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General introduction

Due to its unique relationship with the environment, the lung must defend itself from 
infection by numerous inhaled micro-organisms. Although the lung is generally successful in 
doing so, pneumonia is a major health burden associated with high morbidity and mortality 
[1]. Antibiotic therapies have been available since around the 1940’s. This treatment 
decreased mortality rates by 49% [2]. Yet, while the medical skills have greatly increased in 
the following decades, this did not dramatically impact mortality [3]. Moreover, increasing 
resistance of common pathogens to antibiotics is a great concern [4,5,6]. Thus there is a 
need for additional treatment options. In this thesis pulmonary protein kinase activities 
were profiled during pneumonia and based on the obtained results small molecular kinase 
inhibitors or activators were chosen to assess their function in lung inflammation and 
infection.

Innate pulmonary host defense
Alveolar membranes are in constant contact with the outside world. Therefore, there is 
an continuous risk of infection by airborne pathogens. Physical barriers such as nasal hair 
and mucus production form a passive protection from respiratory tract infections. If these 
barriers prove insufficient, the innate immune system provides the first immunological 
interface between the host and invading pathogens. Pattern recognition receptors (PRRs) 
expressed by immune cells can detect conserved motifs present in micro-organisms termed 
pathogen associated molecular patterns (PAMPs), thereby initiating an inflammatory 
response aimed at eliminating intruders [7].

PRRs include Toll like receptor (TLRs), C-type lectin receptors (CLRs), NOD-like receptors 
(NLRs) and RIG-I-like receptors (RLRs) [8]. A single kind of pathogen can present multiple 
PAMPs simultaneously, each of which can be detected by their respective PRRs concurrently 
and interplay between pathways is highly likely to arise during an evolving infection [9,10]. 
Thus, the interactions between bacteria and host cells are not confined to one type of 
PRR or inflammatory intracellular signaling cascade but may be much more extensive and 
complex than originally thought.
Moreover, apart from PRR signaling other pathways including cytokine signaling (e.g. 
tumor necrosis factor (TNF) receptor signaling), cellular stress and energy signaling (c-Jun 
N-terminal kinase (JNK) and mammalian target of rapamycin (mTOR)/protein kinase B (AKT) 
pathways) and apoptotic control pathways are ongoing during inflammation, infection and 
tissue regeneration.

Upon pathogen detection, signaling transduction cascades are induced that set in motion 
anti-pathogen responses. These include the activation of macrophages and epithelial cells 
and the release of pro-inflammatory cytokines and chemokines. Another key element of 
the acute pulmonary inflammatory response is the recruitment of polymorphonuclear cells 
(PMNs) to the bronchoalveolar space.

If the invading pathogen is successfully cleared, the inflammatory response has to be 
quenched and tissue repair will start. In bacterial infection, PMNs are to be removed for 



12

1

G
eneral introduction

proper resolution of infection, since uncontrolled accumulation and/or activation can 
lead to severe lung damage [11,12,13,14]. To this end, apoptosis is a strong regulatory 
mechanism during lung inflammation [15]: phagocytosis of apoptotic PMNs by macrophages 
reprograms macrophages to release anti-inflammatory mediators thus aiding resolution of 
inflammation [16,17].

Kinases and signal transduction
The total set of kinases of an organism is generally referred to as the kinome. Protein 
kinases post translationally modify proteins by adding phosphate groups, donated by 
adenosine triphosphate (ATP), to an amino acid acceptor (serine, threonine or tyrosine), 
so called “phosphorylation”. While, initially phosphorylated proteins were thought to be 
inert, Edmond H. Fischer and Edwin G. Krebs discovered that the process of reversible 
phosphorylation functioned as a biological regulatory mechanism [18]. The addition of a 
phosphate either enhances or inhibits the enzymatic activity of the target enzyme. This was 
observed in the 1950’s and resulted in a Nobel prize in 1992 to Fischer and Krebs. Through 
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Figure 1: Kinome array profiling
The kinome array consists of a glass slide, spotted with a triplicate of 1024 kinase substrates. To profile 
a sample of interest containing active kinases it is incubated on the array in presence of radioactive 
33P-γ labeled ATP. In this graphical representation, one kinase is present in the sample. The kinase 
phosphorylates its specific substrate (the substrate spotted on location 1) with a 33P-γ provided by the 
33P-γ containing ATP. β- particles emitted by the now 33P-γ  phosphorylated substrate can be measured.
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the process of reversible phosphorylation many signal transduction pathways are regulated 
[19]. Also lung inflammation is mediated by protein kinases and phosphorylation events [8].

