclonal rat anti-PR39 as detection 
antibody in the ELISA, 
BALF/PR39/rabbit: PR-39 concen-
tration (nM) in BALF measured with 
a polyclonal rabbit anti-PR39 as 
detection antibody in the ELISA, 
Serum/PR39/rat: PR-39 concen-
tration (nM) in serum measured with 
a polyclonal rat anti-PR39 as 
detection antibody in the ELISA. 
Assessment of bacterial cultures: 0: 
no A.pp. isolated, 1: A.pp. growth 
only on directly inoculated agar, 2: 
A.pp. growth in first streak, 3: A.pp. 
growth in second streak, n number of 
animals examined, SD standard 
deviation, max maximal value, min 
minimal value 
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L.7. Searching for markers in BALF samples 

Table 47: SELDI protein peak evaluation of BALF samples 

Molecular 
weight 

range (Da) 

Pig T80/26 
(peak with 
molecular 

weight (Da)) 

Day after 
infection 

Pig M2/3  
(peak with 

molecular weight 
(Da)) 

Day after 
infection

Pig M3/1  
(peak with 
molecular 

weight (Da)) 

Day after 
infection 

4000-6000 4179 * 0 4181 * 0 4185 * 21 
 4616* 1   4613* 21 
 4964 - 21 4964 - 4 4963 - 21 
 5217 + 7 5213 + 21   
 5318 + 0 5313 + 4   

6000-8000 6427 - 21   6426 - 21 
 7519 - 0 7518 - 0   
   7797 + 21 7795 + 0 

8000-10 
000 8323 * 7+21 8320 + 21   

 8398 - 21 8395 - 0   
 8566 * 0 8565 * 0   
 9130 * 7 9132 * 0 9133 * 21 
   9242 + 21 9240+ 21 

> 10 000 10174 - 21 10171 - 4+21   
 10605 * 7+21 10604 + 4   
 10608 * 7   10608 * 21 
 10610 + 21 10610 + 4 10609 + 21 
 13378 - 21   13378 - 21 
 15039 - 0 15037 - 0 15037 - 0 
   66594 - 4 66594 - 7 
   66706 - 0 66706 - 0 

 

+ = cationic, - = anionic,  * = hydrophobic 
AAA = consistent changes in all three animals with respect to likely charge, molecular mass 
and pre- or post-infection 
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Table 48: Protein spots with increased intensity in BALF of day 21 after A.pp. 
infection as assessed by 2D-PAGE (n = 10) 

Spot no. Mr (kDa) 
observed 

IP (pH) 
observed 

Increased 
in x pigs 
out of 10 

Spot no. Mr (kDa) 
observed 

IP (pH) 
observed 

Increased 
in x pigs 
out of 10 

1 45 6.8 9 40 43 4.1 1 
2 35 7.2 10 41 44 3.8 2 
3 30 7.9 7 42 35 3.7 3 
4 21 7.1 8 43 34 3.6 2 
5 28 5.5 7 44 39 3.6 2 
6 14 5.7 8 45 34 4.8 3 
7 15 5.5 7 46 32.5 4.7 3 
8 14 5.4 8 47 37 4.6 1 
9 20 4.5 9 48 28 4.4 2 

10 20.5 4.3 10 49 23 3.6 3 
11 19 4.1 9 50 16 4.1 2 
12 35 4.7 10 51 15 4.7 3 
13 30 7.1 2 52 20 4.7 2 
14 25 5.4 4 53 17 4.6 2 
15 41 6.2 1 54 17 4.75 3 
16 38 6.5 1 55 24 6 3 
17 43 5.8 4 56 25 5 1 
18 36 5.8 5 57 26 5.3 3 
19 43 5.6 2 58 21 5.3 2 
20 40 5.6 2 59 20 5.3 1 
21 41 5.2 2 60 25 5.3 1 
22 38 5.2 2 61 44 6.5 2 
23 41.5 4.8 4 62 35 5 3 
24 46 4.7 4 63 17 7.4 3 
25 59 6 3 64 28 7.1 4 
26 48 6 2 65 28 6.8 2 
27 24.5 4.75 3 66 40 7 6 
28 34 4.75 3 67 59 5.8 3 
29 38 4.8 2 68 33 5.8 3 
30 34 6.5 1 69 36 6.8 2 
31 50 6.6 2 70 35 7.9 2 
32 35 5.3 3 71 43 4.4 4 
33 34 5.25 2 72 22 6.6 3 
34 45 5.9 3 73 68 5.8 4 
35 42 5.7 1 74 45 4.8 2 
36 44 5.3 2 75 28 6 3 
37 44 5.4 3 76 10 4.6 4 
38 45 4.3 1 77 13 5 2 
39 44 4.1 1     

Spot no. number of protein spot in the virtual 2D-Gel in Fig. 11, Mr molecular mass, IP 
isoelectric point 
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Table 49: Results of Phage display. Peptide sequences with binding properties to 
different BALF components 

Panning 
target Sequence (non-codogenic DNA 5’-3’/peptide 5’-3’) No. of 

phages

Protein spot 
10 

(prophenin 2) 

AGC CTT CAC ATT AGC AGT CTT CCA AGC ACT CGG CGT 
      T     P      S     A     W       K      T      A      N      V      K       A 

13 

Protein spot 
10 

(prophenin 2) 

AGT CCA CGG CCT ATG ATG CGT CGT ATC CGC AAG CAG 
     L      L      A       D      T      T     H       H      R      P      W      T 

