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Abstract 
To study signaling transductions in innate immunity a model system was applied where A549 
alveolar epithelial type II cells were used as target and organic dust collected in swine 
confinement buildings as stimulus. The dust represents a complex mixture of feed and faecal 
particles, dander from swine, bacteria (whole bacteria and cell wall components) and fungi. 
Inhalation of the dust causes intense airway inflammation, which is unrelated to allergy and 
characterized by an influx of neutrophilic granulocytes, and systemic effects in previously 
unexposed healthy subjects. Swine farmers have increased prevalence of chronic airway 
diseases e.g. chronic bronchitis. Specific aims were to study if organic dust i) influences ion 
exchange, in particular the N+/H+ exchanger (NHE), ii) activates Gαi-coupled receptors 
resulting in decreased intracellular cAMP levels, iii) affects expression of tumor necrosis 
factor-alpha (TNF) and its receptors R1 and R2. Cyclic AMP generally provides a suppressive 
signal in inflammation and an additional aim was to iiii) elucidate effects of increased cAMP 
on expression of the pro-inflammatory cytokines interleukin (IL)-6, IL-8, TNF and the TNF 
receptors, R1 and R2 using 8-bromo-cAMP and the PKA-inhibitor, H-89. Expression of Toll-
like receptors (TLRs) -2 and -4, and the antimicrobial peptides (AMPs), HBD2 and LL-37 
was also investigated.  
Effects on ion exchange depended on the proliferative state of the cells, as assessed by 
microphysiometry with a CytosensorTM. Thus, NHE was activated by perfusion with dust in 
low-density A549 cells, but blocked during perfusion of high density-cells. Regardless of cell 
density, NHE was active during recovery, which may result in acidification of the 
extracellular milieu (I). Measurements of cAMP accumulation after 30 min stimulation with 
organic dust indicated no activation of Gαi-coupled receptors (I). No time-kinetic effects 
were revealed by measurement of cytokine release with ELISA, since only cumulative effects 
were recorded (II), but RT-PCR showed that dust-stimulated mRNA expression of IL-6 and 
TNF peaked after 1.5h incubation; on prolonged incubation expression of the mRNAs was 
subjected to negative feedback regulation. Furthermore, dust-induced mRNA expression of 
IL-6 was detected before that of TNF and the induction pathways differed with regard to 
staurosporine sensitivity. Expression of basal and dust-stimulated IL-8 mRNA was sustained 
for at least 24h. TNFR1 was constitutively expressed, but expression of TNFR2 mRNA and 
protein was induced by organic dust (III, IV). Incubation in dust together with 8-bromo-
cAMP increased the number of cells exhibiting phosphorylation of the transcription factor 
CREB at Ser133 and time-kinetically shifted the relative contribution of the cytokines. Thus, 
during the first two hours 8-bromo-cAMP increased basal and dust-induced mRNA 
expression of IL-6, but attenuated expression of TNF mRNA. IL-8 mRNA expression was 
decreased by 8-bromo-cAMP during 1.5h-6h incubation in dust. On prolonged exposure, 8-
bromo-cAMP attenuated the mRNA expression of IL-6, but not of IL-8. TNFR1 mRNA 
expression was stimulated by 8-bromo-cAMP. With regard to IL-6, IL-8 and TNFR1 the 
effects of 8-bromo-cAMP appeared to be mediated by PKA; the attenuation of TNF 
expression was PKA-independent (III, IV). The tyrosine kinase (TK) inhibitor genistein 
potentiated forskolin-stimulated cAMP accumulation to the same extent as the phospho-
diesterase inhibitor, IBMX; effects of increased cAMP may therefore be mistaken for effects 
on TK-signaling when genistein is used to study signaling transductions (V). No unstimulated 
expression of the TLRs or AMPs was found in A549 pulmonary epithelial cells, but dust-
induced expression of TLR2 mRNA was demonstrated after 5h incubation and expression of 
LL-37, but not of HBD2 mRNA, was indicated after stimulation for 1.5h (thesis). 
 
ISBN 91-7140-426-0 

 3



Abbreviations 
AC   Adenylyl cyclase 
AKAP    A-kinase anchoring protein 
AMP   Antimicrobial peptide  
AP-1   Activator protein–1 
APC   Antigen presenting cell 
APR   Acute phase response 
APRF  Acute phase responsive factor 
ARE   Adenosine/uridine-rich element 
ATF   Activating transcription factor 
bp   Base pair 
bZip   Basic region-leucine zipper  
BAL   Bronchoalveolar lavage 
BSA  Bovine serum albumin 
cAMP   3’,5’-cyclic adenosine monophosphate 
cDNA   Complementary DNA 
cGMP   cyclic guanosine monophosphate  
CBP   CREB-binding protein 
CRE   cAMP-responsive element 
CREB   CRE-binding protein 
CREM   cAMP response element modulator 
CTX   Cholera toxin 
DAG   Diacylglycerol 
DbcAMP Dibutyryl cAMP 
DMA   Dimethyl amiloride 
eIF2  Eukaryotic initiation factor 2 
EBC   Exhaled breath condensate  
ECAR   Extracellular acidification rate 
ELISA   Enzyme-linked immunosorbent assay 
ER  Endoplasmic reticulum   
ERK   Extracellular signal-regulated kinases 
FADD  Fas-associated death domain 
FBS   Fetal bovine serum 
gp130   glycoprotein 130 
Gαi   Inhibitory α-subunit 
Gαs   Stimulatory α-subunit 
GPCR   G protein-coupled receptor 
HAT   Histone acetyltransferase 
HDC  High-density cells 
HBD2   Human β-defensin-2  
HDAC   Histone deacetylase 
IBMX   3-isobutyl-1-methylxanthine  
ICER   Inducible cAMP early repressor 
IκB  Inhibitory factor κB 
IKK   IκB kinase 
IL   Interleukin 
IL-6R   IL-6 receptor 
IP3   Inositol –1,4,5-trisphosphate 
JAK/STAT  Janus kinase/Signal transducer and activator of transcription 

 4



JNK  c-Jun NH2 –terminal kinase 
LDC  Low-density cells 
LPS   Lipopolysaccharide 
mAb  Monoclonal antibody 
mRNA   Messenger RNA 
MAPK   Mitogen-activated protein kinase 
MDC  Medium-density cells 
MHC   Major histocompatibility complex 
NFκB   Nuclear factor κ chain transcription in B cells 
NHBE   Normal human bronchial epithelial 
NHE   Sodium/proton exchanger 
NLS  Nuclear localization signal 
Nod   Nucleotide-binding oligomerisation domain 
NRF  NFκB repressing factor  
ODTS   Organic dust toxic syndrome 
pHi  Intracellular pH  
PAMP   Pathogen associated molecular patterns 
P/CAF  CBP/p300 associated factor 
PCR  Polymerase chain reaction 
PDE   Phosphodiesterase 
PGE2   Prostaglandin E2 
PIAS  Protein inhibitor of activated STATS 
PKA  cAMP-dendent protein kinase 
PKC  Protein kinase C 
PKI  Protein kinase inhibitor 
PP   Protein phosphatase 
PRR   Pattern recognition receptor 
PTP  Protein tyrosine phosphatase 
PTX   Pertussis toxin  
RTK   Receptor tyrosine kinase 
RD  Random decamer 
RIP  Receptor interacting protein 
RT–PCR Reverse transcriptase-PCR 
SOCS   Suppressors of cytokine signaling 
SP   Surfactant protein 
STAT  Signal transducer and activator of transcription  
TACE   TNF alpha-converting enzyme 
TK   Tyrosine kinase 
TLR   Toll-like receptor 
TNF   Tumor necrosis factor 
sTNF   Soluble TNF 
tmTNF   Transmembrane TNF   
TNFR   TNF receptor 
TRADD TNFR-associated death domain 
TRAF   TNFR-associated factor 
TTP   Tristetraprolin 
UTR  Untranslated region    
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1 Introduction 

1.1 General background 
A complex defense system has evolved to protect the host against potentially deleterious 
substances. This system is made up of two defense lines: The innate (non-specific, germ line-
encoded) immune system is activated within minutes or hours, and after days or weeks the 
acquired (adaptive, antigen-specific) immune responses. While all multicellular organisms 
have some form of innate host defense system, adaptive immunity occurs only in vertebrates 
and is induced when lymphocytes are activated in response to antigen presented by the 
professional antigen-presenting cells (APC), dendritic cells and macrophages expressing 
major histocompatibility complex (MHC) proteins [Martin et al., 1997; Dustin and Chan, 
2000; Zhang et al., 2000; Wright 2004]. Expression of MHC class II protein has been found in 
intestinal epithelial cells [Beers et al., 2005] and alveolar type II pneumocytes [Cunningham 
et al., 1997; Zissel et al., 2000], which also express Toll-like receptors (TLRs) (section 1.6), 
and therefore are able to act as immunoregulatory cells of the lung and intestines and function 
as integrators of innate and adaptive immunity.  
The pulmonary alveolar epithelium is made up of type I cells, which are involved in gas 
exchange and type II cells that for instance produce pulmonary surfactants; the hydrophilic 
SP-A and –D that contribute to host defence and the hydrophobic SP-B and -C that form a 
film on the surface. The type II cells proliferate for re-epithelialization and are then 
transformed into type I cells [Takahashi et al., 2004]. Alveolar type II cells are capable of 
establishing direct contact not only with cells of the same type but also with other cells, such 
as fibroblasts and leukocytes. The characteristics of alveolar type II cells have been 
summarized in a comprehensive review [Fehrenbach, 2001].   
  
Organic dust from a swine confinement building represents a complex mixture of feed (grain 
dust, glukans), fecal particles and dander (epithelial cells) from swine. The microbial 
component of swine house dust includes fungi, Gram positive and Gram negative bacteria, 
whole bacteria and cell wall components. Inhalation of the dust induces systemic reactions, 
increased bronchial responsiveness and intense airway inflammation with increased number 
of inflammatory cells and mediators in the upper and lower airways of previously unexposed, 
healthy subjects [Malmberg and Larsson, 1993; Larsson et al., 1994; Wang et al., 1997]. The 
inflammation is non-allergic and characterized by a massive invasion of neutrophilic 
granulocytes into the airways [Larsson et al., 1997].  The flu-like illness caused by inhalation 
of organic dust, also referred to as organic dust toxic syndrome (ODTS) is self-limited [Seifert 
et al., 2003], but chronic respiratory symptoms are frequently observed in swine confinement 
workers [Donham et al., 1995] and swine veterinarians [Andersen et al., 2004].  
Following inhalation of dust for three hours while weighing pigs, an increase of IL-6, IL-8 
and TNF was shown in bronchoalveolar lavage (BAL) fluid from previously unexposed 
persons [Wang et al., 1997]. Previous in vitro studies have shown increased release of IL -6 
and IL-8 from normal human bronchial epithelial (NHBE) cells and a human alveolar 
epithelial cell line, A549. In alveolar macrophages, release of TNF and IL-1β was induced, in 
addition to IL-6 and IL-8 [Palmberg et al., 1998; Wang et al., 1999].  
 
An increase in intracellular 3’, 5’ cyclic adenosine monophosphate (cAMP) generally 
provides a suppressive signal in inflammation. Activation of the Gαs -coupled A2a adenosine 
receptors exemplifies a physiologic mechanism that counteracts the inflammatory response in 
vivo [Feng, 2004; Sitkovsky, 2004]. Strategies to experimentally increase intracellular levels 
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of cAMP in vitro include stimulation with β2-agonists or blocking of cAMP 
phosphodiesterases (PDEs). An alternative that bypasses receptor activation is provided by 
cell membrane-permeable, non-hydrolyzable cAMP-analogues. Effects of cAMP modulation 
are commonly studied by stimulation with a single agent such as lipopolysaccharide (LPS) 
[Shames et al., 2001], or by activation with the pro-inflammatory cytokines, interleukin (IL)-
1β or tumor necrosis factor (TNF) alpha [Hallsworth et al., 2001]. Complex stimuli are less 
commonly applied, but may be more appropriate since the airway epithelium rarely is 
exposed to a single substance e.g. in occupational environments. 
 
Signaling transduction is the process that converts extracellular signals into intracellular 
responses and involves generation of second messengers, acetylation/deacetylation steps and 
repeated cycles of phosphorylations/dephosphorylations (sections 1.2, 1.3). In a wider sense, 
the concept might also include induction of receptor expression. In the present thesis, different 
methods were applied to investigate early signaling events in pulmonary epithelial cells, 
including receptor-activation and -expression and effects on pro-inflammatory cytokine 
expression, with emphasis on effects of cAMP modulation. Effects on ion exchange were also 
investigated. Organic dust from a swine confinement building was used as stimulus. This type 
of mechanistic studies are difficult to perform in humans, the thesis is therefore based on 
results obtained with A549, a human epithelial adenocarcinoma cell line, originally described 
as alveolar type II [Leiber et al., 1976].  
 