Kinome profiling
The advent of phosphorylation specific antibodies have greatly facilitated research on 
protein phosphorylation; however, antibody based technologies detect only a limited set of 
different phosphorylated proteins concurrently. Mass-spectrometry approaches do enable 
simultaneous detection of a multitude of phosphorylation events, however a drawback is 
the need for relatively large amounts of sample [20]. 
Developments in array kinome profiling approaches have enabled the integral study of 
signaling events [21,22,23]. A sample of interest (containing active kinases) is mixed with 
radioactive 33P-γ labeled ATP and incubated on a glass slide, which is spotted with a triplicate 
of 1024 kinase substrates. As a kinase phosphorylates its substrate with radioactive 33P-γ, the 
substrate will emit β- particles which in turn can be measured (figure 1). This technique of 
kinome profiling represents a method to obtain activity data of kinases and their respective 
pathways [20]. We utilized these radio-kinome substrate arrays to determine kinase activities 
in the lungs during gram-positive and gram-negative pneumonia in mice and furthermore 
attempted to elucidate signaling cascades occurring during the course of the infection.

Kinase modulation
Many small molecule kinase modulators exist, some of which have become successful 
treatments (e.g. the BCR-ABL inhibitor imatinib (Novartis, Basel, Switzerland) as treatment 
for chronic myelod leukemia). The activity of kinases can be modulated by either small 
molecule inhibitors (which represent the majority of compounds) or activators. In this 
thesis we made use of the cyclin-dependent-kinase (CDK) inhibitor r-roscovitine (figure 2a); 
the p38 mitogen activated protein kinase (p38 MAPK) inhibitor BIRB 796 (figure 2b) and 
the adenosine monophosphate-activated protein (AMP) activated kinase (AMPK) activator 
AICAR (figure 2c).

r-Roscovitine (also known as seliciclib or CYC202, Cyclacel Pharmaceuticals, New Yersey, 
USA) is a purine analog that inhibits CDKs 1,2,5,7 and 9 that has the ability to inhibit cell 
cycle and to induce apoptosis, especially in PMNs [24,25,26,27]. R-roscovitine was used in 
phase I clinical trials for the treatment of advanced solid tumors as well as in a phase II trial 
for non small cell lung carcinoma [28,29]. BIRB 796 (Doramapimod, Boehringer Ingelheim, 
Ingelheim, Germany) is an orally available inhibitor of p38 MAPK [30]. BIRB 796 was shown 
to inhibit systemic inflammatory responses in human endotoxemia [31,32]. In contrast 
to r-roscovitine and BIRB 796, AICAR is an kinase activator. AICAR activates AMPK not by 
direct binding: intracellular AICAR is converted to 5-amine-4-imidazolecarboxamide ribotide 
(ZMP), an AMP analogue [33]. This results in a shift in ATP/AMP balance and activates AMPK.
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Pulmonary infection and inflammation models studied in this thesis
Pulmonary inflammation was investigated in different bacterial infection models and 
bacterial cell wall components were used to induce sterile lung inflammation.

Respiratory tract infections
The gram-positive microorganism Streptococcus (S.) pneumoniae is the most frequent 
causative pathogen of community-acquired pneumonia (CAP) and is responsible for millions 
of deaths annually worldwide [34,35,36]. S. pneumoniae is a diplococcus, of which the capsule 
is the predominant factor defining its virulence [34](figure 3a). Alveolar macrophages and 
PMNs can clear S. pneumoniae. Once ingested and entrapped in phagosomes, pneumococci 
are readily killed. In the blood the complement system is necessary to achieve effective 
clearance through the liver and spleen [37].