13 

BALF protein 
CGG CGG ACC CGA CAT AGC ACG CGG CAT CGC ATT CCC 

    G        N      A      M      P      R      A      M     S        G     P     P 
2 

BALF protein 
CCA CGT CGC CGT CAG CTC AGT CGG AGG CGG ATG CCT 

   R      H      P      P      P       T      E      R      T      A        T      W 
2 

BALF protein 
ATT AGG CAG AAT ACG AGG ATT ACT CGC AAT ATG CTT 

     K     H       I      A       S      N       P     R       I      -      P      N 
3 

BALF protein 
CAT AGT ATG CGT CGC CTG AGG AGA AGT CCA ATC ATG 

    H     D      W     T       S      P       Q      A      T       H      T      M 
3 

BALF protein 
ATT CAA CGG CGG AGA CGA ACG CGA AGC ATA CGG CGC 

    A     P      Y      A       S      R      S       S      P      P      L      N 
2 

BALF protein 
ACG CTT ATT AAT CGC AAA AAT CGA ATC CGT CGT CTT 

      K     T      T     D      S       I       F     A       I       N      K      R 
3 

BALF protein 
AGT CCT CGG CGG AGG AGA ATG CGT AGG AAA CCA ACT 

   S     W       F      P        T      H      S     P      P        P     R       T 
3 

BALF protein 
AGC CGC AAT ACG CGC CGT CTT ANG CAA AGG ACT CCC 

   G      S      P       L      P      K       T     A        R      I       A     A 
2 

BALF protein 
ACG AAG CGA CAT CCA CTT ANA AAC AAG CGT AGA CTC 
     E     S       T       L      V      -       K      W    M      S       L      R 

2 

No. number of specific binding phage clones. 
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Table 50: Descriptive statistics of glutathione concentration in unconcentrated and 
lyophilized BALF 

 Day 0 Day 7 Day 21 
 

G
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G
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B Bl B Bl Bl Bl B Bl B Bl Bl Bl B Bl B Bl Bl Bl 

N 23 12 19 9 9 9 15 5 13 3 3 3 21 10 17 7 7 7 

Median 0.4 2.05 0 0.65 0.42 1.06 0.28 1.37 0 0.5 0.34 0.54 1.1 1.76 0 1.04 0.5 1.15

25% 
quartile  0 1.08 0 0.38 0.3 0.32 0 1.3 0 0.37 0.23 0.52 0.36 1.3 0 0.48 0.34 0.36

75% 
quartile 1.24 3.05 0.75 0.88 0.78 1.86 1.3 1.37 1.7 0.97 0.53 0.6 4.14 3.67 0.36 1.26 1.74 1.33

Min  0 0.69 0 0.26 0 0 0 0.55 0 0.2 0.12 0.5 0 0.05 0 0.2 0 0 

Max  3.3 4.43 4.2 1.31 2.23 2.32 2.14 3.58 5.3 1.4 0.71 0.66 6.4 5.7 6.4 1.8 2.09 1.81

GSHtotal total glutathione concentration including the oxidized and reduced form, GSHcalc 
calculated concentration of the reduced form of glutathione by GSHtotal – GSSG, GSSG 
concentration of oxidized glutathione, B unconcentrated BALF supernatant, Bl lyophilized 
and concentrated BALF supernatant 
 

L.8. Evaluation of disease markers in herds with and without naturally 
occurring respiratory problems 

Table 51: Comparison of three lavage methods within one herd of high clinical 
respiratory health status 

Parameter 

Bronchoscopic BALF 
group b (M12) 
(n, mean, SD, 
median, max, min) 

Endotracheal BALF 
group e (BF1) 
(n, mean, SD, 
median, max, min) 

Transtracheal BALF 
group t (BF11) 
(n, mean, SD, 
median, max, min) 

Significant 
differences between 
groups (Wilcoxon 
Two- Sample Test) 

Rec 8, 65.1, 13.7, 
65.5, 84, 50 

20, 25.9, 10.4, 
23, 47, 7 

10, 14.8, 5.8, 
13.8, 25, 7.5 

b↔e p=0.0026 
e↔t p<0.009 
b↔t p<0.0001 

C  8, 1.169, 0.746, 
1.025, 2.86, 0.36 

20, 0.098, 0.145, 
0.025, 0.43, 0  

10, 0.419, 0.422, 
0.285, 1.55, 0.07 

b↔e p<0.0001 
e↔t p=0.0016 
b↔t p=0.0076 

N 8, 6.9, 10.4, 
2.4, 30.2, 0.2 

5, 21.9, 19.6, 
27.6, 48.2, 1.3 

10, 10.4, 10.6, 
7.5, 32.7, 0 

 

L 8, 4.1, 2.1, 
3.6, 7.2, 2 

5, 1.7, 1.2, 
1.3, 3.6, 0.7 

10, 4.7, 7.9, 
2.4, 26.7, 0 

 

M 8, 89, 9.7, 
92.1, 95.5, 67.2 

5, 76.4, 19.8, 
69.2, 97.3, 51 

10, 84.8, 15.9, 91.1, 
100, 52.7 

 

NA 8, 0.127, 0.298, 
0.02, 0.864, 0.003 

5, 0.04, 0.053, 
0.012, 0.125, 0.001 

10, 0.069, 0.155, 
0.023, 0.507, 0 

 

LA 8, 0.046, 0.027, 
0.054, 0.082, 0.01 

5, 0.002, 0.001, 
0.002, 0.004,0.001 

10, 0.02, 0.029, 
0.005, 0.075, 0 

b↔t p=0.0368 
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Parameter 

Bronchoscopic BALF 
group b (M12) 
(n, mean, SD, 
median, max, min) 

Endotracheal BALF 
group e (BF1) 
(n, mean, SD, 
median, max, min) 

Transtracheal BALF 
group t (BF11) 
(n, mean, SD, 
median, max, min) 

Significant 
differences between 
groups (Wilcoxon 
Two- Sample Test) 

MA 8, 0.994, 0.474, 
0.955, 1.922, 0.3 

5, 0.143, 0.118, 
0.133, 0.335, 0.014 

10, 0.33, 0.267, 
0.247, 0.972, 0.07 

b↔t p=0.0051 

PR 8, 15, 39.2, 
0.75, 112, 0 

20, 1.3, 2.3, 0.3, 7.9, 
0 

10, 5.1, 8.8, 
1.2, 28, 0 

 