1.2 Intracellular signaling 

1.2.1 Overview: From receptor to mRNA  
Binding of a ligand to a receptor constitutes the first step in intracellular signaling 
transduction and activates a single pathway or a signaling cascade that amplifies the signal. 
Example of an immediate or fast response is opening of ion channels; the more delayed 
responses involve production of second messengers such as cAMP and inositol –1,4,5-
trisphosphate (IP3), and reversible phosphorylation steps [Mooren and Völker, 2001]. 
Signaling cascades may be composed of several pathways that interact (cross-talk). Different 
cell types utilize different sets of kinases and other signaling molecules. Binding of the same 
ligand to the same receptor may therefore generate different responses depending on cell type. 
Furthermore, one ligand may activate different kinds of receptors, thus generating both fast 
and delayed responses. One example is the neurotransmitter acetylcholine, which binds both 
to nicotinic acetylcholine receptors that are cation-selective channels and to muscarinic, 
seven-transmembrane G protein-coupled receptors (GPCR) [Ladinsky, 1993]. 
The intracellular response often, but not always, results in gene transcription and protein 
production. Gene expression can be divided into three separate parts that all are subjected to 
regulation: I) transcription of the gene, II) processing of the mRNA transcript and III) 
translation into protein. Initiation of transcription involves the activities of several proteins 
such as general and specific transcription factors that assemble at specific DNA sequences in 
the promoter region of the gene to direct the synthesis of the RNA transcript by RNA 
polymerase II. Untranscribed DNA is tightly wrapped around histone proteins and acetylation 
of histones constitutes a controling step in transcription. Important examples of proteins 
endowed with histone acetyltransferase (HAT) activity are the co-activators CREB-binding 
protein (CBP) and its homologue p300 (CBP/p300) [Ogryzko et al., 1996], proteins that 
interact with several transcription factors including NFκB (nuclear factor κ chain transcription 
in B cells) (section 1.2.2) and CREB (CRE-binding protein) (section 1.3.2). The extent of 
acetylation depends not only on cellular HAT activity but also on the activity of histone 
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deacetylases (HDACs) [Kouzarides, 2000]. Gene expression is regulated by the concerted 
action of HATs and HDACs [Mariani et al., 2003], and blocked HDAC activity may cause 
chronic pulmonary disease as a result of persistent inflammatory gene expression [Ito et al., 
2005].   
The primary messenger RNA (mRNA) is modified at the initiating (5’) end by the addition of 
a 5’ cap (an inverted 7-methylguanylate). At the terminating (3’) end of the pre-mRNA, a 
string of adenylates are added generating a poly(A) tail. Most genes are made up of exons and 
introns. Processing of pre-mRNA also involves removal of the introns by the spliceosome, a 
macromolecular machine, and joining of the exons to produce the mature mRNA. Frequently, 
distinct domains are contained within the different exons and the coding capacity of a gene is 
increased by alternative splicing, which allows for synthesis of structurally and functionally 
distinct protein isoforms [Sandford and Caceres, 2004]. The mature mRNA is exported out of 
the nucleus into the cytoplasm where protein synthesis is initiated at the ribosomes. 
Cytoplasmic mRNA levels reflect the outcome of gene transcription rates, mRNA processing 
and export rates and its stability in the cytoplasm. Several proteins are implicated as 
regulators of mRNA stability, including proteins that stabilize mRNA and those that cause its 
degradation. Many mRNAs are unstable due to the presence of adenosine/uridine-rich 
elements (AREs) within the 3’-untranslated regions (3’UTR) of the mRNA [Stoecklin et al., 
2001; Zhang et al., 2002].  
Translation of the mRNA at ribosomes represents the third level for regulation of gene 
expression. Eukaryotic initiation factor 2 (eIF2), which is conserved from yeast to higher 
mammals, is an important player in mRNA translation at ribosomes. eIF2 is regulated by 
phosphorylation and mammals contain four distinct eIF2 kinases that are activated by 
different types of cellular stress and other stimuli [Jiang et al., 2003; Proud 2005].          

1.2.2 Reversible phosphorylation 
Protein kinases are enzymes that phosphorylate themselves, or other proteins, by transferring 
the γ-phosphate of ATP to hydroxyl groups of serine/threonine or tyrosine residues. Protein 
phosphatases (PPs) catalyze the hydrolytic removal of the phosphate group(s).  
Phosphorylation will alter the conformation and/or charge of a protein and can occur within 
the active site of an enzyme, directly affecting substrate binding, or distal to the catalytic site 
thus inducing long-range conformational changes. Phosphorylation can also affect properties 
of non-enzymatic proteins altering their intracellular location, their ability to interact with 
other proteins or their susceptibility to proteolysis. For instance, activation of the transcription 
factor NFκB involves several phosphorylation steps. Inactive NFκB resides in the cytoplasm 
bound to inhibitory proteins (IκBs). Phosphorylation of IκBs on serine/threonine residues 
leads to ubiquitination and subsequent proteolytic degradation of the inhibitory subunits. This, 
in turn, exposes a nuclear localization signal (NLS) in the subunits endowed with DNA 
transcriptional capacity [Blackwell and Christman, 1997]. Direct phosphorylation of the p65 
NFκB-subunit modulates its association with accessory transcriptional regulators, e.g. CBP, 
which is required for maximal transcription of target genes [Zhong et al., 1998]. Work by 
Hiroi and Ohmori has indicated that for NFκB the HAT-activity of CBP is dispensable and 
CBP functions as a bridging factor, required to form a stable transcriptional complex at the 
promoter sequences of NFκB-transcribed genes [Hiroi and Ohmori, 2003].    

1.2.3 G protein-coupled receptor (GPCR) signaling  
The seven-transmembrane GPCR are important transducers in inflammation and examples are 
chemokine receptors [Zlotnik, 2000] and receptors for the cysteinyl leukotrienes [Ji et al., 
1998; Kanaoka and Boyce, 2004]. The GPCRs signal via heterotrimeric G proteins, composed 
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of an α-subunit and a βγ-dimer. Upon binding of a ligand to a receptor follows an exchange 
of GDP for GTP on the α-subunit, which according to the common paradigm dissociates from 
the βγ-dimer. The α− and  βγ−subunits can separately activate several effectors including 
adenylyl cyclases and phospholipases that amplify the signal by producing the second 
messengers cAMP, cGMP (cyclic guanosine monophosphate), diacylglycerol (DAG) and IP3. 
Whereas cAMP and IP3 are diffusable, DAG remains membrane-bound. Binding of IP3 to IP3 
–sensitive channels in endoplasmatic reticulum (ER) leads to release of Ca2+ [Lechleiter et al., 
1990; Mertens et al., 2004]. DAG and Ca2+ activates protein kinase C (PKC), a family of 
serine/threonine protein kinases that includes several isotypes [Mellor and Parker, 1998]. One 
role of PKC is to activate the Ca2+ transport ATPase and the Na+/Ca2+ exchange protein, both 
of which remove Ca2+ from the cytosol [Kikkawa et al., 1989].  Phosphorylation of serine 
residues in the third cytoplasmic loop or C-terminal tail of GPCR terminates G protein 
signaling and causes receptor internalization, which is required for activation of the 
extracellular signal-regulated kinases (ERK)-signaling pathway by GPCRs [Lefkowitz, 1998].   
G protein function may be altered in disease states; examples are modification by bacterial 
toxins of the Gi, G0 and Gs α–subunits. Pertussis toxin (PTX) from Bordetella pertussis, the 
causative agent of whooping cough, covalently modifies a cystein residue in the Gi  and G0 

proteins α-subunit resulting in disruption of the signaling transduction [Tamura et al., 1982]. 
In contrast, cholera toxin (CTX) reduces the intrinsic GTPase activity of the αs–subunit, 
resulting in constitutively active form of the protein. These toxins are frequently used to study 
GPCR signaling [Spiegel et al., 1992; Hedin et al., 1999].   

1.2.4 Receptor tyrosine kinases (RTKs). 
The receptor tyrosine kinases (RTKs) constitute another group of cell surface receptors, which 
in contrast to the GPCR are activated by dimerization upon ligand binding. Most RTKs 
stimulate the exchange of GTP for GDP on the small G protein Ras, which in turn results in 
activation of protein kinases, such as Raf and PI3 kinases [Schlessinger, 2000]. Members of 
the cAMP-dependent, cGMP-dependent and protein kinase C families play critical roles in 
RTK signal transductions [Dong and Liu, 2005]. Trans-signaling involving RTKs and GPCR 
has been demonstrated both at receptor level and at points down-stream of receptor activation. 
Suggested integrators of cell signaling are the mitogen activated protein kinases (MAPK) 
[Castellino and Chao, 1996; Houslay and Kolch, 2000].  

1.3 CyclicAMP-dependent signaling 

1.3.1 Synthesis and degradation of cAMP 
The second messenger cAMP is synthesized from ATP by a family of enzymes, the adenylyl 
cyclases (ACs). So far, nine genes have been identified that encode membrane-bound ACs 
and one that codes for a soluble isoform [Sunahara and Taussig, 2002]. Activation of GPCR 
that signal through Gαs leads to increased cAMP levels by activation of AC, whereas 
decreased intracellular cAMP levels follows activation of GPCR that signal through Gαi. 
Various modulators, including the G protein βγ-heterodimer, PKC and Ca2+, differentially 
regulate the AC isoforms. For instance, AC2 is stimulated by the βγ-heterodimer, whereas 
AC5 is inhibited [Wittpoth et al., 1999], PKC stimulates AC2 but inhibits AC4, Ca2+ inhibits 
AC5 but stimulates AC8 via Ca2+-calmodulin. The A2, A4, A5 and A8 isoforms are all 
present in lung [Sunahara and Taussig, 2002]. The diterpene forskolin is a direct activator of 
isoforms AC1-AC8 [Seamon, 1981]. Forskolin can be used to study effects of increased 
intracellular cAMP levels in the absence of receptor activation and in studies of Gαi –coupled 
receptor activation. In the latter situation, activation of a Gαi –coupled receptor counteracts 
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forskolin-induced cAMP accumulation. This can be done since the AC is activated by 
forskolin at a site that is different from the binding-site for Gαi [Sunahara and Taussig, 2002]. 
Cyclic AMP is a stable molecule and cAMP signaling is terminated following hydrolysis of 
the 3’-phosphoester bond by PDEs generating 5’-adenosine monophosphate that is inactive. 
The PDEs comprise a family of enzymes and the PDE4 gene product is selective for cAMP 
[Müller et al., 1996; Liu et al., 2000]. Intracellular cAMP regulates PDE4-activity through 
negative feedback mechanisms. For instance was elevation of cAMP levels with a β–
adrenoceptor agonists shown to increase PDE4 activity [Torphy et al., 1995].  

1.3.2 Down-stream effects of cAMP, including gene transcription 
Cyclic AMP can exert its effects in several ways, for instance by direct binding to ion 
channels [Nishiyama et al., 2003] and to the cAMP-activated guanine nucleotide exchange 
factors (Epac), which directly activate the G protein Rap [de Rooij et al., 1998; Kopperud et 
al., 2003]. Generally, the effects of enhanced cAMP are considered to occur as a result of 
activation of cAMP-dependent protein kinase (PKA) [Walsh et al., 1968]. The PKA 
holoenzyme is a tetramer consisting of two regulatory subunits bound to two catalytic 
subunits (R2C2). Binding of two cAMP molecules to each of the regulatory subunits results in 
liberation of the catalytic subunits. Originally, two isozymes of PKA were isolated, PKA I 
and PKA II. Later, several isoforms of both the catalytic and regulatory subunits have been 
identified which, when assembled may give rise to a number of different holoenzymes with 
different characteristics [Skålhegg and Tasken, 2000]. The members of the cAMP signaling 
complex, including receptors, adenylyl cyclases, phosphodiesterases and PKA are maintained 
in close proximity through association with A-kinase anchoring proteins (AKAPS) [Rich et 
al., 2000; Perry et al., 2002; Wong and Scott, 2004].  
PKA phosphorylates cytosolic as well as nuclear proteins. Following translocation to the 
nucleus one target for PKA is the transcription factor CREB, which belongs to the basic 
region-leucine zipper (bZip) proteins. CREB binds to a palindromic DNA sequence (5’-
TGACGTCA-3’) that constitutes the cAMP-responsive element (CRE), but also to variant 
sequences (Montminy et al., 1986; Craig et al., 2001). Expression of a large number of genes 
is stimulated by CREB, as shown in a recent study by serial analysis of chromatin occupancy 
in rat PC12 cells [Impey et al., 2004]. Phosphorylation of CREB at Ser133 promotes 
recruitment of the co-activators CREB binding protein (CBP) and its homologue p300 
(CBP/p300), proteins endowed with histone acetyltransferase (HAT) activity that is required 
for CREB-stimulated gene transcription. CBP/p300 can also recruite other HATs, such as the 
CBP/p300-associated factor (P/CAF) [Gonzalez and Montminy, 1989; Ogryzko et al., 1996; 
Daniel et al., 1998; Asahara et al., 2001; Huang et al., 2002]. Phosphorylation by PKA is not 
the only pathway for Ser133-phosphorylation on CREB. This can also be accomplished by 
other kinases, for example MAP kinases and calcium-calmodulin-dependent kinases [Mayr 
and Montminy, 2001]. The importance of sequential phosphorylation/dephosphorylation steps 
in CREB regulation has previously been demonstrated in hypoxia [Taylor et al. 2000]. Thus, 
the activity of PP-1 was repressed during hypoxia resulting in ubiquitination and proteosomal 
degradation of phosphorylated CREB [Taylor et al. 2000].  
There are at least three cAMP-responsive transcription factors in mammalian cells: CREB, 
cAMP response element modulator (CREM) and activating transcription factor 1 (ATF-1). 
Several isoforms are produced, for instance by alternative splicing, that generate proteins 
acting as repressors [Daniel et al., 1998; De Cesare et al., 1999; Hai and Hartman, 2001]. One 
example is ICER (inducible cAMP early repressor), which belongs to the CREM family.  The 
ICER consists of a DNA-binding domain, but lacks the transactivating domain and therefore 
serves as a dominant negative repressor of cAMP-dependent gene expression mediated by 
CREB/CREM/ATF [Molina et al., 1993; Mayr and Montminy, 2001; Nervina et al., 2003]. 
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Expression of ICER is induced by cAMP elevating agents such as isoproterenol, a β–
adrenoceptor agonist [Tomita et al., 2003], the PDE4-specific inhibitor, rolipram [Cho et al., 
2005] and by cAMP-independent mechanisms [Mead et al., 2003].  
Protein kinase inhibitors (PKIs) are a class of small inducible proteins that contain a 
pseudosubstrate motif and a nuclear export signal. Binding of PKI to the catalytic subunit of 
PKA results in inhibition of catalytic activity and nuclear export [Daniel et al, 1998]. 
 

