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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 
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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).
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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.



17

G
eneral introduction

1

References
1. Torres, A. and J. Rello, Update in Community-acquired and Nosocomial Pneumonia 2009. Am. J. Respir. Crit. 

Care Med., 2010. 181(8): p. 782-787.
2. Klugman, K.P., Pneumococcal resistance to antibiotics. Clin Microbiol Rev, 1990. 3(2): p. 171-96.
3. File, J.T.M., Community-acquired pneumonia. The Lancet, 2003. 362(9400): p. 1991-2001.
4. Ho, P.-L., V.C.-C. Cheng, and C.-M. Chu, Antibiotic Resistance in Community-Acquired Pneumonia Caused 

by Streptococcus pneumoniae, Methicillin-Resistant Staphylococcus aureus, and Acinetobacter baumannii. 
Chest, 2009. 136(4): p. 1119-1127.

5. Hanage, W.P., et al., Hyper-Recombination, Diversity, and Antibiotic Resistance in Pneumococcus. Science, 
2009. 324(5933): p. 1454-1457.

6. Yinnon, A.M., et al., Klebsiella bacteraemia: community versus nosocomial infection. QJM, 1996. 89(12): p. 
933-942.

7. Kawai, T. and S. Akira, The role of pattern-recognition receptors in innate immunity: update on Toll-like 
receptors. Nat Immunol, 2010. 11(5): p. 373-384.

8. Kawai, T. and S. Akira, Toll-like receptors and their crosstalk with other innate receptors in infection and 
immunity. Immunity, 2011. 34(5): p. 637-50.

9. Takeuchi, O. and S. Akira, Pattern Recognition Receptors and Inflammation. Cell, 2010. 140(6): p. 805-820.
10. Wieland, C.W., et al., Host defense during Klebsiella pneumonia relies on hematopoietic expressed TLR4 and 

TLR2. European Respiratory Journal, 2010.
11. Jeyaseelan, S., et al., Toll/IL-1R Domain-Containing Adaptor Protein (TIRAP) Is a Critical Mediator of 

Antibacterial Defense in the Lung against Klebsiella pneumoniae but Not Pseudomonas aeruginosa. J 
Immunol, 2006. 177(1): p. 538-547.

12. Brown, K.A., et al., Neutrophils in development of multiple organ failure in sepsis. The Lancet, 2006. 
368(9530): p. 157-169.

13. Haslett, C., Granulocyte Apoptosis and Its Role in the Resolution and Control of Lung Inflammation. Am. J. 
Respir. Crit. Care Med., 1999. 160(5): p. S5-11.

14. Bianchi, S.M., et al., Granulocyte apoptosis in the pathogenesis and resolution of lung disease. Clin. Sci., 2006. 
110(3): p. 293-304.

15. Droemann, D., et al., Decreased Apoptosis and Increased Activation of Alveolar Neutrophils in Bacterial 
Pneumonia*. Chest, 2000. 117(6): p. 1679-1684.

16. Fadok, V.A., et al., Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory cytokine 
production through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. The Journal of 
Clinical Investigation, 1998. 101(4): p. 890-898.

17. Huynh, M.-L.N., V.A. Fadok, and P.M. Henson, Phosphatidylserine-dependent ingestion of apoptotic cells 
promotes TGF-β1 secretion and the resolution of inflammation. The Journal of Clinical Investigation, 2002. 
109(1): p. 41-50.

18. Fischer, E.H., Phosphorylase and the origin of reversible protein phosphorylation. Biol Chem, 2010. 391(2-3): 
p. 131-7.

19. Manning, G., et al., The Protein Kinase Complement of the Human Genome. Science, 2002. 298(5600): p. 
1912-1934.

20. Parikh, K. and M.P. Peppelenbosch, Kinome Profiling of Clinical Cancer Specimens. Cancer Research, 2010. 
70(7): p. 2575-2578.

21. Diks, S.H., et al., Kinome Profiling for Studying Lipopolysaccharide Signal Transduction in Human Peripheral 
Blood Mononuclear Cells. J. Biol. Chem., 2004. 279(47): p. 49206-49213.