Userum 8, 2.01, 0.364, 
2.13, 2.4, 1.53 

20, 2.01, 0.87, 
1.92, 3.57, 0.8  

10, 2.28, 0.94, 
2.42, 3.96, 1.19 

 

Ubalf 8, 0.16, 0.04, 
0.16, 0.22, 0.09 

20, 0.10, 0.08, 
0.08, 0.26, 0.02 

10, 0.04, 0.02, 
0.05, 0.09, 0.02 

b↔t p=0.0005 

ELF 8, 13.3, 2.7,  
12.3, 18.8, 10.9 

20, 33.8, 31.7,  
23.8, 144, 6.5 

10, 63.7, 35.1, 
53.7, 125.5, 19.8 

e↔t p=0.0089 
b↔t p=0.0004 

ENA 8, 1.451, 3.232, 
0.323, 9.422, 0.032 

5, 0.814, 0.985, 
0.276, 2.346, 0.02 

10, 1.969, 2.959, 
1.341, 10.053, 0 

 

ELA 8, 0.581, 0.321, 
0.647, 1.026, 0.15 

5, 0.054, 0.062, 
0.034, 0.164, 0.018 

10, 0.663, 0.757, 
0.275, 2.448, 0 

b↔e p=0.0069 
e↔t p=0.0169 

EMA 8, 12.781, 5.293, 
12.389, 20.966, 
4.633 

5, 2.754, 2.22, 
0.133, 0.335, 0.686 

10, 16.071, 8.214, 
16.466, 33.515, 4.833 

b↔e p=0.0068 
e↔t p=0.004 

EPR 8, 228.7, 607.7, 
8.456,1732.3, 0 

20, 30.6, 58.6, 
8.9, 255.4, 0 

10, 178.4, 208.9, 
100.2, 554.6, 0 

e↔t p=0.04 

PAT 8, 1.5, 0.8, 
2, 2, 0 

10, 0.4, 0.7, 
0, 2, 0 

10, 0.3, 0.7, 
0, 2, 0 

 

Co 8, 5, 1.7, 
5.5, 7, 2 

10, 3.3, 0.8, 
3.5, 4, 2 

10, 1.1, 1.5,  
1, 5, 0 

b↔e p=0.03 
e↔t p=0.003 
b↔t p=0.0012 

Sen 8, 0.6, 0.5, 
1, 1, 0 

10, 0, 0,  
0, 0, 0 

10, 0, 0,  
0, 0, 0 

b↔e p=0.0051 
b↔t p=0.0051 

 

Rec Recovery of rinsing fluid (%), C total cell count (G/l), N relative number of PMNs (%), L 
relative number of lymphocytes (%), M relative number of macrophages (%), NA absolute 
number of PMNs (G/l), LA absolute number of lymphocytes (G/l), MA absolute number of 
macrophages (G/l), PR PR-39 concentration (nM), Userum urea concentration in serum 
(mmol/l), Ubalf urea concentration of BALF (mmol/l), ELF dilution factor of the epithelial lining 
fluid, ENA calculated absolute number of PMNs in the epithelial lining fluid (G/l), EMA 
calculated absolute number of macrophages in the epithelial lining fluid (G/l), ELA calculated 
absolute number of lymphocytes in the epithelial lining fluid (G/l), EPR calculated PR-39 
concentration in the epithelial lining fluid (nM), PAT number of facultative pathogen isolates 
per sample, Co number of commensals and environmental contaminants per sample, Sen 
number of isolates of non-classified NAD-dependent bacteria per sample, p error probability 
(significant: p<0.05). 
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Table 53: Parameters in BALF and their respective p-values of significant differences 
between two herds in the endotracheal BAL group 

 BF1 BF6 BF7 BF8 
BF6 Temp  0.001 

C  0.046 
EPR 0.04 
Co  0.004 
FPat 0.03 
Fco 0.011 
Fcondi 0.002 
Fcough <0.001 
 

   

BF7 Temp  0.002 
Rec  0.03 
Userum 0.0005 
ELF 0.04 
Co  0.0001 
Fco 0.011 
FEM 0.03 

C  0.009 
Co  0.0001 
Fcondi 0.035 
Fcough <0.001 
FDysp 0.01 

  

BF8 Fcondi 0.03 
Fcough <0.001 
 

Temp  0.03 
Co  0.028 
 

Temp  0.04 
Rec  0.0026 
Userum 0.009 
Co  0.014 
Fcough <0.001 

 

BF9 Temp 0.0001 
C  0.02 
PR  0.007 
EPR 0.001 
FPat 0.005 
Fco 0.01 
FEM 0.03 
Fcough <0.001 
FDysp <0.001 

Rec  0.048 
Co  0.003 
Fcondi 0.03 
 

Temp  0.04 
Rec  0.0016 
C 0.0022 
PR 0.014 
Userum 0.037 
PAT 0.0168 
Co  0.0047 
Fcough <0.001 
FDysp <0.001 

Temp 0.04 
PR  0.0369 
FDysp <0.001 

 
Temp body temperature (°C), Rec Recovery of rinsing fluid (%), C total cell count (G/l), N 
relative number of PMNs (%), L relative number of lymphocytes (%), M relative number of 
macrophages (%), NA absolute number of PMNs (G/l), LA absolute number of lymphocytes 
(G/l), MA absolute number of macrophages (G/l), PR PR-39 concentration (nM), Userum urea 
concentration in serum (mmol/l), Ubalf urea concentration of BALF (mmol/l), EPR calculated 
PR-39 concentration in the epithelial lining fluid (nM), PAT number of facultative pathogen 
isolates per sample, Co number of commensals and environmental contaminant isolates per 
sample, FPat Frequency of samples positive for facultative pathogenic microorganism 
isolates, Fco Frequency of samples positive for commensals and environmental 
contaminants, FEM Frequency of samples positive for non-classified NAD-dependent 
bacteria, Fcondi Frequency of pigs with poor body condition, Fcough Frequency of pigs which 
show coughing, FDysp Frequency of pigs which show dyspnoea, p error probability 
(significant: p<0.05). 
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Table 54: Parameters in BALF and their respective p-values of significant differences 
between two herds in the transtracheal BAL group 