1.4 Regulation of intracellular pH and effects of extracellular 
acidification 
Exposing cells to a stimulus generally causes increased metabolism resulting in production of 
acidic metabolites that dissociate yielding free H+ (protons). The decrease in intracellular pH 
(pHi) will have negative effects on cellular functions. Therefore, to regulate pHi various ion 
transporters are expressed at the plasma membrane. One way of eliminating excess acid is by 
exchanging one intracellular H+ (proton) for one extracellular Na+ (sodium), a function 
exerted by the sodium/proton exchangers (NHEs).  
The ubiquitously expressed isoform, NHE1 is virtually inactive in unstimulated cells [Sardet 
et al. 1989; Harris and Fliegel, 1999; Puceat, 1999; Orlowski and Grinstein, 2004]. The 
exchange function is activated by several mechanisms including increased intracellular H+ 
concentration and requires extracellular Na+. Regulation of NHE1 also involves activation of 
G protein coupled receptors (GPCRs) [Wallert et al., 2005] and of Rho, a small G protein that 
regulates actin polymerisation [Tominaga and Barber, 1998]. Amiloride and its derivatives 
can be used to study NHE activation [Fischer et al., 1999; Masereel et al., 2003]. Another 
means to regulate pHi is provided by the Na+ HCO3

-/Cl- co-transporter, which imports one 
Na+ ion together with one HCO3

- in exchange for one Cl- ion. The imported HCO3
- ions 

combine with free H+ generated by metabolism and produce CO2, which diffuses out of the 
cell. NHE is activated at a pH <7.2, whereas the HCO3

- -transporting mechanism is active at 
pH above 7.2. Intracellular pH is approximately 7.2 in resting cells, whereas in growing cells 
pHi is maintained close to 7.4, a result of NHE and Na+ HCO3

-/Cl- exchanger activation 
[Lodish et al., in Molecular Cell Biology 4th edition, 2001]. The Na+ -independent Cl-/HCO3

- 
anion exchangers (AEs) constitute another mechanism for acid extrusion and the isoforms 
AE2 and AE3 are expressed in all regions of the human airways [Dudeja et al. 1999]. NHE, 
together with bicarbonate-transporting systems, therefore plays an important role in 
maintaining cytoplasmic acid-base balance. Alveolar type II cells express all types of ion 
transport mechanisms described above [Lubman and Crandall, 1992; Fehrenbach, 2001]. 
Several reports have indicated that regulation of extracellular pH is of importance for the 
inflammatory response. For instance, neutrophilic granulocyte migration is directed towards 
lower pH [Zigmond and Hargrove, 1981] and neutrophil activation is induced by extracellular 
acidosis [Trevani et al. 1999]. Furthermore, the avidity for binding of IgG to Fcγ receptors on 
neutrophilic granulocytes, monocytes and natural killer cells is enhanced at low pH (pH 6.5) 
compared with that at pH 7.3 and the differences in the pH-dependent binding profiles were 
more pronounced at short incubation times (5 sec – 30 min) [López et al., 1999]. 
Consequently, activation of cation and anion exchangers in epithelial cells of the airways may 
influence not only the maintenance of intracellular pH homeostasis, but also the regulation of 
immune responses. Abnormal acidity in the airways can be assessed by measurement of pH in 
exhaled breath condensate (EBC) [Borrill et al. 2005]. Application of this method has 
demonstrated decreased pH (from 7.17 to 6.87) in EBC following inhalation of swine house 
dust for three hours [Acevedo, 2005]. This type of measurement provides no definite 
information on the mechanism for acidification, though.      
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1.5 Cytokines, chemokines and their receptors 

1.5.1 Overview  
Cytokines and chemokines are regulatory polypeptides, produced and secreted by a wide 
variety of cell types including epithelial cells and professional APCs, that may alter the 
behavior or properties of the cell itself (autocrine effects) or of other cells (paracrine or 
endocrine effects). Many cytokines have overlapping activities and a single cytokine can 
interact with more than one type of cells through receptors expressed on many cell types. 
This, in turn, will result in production of secondary mediators such as other cytokines, lipid 
mediators or reactive oxygen and nitrogen species. A cytokine can generate a positive or 
negative stimulus depending on type and state of the target cell [Miyama et al., 1992; Martin 
et al., 1997]. Inflammatory cytokines are generally not stored intracellularly and enhanced 
protein secretion following exposure to a stimulus is therefore a result of increased mRNA 
expression and protein production. Exceptions are intracellularly stored IL-8 in platelets and 
in Weibel-Palade bodies of venular endothelial cells [Su et al., 1996; Wolff et al., 1998].  
Equally important in the inflammatory response is regulation of pro- and anti-inflammatory 
cytokine production. Examples of pro- and anti-inflammatory cytokines are TNF [Hehlgans 
and Pfeffer, 2005] and IL-10 [de Waal-Malefyt et al., 1991; Pestka et al., 2004], respectively. 
IL-6 is reported to exert both pro- and anti-inflammatory effects [Tilg et al., 1997]. 
Dysfunction of negative regulatory mechanisms may result in chronic inflammation.    

1.5.2 IL-6 and the JAK/STAT pathway 
The members of the IL-6-type cytokine family are active players in haematopoiesis and 
immune responses of the organism and also activate target genes involved in differentiation, 
proliferation, survival and apoptosis [Heinrich et al., 2003]. IL-6 is considered to be the 
principal inducer of fever [Conti et al., 2004] and of proteins involved in the hepatic acute 
phase response (APR) [Zhang et al., 1996; Kishimoto, 2005]. The IL-6-activated APRF (acute 
phase responsive factor) has been cloned and renamed STAT (Signal transducer and activator 
of transcription, see below) [Akira et al., 1994; Zhong et al., 1994; Kishimoto, 2005].  
The IL-6 promoter contains binding elements for NFκB and CREB. Binding sites for CCAAT 
enhancer binding protein (C/EBPβ or NF-IL-6) and activator protein (AP) –1 are located 
further upstream [Vanden Berghe et al., 2000]. As demonstrated in osteoblasts, the IL-6 
mRNA expression is also regulated at the level of mRNA stability [Patil et al. 2004]. 
Alternative splicing of the IL-6 gene has been reported to generate a soluble isoform of IL-6 
that competes with the native cytokine for binding of the IL-6 receptor, but fails to transmit a 
signal [Bihl et al., 2002]. Human IL-6 is a single glykoprotein and activates a receptor 
composed of two different peptide chains; the non-signaling receptor subunit, which binds IL-
6 (IL-6R) [Yamasaki et al., 1988] and gp130 (a glycoprotein), which is the intracellular signal 
transducing peptide [Hibi et al., 1990]. Soluble forms of the IL-6R (sIL-6R) and gp130 
(sgp130) are both present in human serum and might act as a buffer to modulate the responses 
to circulating IL-6 [Hibi et al., 1990; Heinrich et al., 2003]. TNF alpha-converting enzyme 
(TACE, or ADAM17; see section 1.5.4) contributes to the shedding of the human IL-6R 
[Althoff et al., 2000; Matthews et al., 2003].      
The JAK/STAT (Janus kinase / Signal transducer and activator of transcription) pathway 
mediates IL-6 receptor signaling. One characteristic of the JAK/STAT pathway, which is 
evolutionarily conserved from slime molds to humans, is that extracellular signaling is 
transmitted into an intracellular response without the generation of second messengers. 
Furthermore, in contrast to most growth factor-receptors that have intrinsic tyrosine kinase 
activity members of this pathway rely on the tyrosine kinase activity provided by the Janus 
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kinases (JAKs). JAKs bind to the intracellular domains of the gp130 homodimers and, 
following activation catalyze phosphorylation on tyrosine residues on themselves and the 
receptor. The phosphorylation on tyrosine residues creates docking sites for STAT 
transcription factors, which are latent transcription factors that reside in the cytoplasm until 
activated. Phosphorylation of STATs on tyrosine residues, leads to dimerization and nuclear 
translocation of the STAT dimer. The JAK family comprises four members and seven 
mammalian STATs have been identified. It appears that STAT3 is activated by all IL-6 type 
cytokines [Aaronson and Horvath, 2002; Heinrich et al., 2003; Rawlings et al., 2004; 
Kishimoto, 2005]. Activation of the JAK/STAT signaling pathway subsequently induces 
expression of a family of negative regulators, the SOCS (suppressors of cytokine signaling); 
proteins that block the JAK/STAT pathway by binding to phosphorylated JAKs and their 
receptors [Endo et al., 1997; Starr et al., 1997; Alexander and Hilton, 2004]. Constitutive 
inhibitors of the JAK/STAT pathway are the PIAS (protein inhibitors of activated STATs) 
that bind to STAT dimers thereby preventing DNA binding, and PTPs (protein tyrosine 
phosphatases) that reverse the activities of the JAKs [Rawlings et al., 2004; Wormald and 
Hilton, 2004]. Although simple in theory, the picture is complicated by observations that the 
JAK/STAT signaling pathway interacts with other pathways, such as the receptor tyrosine 
kinase /Ras/MAPK pathway [Heinrich et al., 2003].  

1.5.3 IL-8 and chemokine receptors 
Interleukin-8 is a member of the family of chemotactic cytokines (chemokines), acting as 
chemotactic factors for neutrophilic granulocytes, eosinophils, basophils, monocytes, mast 
cells, dendritic cells, NK cells, T and B lymphocytes [Strieter 2002]. The chemokines are 
small (8-14 kDa) mostly basic proteins and constitute the largest family of cytokines in 
human immunophysiology [Zlotnik, 2000]. These proteins are defined by four invariant 
cysteines and are categorized based on the sequence of the N-terminal, first two cysteines, 
depending on whether the cysteines have an amino acid in between (CXC) or are adjacent 
(CC). A new classification system has been presented where IL-8 now is classified as CXCL8 
[Zlotnik, 2000; Fernandez, 2002]. The former designation, IL-8, is applied in the present 
thesis.  
De novo-expression of the IL-8 gene is regulated by a combination of three mechanisms, first 
derepression of the IL-8 promoter, second transcriptional activation of the gene by NFκB and 
Jun-N-terminal protein kinase pathways and third, stabilization of the mRNA by the p38 
mitogen-activated protein kinase pathway. In unstimulated cells, IL-8 gene expression is 
repressed by binding of the NFκB-repressing factor (NRF) to a negative regulatory element 
(NRE) that overlaps the NFκB site [Nourbakhsh et al., 2001]. The NRF is a constitutively 
expressed repressor found also in A549 cells [Feng et al., 2002]. In addition to the NFκB site, 
the IL-8 promoter contains binding sites for AP-1 and C/EBP. Unlike NFκB, these are not 
required for transcriptional activation, but contribute to maximal gene expression [Yu and 
Chadee, 1998; Jijon et al., 2002; Hoffmann et al., 2002].  
The chemokines regulate cell trafficking through interactions with seven-transmembrane, 
GPCRs (section 1.2.3). Since several chemokines can bind to one receptor and one ligand can 
bind to several receptors, there is redundancy and binding promiscuity among ligands and 
receptors [Zlotnik, 2000]. For instance, IL-8 binds to two receptors, CXCR1 and CXCR2 and 
it has been suggested that CXCR2 is the neutrophil chemoattractant while CXCR1 is 
responsible for production of superoxide radicals and degranulation of neutrophils [White et 
al., 1998]. In addition to its chemotactic effects, IL-8 also stimulates angiogenesis (Koch et 
al., 1992] and proliferation [Tuschil et al., 1992]. 
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1.5.4 TNF and TNF receptors 
Tumor necrosis factor-α, which  according to standardized nomenclature now is referred to as 
TNF [Locksley et al., 2001], is the namegiving member of a superfamily of proteins involved 
in host defence, inflammation, apoptosis and autoimmunity. Several cell types including 
macrophages, mast cells, lymphoid cells, fibroblasts and neuronal tissue produce TNF, which 
plays an important role in the innate immune response. TNF was originally described as a 
molecule with anti-tumor properties. It has subsequently been found that the TNF-mediated 
tumor rejection is dependent on a functional immune response and independent of its 
capability to induce apoptosis [Locksley et al., 2001; Wajant et al., 2003]. Due to its role in 
chronic inflammatory diseases, such as rheumatoid arthritis and Crohn’s disease, TNF has 
been a target for pharmacological studies. Different strategies to inhibit TNF include anti-
TNF antibodies, soluble TNF receptors, glucocorticoids and cAMP-elevating agents [Ghezzi 
and Cerami, 2004]. While excessive production of TNF is deleterious and causes or 
contributes to chronic inflammatory diseases expression of TNF is required to fight infection 
and in acute situations attenuated TNF expression may be counteractive. This was 
demonstrated in knock-out (TNF-/-) mice, where no initial response was seen following 
injection with heat-killed Corynebacterium parvum, a type of inoculation easily fought by 
normal mice. Later, however, the TNF-/- mice developed a vigorous inflammation resulting in 
death [Marino et al., 1997]. 
The TNF gene promoter contains four potential binding sites for NFκB that are differently 
situated in the 5’ UTR of the gene and display different binding affinities for NFκB. Other 
binding sites include a CRE and a site for AP-1 [Makhatadze, 1998]. TNF is synthesized as a 
type II transmembrane protein with its N-terminus intracellular and C-terminus extending into 
the extracellular space [Idriss and Naismith, 2000; Wajant et al., 2003]. Cleaving by the 
metalloproteinase disintegrin, TNFalpha –converting enzyme (TACE, also called ADAM 17) 
[Black et al., 1997] is required for release of soluble TNF (sTNF), which is circulating as a 
pyramide-shaped homotrimer of approximately 51 kDa [MacEwan, 2002a, b]. TNF is 
associated with various cell-signaling systems via two types of cell surface receptors, TNFR1 
(p55) [Fuchs et al., 1992] and TNFR2 (p75) [Santee and Owen-Schaub, 1996]. Whereas the 
TNFR1 gene is constitutively expressed on most nucleated cells, expression of the TNFR2 
gene is inducible. The TNFR2 promoter sequences include binding sites for NFκB, AP-1, IL-
6 receptor E (IL-6RE) and SP1 [Santee and Owen-Schaub, 1996]. A variety of inflammatory 
stimuli induce proteolytic shedding of the extracellular cytokine-binding portion of the TNF 
receptors. Soluble TNF receptors may therefore function as markers of inflammation both in 
chronic pulmonary disease and in patients with acute lung injury [Nophar et al., 1990; 
Pennica et al., 1992; Vernooy et al., 2002; Parsons et al., 2005]. Release of full-length TNFR1 
in exosome-like vesicles has also beeen demonstrated [Hawari et al., 2004].    
Both TNFR1 and TNFR2 possess sequences that are capable of binding intracellular adaptor 
proteins that link TNF receptor stimulation to activation of many signaling processes, and due 
to the complexity TNF receptor signaling is described, in brief. One difference concerns the 
adaptor protein TNFR-associated factor 2 (TRAF2), which is directly recruited to TNFR2, 
whereas the first protein recruited to TNFR1 is TNFR-associated death domain protein 
(TRADD). TRADD subsequently serves as a platform for recruitment of the additional 
adaptor proteins, receptor-interacting protein (RIP), TRAF2 and Fas-associated death domain 
(FADD). These proteins recruit enzymes to TNFR1 that are responsible for initiating the 
various signaling events. For instance, recruitment of caspase-8 to FADD initiates a protease 
cascade that eventually will lead to apoptosis. Gene transcription, as a result of TNFR1 
activation, follows activation of the transcription factors c-Jun, by the protein kinase JNK (c-
Jun NH2 –terminal kinase), and NFκB, by the IκB kinase (IKK) complex [Idriss and 
Naismith, 2000; Feng et al., 2001; Chen and Goeddel, 2002; MacEwan, 2002a, b]. Expression 
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of the anti-apoptotic Bcl-2 homologue, Bfl-1/A1 is one outcome of TNFR1-mediated NFκB 
activation, and in the absence of NFκB activation TNFR1 mediated signaling may lead to 
apoptosis [Zong et al., 1999]. TNF can also induce expression of itself by binding to TNFR1 
[Brinkman et al., 1999]. Other aspects of TNF signaling involve crosstalks with heterotrimeric 
G proteins, especially of the Gi –class as well as with the monomeric G proteins Ras, Rho, 
Rac and cdc42 [Baud and Karin, 2001; MacEwan, 2002a, b].  