The gram-negative bacterium Klebsiella (K.) pneumoniae is a common causative pathogen in 
pneumonia. Although, K. pneumoniae is generally perceived as a cause of hospital-acquired 
pneumonia (HAP), it also contributes to CAP [38,39,40]. K. pneumoniae is a non-motile rod 
shaped bacterium (figure 3b). As with pneumococcal pneumonia the first line of defense by 
the host against invading microorganisms includes, in addition to phagocytosis, complement 
killing and clearance by antibody interactions [41].

a b

c

Figure 2: Kinase modulators used in this thesis
The activity of kinases were modulated by use of small molecule inhibitor or activators. Shown are the 
cyclin-dependent-kinase (CDK)  inhibitor r-roscovitine (a, chapters 4 and 5); the p38 mitogen activated 
protein kinase (p38 MAPK) inhibitor BIRB 796 (b, chapter 6) and the adenosine monophosphate-
activated protein (AMP) activated kinase (AMPK) activator AICAR (c, chapter 7).



15

G
eneral introduction

1

Sterile lung inflammation
Lipopolysaccharide (LPS) is a component of the gram-negative cell wall and is a strong 
inducer of inflammation [8]. Lipoteichoic acid (LTA) is a major constituent of the outer cell 
wall of gram-positive bacteria and the most important proinflammatory component of this 
type of bacteria [42]. The local effects of LPS and LTA within the lung have been implicated to 
contribute to the acute lung inflammation that accompanies pneumonia [43,44]. We used 
LPS and LTA induced lung inflammation because these models are not influenced by variable 
bacterial growth such as in pneumonia models, or uncertain pleiotropic effects of chemically 
induced lung injury. Therefore it enables a less cluttered view on the effects of interventions.

Mechanical ventilation
Mechanical ventilation (MV) is critical for sustaining patients with acute lung injury (ALI) or 
acute respiratory distress syndrome (ARDS). However, applying MV can aggravate or even 
cause pulmonary damage [45,46]. This phenomenon frequently referred to as ventilator–
associated lung injury (VALI), while in model systems this process is termed “ventilator-
induced lung injury” (VILI). Low tidal volume (VT) ventilation significantly reduces ALI/
ARDS morbidity and mortality [47,48,49,50]. Clinicians have widely adopted this protective 
ventilation strategy. However, low VT MV of injured lungs may still locally cause hyperinflation 
and thus can exert excessive force on alveolar cells [51]. As in lung inflammation due to LPS 
and LTA VILI represents a model of sterile lung inflammation.

a b

Figure 3: Electron scanning microscopy pictures of Streptococcus pneumoniae and Klebsiella 
pneumoniae
The gram-positive S. pneumoniae is the most frequent causative pathogen of community-acquired 
pneumonia. S. pneumoniae is a diplococcus, as shown in (a). The gram-negative bacterium K. 
pneumoniae is a non-motile rod shaped bacterium and also common causative pathogen of pneumonia 
(b). Photo credit: J.H. Carr / Centers for Disease Control and Prevention. 
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Aim and outline of this thesis

In the studies described in this thesis, we sought to obtain more insight on the kinome 
in pulmonary infections. From the obtained kinome data, intervention strategies were 
determined and applied on a variety of lung inflammation models in mice.

In chapters 2 and 3 the pulmonary kinome during gram-positive and gram-negative 
pneumonia is assessed. Based upon the kinome profile elicited by gram-positive (S. 
pneumoniae) infection and the literature we choose to investigate the CDK inhibitor 
r-roscovitine in sterile inflammation and pneumococcal infection as described in chapter 4. 
We extend the effect of r-roscovitine in a VILI model described in in chapter 5. Next, we focus 
on the effect of the inhibition of p38 MAPK in sterile lung inflammation (chapter 6). While 
chapters 4-6 describe inhibition of kinases in inflammatory settings, an activator of AMPK 
is used as an intervention in sterile inflammation in the research described in chapter 7.
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