22. van Baal, J.W.P.M., et al., Comparison of Kinome Profiles of Barrett’s Esophagus with Normal Squamous 
Esophagus and Normal Gastric Cardia. Cancer Res, 2006. 66(24): p. 11605-11612.

23. Parikh, K., et al., Comparison of Peptide Array Substrate Phosphorylation of c-Raf and Mitogen Activated 
Protein Kinase Kinase Kinase 8. PLoS ONE, 2009. 4(7): p. e6440.

24. Bach, S., et al., Roscovitine targets, protein kinases and pyridoxal kinase. J.Biol.Chem., 2005. 280(35): p. 
31208-31219.

25. Goodyear, S. and M.C. Sharma, Roscovitine regulates invasive breast cancer cell (MDA-MB231) proliferation 
and survival through cell cycle regulatory protein cdk5. Experimental and Molecular Pathology, 2007. 82(1): 
p. 25-32.

26. Jhou, R.-S., et al., Inhibition of cyclin-dependent kinases by olomoucine and roscovitine reduces 
lipopolysaccharide-induced inflammatory responses via down-regulation of nuclear factor kB. Cell 



18

1

G
eneral introduction

Proliferation, 2009. 42(2): p. 141-149.
27. Leitch, A.E., C. Haslett, and A.G. Rossi, Cyclin-dependent kinase inhibitor drugs as potential novel anti-

inflammatory and pro-resolution agents. Br J Pharmacol, 2009. 158(4): p. 1004-16.
28. Le Tourneau, C., et al., Phase I evaluation of seliciclib (R-roscovitine), a novel oral cyclin-dependent kinase 

inhibitor, in patients with advanced malignancies. Eur J Cancer, 2010. 46(18): p. 3243-50.
29. Malumbres, M. and M. Barbacid, Cell cycle, CDKs and cancer: a changing paradigm. Nat Rev Cancer, 2009. 

9(3): p. 153-66.
30. Kuma, Y., et al., BIRB796 inhibits all p38 MAPK isoforms in vitro and in vivo. J Biol Chem, 2005. 280(20): p. 

19472-9.
31. van den Blink, B., et al., P38 Mitogen Activated Protein Kinase Is Involved in the Downregulation of Granulocyte 

CXC Chemokine Receptors 1 and 2 During Human Endotoxemia. Journal of Clinical Immunology, 2004. 24(1): 
p. 37-41.

32. Lee, M.R. and C. Dominguez, MAP kinase p38 inhibitors: clinical results and an intimate look at their 
interactions with p38alpha protein. Curr Med Chem, 2005. 12(25): p. 2979-94.

33. Zhou, G., et al., Role of AMP-activated protein kinase in mechanism of metformin action. The Journal of 
Clinical Investigation, 2001. 108(8): p. 1167-1174.

34. van der Poll, T. and S.M. Opal, Pathogenesis, treatment, and prevention of pneumococcal pneumonia. 
LANCET, 2009. 374(9700): p. 1543-1556.

35. Mandell, L.A., et al., Infectious Diseases Society of America/American Thoracic Society consensus guidelines 
on the management of community-acquired pneumonia in adults. Clin Infect Dis, 2007. 44 Suppl 2: p. S27-72.

36. Bartlett, J.G., et al., Practice Guidelines for the Management of Community-Acquired Pneumonia in Adults. 
Clinical Infectious Diseases, 2000. 31(2): p. 347-382.

37. AlonsoDeVelasco, E., et al., Streptococcus pneumoniae: virulence factors, pathogenesis, and vaccines. 
Microbiol Rev, 1995. 59(4): p. 591-603.

38. Jover, F., et al., A comparative study of bacteremic and non-bacteremic pneumococcal pneumonia. European 
Journal of Internal Medicine, 2008. 19(1): p. 15-21.