1.6 Toll-like receptors (TLR) and antimicrobial peptides (AMP)   
Essential for an organism to generate an appropriate response to a pathogen is recognition. 
Pattern recognition receptors (PRR) recognize evolutionary conserved, pathogen associated 
molecular patterns (PAMPs). However, since PAMPs include structural molecules common 
to all bacteria they are not restricted to pathogens [Cook et al., 2003; Philpott and Girardin, 
2004]. The Toll receptor was first identified in the fruit fly Drosophila and Toll homologs are 
found in insects, plants and mammals [Rock et al., 1998; Akira et al., 2003]. There are at least 
12 known vertebrate TLRs [Roach et al. 2005], and the number is constantly growing. TLRs 
are transmembrane receptors, whereas the more recently discovered nucleotide-binding 
oligomerisation domain (Nod) molecules, Nod1 and Nod2 are cytoplasmic surveillance 
proteins, which resemble the plant disease-resistant (R) proteins. The pro-inflammatory 
signaling of TLRs and Nod receptors is mediated by activation of NFκB. TLRs can function 
as homodimers or heterodimers. The extracellular domain consists of leucine-rich repeats 
(LRR) and the cytoplasmic domain shows homology with the IL-1 receptor and is referred to 
as Toll/IL-1R (TIR) domain. Adaptor proteins, such as MyD88, associate with the TIR 
domain upon ligand binding. The activation results in production of cytokines, chemokines 
and antimicrobial peptides. Agonists have been identified for some, but not all of the TLRs. 
Examples of frequently studied TLRs are TLR4, which binds LPS and the flagellin-binding 
TLR5. TLR2 has been shown to recognize a diverse set of bacterial molecules including 
peptidoglycan. Fungal pathogens are detected by both TLR2 and TLR4, whereas TLR9 
recognizes bacterial non-methylated CpG dinucleotides [Inohara et al., 2001; Akira et al., 
2003; Basu and Fenton, 2004; Gohda et al., 2004; Philpott and Girardin, 2004]. Expression of 
functional TLR2 and TLR4 has been demonstrated in primary human alveolar epithelial cells 
[Armstrong, et al., 2004]. 
Antimicrobial peptides (AMPs) were first identified in a silk moth, Hyalophora cecropia and 
named cecropins [Steiner et al., 1981]. Peptides with antibacterial properties were 
subsequently shown to participate in the defense against invading microorganisms also in 
mammals, linking the innate and acquired immune systems [Boman, 1998]. The most 
frequently studied AMPs expressed in humans are the defensins and the cathelicidins. Both 
are present in the respiratory system and the inducible isoforms, human β-defensin-2 (HBD2) 
and LL-37/hCAP18 are expressed in epithelial cells. LL-37 is the mature form, which begins 
with two leucine residues and is 37 amino acids long. In addition to their bactericidal 
properties, HBD2 and LL-37 may act as chemotaxins for mast cells, neutrophils, monocytes 
and T-cells. Since some chemokines (but not IL-8) display microbicidal activity, the capacity 
to kill microbes is not limited to antimicrobial peptides. The overlapping effects are explained 
by similar characteristics including size, disulfide bonding and cationic charge at neutral pH 
that facilitate peptide binding and insertion into the microbial membranes. Similar to human 
defensins, the antimicrobial activity of CXC chemokines is salt-sensitive and inhibited by 
NaCl. Consequently, chemokines as well as defensins and cathelicidins can participate in the 
immune defense in at least two ways, first by killing bacteria and second by influencing the 
innate and adaptive immune responses [Cole et al., 2001; Dürr and Peschel, 2002; Gallo et al., 
2002; Yang et al., 2004].  
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2 Aims of the thesis 

The general aim of the thesis was to study signaling events in innate immunity. Organic 

(swine house) dust was used as stimulus and A549 alveolar type II cells as target.  

  

Specific aims were to investigate if organic dusts  

• Influence ion exchange 

• Activate Gαi –coupled receptors resulting in decreased intracellular cAMP. 

• Affect expression of TNF and its receptors R1 and R2. 

• Additional aims were to investigate the influence of 8-bromo-cAMP on organic dust-

stimulated expression of the pro-inflammatory cytokines IL-6, IL-8 and TNF and of 

the TNF receptors R1 and R2, to elucidate if a potential effect of 8-bromo-cAMP is 

mediated by activation of PKA, and to investigate 8-bromo-cAMP-dependent 

phosphorylation of the transcription factor CREB at Ser133. 

• Finally, expression of TLR2 and -4 and the anti-microbial peptides HBD2 and LL-37 

was investigated. 
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3 Material and Methods 

3.1 Material 

3.1.1 Cells 
The A549 cells (ATCC Number: CCL-185) were cultured in Ham’s F12 medium containing 
10% fetal bovine serum (FBS), supplemented with 1% penicillin/streptomycin and 1% L-
glutamine (Ham’s F12 complete medium) in 5% CO2 atmosphere at 370C. In the course of the 
study different batches were used at passages 3-8. 

3.1.2 Organic (swine house) dust 
Different samples of dust, collected in two different swine confinement buildings, were used 
throughout the study. The dusts were sampled approximately 1.20 m above the floor, thus 
representing respirable dust. A freshly prepared suspension was used in every experiment, i.e. 
the suspensions were not stored frozen between experiments. The concentration of dust (100 
µg/ml) has been applied in previously published in vitro studies [Palmberg et al., 1998; Wang 
et al., 1999]. In all experiments, except in the microphysiometry studies, the medium was 
temperature- and pH-adjusted by incubation in 5% CO2 at 370C over night, prior to the 
exposures. The low-buffering medium used in the CytosensorTM was freshly prepared, pH-
adjusted and sterile filtered immediately before use. 

3.1.3 Chemicals 
Chemicals used were dimethyl amiloride (DMA), a blocker of NHE activity (I); the 
unspecific PDE-blocker, 3-isobutyl-1-methylxanthine (IBMX) (I, V); forskolin, an activator 
of adenylyl cyclases (I, V), the PKA-inhibitor H-89 (N-[2-(p-bromocinnamylamino)ethyl]-5-
isoquinolinesulfonamide)- dihydrochloride (III, IV); staurosporine, a protein kinase inhibitor 
with broad specificity (IV) and genistein, a TK-inhibitor (V). The cell membrane-permeable 
cAMP analogue 8-bromo-cAMP was used in papers II, III, IV. Structure of most chemicals is 
shown in figure 1. 

   8-bromo-cAMP                       IMBX                                   DMA      

                                   
 
      Genistein                                H-89                           Staurosporine

                                         
 
Figure 1. Chemical structure of most agents used in the studies. 
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DMA was dissolved in water, and then diluted in low buffering, bicarbonate-free Ham’s F12 
Nutrient Mix with L-glutamine (with penicillin/streptomycin, without FBS) (F12 running 
medium). 8-bromo-cAMP was dissolved in water, and then diluted in Ham’s F12 medium 
(with penicillin/streptomycin, without FBS). Forskolin, genistein, H-89 and staurosporine 
were dissolved in DMSO, and then diluted to working concentrations in Ham’s F12 medium 
(with penicillin/streptomycin, without FBS). PTX was added to the cells in Ham’s F12 
complete medium for 20 hours pre-treatment prior to dust-exposure (paper I). 
 

3.2 Methods 

3.2.1 Microphysiometry with a CytosensorTM (Paper I) 
Microphysiometry with the CytosensorTM is a non-invasive method; the response to the 
activating agent(s) is recorded as a change in extracellular acidification rate (ECAR) 
determined during brief halts of the media-flow passing the cells [Owicki et al., 1990; 
McConnel et al., 1992]. The pH decrease caused by accumulation of acidic metabolites at 
zero flow is measured and calculated as a function of time (µVolts/second) by the 
CytosensorTM software. During perfusion with a stimulus, the increase in proton release rate 
(i.e. the decrease in extracellular pH) will be plotted as an ascending line, where each point 
represents a measurement (Fig. 3). A four chamber CytosensorTM microphysiometer 
(Molecular Devices Corp., Sunnyvale, CA) was used. The A549 cells were grown in the 
CytosensorTM Cell Capsules according to the manufacturers’ description. For low density, the 
cells were seeded at 1.5x105 cells / cell capsule and for medium density at 3-4x105 cells / cell 
capsule and grown for at least 24 hours in Ham’s F12 complete medium. For high density the 
cells were seeded at 4x105 cells / cell capsule and grown for two days. The cell capsules were 
loaded into the instrument chamber and the cells were allowed to accommodate to the 
bicarbonate-free medium by perfusion for at least one hour before exposure to an agent. The 
total pump cycle time was 2 min; 1 min 20 sec of fluid flow (pumps on) and 40 sec zero flow 
(pumps off). Valve switches, to add or remove test agents, were generally performed after one 
minute of fluid flow (pumps on). Baseline acidification rates were normalized to 100% to 
allow for comparison between chambers with different absolute acidification rates. An 
approximation of cell density was obtained from the absolute acidification rates at the time of 
normalization, which for low-density cells (LDC) was <100 µVolts/sec, for medium-density 
cells (MDC) approximately 130-160 µVolts/sec and for high-density cells (HDC) >200 
µVolts/sec, at pH 7.3.  

3.2.2 Measurement of intracellular cAMP accumulation (Papers I and V) 
A549 cells were grown in 35mm dishes in Ham’s F12 complete medium for 2 days. The 
medium was renewed and cell cultivation was continued for an additional 24 hours. The near-
confluent cells were washed twice in Ham’s F12 medium (without FBS) prior to pre-
incubation for 20 min at 370C with IBMX, 100 µM, or genistein, 50 µM, in Ham’s F12 
medium (w. penicillin/streptomycin, w/o FBS). Forskolin was added to a final concentration 
of 10 µM, with or without organic dust (to a final concentration of 100 µg/ml) and incubation 
was continued for 30 min at 370C. Measurement of cAMP levels was done with and without 
pre-treatment with IBMX to ascertain that a potential attenuation of forskolin-induced cAMP 
accumulation was not caused by cAMP-PDE. Basal level of cAMP was determined in cells 
incubated for 50 min in Ham’s F12 medium. The experiments were performed in triplicate. 
Cyclic AMP content was quantified by use of a Radioreceptor Assay System (Bio-Rad); 
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protein content was measured with BCA Protein Assay Kit and cAMP concentrations 
expressed as pmol cAMP/mg protein. 

3.2.3 Measurement of cytokine release (Paper II) 
The A549 cells were grown in 6-well plates in Ham’s F12 complete medium for 2 days. The 
medium was renewed and cell cultivation was continued for an additional 24 hours, when the 
cells were near confluency. After washing twice in Ham’s F12 medium (without FBS) the 
cells were exposed for 24 hours in a dust suspension, 100 µg/ml in Ham’s F12 medium (w. 
penicillin/streptomycin, w/o FBS), or to a supernatant obtained by centrifugation of the 
suspension at low g force, with or without 8-bromo-cAMP (1 mM). On termination of the 
incubation, the medium was aspirated and centrifuged at high speed to pellet all particles. IL-
6 and IL-8 contents in the supernatants were measured in duplicate by enzyme-linked 
immunosorbent assay (ELISA). The cells were detached and counted in a hemocytometer. 
Protein production was expressed as pg/106 cells. The detection ranges of the IL-6 and IL-8 
assays were 3-375 pg/ml and 50-3200 pg/ml, respectively. Each experiment was performed in 
triplicate.  