 BF2 BF3 BF4 BF5 BF10 
BF4 Co  0.04 

 
PR 0.02 
Co  0.04 

   

BF5 PAT 0.05 
 
 

N 0.037 
M 0.037 
PR 0.02 
PAT 0.014 

Fco 0.0476   

BF10 Fcondi 0.0256 
Fcough <0.001 
FDysp 0.002 

N 0.045 
L 0.046 
M 0.037 
PR 0.04 
Fcough <0.001 
FDysp 0.002 

Co  0.015 
Fcough <0.001
FDysp 0.002 

PAT 0.0446 
Fcough <0.001 
 

 

BF11 C  0.017 
LA  0.009 
MA 0.04 
PAT 0.04 
Fcough <0.001 
FDysp <0.001 
 
 

C  0.012 
N 0.004 
L 0.04 
M 0.0085 
NA 0.004 
LA  0.0169 
PR 0.02 
UBALF 0.0045 
Fcough <0.001 
FDysp <0.001 

PAT 0.0127
Fcough <0.001
FDysp <0.001
 

Rec 0.014 
PAT 0.0035 
Fcough <0.001 
FPat 0.015 
 

NA 0.045 
PAT 0.0053
Userum 0.0257
FPat 0.0055
Fcondi 0.0031
 

 
Temp body temperature (°C), Rec Recovery of rinsing fluid (%), C total cell count (G/l), N 
relative number of PMNs (%), L relative number of lymphocytes (%), M relative number of 
macrophages (%), NA absolute number of PMNs (G/l), LA absolute number of lymphocytes 
(G/l), MA absolute number of macrophages (G/l), PR PR-39 concentration (nM), Userum urea 
concentration in serum (mmol/l), Ubalf urea concentration of BALF (mmol/l), EPR calculated 
PR-39 concentration in the epithelial lining fluid (nM), PAT number of facultative pathogen 
isolates per sample, Co number of commensals and environmental contaminant isolates per 
sample, FPat Frequency of samples positive for facultative pathogenic microorganism 
isolates, Fco Frequency of samples positive for commensals and environmental 
contaminants, FEM Frequency of samples positive for non-classified NAD-dependent 
bacteria, Fcondi Frequency of pigs with poor body condition, Fcough Frequency of pigs which 
show coughing, FDysp Frequency of pigs which show dyspnoea, p error probability 
(significant: p<0.05). 
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Table 55: Significant correlations between various disease parameters within lavage 
groups 

Correlating 
parameters 

Bronchoscopic BALF 
group A (rs  p) 

Endotracheal BALF 
group B (rs  p) 

Transtracheal BALF 
group C (rs  p) 

Temp-Bw -0.57 0.0007   
Rec-Bw  0.47 0.0002 -0.33 0.039 
C-Bw   0.35 0.02 
N-Bw -0.37 0.024   
M-Bw 0.33 0.39   
L-Bw 0.4 0.013  0.34 0.039 
LA-Bw   0.48 0.0027 
PR-Bw -0.31 0.04   
Userum-Bw  0.35 0.006 0.39 0.026 
UBALF-Bw   0.384 0.02 
Sen-Bw -0.36 0.015   
EMA-BS 0.43 0.011   
ELA-BS 0.38 0.03   
ELF-BS 0.37 0.03   
Userum-Rec  0.27 0.04  
PAT-Rec  -0.3 0.03  
L-Rec 0.34 0.04   
Userum-ELF   0.36 0.04 
N-ELF   -0.52 0.0029 
NA-ELF   -0.6 0.0004 
M-ELF   0.54 0.0021 
MA-ELF   -0.6 0.0005 
L-ELF   -0.65 <0.0001 
LA-ELF -0.39 0.02  -0.73 <0.0001 
ENA-ELF   -0.46 0.0086 
ELA-ELF   -0.56 0.0011 
PR-ELF  -0.53 <0.0001 -0.5 0.0041 
PAT-ELF  -0.33 0.02  
ELF-C -0.42 0.0129 -0.57 <0.0001 -0.68 <0.0001 
Temp-C  0.32 0.02  
N-C 0.41 0.01  0.73 <0.0001 
NA-C 0.61 <0.0001   
ENA-C 0.62 <0.0001  0.78 0.0001 
M-C -0.4 0.011  -0.7 <0.0001 
MA-C 0.8 <0.0001 0.94 0.0048  
EMA-C 0.56 0.0007   
L-C   0.42 0.0096 
LA-C 0.55 0.0003 0.83 0.04  
ELA-C 0.4 9.92  0.74 <0.0001 
PR-C 0.39 0.008 0.9 <0.0001 0.67 <0.0001 
EPR-C  0.8 <0.0001  
UBALF-C  0.63 <0.0001 0.6 0.0002 
PAT-C  0.52 0.0001 0.34 0.032 
M-N -0.91 <0.0001 -0.94 0.0048 -0.97 <0.0001 
Temp-N  0.8 0.05  
Temp-NA  0.93 0.0077  
Temp-MA   0.9 0.037 
PAT-MA   0.33 0.04 
M-L   -0.62 <0.0001 
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Correlating 
parameters 

Bronchoscopic BALF 
group A (rs  p) 

Endotracheal BALF 
group B (rs  p) 

Transtracheal BALF 
group C (rs  p) 