39. Craven, D.E. and K.A. Steger, Epidemiology of Nosocomial Pneumonia. Chest, 1995. 108(2 Supplement): p. 
1S-16S.

40. Lin, Y.T., et al., Bacteremic community-acquired pneumonia due to Klebsiella pneumoniae: Clinical and 
microbiological characteristics in Taiwan, 2001-2008. BMC Infect Dis, 2010. 10(1): p. 307.

41. Podschun, R. and U. Ullmann, Klebsiella spp. as Nosocomial Pathogens: Epidemiology, Taxonomy, Typing 
Methods, and Pathogenicity Factors. Clin. Microbiol. Rev., 1998. 11(4): p. 589-603.

42. Ginsburg, I., Role of lipoteichoic acid in infection and inflammation. Lancet Infect Dis, 2002. 2(3): p. 171-9.
43. Mizgerd, J.P., Acute lower respiratory tract infection. N Engl J Med, 2008. 358(7): p. 716-27.
44. Knapp, S., et al., Lipoteichoic Acid-Induced Lung Inflammation Depends on TLR2 and the Concerted Action of 

TLR4 and the Platelet-Activating Factor Receptor. J Immunol, 2008. 180(5): p. 3478-3484.
45. Slutsky, A.S., Lung injury caused by mechanical ventilation. Chest, 1999. 116(1 Suppl): p. 9S-15S.
46. Determann, R.M., et al., Ventilation with lower tidal volumes as compared with conventional tidal volumes 

for patients without acute lung injury: a preventive randomized controlled trial. Crit Care, 2010. 14(1): p. R1.
47. Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung injury and the 

acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome Network. N Engl J Med, 2000. 
342(18): p. 1301-8.

48. Amato, M.B., et al., Effect of a protective-ventilation strategy on mortality in the acute respiratory distress 
syndrome. N.Engl.J.Med., 1998. 338(6): p. 347-354.

49. Ranieri, V.M., et al., Effect of mechanical ventilation on inflammatory mediators in patients with acute 
respiratory distress syndrome: a randomized controlled trial. JAMA, 1999. 282(1): p. 54-61.

50. Ranieri, V.M., et al., Mechanical ventilation as a mediator of multisystem organ failure in acute respiratory 
distress syndrome. JAMA, 2000. 284(1): p. 43-44.

51. Oeckler, R.A. and R.D. Hubmayr, Cell wounding and repair in ventilator injured lungs. Respir.Physiol Neurobiol., 
2008. 163(1-3): p. 44-53.



Chapter 2
Kinase activity profiling of 
pneumococcal pneumonia

Arie J. Hoogendijk1,2, Sander H. Diks4, Tom van der Poll1,2, Maikel P. Peppelenbosch5 and 
Catharina W. Wieland1,3

1Center for Infection and Immunity Amsterdam,
2Center for Experimental and Molecular Medicine, 

3Laboratory of Experimental Intensive Care and Anesthesiology, Academic Medical Center, 
Amsterdam, The Netherlands

4Department of Cell Biology, Section Immunology, University Medical Center Groningen, 
University of Groningen, Groningen, The Netherlands

5Department of Gastroenterology and Hepatology, Erasmus Medical Center, Rotterdam, 
The Netherlands

PLOS One



20

2

K
inase activity profiling of pneum

ococcal pneum
onia

Abstract

Background: Pneumonia represents a major health burden. Previous work demonstrated 
that although the induction of inflammation is important for adequate host defense against 
pneumonia, an inability to regulate the host’s inflammatory response within the lung later 
during infection can be detrimental. Intracellular signaling pathways commonly rely on 
activation of kinases, and kinases play an essential role in the regulation of the inflammatory 
response of immune cells.

Methodology/Principal Findings: Pneumonia was induced in mice via intranasal instillation 
of Streptococcus (S.) pneumoniae. Kinomics peptide arrays, exhibiting 1024 specific 
consensus sequences for protein kinases, were used to produce a systems biology analysis 
of cellular kinase activity during the course of pneumonia. Several differences in kinase 
activity revealed by the arrays were validated in lung homogenates of individual mice using 
western blot. We identified cascades of activated kinases showing that chemotoxic stress 
and a T helper 1 response were induced during the course of pneumococcal pneumonia. In 
addition, our data point to a reduction in WNT activity in lungs of S. pneumoniae infected 
mice. Moreover, this study demonstrated a reduction in overall CDK activity implying 
alterations in cell cycle biology. 