3.2.4 Reverse transcriptase (RT) –PCR (Papers III and IV)  
The A549 cells were seeded at 3x103 cells/well in 96-well plates and grown in Ham’s F12 
complete medium for 2 days. The medium was renewed and cell cultivation was continued for 
an additional 24 hours when cell density was approximately 2x104 cells/well. The cells were 
washed twice in Ham’s F12 medium (without FBS) prior to exposure to 200µl of a dust-
suspension (100 µg/ml) in Ham’s F12 medium (w. penicillin/streptomycin, w/o FBS) ± 8-
bromo-cAMP (1 mM). For pre-treatment with H-89, the cells were incubated at 370C for 20 
min in 100 µl Ham’s F12 medium ± H-89 (10 µM) followed by addition of 100 µl dust-
suspension (200 µg/ml) ± 8-bromo-cAMP (2 mM). Final concentrations of H-89, dust-
suspension and 8-bromo-cAMP were 5 µM, 100 µg/ml and 1 mM, respectively. 
RT-PCR was performed in a two-step reaction; cDNA-preparation followed by PCR 
amplification. A kit for producing cDNA from a crude cell lysate without previous isolation 
of RNA, Cells-to-cDNATM (Ambion Inc, USA), was used. This strategy was applied since we 
wished to evaluate a method, which could also be used when cells are scarce. The procedure 
for preparation of cDNA suggested by the manufacturer was followed with minor 
modifications. Oligo(dT) and random decamer (RD) reverse primers were used for priming of 
the cDNA synthesis, producing dT/cDNA and RD/cDNA.  
PCR (polymerase chain reaction) is based on repeated cycles of denaturation (strand 
separation at 940C), primer annealing (at primer-specific temperature) and DNA synthesis 
(usually at 720C) by the thermostable Taq DNA polymerase, purified from the thermophilic 
bacterium Thermus aquatiqus [Saiki et al., 1988]. The gene-specific primer sequences for IL-
6 and IL-8 (paper III), TNF, TNFR1, TNFR2 and TACE (paper IV) have been published by 
others. The references and sequences are given in the papers. Two different primers were used 
for amplification of Beta–actin. All primer pairs (except Beta–actin) are intron spanning; 
double-stranded PCR products of correct size are therefore not obtained from human DNA, 
which was tested initially. PCR-amplification was performed in a PTC-200 (Peltier Thermal 
Cycler) (MJ Research). The PCR products were separated by electrophoresis in 1.5% agarose 
gel with ethidium bromide, visualized in Bio-Rad’s GelDoc 2000 apparatus and band volume 
(intensity x area) was determined by use of BioRad’s software, Quantity One. Correct PCR-
product size was verified by comparison with a 100-bp ladder. The ratio of PCR-fragment 
volume for IL-6, IL-8, TNF and TNFR1 relative to Beta–actin was determined and expressed 
as arbitrary units. The procedure for RT-PCR is summarized in figure 2.  
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1. A549 cells grown in 96-well plates 

2. Exposure to organic dust or F12 (control)  

3. Cell lysis and RNase inactivation 

4. Degradation of genomic DNA with DNase 

5. cDNA synthesis with oligo(dT) or random decamer (RD) reverse primers 

6. PCR amplification with gene specific primers 

7. Ethidium bromide-agarose gel electrophoresis 

8. Visualization and estimation of band volume with Quantity One 

9. Calculation of arbitrary units  

 

igure 2. The procedure for RT-PCR.  
 

.2.5 Immunofluorescence microscopy (Paper IV) 
he A549 cells were seeded in 4-well culture slides and grown in Ham’s F12 complete 
edium for 2 days. The medium was renewed and cell cultivation was continued for an 

dditional 24 hours. Following incubation in Ham’s F12 medium (with 
enicillin/streptomycin, w/o FBS) with or without dust, the cells were washed in PBS and 
ethanol-fixed. First antibodies were mouse monoclonal antibodies (mAb): anti-TNF 

ecognizing an epitope in the N-terminal, cytosolic portion of the human protein; anti-TNFR1 
aised against a recombinant protein corresponding to amino acids 30-301 including the 
xtracellular domain of the human protein and anti-TNFR2 raised against a recombinant 
rotein corresponding to amino acids 260-461 mapping at the carboxy, intracellular terminus 
f the human protein. Second antibody was fluorescein isothiocyanate (FITC)–conjugated 
abbit anti-mouse IgG. As negative control the primary antibody was omitted in one well and 
ubstituted with 1% BSA (bovine serum albumin) in PBS.   
or detection of phosphorylated CREB, an antibody raised in rabbit against a synthetic 
hosphopeptide corresponding to residues surrounding Ser133 of human CREB was used. 
econd antibody was CyTM2-conjugated goat anti-rabbit. The slides were mounted with 
overslips using DAKO fluorescent mounting medium (DAKO, US) and viewed in a Nikon 
abophot-2A (conventional) fluorescence microscope. 

.2.6 Statistics 
ata were presented as mean ± SEM in papers I, II and V. The RT-PCR results were 
isplayed in grafs in papers III and IV and as mean ± SEM in the thesis. Statistical analysis 
as performed by Wilcoxon signed rank test (paper II-IV) and Student’s t-test for unpaired 
bservations (paper V).   
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4 Results and discussion  

4.1 Studies of ion exchange and activation of Gαi-coupled receptors 

(Paper I) 

A dust-supernatant, obtained by centrifugation of a dust-suspension at low g force was used as 
stimulus in the microphysiometry studies. This was done since particles in the dust tended to 
block the fine tubing in the CytosensorTM. The content in the supernatant was expected to be 
predominately of microbial origin. The response to dust suspension (without centrifugation) 
was tested for all parameters, though. A comparison of the ECAR response to “complete” 
dust and a dust-supernatant is shown in fig 3 (unpublished results). 
 
 Figure 3. Demonstration of effects on

extracellular acidification rate (ECAR). A549
cells were perfused with ”complete” dust
suspension (Dust) and a supernatant (Sup)
obtained by centrifugation of a dust suspension
at low g force. Horizontal lines denote
perfusions with the stimuli. Each dot, filled
(Dust) or open (Sup), represents the time point
when media flow is halted and the pH
measurement is made. An ascending curve
indicates increased proton release rate,
corresponding to decreased extracellular pH.
As illustrated, ECAR did not immediately
return to baseline during recovery in medium
(F12). 

 
 
 
 
It was first established that cell density affected the ECAR response to organic dust and that 
the ECAR pattern obtained by perfusion with LPS, 100µg/ml, equaled that of dust-
supernatant (Fig. 4A). The PTX-sensitive bi-phasic ECAR pattern in A549 cells at high 
density, an initial increase in proton release followed by an inhibition of ECAR below 
baseline (Fig. 4B), indicates that the activity of two or more pHi-regulating proteins was 
blocked during perfusion. The nature of the PTX-sensitive effect on ECAR remains 
unresolved, but appears to be independent of decreased cAMP levels since the cAMP-
measurements after 30 min incubation indicated no such effect (Fig. 5). Dimethylamiloride 
(DMA) was used to investigate the contribution of the Na+/H+ exchanger (NHE) in the ECAR 
response. Despite pre-treatment with DMA, the dust-stimulated increase in ECAR in A549 
low-density cells was not immediately blocked (Fig. 4C). It therefore appears that in A549 
low-density cells dust-perfusion induced an initial release of acid, not involving NHE, which 
after a few minutes was followed by a sustained, DMA-sensitive NHE activation (Fig. 4C). 
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   A)                                     B)                              C) 

           
 
Figure 4. Microphysiometry with the CytosensorTM. A) Perfusion of A549 low-density 
(LDC) and medium-density (MDC) cells with dust-supernatant and LPS, 100 µg/ml. B) 
Perfusion with dust-supernatant of high-density cells (HDC) with and without prior PTX-
treatment. C) Effect of DMA, 50 µM, in A549 low-density cells (LDC). Horizontal lines 
denote duration of perfusions with dust or LPS. Result from paper I with permission of the 
publisher, ©Elsevier 2002. 
 

Thus, it was concluded that organic dust affected ion exchange and that at least two 
mechanisms for acid extrusion contributed to the ECAR response in A549 low-density cells. 
To allow for measurement of the minor pH changes during perfusion low buffering, 
bicarbonate (HCO3

-)-free medium was used in the Cytosensor studies. Consequently, the 
mechanisms for acid release were HCO3

- -independent. A possible candidate for the DMA-
insensitive mechanism is the vacuolar H+-ATPase, recently shown to contribute to the 
regulation of cytosolic pH in human epithelial and endothelial cells [Inglis et al., 2003; Lang 
et al., 2003; Rojas et al., 2004] and to be expressed in A549 cells [Ran et al. 2003].  
It was also demonstrated in paper I that perfusion of cells at high-density with dust (and LPS) 
caused a blockade of acid release, which most likely would lead to intracellular acidosis in 
these cells. However, it is possible that the decrease of ECAR below baseline was an 
experimental artifact and that other, bicarbonate-dependent mechanisms would contribute to 
the regulation of intracellular pH under other experimental conditions and in vivo.  
 
Regardless of cell density, termination of perfusion with dust was followed by a sustained 
NHE-mediated proton release by the A549 cells (paper I). If the same situation applies in 
vivo, acidification of the extracellular milieu would follow inhalation of swine house dust, 
possibly as a component of the innate immune response. However, acidic stress may also be 
deleterious and it has been demonstrated that acidification of the airways, for instance by 
inhalation of acidic fog can evoke cough, bronchoconstriction, airway hyperreactivity and 
increases production of mucus [Ricciardolo et al. 2004], which all are respiratory symptoms 
commonly observed following inhalation of the swine house dust [Malmberg et al., 1993; 
Larsson et al., 1994]. 
 
 
 

 25



An additional objective of study I was to investigate if the organic dust exposure would cause 
decreased intracellular cAMP-levels, as a result of Gαi-coupled receptor activation. 
Therefore, the capability of organic dust to counteract forskolin-induced cAMP accumulation 
was investigated. However, the global type of cAMP-measurents applied indicated no such 
effect (Fig. 5). Furthermore, the measurements were conducted in the absence and presence of 
the PDE-inhibitor IBMX to exclude the possibility of dust-induced cAMP-PDE activation 
(Fig. 5). It cannot be excluded, though, that cAMP regulation was affected in some cells, but 
for single cell analysis other methods are required.    
 

Figure 5. Effects on forskolin-stimulated
cAMP accumulation by dust-exposure
with and without prior blocking of PDE
with IBMX. 20 min pre-treatment with
IBMX, 100µM, was followed by 30 min
exposure to forskolin, 10µM ± dust.
Basal, reflects the intracellular cAMP
content after 50 min incubation in Ham’s
F12 w/o FBS. Illustration from paper I,
with permission of the publisher,
©Elsevier 2002. 0
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4.2 Studies of IL-6 and IL-8 protein release (Paper II) and mRNA 

expression (Paper III)  

One objective in study II was to compare the IL-6 and IL-8 release induced by “complete” 
dust-suspension with that induced by a dust-supernatant obtained by centrifugation of a dust-
suspension at low g force, i.e. similarly prepared as the supernatant used as stimulus in the 
microphysiometry studies in paper I. It was found that the cytokine release induced by a 
supernatant was 23% (IL-6) and 27% (IL-8) of that induced by a dust-suspension after 24h 
incubation. Since results obtained by measurement of cytokine release represent cumulative 
effects, no information concerning the duration of either basal IL-6/IL-8 expression or the 
dust-induced release of these cytokines was provided. This information was obtained in paper 
III, where the time-kinetic studies by RT-PCR showed different expression patterns for basal 
as well as dust-stimulated IL-6 and IL-8 mRNA expression (Fig. 6, Table 1). Thus, 24h after 
withdrawal of serum, basal IL-8 but not basal IL-6 mRNA was still expressed (Fig. 6). 
Organic dust-induced mRNA expression of IL-6, which peaked after 1–1.5 hours (Table 1), 
was still detectable after 24h. However, since supernatant-induced IL-6 mRNA was barely 
detectable at that time, it appears that removal of the particulate fraction resulted in decreased 
IL-6 mRNA half-life (Fig. 6). The dust-induced mRNA expression of IL-8 was sustained at 
high level for 24 hours both in presence of the particulate fraction as well as in its absence 
(Fig. 6). The PCR amplification of IL-6 was by 40 cycles and that of IL-8 by 34 cycles, the 
amount of IL-8 mRNA is therefore considerably higher than that of IL-6. A summary of basal 
and dust-induced IL-6, IL-8 and TNF mRNA expression during 24h incubation is shown in 
table 1. 
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                                      1.5h                                     24h 

          
                           F12  Dust  Sup.  Pell.                    F12  Dust  Sup.  Pell.      
 
Figure 6. RT-PCR with primers for IL-6 and IL-8 after 1.5h and 24h incubation in Ham’s 
F12,”complete” dust suspension (Dust), a supernatant obtained by centrifugation at low g 
force (Sup) or the resuspended pellet (Pell). IL-6 was amplified by 40 cycles and IL-8 by 34 
cycles. Agarose gel electrophoresis was followed by quantification of band volume (Quantity 
one, Bio-Rad), IL-6 and IL-8 mRNA levels were expressed as arbitrary units (IL-6, IL-
8/Beta-actin). Figure adapted from paper III, with permission of the publisher, © Elsevier 
2004. 
 
 
Table 1. Summary of basal and dust-induced mRNA expression of IL-6, IL-8 (paper III) and 

TNF (paper IV).  
 
mRNA 

5h s-s 
0.5h 

 
1-1.5h 

 
3h 

 
5-6h 

 
17h 

 
24h 

IL-6 Basal - + ± - - - 
IL-6 Dust ++ +++ ++ ++ + + 
IL-8 Basal nd + + + + + 
IL-8 Dust nd +++ +++ +++ ++ ++ 
TNF Basal - - - - - - 
TNF Dust - +++ + RD - - 

 
After 5-6h exposure to dust, a PCR-product was obtained with TNF primers only by 
amplification of RD/cDNA (RD). All other results were obtained by PCR-amplification of 
dT/cDNA. 5h s-s, 0.5h = serum-starvation for 5h prior to 0.5h incubation in F12 (basal) or 
dust, nd = not done. 
 