N-L   0.5 0.0013 
N-LA   0.69 <0.0001 
L-MA 0.62 <0.0001   
LA-M -0.45 0.004   
NA-LA 0.42 0.0078   
NA-MA 0.42 0.0078   
MA-LA 0.57 0.0002 0.94 0.0048  
EMA-ELA 0.55 0.001   
M-NA -0.86 <0.0001 -0.83 0.04  
N-ENA 0.83 <0.0001 0.94 0.005 0.7 <0.0001 
M-ENA -0.83 <0.0001 -0.83 0.04 -0.89 <0.0001 
ENA-ELA   0.75 <0.0001 
L-ENA   0.49 0.006 
N-ELA   0.92 <0.0001 
L-ELA   0.83 <0.0001 
L-EMA   -0.4 0.027 
M-ELA   -0.75 <0.0001 
M-EMA   0.37 0.045 
Userum- UBALF 0.8 <0.0001   
Userum-Temp   -0.9 0.037 
Userum-N 0.39 0.02   
Userum-M -0.36 0.04   
Userum-NA 0.35 0.0047   
Userum-ENA 0.38 0.03   
Userum-Sen  0.34 0.02  
UBALF-M -0.56 0.0008  -0.55 0.001 
UBALF-MA 0.35 0.049   
UBALF-ELF -0.4 0.019 -0.89 <0.0001 -0.66 <0.0001 
UBALF-N 0.55 0.0008  0.55 0.0012 
UBALF-NA 0.5 0.02  0.57 0.0006 
UBALF-ENA 0.47 0.006  0.49 0.0055 
UBALF-L   0.68 <0.0001 
UBALF-LA 0.35 0.049  0.75 <0.0001 
UBALF-ELA   0.59 0.0005 
UBALF-PR 0.43 0.012 0.62 <0.0001 0.53 0.0014 
UBALF-EPR 0.41 0.02 0.35 0.008  
UBALF-PAT  0.24 0.04  
N-PR 0.74 <0.0001  0.79 <0.0001 
N-EPR 0.79 <0.0001  0.54 0.0022 
NA-PR 0.68 <0.0001 0.83 0.04 0.79 <0.0001 
NA-EPR 0.7 <0.0001  0.5 0.0047 
ENA-PR 0.65 <0.0001  0.63 0.0001 
ENA-EPR 0.68 <0.0001 0.89 0.02 0.51 0.0036 
M-PR -0.67 <0.0001  -0.72 <0.0001 
M-EPR -0.74 <0.0001  -0.47 0.0089 
MA-PR   0.34 0.04 
EMA-PR -0.42 0.014   
EMA-EPR -0.39 <0.0001   
LA-PR   0.48 0.0027 
ELA-PR   0.4 0.027 
Temp-PR  0.4 0.0023  
Temp-EPR  0.5 0.0002  
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Correlating 
parameters 

Bronchoscopic BALF 
group A (rs  p) 

Endotracheal BALF 
group B (rs  p) 

Transtracheal BALF 
group C (rs  p) 

PAT-PR  0.4 0.0038  
PAT-EPR  0.4 0.003  
Sen-PR  0.3 0.03  
Sen-EPR  0.36 0.01  
Sen-Temp 0.5 0.0027   
 

Bw body weight (kg), Temp body temperature (°C), BS bronchoscopic score, Rec Recovery 
of rinsing fluid (%), C total cell count (G/l), N relative number of PMNs (%), L relative number 
of lymphocytes (%), M relative number of macrophages (%), NA absolute number of PMNs 
(G/l), LA absolute concentration of lymphocytes (G/l), MA absolute concentration of 
macrophages (G/l), PR PR-39 concentration (nM), Userum urea concentration in serum 
(mmol/l), Ubalf urea concentration of BALF (mmol/l), ELF dilution factor of the epithelial lining 
fluid, ENA calculated absolute number of PMNs in the epithelial lining fluid (G/l), EMA 
calculated absolute number of macrophages in the epithelial lining fluid (G/l), ELA calculated 
absolute number of lymphocytes in the epithelial lining fluid (G/l), EPR calculated PR-39 
concentration in the epithelial lining fluid (nM), PAT number of facultative pathogen isolates 
per sample, Co number of commensals and environmental contaminant isolates per sample, 
Sen number of non-classified NAD-dependent bacterial isolates per sample, FPat Frequency 
of samples positive for facultative pathogenic microorganism isolates, Fco Frequency of 
samples positive for commensals and environmental contaminants, FEM Frequency of 
samples positive for non-classified NAD-dependent bacteria, Fcondi  Frequency of pigs with 
poor body condition, Fcough Frequency of pigs which show coughing, FDysp Frequency of pigs 
which show dyspnoea, rs Spearman`s Correlation Coefficient, p error probability (significant: 
p<0.05). 
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L.9. Sensitivities and specificities for different cut-offs of PR-39 (nM) and PMN 
(%) in BALF with respect to various disease associated criteria as 
allocation bases 

Table 56: Sensitivities and specificities of PR-39 relative to PMNs (%) exceeding 
reference limits of 9% in bronchoscopic and 32% in transtracheal BALF 

PR-39 
cut-off 
(nM) 

Bronchoscopic BALF 
(n=38, 18+, 20-) 

Transtracheal BALF 
(n=37; 13+, 24-) 

 Sens. (%) Spec. (%) Sens. (%) Spec. (%) 
0.1 94 10 100 17 
0.2 94 15 100 21 
0.5 89 45 100 29 
0.75 89 50 100 42 
1 89 50 92 42 
1.5 89 80 92 50 
1.75 89 85 92 54 
2 89 85 85 54 
2.5 89 90 85 58 
5 72 100 85 96 
10 50 100 77 96 
11 44 100 69 96 
14 44 100 69 100 
15 39 100 62 100 
20 33 100 62 100 
55 28 100 15 100 
n number of animals examined, + animals with >9% PMNs in bronchoscopic or >32% in 
transtracheal BALF, - animals with <9% PMNs in bronchoscopic or <32% in transtracheal 
BALF 
 

Table 57: Sensitivities and specificities of PR-39 and PMNs at different cut off values 
relative to positive bacteriological findings of facultative pathogens 

PR-39 
cut-off 
(nM) 

Bronchoscopic 
BALF 

(n=45, 40+, 5-) 

Endotracheal 
BALF 

(n=50, 21+, 29-)

Transtracheal 
BALF 

(n=39; 27+, 12-)

PMN 
cut-off 

(%) 

Bronchoscopic 
BALF 

(n=38, 34+, 4-) 

Transtracheal 
BALF 

(n=37; 26+, 11-)
 Sens. 