Conclusions/Significance: This study utilizes systems biology to provide insight into the 
signaling events occurring during lung infection with the common cause of community 
acquired pneumonia, and may assist in identifying novel therapeutic targets in the treatment 
of bacterial pneumonia.
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Introduction

Due to its unique relationship with the environment, the lung must defend itself from 
infection by numerous inhaled micro-organisms. Although in general the lung is successful in 
doing so, bacterial pneumonia remains a major health burden. The Gram-positive bacterium 
S. pneumoniae is the main causative pathogen in community-acquired pneumonia (CAP), 
responsible for an estimated ten million deaths annually worldwide [1-3]. Increasing 
resistance of this common pathogen to antibiotics is a great concern [4-6].

Recognition of invading bacteria by the host is considered to occur mainly through toll-
like receptors (TLRs). After interacting with their ligands, TLRs signal via adaptor proteins 
and kinases to ultimately activate NF-κB inducing inflammatory responses [7]. However, 
the interactions between bacteria and host cells are not confined to TLRs and ongoing 
intracellular signaling cascades may be much more extensive and complex than generally 
thought. Many studies on host pathogen interactions concentrate mainly on isolated 
pathways [8-11]. Although elegant in emphasizing the importance of these single pathways, 
such studies do not address the synergy of the multitude of signal-cascades, activated upon 
recognition of pathogens. Systems biology provides tools to enable understanding of such 
complex matters.

Kinases comprise an important part of the intracellular responses mediated by a variety 
of receptors. Although it is highly likely that kinases mediate lung inflammation during 
pneumonia, knowledge about the activation of kinases during pneumonia is limited. 
Microarray-based kinome profiling approaches have been subject of development over 
the last years and an interesting tool to integral study signaling events [12-14]. Unraveling 
the complexities of the host-pathogen interactions during pneumococcal pneumonia can 
be of great value in finding new targets of therapy. Here we use a radio-kinome substrate 
array to determine kinase activities in the lungs during S. pneumoniae pneumonia in mice 
and furthermore attempt to elucidate complex interactions occurring during the course of 
the infection. To our surprise, we did not detect signaling pathways belonging to the TLR 
signaling cascades. In contrast, we detected pathways that induce chemotoxic stress and 
promoted the Th1 response. In addition we found an overall reduction in WNT signaling. 
Canonical WNT signaling, named after the homology of WNT-genes with int-1 and wingless 
in Drosophila, is important in developmental signaling [15, 16]. However more roles of this 
signaling cascade have emerged (e.g. development of cancer)[17].
Moreover, we found a reduction in cell cycle activity during the course of S. pneumoniae 
pneumonia. This study is the first to apply kinome profiling using kinomics chip arrays in 
infectious diseases. 

Material and methods

Ethics Statement
This study was carried out in accordance with the Dutch Experiment on Animals Act. The 
Animal Care and Use Committee of the University of Amsterdam approved all experiments 
(Permit number: DIX100121).
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Animals
For all experiments female C57Bl/6 mice (aged 10 weeks) were purchased from Charles 
River (Maastricht, The Netherlands). The Animal Care and Use Committee of the University 
of Amsterdam approved all experiments.

Induction of pneumonia/inflammation
Pneumonia was induced as previously described [28, 29]. S. pneumoniae serotype 3 (ATCC 
6303) was grown to a mid-logarithmic phase at 37 °C in Todd-Hewitt broth supplemented 
with 0.5% Yeast extract (both Difco, Detroit, MI). Bacteria were harvested by centrifugation at 
4000 rpm for 15 minutes; washed twice and resuspended in sterile saline at a concentration 
of 5x104 CFU/50 μl. Mice were inoculated with 50 μl of bacterial suspensions intranasally 
under isoflurane inhalation anesthesia (Upjohn, Ede, The Netherlands).