4.3 Studies of TNF and TNF receptor expression (Paper IV) 

In paper IV, RT-PCR and immunolabeling was applied to investigate whether dust-induced 
expression TNF could be detected in A549 cells. This was done since a previous study by 
ELISA revealed dust-induced TNF release from alveolar macrophages but not from A549 
cells [Wang et al., 1999]. Expression of the TNF receptors R1 and R2 was also investigated in 
paper IV. Polyadenylated TNF mRNA was expressed for a limited period of time (1-3h) 
(Table 1); after 5-6h incubation in dust only cDNA obtained by priming with random decamer 
(RD) primers was amplified, indicating that TNF mRNA was subjected to degradation at this 
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time point. No expression of TNF mRNA was found under basal conditions, neither by PCR-
amplification of dT/cDNA nor of RD/cDNA. Soluble TNF is produced by digestion of a 
metalloprotease, TACE (or ADAM 17), and mRNA expression for TACE was demonstrated 
at all times investigated (paper IV). 
It was also shown that dust-induced expression of IL-6 mRNA was detected before that of 
TNF (IL-6 after 0.5h, TNF after 1h; the exposure was preceded by 5h serum-starvation to stop 
basal IL-6 mRNA expression) (Fig. 7A). Furthermore, the induction pathways for expression 
of IL-6 and TNF differed with respect to staurosporine sensitivity. Thus, after 1.5h exposure 
to dust with staurosporine, 100 nM or 200 nM, the mRNA expression of TNF, but not that of 
IL-6, was attenuated (paper IV). Staurosporine is an alkaloid found in streptomyces and fungi. 
Although initially described as a specific inhibitor of PKC [Tamaoki and Nakano, 1990], 
staurosporine is in fact a broad-specificity kinase inhibitor. The purpose of using 
staurosporine was therefore not to study PKC activation, but to discriminate between the 
induction pathways for TNF and IL-6. Based on the different time-kinetic expression patterns 
and sensitivity to staurosporine it can be concluded that expression of dust-stimulated IL-6 
mRNA was induced independent of TNF. 
Whereas mRNA expression of TNFR1 was constitutive (Fig. 7B), that of TNFR2 was 
detected after serum-starvation for 5h followed by 1.5h incubation in dust, but not after a total 
of 6.5h in Ham’s F12 (Fig. 7B). The mRNA expression of TNFR1 was not influenced by 
incubation in organic dust suspension (Fig. 7C).  
                                                                                          
            A)           5h serum-starvation                      B)   5h serum-starvation

                   F12: 0.5h  Dust: 0.5h  Dust: 1h                     F12:1.5h  Dust:1.5h
                L   β    T  IL-6  β    T  IL-6   β   T   IL-6               L   β  R1 R2 β R1 R2 

                
 

C) TNFR1: Incubation in F12 or dust for 1.5-5h   

                   
                                       F12                Dust 
 
Figure 7. Results obtained by RT-PCR after serum-starvation for 5h, followed by incubation 
in Ham’s F12 (control) or dust-suspension for different periods of time. A) Neither TNF nor 
IL-6 was detected after additional 0.5h incubation in F12. After 0.5h incubation in dust a 
PCR-product was obtained with IL-6 primers, but not with primers for TNF. Both IL-6 and 
TNF were amplified after 1h incubation in dust. PCR-amplification of IL-6 and TNF was by 
40 cycles each. B) Whereas TNFR1 mRNA was expressed regardless of dust-stimulation, 
TNFR2 mRNA was expressed only after incubation for 1.5h in a dust-suspension. L=100 bp 
ladder, β=Beta-actin; T=TNF, R1=TNFR1, R2= TNFR2. A and B are illustrations from paper 
IV with permission of the publisher, © Birkhäuser Verlag AG 2005. C) The values for TNFR1 
mRNA expression after incubation in F12 or dust for 1.5-5h represent average ± SEM of 
arbitrary units (TNFR1/Beta-actin) (n=6 experiments).  
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Visualization of the pattern for TNF and TNF receptor expression was considered valuable; 
protein expression was therefore established by immunofluorescence microscopy. As 
demonstrated in figure 2, paper IV, and figure 13 (thesis, page 36), the labeling patterns for 
TNFR1 and TNFR2 differed to a certain extent. However, it should be pointed out that the 
localization of the epitopes recognized by the mAbs differed. Thus, α-TNFR1 recognized a 
predominately extracellular epitope, but the epitope for the α-TNFR2 mAb was cytosolic. 
Considering that methanol-fixation permeabilizes the cell membrane, this should be of less 
importance for detection of cell bound proteins. However, since the intensity of the staining is 
influence by several factors, such as variations in the availability of the epitope due to fixation 
artifacts, basolateral vs. apical positioning and shedding of the proteins, quantification by 
immunostaining was not possible.  
 

4.4 Effects of 8-bromo-cAMP and H-89 (Papers II, III and IV) 

Measurement of cytokine release after 24h incubation (paper II) showed that 8-bromo-cAMP, 
1 mM, doubled basal IL-6 protein release and the IL-6 release induced by a supernatant 
(p<0.01) for both, and that the IL-6 release induced by “complete” dust was stimulated by 
19% (p<0.05). It was also demonstrated that basal IL-8 release was unaffected by 8-bromo-
cAMP, the supernatant-induced IL-8 release was slightly, but significantly (+13%, p<0.05) 
stimulated and the dust-induced IL-8 release attenuated by 28% (p<0.05).  
In paper II, the cytokine release was expressed as pg protein/106 cells, which at the time was 
considered the most accurate. However, in connection with writing this thesis the results were 
re-evaluated and no statistically significant stimulation of either dust-induced IL-6 release or 
of supernatant-induced IL-8 release could be found when cytokine release was expressed as 
pg/ml. The stimulation by 8-bromo-cAMP of basal- and supernatant-induced IL-6 release and 
attenuation of dust-induced IL-8 release was still significant, though. This emphasizes the 
hazard involved in valuing small effects. 
As previously mentioned, measurement of cytokine release only reveals cumulative effects. It 
was therefore impossible to determine when, during the 24h incubation, the effects of 8-
bromo-cAMP were induced. The time-kinetics by RT-PCR (paper III) showed that 8-bromo-
cAMP stimulated basal IL-6 mRNA expression during the first 1-1.5h incubation without 
prolonging the expression (Fig. 8A). The dust-induced mRNA expression of IL-6 was 
enhanced by 8-bromo-cAMP following incubation for 1-1.5h, but attenuated after >3h 
exposure (Fig. 8A, 8C). Expression of IL-6 mRNA is regulated both at transcription and post-
transcription levels [Patil et al., 2004], and it was proposed in paper III that decreased mRNA 
stability may have caused the attenuation, by 8-bromo-cAMP, of the later, dust-stimulated IL-
6 mRNA expression. Whereas basal IL-8 mRNA expression was stimulated by 8-bromo-
cAMP at all times, the dust-induced IL-8 mRNA expression was decreased during the first 
1.5-6h exposure but not after 17h incubation or longer (Fig. 8B). Consequently, with regard to 
IL-8 mRNA expression 8-bromo-cAMP was only capable of blocking the signaling 
transductions induced by “complete” dust.  
The effects of 8-bromo-cAMP on dust-induced TNF, TNFR1 and TNFR2 mRNA expression 
were time-kinetically investigated in paper IV. It was demonstrated that the dust-stimulated 
mRNA expression of TNF was attenuated after 1-1.5h incubation (Fig. 8D). Figure 8C 
illustrates the expression patterns for the IL-6 and TNF mRNA expression after incubation for 
different periods of time in dust with or without 8-bromo-cAMP. It was also shown that the 
mRNA expression of TNFR1 was stimulated by 8-bromo-cAMP in the presence of organic 
dust (Fig. 8D). No consistent effect on TNFR2 mRNA expression by 8-bromo-cAMP was 
found. 
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A) IL-6: Time kinetics ± 8-bromo-cAMP               B) IL-8: Time kinetics ± 8-bromo-cAMP                                         

     
              F12    Dust    Dust    Dust   Dust                          F12          Dust         Dust         Dust   
 (hours) 1-1.5    1-1.5       3        5-6      17              (hours)  1.5-17         1.5-2           5-6             17 
             
C)         Dust -8-bromo-cAMP          +8-bromo-cAMP 

             
   (hours) 0.5     1    1.5     3      6     17            1.5    3      6    
 
D)            Dust ± 8-bromo-cAMP 

       
              TNF:  -       +       R1:  -        +                                    
 
Figure 8. Time-kinetic effects of 8-bromo-cAMP, 1mM, on basal and dust-induced mRNA 
expression of IL-6 (A, C), IL-8 (B), and of TNF (C, D) and TNFR1 (D). The values in A and 
B represent average ± SEM of arbitrary units from paper III (figures 3B and 6B), with 
permission of Elsevier. a = p<0.05 compared with basal, b = p<0.05 compared with dust-
induced mRNA expression. C) Illustration of the altered time-kinetic mRNA expression of 
dust-induced IL-6 (paper III) and TNF (paper IV) in the absence (left) and presence (right) of 
8-bromo-cAMP. The values (in C) represent arbitrary units after 40 cycles of PCR-
amplification of the same dT/cDNA with primers for both IL-6 and TNF. D) The values for 
TNF and TNFR1 (R1) mRNA expression after 1-1.5h incubation in dust ± 8-bromo-cAMP 
represent average ± SEM of arbitrary units from paper IV (figure 3B), with permission of 
Birkhäuser Verlag AG. c = p<0.05 compared with dust-induced mRNA expression. 
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In papers III and IV, H-89, initially claimed to be specific for PKA [Chijiwa et al., 1990], was 
used to assess whether activated PKA mediated the effects of 8-bromo-cAMP. Co-incubation 
with H-89 indicated that the effects of 8-bromo-cAMP on basal mRNA expression of IL-6 
and dust-induced IL-6 and IL-8 expression were PKA-dependent. It was also found that pre-
treatment with the inhibitor was required to block the effects of 8-bromo-cAMP (paper III). 
The 8-bromo-cAMP-stimulated expression of TNFR1 mRNA was also blocked by H-89 and 
may therefore be mediated by PKA (paper IV). However, the attenuation of dust-induced 
TNF mRNA expression by 8-bromo-cAMP and H-89 was additive, a result pointing to 
independent mechanisms (paper IV).  
Attenuated TNF mRNA expression and protein production by H-89 has also been 
demonstrated in UVB-irradiated human keratinocytes, and the authors stated that the effect 
was caused by blockade of PKA [Grandjean-Laquerriere et al., 2003]. However, interpreting 
results obtained with this inhibitor may be hazardous. Thus, H-89, which exerts its activity by 
competing with ATP for the nucleotide’s binding site at the catalytic subunit of PKA, is 
capable of blocking the activity of other kinases. One example is MSK1 (mitogen- and stress-
activated protein kinase 1), shown to associate with and phosphorylate the p65 subunit of 
NFκB on Ser276 in mouse fibroblasts [Vermeulen et al., 2003]. Phosphorylation of this 
amino acid is required for engaging the co-activators CBP/p300, but not for binding of NFκB 
to DNA. NFκB is activated by organic dust and contributes to IL-6 expression in A549 cells 
[Lidén and Ek et al., 2003]. Thus, decreased NFκB-mediated transcription may have caused 
or contributed to the attenuation, by H-89, of dust-induced mRNA expression of IL-6 (paper 
III) and TNF (paper IV). It should be noted that baseline IL-6 mRNA expression was not 
blocked by H-89 (paper III). The inhibition of dust-stimulated IL-6 mRNA expression was 
therefore exerted at specific signaling transductions and was not a general phenomenon. 
 
It was also demonstrated that the number of cells exhibiting labeling of phosphoCREB at 
Ser133 was increased from approximately 50%, when incubated in dust, to nearly 100% when 
8-bromo-cAMP was added with the dust (Fig. 4 in paper IV). The labeling pattern in 
individual cells after 30 min incubation in dust suspension, with or without 8-bromo-cAMP, 
is shown in figure 9 and it appears that the labeling is mainly concentrated in the vicinity of 
the nucleus. However, phosphorylation by PKA is not the only pathway for phosphorylation 
on CREB at Ser133 [Mayr and Montminy, 2001]. Thus, the dust-induced labeling of CREB, 
in the absence of 8-bromo-cAMP, may have resulted from phosphorylation by other kinases, 
for instance MAP kinases or calcium-calmodulin-dependent kinases, a phosphorylation which 
is more likely to take place in the cytosol, followed by transport of CREB into the nucleus.    
 
  A) Dust               B) Dust
   - 8-br-cAMP            + 8-br-cAMP                       

Figure 9. A549 cells were incubated for 30 min in a 
suspension of dust without (A) or with (B) 8-bromo-
cAMP, 1 mM, and immunolabeled with an antibody 
directed against CREB phosphorylated on Ser133. 
Second antibody was CyTM2-conjugated goat anti-
rabbit. The color images were converted to grayscale 
and inverted (white to black), for clarity. Arrows 
indicate phosphoCREB-labeling.           
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4.5 Effects of genistein on intracellular cAMP levels (Paper V)  

Genistein, a broad-specificity tyrosine kinase (TK) inhibitor acting as a competitive inhibitor 
of ATP [Akiyama, 1987], was initially used to study the contribution of TK-signaling in 
organic dust-induced cytokine release. It was found that genistein attenuated basal and dust-
induced IL-6 and IL-8 release after 24h incubation as well as dust-induced TNF mRNA 
expression after 1.5h (unpublished results). However, an additional effect of genistein was 
noted in connection with measurements of intracellular cAMP levels. Thus, it was found that 
the TK-inhibitor increased basal cAMP levels and potentiated forskolin-stimulated cAMP 
accumulation to the same extent as the PDE inhibitor, IBMX (Fig. 10). Consequently, it 
cannot be concluded that the inhibition of cytokine expression by genistein was limited to an 
effect on TK-signaling. The cAMP measurements presented in paper V did not include dust 
exposure. Genistein has also been suggested to act as an adenosine receptor antagonist 
[Schulte and Fredholm, 2002], thereby preventing adenosine-stimulated increase in cAMP. 
However, the investigations by Schulte and Fredholm were performed by radioligand binding 
assays and the authors did not investigate effects on adenosine-stimulated cAMP 
accumulation.  
 

      

Figure 10. Effects of genistein. Measurement of
intracellular accumulation of cAMP in near-
confluent A549 cells after incubation for 30 min
in Ham’s F12 ± genistein, 50 µM, IBMX, 100
µM or forskolin, 10 µM, or by pre-treatment
with genistein or IBMX for 20 min, followed by
an additional 30 min incubation with forskolin.  
a = p<0.001 compared with basal, b = p<0.0001
compared with forskolin. Results were
reproduced with permission of the publisher,  
© Kluwer Academic Publishers, 2002. 