(%) 
Spec. 
(%) 

Sens. 
(%) 

Spec. 
(%) 

Sens. 
(%) 

Spec. 
(%) 

 Sens. 
(%) 

Spec. 
(%) 

Sens. 
(%) 

Spec. 
(%) 

0.1 93 0 86 41 93 17 1 94 25 100 18 
0.2 90 0 71 48 93 33 2 88 50 88 36 
0.5 73 20 62 62 89 42 3 76 50 85 36 
0.75 70 40 62 66 85 58 4 68 50 77 36 

1 68 40 57 76 81 58 5 65 75 77 36 
1.5 53 40 57 76 70 58 6 65 75 77 36 
1.75 53 60 57 76 67 58 7 62 75 73 45 

2 50 60 57 79 63 58 8 56 100 69 45 
2.5 50 80 50 79 56 58 9 53 100 69 55 
5 40 100 33 93 33 75 10 50 100 69 55 

10 25 100 29 100 30 75 20 35 100 46 73 
11 23 100 24 100 26 75 30 21 100 42 82 
14 23 100 24 100 26 83 32 18 100 42 82 
15 20 100 23 100 26 92 40 15 100 38 100 
20 18 100 19 100 26 92 50 15 100 31 100 
55 15 100 10 100 7 100 100  100  100 

n number of animals examined, + animals positive for facultative pathogenic bacteria in 
BALF, - animals negative for facultative pathogenic bacteria in BALF  
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Table 58: Sensitivities and specificities of PR-39 in BALF and in ELF relative to the 
respiratory disease status of the pig defined by the occurence of facultative 
pathogens in combination with relative numbers of PMNs exceeding the 9% 
cut-off in bronchoscopic and the 40% cut-off in transtracheal BALF 

PR-39 
cut-off 
(nM) 

Bronchoscopic 
BALF 

(n=38, 18+, 20-)

Transtracheal 
BALF 

(n=37; 10+, 27-)

PR-39 
cut-off 

(%) 

Bronchoscopic 
ELF 

(n=33, 14+, 19-)

Transtracheal 
ELF 

(n=30; 6+, 24-) 
 Sens. 

(%) 
Spec. 
(%) 

Sens. 
(%) 

Spec. 
(%) 

 Sens. 
(%) 

Spec. 
(%) 

Sens. 
(%) 

Spec. 
(%) 

0.1 94 10 100 15 10 93 42 100 13 
0.2 94 15 100 19 30 93 84 100 29 
0.5 89 45 100 26 50 86 95 83 38 
0.75 89 50 100 37 100 57 100 83 50 

1 89 50 90 37 150 50 100 83 71 
1.5 89 80 90 44 200 29 100 67 75 
1.75 89 85 90 48 250 29 100 67 79 

2 89 85 90 52 300 29 100 67 83 
2.5 89 90 90 56 350 29 100 67 88 
5 72 100 90 89 400 29 100 67 88 

10 50 100 80 89 450 29 100 50 92 
11 44 100 70 89 500 29 100 50 92 
14 44 100 70 93      
15 39 100 70 96      
20 33 100 70 96      
55 28 100 20 100      

 

n number of animals examined, + animals positive for facultative pathogenic bacteria in 
combination with >9% PMNs in bronchoscopic or > 40% PMNs in transtracheal BALF, - 
animals negative for facultative pathogenic bacteria in combination with >9% PMNs in 
bronchoscopic or > 40% PMNs in transtracheal BALF  
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Table 59: Descriptive statistical values and statistical comparison of quantitative 
disease parameters in herds with high and low clinical respiratory health 
status summarized 

Parameter Endoscopic BALF 
group A 
(n, mean, STD, 
median, max, min) 

Endotracheal BALF 
group B 
(n, mean, STD, 
median, max, min) 

Transtracheal 
BALF group C 
(n, mean, STD, 
median, max, min) 

Significant 
differences between 
groups (Wilcoxon 
Two-Sample Test) 

Bw 45, 24.3,11.7, 
20, 64, 9.6 

60, 33.3, 6.9, 
30, 45, 25 

39, 26.4, 19,3, 
15, 70, 10 

A↔B p<0.0001 
B↔C p<0.0001 

Temp 32, 39.2, 0.6, 
39.4, 40.7, 38.2 

52, 39.7, 0.8, 
39.7, 41.4, 37.5 

5, 39.9, 0.4,  
39.8, 40.6, 39,5 

A↔B p=0.0078 
A↔C p=0.014 

Rec 42, 70.6, 12.1,  
72, 99, 39 

60, 27.8, 14.03, 
25, 80, 7 

39, 11.2, 6.6, 
10, 25, 2.5 

A↔B p<0.0001 
A↔C p<0.0001 
B↔C p<0.0001 

C  45, 2.401, 5.035, 
1, 32.9, 0.31 

60, 0.705, 2.945, 
0.039, 19.6, 0 

39, 2.054, 4.786, 
0.61, 26.4, 0.02 

A↔B p<0.0001 
A↔C p=0.004 
B↔C p<0.0001 

N 38, 17.8, 22.1, 
8.1, 84.7, 0.2 

6, 33.8, 34.2, 
28.2, 93.7, 1.3 

37, 28, 28.9, 
19, 88.2, 0 

 

L 38, 6.9, 5.1, 
5.1, 23.5, 0.7 

6, 1.8, 1.1, 
1.7, 3.6, 0.7 

37, 4.6, 5.2, 
3.5, 26.7, 0 

A↔B p=0.0017 
A↔C p=0.0041 

M 39, 75.2, 21, 
84.2, 96.2, 14.5 

6, 64.3, 34.5, 
68.9, 97.3, 3.7 

37, 67.1, 30.3, 
80, 100, 8 

 