Determination of bacterial load
Three, six, 24 and 48 hours after infection, 3 mice per time point were sacrificed by 
cardiac puncture under Domitor (Pfizer Animal Health Care, Capelle aan der IJssel, The 
Netherlands: active ingredient medetomidine) and Nimatek (Eurovet Animal Health, Bladel, 
The Netherlands, active ingredient ketamine) anesthesia.  Left lungs were harvested and 
homogenized in 4 volumes of sterile saline with a tissue homogenizer (ProScience, Oxford, 
CT, USA). Colony forming units (CFUs) were determined from serial dilutions of samples, 
plated on blood agar plates and incubated at 37 °C for 16 hours before colonies were 
counted.

Kinomics chip profiling
Right lungs were snap frozen in liquid nitrogen, after which they were homogenized in three 
volumes of lysis buffer (MPER (Pierce, Rockville, WI, USA) enriched with 1 mM MgCl2, 1 mM 
-glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 1 µg/ml leupeptin, 1 µg/ml aprotinin, and 1 
mM phenylmethylsulphonyl fluoride). Homogenates were centrifuged at 14,000 rpm for 5 
minutes and pellets were discarded. As a control, right lungs were harvested from 3 mice 
administered with sterile isotonic saline 3 hours earlier and treated as described above. 
For the kinomics chip kinome profile assay samples were pooled and diluted to a protein 
concentration of 1 mg/ml. Of these lysates, 80 µl was added to 12 µl of Activation mix (70 
mM MgCl2, 70 mM MnCl2, 400 µg/ml PEG 8000 and 880 kBq [33P-g]ATP) and this mixture 
was applied to a kinomics chip (Pepscan Presto, Lelystad, The Netherlands) per pool. The 
chips were incubated at 37 °C for 2 hours. The arrays were washed twice in 2 M NaCl (1% 
TWEEN 20), once in PBS (1% SDS) and rinsed twice in demineralised H2O. Subsequently 
the chips were air-dried and exposed to a phosphor imager plate for 72 hours. Radioactive 
signals were measured using a phosphor imager (StormTM, Amersham Biosciences, 
Uppsala, Sweden). 

Analysis
For analysis, Spot density and individual background were analyzed using Scanalyse (http://
rana.lbl.gov/EisenSoftware.htm). These data were exported to a spreadsheet (Microsoft, 
Redmond, WA, USA) for further analysis. Spot intensities were normalized to 90 percentile, 
as previously described ([3, 50]. Non-significant data were not taken into account (assessed 
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by students t-test). Hierarchical clustering was performed on normalized spot intensities as 
described by Johnson [18]. Distribution of shared events in time was visualized using Venny 
(Oliveros, J.C. (2007) VENNY http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Westernblot
Results from the kinome analysis were validated by performing phospho-specific Western 
blots for major kinases. Blots were done for: AMPK-α/pAMPK-α, GSK-3β/pGSK-3β, pan-
CDK phospho-substrate, β-catenin (all antibodies from Cellsignaling Technology, Boston, 
MA, USA) and β-actin (Santacruz Biotechnology, Santa Cruz, CA, USA). Samples for western 
blotting were boiled at 95 °C for 5 minutes in laemmli buffer and loaded onto SDS-PAGE 
gels. After electrophoresis the content of the gels was transferred onto Immobilon-PVDF 
membranes (Millipore, Billerica, MA, USA). The membranes were blocked in 5% BSA (Roche, 
Basel, Switzerland) in TBS-T at room temperature for 60 minute. All primary antibodies 
were diluted 1:500 with exception of β-actin, which was diluted 1:4000. The membranes 
were incubated overnight at 4 °C. Next, the membranes were incubated for 60 minutes 
with 1:1000 anti-rabbit-HRP conjugated secondary antibody (Cell Signaling Technology) and 
blots were imaged using LumiLight Plus ECL (Roche, Basel, Swizerland) on a GeneGnome 
chemiluminescence imager (Syngene, Cambridge, UK).