 

4.6 Expression of TLRs and AMPs (unpublished results) 

As we suppose that microbial products elicit the main pro-inflammatory effects of swine dust 
exposure and it could be assumed that TLRs would be involved in the cytokine release induced 
by exposure to organic dust, RT-PCR was conducted with primers specific for TLR2 and TLR4. 
Dust-induced expression of TLR2 was detected after 5h exposure (Fig. 11) but not after 1.5h 
exposure or in unstimulated cells. No expression of TLR4 mRNA was found; neither in 
unstimulated nor in dust-exposed A549 cells (data not shown). Thus, it can be concluded, that 
in the A549 cells participation of TLR2 or TLR4 was not required for induction of IL-6, IL-8, 
TNF or TNFR2 mRNA expression, which does not exclude that activation of other TLRs (or 
Nods) contributed to the dust-induced gene expression. 
             F12       Dust 
     L    β     T2     β     T2 

 

Figure 11. RT-PCR demonstrating expression of TLR2 
mRNA after 5h incubation in organic dust-suspension.  
L = 100 bp ladder, β = Beta-actin, T2 = TLR2. 
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Considering that Gram positive bacteria are reported to dominate the microbial flora in swine 
confinement buildings [Thomson Martin et al., 1996], the induction of TLR2 mRNA expression 
by organic dust was noteworthy. An indication that certain microorganisms can avoid 
elimination by inducing anti-inflammatory cytokines via TLR activation is provided by recent 
data. Thus did the yeast Candida albicans, by interacting with TLR2, induce expression of IL-
10 resulting in inhibition of host defense and increased susceptibility to infection [Netea et al., 
2004]. Dust from a swine confinement building has been shown to contain yeast, including 
Candida [Donham et al., 1986], the possibility therefore exists that yeast present in the swine 
house dust may down-regulate the innate immune response via TLR2.  
    
To investigate whether expression of anti-microbial peptides (AMPs) was induced by swine 
house dust, RT-PCR was performed with primers for HBD2 and LL-37 on cDNA prepared 
from unstimulated A549 cells and after exposure to organic dust for 1.5h, 5h and 17h. The 
results were limited, and RT-PCR revealed no expression of HBD2 mRNA in dust-exposed 
A549 cells. A weak band was seen by RT-PCR with primers for LL-37 after 1.5h exposure to 
dust, but not after 5h or 17h exposure or in unstimulated cells (data not shown). In these 
experiments, the dust was resuspended in Ham’s F12 both with and without 
penicillin/streptomycin to assure that the presence of antibiotics would not inhibit expression 
of the AMPs. It is not unlikely that normal alveolar epithelial cells, which express TLR2 and 
TLR4 [Armstrong, et al., 2004], are more proficient producers of AMPs than the A549 
adenocarcinoma cells. 
 

5 General discussion  

5.1 The stimulus and the methods  
Organic dust from a swine confinement building was used as stimulus in the present thesis. 
The purpose was not to identify a single agent in the dust that might cause the intense 
inflammation. Therefore, only centrifugation at low g force was done to sediment particles. 
The supernantant, expected to contain agents predominantly of microbial origin, and the 
resuspended pellet were used to study proton release, cytokine release and mRNA expression. 
This crude separation method showed that the complete dust with all its constituents is the 
most potent with regard to pro-inflammatory cytokine production and mRNA expression.  
However, a different picture was provided by the CytosensorTM result. Thus, the ability of the 
supernatant to induce metabolic activation and acid release equalled that of “complete” dust 
suspension. In fact, a dust-supernatant “sterile” filtered through a 0.22µ filter activates NHE 
as efficiently as a supernatant (unpublished results).  
Microphysiometry with a CytosensorTM was conducted for two reasons. One aim was to 
investigate effects of swine house dust exposure on ion exchange, in particular the NHE, 
which is a transmembrane protein responsible for intracellular alkalinization and control of 
acidosis by the removal of hydrogen and the subsequent influx of sodium. The CytosensorTM 
measurements only revealed changes in extracellular pH, though. To obtain information on 
intracellular pH in confluent, normal epithelial cells invasive methods involving pH-sensitive 
fluorescent dyes are required [Lubman and Crandal, 1992]. It can therefore be assumed, but 
has not been proven, that swine house dust caused intracellular acidification in A549 high-
density cells.  
When introduced, the CytosensorTM was expected to function as a useful tool in studies on 
signaling transductions and to replace several traditional assays; signaling pathways could be 
elucidated by the use of specific inhibitors and no previous knowledge about receptor 
coupling was required. An additional objective was therefore to investigate if the 
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CytosensorTM could be applied in studies of organic dust-induced signaling transductions. 
However, the results obtained with inhibitors of intracellular signaling represent indirect 
effects on proton release and are, consequently, difficult to interpret. For instance, it was 
found that staurosporine, 100 nM, attenuated dust-induced acid release after a few minutes of 
perfusion (Fig. 12, unpublished result), but as shown in paper IV, the same concentration of 
staurosporine attenuated dust-induced TNF mRNA expression after 1.5h incubation, but not 
the basal and dust-induced mRNA expression of IL-6. Furthermore, perfusion with low 
buffering, bicarbonate-free medium was required to allow for measurement of the minor 
changes in extracellular pH during activation, and the effects on signaling transductions under 
other, physiologically more relevant conditions may be different. For instance, Trevani and 
co-authors have demonstrated the importance of bicarbonate in the medium for activation of 
neutrophilic granulocytes by low pH [Trevani et al. 1999].  
It was therefore concluded that microphysiometry with a CytosensorTM provided information 
concerning effects on live cells in real time not readily obtained otherwise, but the 
CytosensorTM was unsuitable for further studies of dust-induced intracellular signaling and no 
conclusion with regard to effects on cytokine release could be drawn from the CytosensorTM 
results. 
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Figure 12. Characteristics of ECAR in A549 cells
after exposure to organic dust with or without
staurosporine, 100 nM. The attenuation of dust-
induced ECAR was induced at the same time
(denoted by arrows) regardless of pre-treatment with
the inhibitor. The dust-stimulated increase in ECAR
peaked after 20 min. Vehicle (0.05% DMSO) was
included with dust. Horizontal lines denote duration
of exposures to dust ± staurosporine (unpublished
results).  
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Northern blot may be considered a better method than RT-PCR for quantitative assessment of 
mRNA expression since that method includes no PCR-amplification step. However, its 
sensitivity is low compared with that of RT-PCR. Furthermore, Northern blot is generally 
performed on total RNA; the difference in mRNA expression patterns by priming for cDNA 
synthesis with oligo(dT)- and random decamer (RD) reverse primers (papers III and IV) 
would therefore have gone undetected. 
Common for all methods used to study mRNA expression is the hazard involved in 
interpreting the results. This is due to the fact that although expressed, the mRNA may not be 
translated and an increase in mRNA expression is not always followed by stimulated 
production of the protein. Direct measurement of protein production would therefore yield 
more reliable results when effects of various manipulations are evaluated. However, the most 
commonly used methods for protein detection also have their limitations and, for instance, 
proteins are only detected by ELISA if they are released into the medium. Furthermore, to 
achieve sufficiently high amounts of released protein for detection, incubations may have to 
be sustained. Time-kinetic measurements of cytokine release only reveal cumulative effects. 
Consequently, if incubations are performed for extended periods of time the net effect might 
end up with zero if an agent (such as 8-bromo-cAMP) exerts opposite effects with time. 
Western blot is another method frequently used to estimate protein expression levels. But, as 
shown in a study by Parsons and co-authors, the A549 cells release a large amount of soluble 
TNFR1 (sTNFR1) in the absence of stimulation and the shedding was enhanced further by 
stimulation with a cytomix containing TNF, IL-1β and IFN-γ [Parsons et al., 2005]. Thus, a 
truthful estimation of the TNFR1 receptor expression in unstimulated A549 cells vs. cells 
exposed to organic dust with or without 8-bromo-cAMP would have required measurement of 
both cell-bound and shed receptors. The same situation applies for quantification of TNF 
since the soluble form of the cytokine is not always released into the medium.  

5.2 Gene expression and effects of cAMP modulation  
Bronchial and alveolar epithelial cells have the capacity to produce a variety of inflammatory 
mediators. The function of epithelial-derived pro-inflammatory cytokines is to act as alert 
signals and then to be down-regulated, not to cause excessive harm; the switch off-mechanism 
is therefore equally important as the initiation of the response. Despite continued dust 
exposure, the duration of IL-6 and in particular TNF mRNA expression was limited indicating 
that expression of these cytokines was subjected to negative feedback regulation. The half-life 
and translational efficiency of the TNF mRNA is determined by the AREs, which are 
contained in the mRNAs 3’UTR. One of several proteins that are involved in mRNA turnover 
is tristetraprolin (TTP), a zinc finger-containing protein. It has been shown that binding of 
TTP accelerates degradation of TNF mRNA. Furthermore, it has been demonstrated that TNF 
induces expression of TTP as a negative feedback loop to limit TNF activity [Carballo et al., 
1998; Blackshear, 2002]. It remains to be investigated whether the down-regulated expression 
of TNF mRNA was caused by TTP in the organic dust-stimulated A549 cells.  
No basal expression of TNF mRNA was found in the A549 epithelial cells, expression of the 
TNF gene was therefore induced de novo upon dust-stimulation. However, expression of the 
TNF gene may be differently regulated depending on cell type. For instance, expression of 
unstimulated TNF mRNA has been shown in RAW 264.7 macrophage-like cells [Crawford et 
al., 1997]. Due to a translational block the mRNA did not associate with ribosomes and was 
therefore not translated into protein until the macrophages were challenged with LPS, a 
stimulation that resulted in enhanced transcription and translation of TNF mRNA into protein 
[Crawford et al., 1997]. The soluble form of TNF, produced in large quantities by mature 
macrophages, is a potent paracrine stimulator that predominantly exerts its effect by activation 
of TNFR1 [Grell et al., 1995, 1998]. A recent study utilizing DNA microarray analysis of 
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gene expression demonstrated up-regulated expression of a number of genes after stimulation 
of A549 cells with TNF for 2h and 4h. The TNF-stimulated genes included those related to 
inflammation, such as IL-6, IL-8 and COX-2, and also proteins involved in NFκB signaling. 
Those results, consequently, constitute down-stream effects of TNFR1 signaling. For a 
complete list, see the reference [dos Santos et al., 2004].     
Binding of excess TNF to shed receptors is assumed to be a mechanism utilized by the 
organism to reduce the deleterious effects of TNF. However, another function was recently 
shown in human airway epithelial cells where TNFR1 acted as a receptor for Staphylococcus 
aureus protein A, a bacterial surface protein [Gómez et al., 2004]. An additional, plausible, 
mechanism for shed TNFR1 in vivo could therefore be chelating of inhaled microbes. In dust-
stimulated A549 interphase cells, TNFR1 labeling was most prominent in what appeared to be 
the Golgi area (Fig 13A), whereas in mitotic cells, TNFR1 labeling was seen in association 
with the condensed chromosomes (Fig. 13B). Whether TNFR1 fulfilled a function in mitosis, 
or was just easily discerned in these cells, due to disassembly of the Golgi vesicles, is 
unknown. 

A                          B                            C                  D                                 

    
 
Figure 13. Incubation of A549 cells for 1.5h in organic dust was followed by immunolabeling 
with mAbs directed against the TNF receptors (denoted by arrows). A) TNFR1-labeling in 
interphase cells and B) mitotic cells, telophase (upper left) and prophase (lower right). C) 
Negative control, telophase/G1 cell incubated with second antibody, only. D) TNFR2 labeling 
displayed at the cell border, which presumably is the leading edge of a single cell under 
locomotion. TNFR2 labeling is also seen in what appears to be the Golgi region.  
The colour images were converted to grayscale and inverted (white to black) for clarity. 
 