NA 39, 0.639, 1.66, 
0.062, 9.344, 0.003 

6, 3.094, 7.481, 
0.035, 18.365, 0.001 

37, 1.448, 4.265, 
0.075, 22.44, 0 

 

LA 39, 0.139, 0.391,  
0.06, 2.468, 0.01  

6, 0.083, 0.199, 
0.002, 0.49, 0 

37, 0.106, 0.228, 
0.015, 1.241, 0 

A↔B p=0.0141 
A↔C p=0.02 
B↔C p=0.02 

MA 39, 1.372, 3.265, 
0.791, 21.056, 
0.184 

6, 0.24, 0.26, 
0.136, 0.725, 0.014 

37, 0.593, 0.527, 
0.468, 2.561, 0.07 

A↔B p=0.0016 
A↔C p=0.0007 
B↔C p=0.03 

PR 45, 17.7, 38.7, 
1.82, 171.7, 0 

60, 6.3, 17.6, 
0.5, 92.9, 0 

39, 10.4, 16.7, 
3, 72.3, 0 

A↔B p=0.004 
B↔C p=0.0061 

Userum 34, 3.62, 1.81, 
3.35, 10.27, 1.3 

60, 2.44, 0.94, 
2.52, 4.62, 0.8 

32, 3.27, 2.06, 
2.56, 9.47, 1.06 

A↔B p=0.0007 
 

Ubalf 34, 0.26, 0.17, 
0.21, 0.96, 0.09 

60, 0.14, 0.23, 
0.06, 1.29, 0 

34, 0.12, 0.22, 
0.05, 1.25, 0 

A↔B p<0.0001 
A↔C p<0.0001 

ELF 34, 15.2, 4.6, 
14, 26.1, 7.1 

58, 43.4, 41.1 
33.3, 172, 3.2 

31, 54.5, 36.4, 
46, 133.8, 4.6 

A↔B p=0.0001 
A↔C p<0.0001 

ENA 33, 4.707, 9.165, 
1.069, 34.902, 
0.032 

6, 41.583, 99.866, 
0.769, 245.426, 0.02 

31, 12.228, 23.616,
2.703, 103.224, 0 

 

ELA 33, 1.161, 1.285, 
0.78, 6.479, 0.15 

6, 1.137, 2.652, 
0.035, 6.548, 0.018 

31, 1.33, 1.808, 
0.65, 7.088, 0 

A↔B p=0.0121 
B↔C p=0.033 

EMA 33, 13.07, 7.01, 
11.639, 31.909, 
2.126 

6, 3.91, 3.46, 
3.046, 9.691, 0.686 

31, 20.208, 16.407,
15.061, 66.69, 0 

A↔B p=0.0015 
B↔C p=0.0014 

EPR 34, 207.8, 459.9, 
32.5, 1873.9, 0 

58, 112.2, 392.8, 
25.9, 2827.6, 0 

31, 269.2, 442.3, 
133.8, 2272.5, 0 

A↔C p=0.035 
B↔C p=0.0004 

PAT 45, 1.5, 1, 
1, 4, 0 

50, 0.6, 0.8, 
0, 2, 0 

39, 1.3, 1.1, 
1, 4, 0 

A↔B p<0.0001 
B↔C p=0.0025 

Co 45, 3, 2, 
3, 7, 0 

50, 3.8, 1.8, 
4, 7, 0 

39, 1, 1.2, 
1, 5, 0 

A↔B p=0.035 
A↔C p<0.0001 
B↔C p<0.0001 

Sen 45, 0.4, 0.5,  
0, 1, 0 

50, 0.1, 0.3, 
0, 1, 0 

39, 0.03, 1.16, 
0, 1, 0 

A↔B p=0.0009 
A↔C p=0.0001 
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Bw body weight (kg), Temp body temperature (°C), Rec Recovery of rinsing fluid (%), C total 
cell count (G/l), N relative number of PMNs (%), L relative number of lymphocytes (%), M 
relative number of macrophages (%), NA absolute number of PMNs (G/l), LA absolute 
number of lymphocytes (G/l), MA absolute number of macrophages (G/l), PR PR-39 
concentration (nM), Userum urea concentration in serum (mmol/l), Ubalf urea concentration of 
BALF (mmol/l), ELF dilution factor of the epithelial lining fluid, ENA calculated absolute 
number of PMNs in the epithelial lining fluid (G/l), EMA calculated absolute number of 
macrophages in the epithelial lining fluid (G/l), ELA calculated absolute number of 
lymphocytes in the epithelial lining fluid (G/l), EPR calculated PR-39 concentration in the 
epithelial lining fluid (nM), PAT number of facultative pathogen isolates per sample, Co 
number of commensals and environmental contaminant isolates per sample, Sen number of 
non-classified NAD-dependent bacterial isolates per sample, n number of animals examined,  
SD standard deviation, max highest value, min lowest value, p error probability (significant: 
p<0.05). 
 