Cytokine and chemokine assays
For cytokine and chemokine measurements, left lungs were excised, weighted and 
homogenized in saline four volumes of saline. Homogenates were diluted 1:2 in lysis buffer 
(300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 2 % Triton X-100, AEBSF(4-(2-aminoethyl)
benzeensolfonyl fluoride, EDTA-Na2, 8 µg/ml pepstatin and leupeptin, pH7.4) and incubated 
on ice for 30 minutes. Homogenates were centrifuges at 3600 rpm at 4 °C for 10 minutes 
and stored at -20 °C until use. Interleukin (IL)-1β, IL-6, Tumor Necrosis Factor α (TNF-α), 
cytokine-induced neutrophil chemoattractant (KC) and macrophage inflammatory protein 
(MIP)-2 were measured in lung homogenates using ELISAs (R&D Systems, Minneapolis, MN) 
according to the manufacturers instructions. Detection limits were: TNF-α: 62.5 pg/ml, MIP-
2 and KC: 15 pg/ml and 31.25 pg/ml for IL-1β, IL-6.

 

Results

Bacterial pneumonia
First, we determined the course of bacterial infection. After instillation of S. pneumoniae 
bacterial loads remained similar at 3 and 6 hours (figure 1a). Between 6 and 24 hours 
bacterial loads in the lung increased exponentially (up to 5 logs increase). At this time an 
apparent maximum number of bacteria had been reached in the lung compartment, as 
no further increase was detected at 48 hours. The induction of lung inflammation was 
illustrated by increases in the pulmonary levels of all measured cytokines (TNF-α, IL-1β, 
IL-6) and chemokines (KC, MIP-2) during the course of bacterial pneumonia (figures 1b-f). 
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Figure 1:  Bacterial growth and induction of cytokines and chemokines
Mice were inoculated with 5x104 CFUs of S. pneumoniae via the intranasal route. Whole lung 
homogenates were harvested at the indicated time points. CFUs (a); cytokine (b-d) and chemokine (e,f) 
levels. Data are means ± SD of 3 mice per time point. 
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Figure 2: Clustering
Hierarchal clustering according to Johnsons of phosphorylation states of whole lung lysates (18) (a). 
Venn diagram of spots phosphorylated at measured time points. 3 hours is depicted in blue, 6 hours 
in yellow, 24 hours in green and 48 hours in red (b). Kinase activities spanning multiple time points 
(intermediate colors) are listed.
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Figure 3: Provisional signal transduction scheme of active signaling pathways during pneumonia 
Activation is depicted in green and inhibition in red, direction of events is calculated in relation to the 
noninfected control. Events from all timepoints (3, 6, 24 and 48 hours) were used to construct this 
scheme representing the entire host response dynamics of pneumococcal pneumonia. Important are 
the overall increment of chemotoxic stress and the initiation of the Th1 response. Spot numbers and 
activities (up ↑ or down ↓) are presented with corresponding kinases and timepoints. WNT signaling 
and the cell cycle are reduced throughout S. pneumoniae pneumonia. 
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Kinome profile overview
To determine the relation between each data-
set of obtained kinome profiles we performed 
hierarchical clustering according to Johnson 
(figure 2a) [18]. During S. pneumoniae 
infection the distance to the control increased 
throughout the course of infection and with 
increasing bacterial loads, indicating increased 
divergence from the initial kinase activity 
profile. Interestingly, 6 hours after infection, 
the kinome profile resembled that of the 
control more than the profile at 3 hours. This 
suggested that strong changes occurred in 
phosphorylation patterns early in infection. 
As the infection progressed more changes in 
the kinome profile were detected, creating a 
greater distance in the cluster. The greatest 
distance to the control was found at 24 and 48 
hours, which cluster outside of the control and 
3 and 6 hours group.
Overall, a total of 153 kinases were found to be 
activated significantly different from uninfected 

control lungs. In figure 2b a multi dimensional Venn diagram represents distribution of 
phosphorylation events in time. When studied at separate time points the following patterns 
were observed: 53 spots were changed compared to control at 3 hours, 27 spots at 6 hours, 
67 spots at 24 hours and 52 spots at 48 hours. Only PKA and MAPK activation differed from 
uninfected lungs at all time points studied. Of note, the MAPK spot (960) is a MAPK_group 
phosphorylation site, thus does not indicate which pathway is implicated.  