The previous failure in detecting dust-induced release of TNF from A549 cells [Wang et al., 
1999] may have been caused by soluble TNF (sTNF) binding to shed TNFR1. An alternative 
explanation could be that sTNF was not generated in the A549 cells, despite the mRNA 
expression of TACE. However, liberation of the soluble form is not required to achieve an 
effect since transmembrane TNF (tmTNF) is claimed to be a more efficient activator of 
TNFR2 on adjacent cells than is sTNF [Grell et al., 1995, 1998]. Epithelial-derived tmTNF 
may, therefore, exert local functions separate from those of macrophage-derived sTNF for 
instance by activating T-cells. This aspect of tmTNF is relevant, since inhalation of swine 
house dust for three hours increased the number of activated T-cells in BAL fluid from 
previously unexposed subjects [Müller-Suur et al., 1997] and TNFR2, expressed on T-cells, 
regulate the T-cell-receptor-mediated activation [Aspalter et al., 2003]. A novel intracellular 
isoform of TNFR2, generated by the use of an additional transcription start site, has been 
shown to colocalize with endogenous TNF in human cell lines [Scheruebl et al., 2005], adding 
to the assumption that sTNF is not required for activation of TNFR2. Another aspect of 
TNFR2 activation concerns cell migration, and as demonstrated in a study utilizing knock-out 
mice the intestinal epithelial cell migration required for wound closure was induced by 
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activation of TNFR2, but not by TNFR1 [Corredor et al., 2003]. This report is of interest 
since the labeling with anti-TNFR2 mAbs showed a punctuate pattern, reminiscent of focal 
adhesion staining, at the cell border of isolated A549 cells (Fig. 13D). The A549 cells were 
originally described as alveolar type II cells [Leiber et al., 1976], and normal alveolar type II 
cells proliferate to re-epithelialize dissociated alveolar surfaces [Takahashi et al., 2004]. It is 
therefore possible that stimulated A549 cells retain a role for TNFR2 in cell migration.   
With regard to proliferation, the importance of functioning pH regulation was recently shown 
in A549 cells, where transfection with an NHE-1 antisense vector resulted in decreased pHi 
(pH 6.990 after 12 hours in transfected cells compared with 7.150 in untransfected A549 
cells) causing inhibition of proliferation and increased apoptosis [Wu et al., 2004]. An 
indication that organic dust might activate pathways leading to proliferation was provided by 
the dust-induced activation of NHE in low-density A549 cells, and in the course of the 
microphysiometry studies a potential effect on proliferation was investigated. However, no 
definite answer was provided by cell counts after 24h incubation with and without swine 
house dust (unpublished results). 
Several genes coding for cytokines contain CRE in their promoter sequences; examples are 
the pro-inflammatory cytokine IL-6 and the anti-inflammatory cytokine, IL-10 [Brenner et al., 
2003; Hershko et al., 2002; Mayr and Montminy, 2001]. As mentioned previously, a 
suppressive signal in inflammation is generally provided by increased intracellular cAMP, for 
instance by stimulated expression of IL-10 [Foey et al., 2003], which signals via the 
JAK/STAT pathway and uses STAT3 as its dominant mediator [Williams et al., 2003]. This 
signaling pathway is also employed by IL-6 [Heinrich et al., 2003] and both IL-10 and IL-6 
induces SOCS-3 expression [Yoshimura et al., 2003]. SOCS-3 contains CRE in its promoter 
and expression of the gene is stimulated by different strategies to increase cAMP levels 
[Fasshauer et al., 2002]. A result of enhanced cAMP might therefore be premature 
termination of endocrine and paracrine signaling by induction of SOCS-3. Other potential 
negative feedback mechanisms induced by cAMP are PKA-mediated expression of ICER 
[Tomita et al., 2003] and the endogenous PKA inhibitor, PKI [Daniel et al, 1998].  
Stimulated expression of IL-6 as a result of increased cAMP is not uncommon and has been 
demonstrated, for instance, by β-agonists in TNF-activated human airway smooth muscle 
cells [Ammit et al., 2002] and in human bronchial epithelial cells (BEAS-2B) stimulated with 
prostaglandin E2 (PGE2) and 8-bromo-cAMP [Tavakoli et al., 2001].    
Attenuation of TNF expression by cAMP appears to be a common phenomenon and has 
previously been shown, for instance, in human monocytes where forskolin and dibutyryl-
cAMP blocked LPS-stimulated TNF release [Shames et al., 2001]. The authors also applied 
RT-PCR to study effects at the level of mRNA expression, but found no attenuation by 
cAMP. Since random hexamer primers were used for reverse transcription and the 
investigation was performed at one time-point [Shames et al., 2001], the absence of effect in 
the monocytes may have been an experimental artifact. In mouse dendritic cells, LPS-
stimulated TNF release was nearly obliterated after 18h incubation with 8-bromo-cAMP, 
IBMX and PGE2 [Kambayashi et al., 2001]. In both cell types (monocytes and dendritic cells) 
release of IL-10 was stimulated by the different strategies to raise cAMP [Shames et al., 2001; 
Kambayashi et al., 2001].  
The opposite, i.e. induction of TNF gene expression by decreased cAMP has been 
demonstrated in a human monocyte cell line, where the lowering of intracellular cAMP was 
secondary to treatment with peroxide [Jain et al., 2002]. The organic dust-induced TNF gene 
expression in the A549 cells appears to be independent of decreased intracellular cAMP, 
though.    
The mechanism for cAMP-mediated attenuation of TNF, which may be cell type dependent, 
is more elusive. A possible explanation could be insufficient availability of CBP, a co-factor 
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required for maximal gene transcription by several transcription factors including CREB, 
NFκB and STAT1 [Korzus et al. 1998; Sheppard et al. 1999]. Nearly all A549 cells exhibited 
Ser133-phosphorylated CREB following incubation with 8-bromo-cAMP for 30 min (paper 
IV). It is therefore plausible that at that time most of the available CBP was bound to 
phospho-CREB. In fibroblasts, the phosphorylation of CREB at Ser133 is removed by 
activated serine/threonine protein phosphatase-1 (PP-1), reaching basal levels after 4h 
stimulation with cAMP [Alberts, 1994]. If the same situation applies in the A549 cells, the 
liberated CBP could be used for NFκB-mediated transcription of TNF and other NFκB-
dependent genes. This assumption would explain why the stimulation of basal and dust-
induced IL-6 and TNFR1 mRNA expression by 8-bromo-cAMP, and the blockade of dust-
induced TNF expression, lasted for less than two hours. Regardless of the mechanism, 
incubation with cAMP was insufficient to obtain complete and sustained attenuation of 
organic dust-stimulated TNF mRNA expression. Since H-89 added to the attenuation by 8-
bromo-cAMP, an option to further decrease TNF mRNA expression might be blocking of 
protein kinase activity. The dust-induced TNF expression was also blocked by the other 
kinase inhibitors, staurosporine (paper IV) and genistein (unpublished result); an additive 
effect with regard to 8-bromo-cAMP has not been investigated, though.  
The swine house dust-induced airway inflammation is characterized by a massive invasion of 
neutrophilic granulocytes [Larsson et al., 1997], and as suggested by the results obtained with 
8-bromo-cAMP, decreased recruitment of neutrophils into the airways and lung would follow 
an increase in cAMP levels. However, with regard to dust-induced IL-8 mRNA expression a 
high dose of 8-bromo-cAMP was required to achieve attenuation and other methods to 
stimulate cAMP production in vivo may be less efficient. As demonstrated in papers I and V, 
the intracellular cAMP accumulation following AC activation (with forskolin) or blocking of 
PDE activity (with IBMX) was minor compared with the combined effect of these agents, 
both in the presence (I) and absence (V) of organic dust. Furthermore, application of β–
agonists will result not only in increased cAMP levels, which may be brief in the absence of 
PDE-blockers, but also in liberation of the G protein βγ–subunits that exert effects 
independent of cAMP. 
In studies of cAMP modulation the choice of cAMP analogue may also influence the 
outcome. This was demonstrated by Aggarwal and co-authors using dibutyryl cAMP 
(dbcAMP) to study effects on TNF receptor expression. It was shown that in a human 
lymphoma cell line, U-937, dbcAMP increased mRNA expression of TNFR2, but not TNFR1 
[Aggarwal et al., 1993], i.e. a result contrary to what we found with 8-bromo-cAMP in the 
A549 cells. However, the authors subsequently discovered that the stimulation of TNFR2 
expression by dbcAMP was caused by the dissociation product butyric acid (butyrate) and not 
by cAMP [Aggarwal et al., 1993]. Consequently, results obtained with dbcAMP may to a 
certain extent be unrelated to cAMP and we have unpublished results showing that, with 
regard to organic dust-stimulated IL-6 and IL-8 mRNA expression and protein release, the 
effects obtained with dbcAMP differ in important ways from those obtained with 8-bromo-
cAMP. Sodium-butyrate is often used to study acetylation/deacetylation processes and it has 
been demonstrated that the agent increased acetylation at the TNF promoter and at the same 
time potentiated phorbol myristate acetate (PMA)-stimulated TNF production in mature 
macrophages [Lee et al., 2003]. Butyrate, which is a short chain fatty acid (SCFA), is 
produced in the intestine by bacterial fermentation of plant-derived dietary fibers and 
regulates gene expression by inhibiting HDACs, among other effects [Cuff and Shirazi-
Beechey, 2004]. It is, therefore, conceivable that butyrate from swine faeces contributed to the 
swine house dust-induced cytokine and TNFR2 expression by blockade of HDAC activity.  
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6 Summary 
Organic dusts collected in swine confinement buildings were used to study effects on ion 
exchange, receptor activation and expression of genes involved in innate immunity in A549 
human alveolar epithelial type II cells. Inhalation of the dust causes intense inflammation 
unrelated to allergy and characterized by an influx of neutrophilic granulocytes and systemic 
effects in previously unexposed subjects and chronic airways diseases in swine farmers. 
Paper I. Microphysiometry with a CytosensorTM, a device that measures changes in 
extracellular pH, revealed that regulation of ion exchange was affected by organic dust and 
the effect was dependent on the proliferative state of the cells. At least two mechanisms 
contributed to acid release in low-density cells; first some unidentified dimethylamiloride-
insensitive transporter was activated, which after a few minutes was followed by activation of 
NHE. In cells at high density, one or more pH regulatory mechanisms were blocked during 
exposure, which may result in intracellular acidosis. However, considering that the 
microphysiometry studies were performed with low buffering, bicarbonate-free medium the 
decrease in ECAR below baseline in high-density cells could be a methodological artifact. 
Following termination of exposure to dust, NHE was active during recovery regardless of cell 
density. If the same situation exists in vivo, NHE-mediated proton efflux from epithelial cells 
may lead to potentially deleterious acidification of the extracellular environment.  
Although the CytosensorTM provided information concerning effects of organic dust on live 
cells not easily achieved otherwise, measurement of proton release gave indirect information 
regarding effects on signaling transductions and no information with respect to dust-
stimulated cytokine expression. 
Paper I. To elucidate whether constituents in organic dust activated receptors coupled to Gαi, 
leading to reduced intracellular levels of cAMP, the effect of organic dust-exposure on 
forskolin-induced cAMP accumulation was investigated. The experiments, which were 
performed in the absence and presence of the PDE-inhibitor IBMX, indicated no such effect. 
However, it cannot be excluded that in some cells cAMP levels were altered, but for single 
cell measurements other methods are required than the “global” type applied.   
Papers II, III and IV. It was shown that a supernatant, obtained by centrifugation of a dust 
suspension at low g force, induced 23% (IL-6) and 27% (IL-8) of the cytokine release induced 
by “complete” dust-suspension and that 8-bromo-cAMP exerted varying effects on basal and 
dust-induced IL-6 and IL-8 release (paper II). Due to the fact that only cumulative effects 
were recorded by measurement of cytokine release, the results obtained after 24h incubation 
revealed no time-kinetic pattern of cytokine gene expression. This was elucidated by RT-PCR 
in papers III (IL-6 and IL-8) and IV (TNF, TNFR1 and TNFR2), demonstrating that dust-
induced mRNA expression of IL-6 and, in particular TNF was subjected to negative feedback 
regulation, and that dust-stimulated IL-8 mRNA was expressed at high level for extended 
period of time. Whereas basal mRNA expression of IL-6 was no longer detected following 
serum withdrawal for more than five hours, basal IL-8 was expressed for >24h. No expression 
of basal TNF mRNA or protein was found; expression of the TNF gene was therefore induced 
de novo upon dust-exposure. In serum-starved cells, dust-induced mRNA expression of IL-6 
was detected 30 min after onset of exposure and TNF mRNA after one hour. Furthermore, the 
induction pathways for IL-6 and TNF differed with regard to staurosporine-sensitivity. Thus, 
after 1.5h incubation, the dust-induced mRNA expression of TNF was attenuated by 
staurosporine; neither basal nor dust-induced IL-6 mRNA expression was decreased at that 
time. Expression of dust-induced IL-6 mRNA was therefore induced independent of TNF, 
which may exert its effect not only by activation of the constitutively expressed TNFR1, but 
also by activation of TNFR2, expression of which was induced by organic dust. Organic dust-
induced expression of epithelial TNF and its receptors may therefore serve not only as a 
mediator of innate immunity, but also contribute to the induction of adaptive immune 
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responses. Immunostaining with monoclonal antibodies provided information regarding the 
labeling patterns for TNF and its receptors, but no information as to the amount of protein 
expression, which would have required measurement of both cell bound- and released protein. 
 
Modulation of cAMP levels with the cell membrane-permeable analogue 8-bromo-cAMP 
time-kinetically shifted the dust-induced mRNA expression of IL-6 and IL-8. Thus, 
expression of IL-6 mRNA was stimulated by 8-bromo-cAMP during the first 1-1.5 hours, but 
was later attenuated. In contrast, the mRNA expression of dust-induced IL-8 was attenuated 
by 8-bromo-cAMP during the first 1.5-6h. The attenuation of dust-induced IL-8 mRNA 
expression was not reflected at the level of basal IL-8 expression; results regarding effects of 
cAMP modulation are therefore inconclusive in the absence of a stimulus. Furthermore, 8-
bromo-cAMP attenuated the dust-induced mRNA expression of TNF, but at the same time 
increased TNFR1 mRNA expression. These effects were brief and no longer apparent after 
more than two hours of incubation. Activated PKA appeared to mediate the effects of 8-
bromo-cAMP on basal and dust-stimulated mRNA expression of IL-6, the dust-induced 
expression of IL-8 and of TNFR1, but both 8-bromo-cAMP and H-89, a PKA-inhibitor, added 
to the attenuation of TNF mRNA expression pointing to independent mechanisms.  
Nearly 100% of the cells exhibited phosphorylation of the transcription factor CREB at 
Ser133 after 30 min incubation in dust together with 8-bromo-cAMP, as compared with 50% 
of the cells incubated in dust, only. The co-activator CBP is required for assembly of a 
functional transcriptional complex for several transcription factors including CREB and 
NFκB. Recruitment of CBP to phosphorylated CREB may therefore have contributed to the 
8-bromo-cAMP-stimulated IL-6 and TNFR1 gene expression and blockade of IL-8 and TNF 
gene expression.  
Taken into consideration that studies of mRNA expression provide no definite information 
concerning effects at the protein level, RT-PCR gave valuable information regarding the time-
kinetic mRNA expression of IL-6, IL-8, TNF and the TNF receptors and also of effects of 
cAMP modulation. To obtain a complete picture regarding organic dust-induced gene 
expression and effects of increased cAMP other whole-scale methods are required. 
Furthermore, the use of cAMP analogues is only applicable in vitro; other strategies to 
increase intracellular cAMP levels may yield other results.   
Paper V. Genistein is a tyrosine kinase inhibitor interfering with the ATP-binding site of the 
kinase, but using genistein to study tyrosine kinase activity might yield erroneous results since 
effects of cAMP elevation could be mistaken for effects of tyrosine kinase blocking. Thus, it 
has been demonstrated that the stimulation of cAMP accumulation following incubation with 
genistein equalled that of the PDE-inhibitor IBMX. Similar to genistein, H-89 interferes with 
ATP-binding. Consequently, it cannot be excluded that the attenuation obtained with H-89 in 
papers III (IL-6) and IV (TNF) was caused by blockade of kinases, other than PKA. 
Unpublished results. Unstimulated A549 cells did not express mRNA for TLR2 or TLR4, 
receptors that predominantly sense bacterial cell wall-derived peptidoglycan and LPS, 
respectively. Although expression of TLR2 was detected following 5h incubation in organic 
dust, induction of cytokine gene expression did not require activation of these receptors. 
However, it cannot be excluded that the response to organic dust stimulation may be more 
diversified following activation of TLR2 or -4, for instance by dust-induced expression of 
HBD2, which was not found in the A549 pulmonary epithelial cell line. 
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