Table 60: Descriptive statistical values and statistical comparison of quantitative 
disease parameters in herds with low clinical respiratory health status 

Parameter Bronchoscopic BALF 
group A 
(n, mean, STD, 
median, max, min) 

Endotracheal BALF 
group B 
(n, mean, STD, 
median, max, min) 

Transtracheal 
BALF group C 
(n, mean, STD, 
median, max, min) 

Significant 
differences between 
groups (Wilcoxon 
Two-Sample Test) 

Bw 37, 25.6, 12.5, 
21, 64, 9.6 

40, 35, 8, 
35, 45, 25 

29, 30.3, 21, 
25, 70, 10 

A↔B p<0.0001 
B↔C p=0.01 

Temp 32, 39.2, 0.6, 
39.4, 40.7, 38,2 

32, 40, 0.8, 
39.9, 41.4, 37.5  

5, 39.9, 0.4, 
39.8, 40.6, 39.5 

A↔B p<0.0001 
A↔C p=0.019 

Rec 34, 71.9, 11.6,  
73.5, 99, 39 

40,28.8, 15.5, 
25, 80, 10 

29, 10, 6.5, 
7.5, 25, 2.5 

A↔B p<0.0001 
A↔C p<0.0001 
B↔C p<0.0001 

C  37, 2.667, 5.52, 
1, 32.9, 0.31 

40, 1.008, 3.581, 
0.045, 19.6, 0 

29, 2.612, 5.454, 
0.71, 26.4, 0.02 

A↔B p<0.0001 
B↔C p<0.0001 

N 30, 20.8, 23.5,  
10.2, 84.7, 1.2 

1, 93.7 27, 34.6, 30.9, 
22.7, 88.2, 1.2 

 

L 30, 7.7, 5.4, 
6.4, 23.5, 0.7 

1, 2.5 27, 4.6, 3.9, 
3.7, 15, 0.5 

A↔C p=0.0094 

M 31, 71.6, 21.8,  
78.7, 96.2, 14.5 

1, 3.7 27, 60.5, 31.9, 
72.2, 97.7, 8 

 

NA 31, 0.772, 1.839 
0.078, 9.344, 0 

1, 18.365 27, 1.958, 4.917, 
0.148, 22.44, 0.004

 

LA 31, 0.163, 0.436, 
0.062, 2.468, 0 

1, 0.49 27, 0.138, 0.261, 
0.02, 1.241, 0.003 

 

MA 31, 1.469, 3.661, 
0.714, 21.056, 0.184 

1, 0.725 27, 0.69, 0.568, 
0.491, 2.56, 0.104 

A↔C p=0.043 

PR 37, 18.2, 39.1, 
3.1, 171.7, 0 

40, 8.7, 21.2, 
0.9, 92.9, 0 

29, 12.2, 18.5, 
3.5, 72.3, 0 

A↔B p=0.025 
B↔C p=0.035 

Userum 26, 4.12, 1.79, 
4.02, 10.27, 1.3 

40, 2.65, 0.92, 
2.87, 4.62, 1.1 

22, 3.72, 2.28, 
2.83, 9.47, 1.06 

A↔B p=0.0001 
 

Ubalf 26, 0.29, 0.18, 
0.24, 0.96, 0.09 

40, 0.16, 0.27, 
0.06, 1.29, 0 

24, 0.15, 0.26, 
0.06, 1.25, 0 

A↔B p<0.0001 
A↔C p<0.0001 

ELF 26, 15.8, 5, 
14.9, 26.1, 7.1 

38, 48.5, 44.9, 
38.5, 172, 3.2  

21, 50.1, 37, 
41.2, 133.8, 4.6 

A↔B p=0.0007 
A↔C p=0.0001 

ENA 25, 5.749, 10.212, 
1.406, 34.902, 0.118 

1, 245.426 21, 17.113, 27.477,
4.401, 103.224, 0 

A↔C p=0.04 

ELA 25, 1.347, 1.423, 
0.858, 6.479, 0.226 

1, 6.548 21, 1.648, 2.078, 
0.717, 7.088, 0 

 

EMA 25, 13.162, 7.571, 
10.438, 31.909, 
2.126 

1, 9.691 21, 22.178, 18.994,
13.382, 66.69, 0 

 



Appendix 

277 

Parameter Bronchoscopic BALF 
group A 
(n, mean, STD, 
median, max, min) 

Endotracheal BALF 
group B 
(n, mean, STD, 
median, max, min) 

Transtracheal 
BALF group C 
(n, mean, STD, 
median, max, min) 

Significant 
differences between 
groups (Wilcoxon 
Two-Sample Test) 

EPR 26, 201.1, 419.1, 
50.7, 1873.9, 0 

38, 155.1, 480, 
40.3, 2827.6, 0 

21, 312.4, 517.5, 
135.7, 2272.5, 0 

B↔C p=0.0053 

PAT 37, 1.6, 1.04,  
1, 4, 0 

40, 0.6, 0.8, 
0, 2, 0 

29, 1.6, 1.1, 
1, 4, 0 

A↔B p<0.0001 
B↔C p=0.0001 

Co 37, 2.5, 1.8, 
2, 6, 0 

40, 4, 2, 
4, 7, 0 

29, 1, 1.1, 
1, 5, 0 

A↔B p=0.0023 
A↔C p=0.0002 
B↔C p<0.0001 

Sen 37, 0.4, 0.5, 
0, 1, 0 

40, 0.2, 0.4, 
0, 1, 0 

29, 0.03, 0.2,  
0, 1, 0 

A↔B p=0.024 
A↔C p=0.0011 
 

 

Bw body weight (kg), Temp body temperature (°C), Rec Recovery of rinsing fluid (%), C total 
cell count (G/l), N relative number of PMNs (%), L relative number of lymphocytes (%), M 
relative number of macrophages (%), NA absolute number of PMNs (G/l), LA absolute 
number of lymphocytes (G/l), MA absolute number of macrophages (G/l), PR PR-39 
concentration (nM), Userum urea concentration in serum (mmol/l), Ubalf urea concentration of 
BALF (mmol/l), ELF dilution factor of the epithelial lining fluid, ENA calculated absolute 
number of PMNs in the epithelial lining fluid (G/l), EMA calculated absolute number of 
macrophages in the epithelial lining fluid (G/l), ELA calculated absolute number of 
lymphocytes in the epithelial lining fluid (G/l), EPR calculated PR-39 concentration in the 
epithelial lining fluid (nM), PAT number of facultative pathogen isolates per sample, Co 
number of commensals and environmental contaminant isolates per sample, Sen number of 
non-classified NAD-dependent bacterial isolates per sample, n number of animals examined,  
SD standard deviation, max highest value, min lowest value, p error probability (significant: 
p<0.05). 
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