S. pneumoniae impact on signaling in the lung
Infection with S. pneumoniae induced a multitude of changes in kinome activity. Figure 3 
shows an overview of ongoing processes during infection. Kinome chip analysis revealed 
that during pneumonia a Th1 associated signaling was induced as illustrated by the reduced 
activity of BCR(spot 68) at 3 hours, NFAT(spot 89) at 3 and 48 hours [19] and ABL(spots 660 
and 672) at 3, 24 and 48 hours (20). Furthermore, increased activities of ATM(spot 36) and 

Figure 4: AMPK-α activity declines during 
pneumococcal pneumonia
Western blot analysis of phosphorylated AMPK-α 
(pAMPK α and unphosphorylated AMPK-α (b,c). 
During course of infection the ratio of pAMPK/ 
AMPK decreased. A similar activity pattern was 
found in the kinomics chip (a). The bar graph shows 
quantification of the relative amounts of phospho-
AMPK-α corrected for total AMPK-α. Data are 
presented as mean ± SD of n = 3.
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DNApK(spots 495 and 555) at 6 hours revealed the emergence of chemotoxic stress. ATM 
was upregulated likely due to presence of ROS and DNA damage [21, 22]. DNApK activation 
occurs in response to DNA damage signals [23, 24]. 
In contrast to induction of chemotoxic stress, downstream insulin-receptor signaling was 
inhibited, as demonstrated by the reduced activity of PDK(spot 226) at 6, 24 and 48 hours, 
AMPK(572) at 48 hours and the dynamic profiles of AKT(spots 46, 105,  361, 397, 557 and 
981), which has events at all time points, and GSK-3β spots 2, 116, 187 and 959) at 3 and 24 
hours with both an increase and decrease in activity early during infection and a subsequent 
decrease / stabilization in the late phases of pneumococcal pneumonia. 
A decrease in TGF-β(spot 870) activity was seen at 3 hours. CK2(spots 60, 173, 256, 573, 618, 
792 and 1005) is involved and needed for WNT activation [25], while CK1(spot 310) inhibits 
WNT signaling [26]. 

The found GSK-3β primary activation and 
reduction could also attribute to WNT 
signaling. In line, we found overall reduced 
activity of EHP4 (spot 12) at 3 hours and 
β-catenin(spots 187 and 321) at 3, 24 and 48 
hours. 
Interestingly, kinome array analysis revealed 
reduced activity for numeral kinases involved 
in regulation of the cell cycle (CDK1: spots 
105, 3112, 542, 796, 554, 615/CDK2 spot 309/
CDK4 spots: 274, 374, 688/CDK5 spot 420).

Western blots of selected kinases 
confirm kinomics chip kinome profile 
data
In order to validate the phosphorylation-
states of AMPK-α both phosphorylated and 
unphosphorylated AMPK-α were detected 
in lung homogenates from S. pneumoniae 
infected animals (Figure 4b). When comparing 
AMPK-α activity on the kinomics chip (Figure 
4a) with the results from the western blots, 
a similar pattern emerged: decreased 

Figure 5: Early increase and later decrease in 
GSK-3β activity 
Western blot of total GSK-3β and GSK-3β 
phosphorylation at ser9 (a blot, b; quantification of 
phospho corrected for total GSK-3β). P-GSK-3β at 
Ser 9 inhibits phosphorylation of its substrate GS1 
as depicted in fig. 5c. These data were derived from 
the kinomics chip. Data are presented as mean ± 
SD of n = 3.
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Figure 6: Decrease in CDK activity with increasing pneumonia
Western blot (a) and quantification of all CDK phosphorylated substrates (b) revealed a decrease 
in CDK activity. Quantification was performed for all positive signals on the blot and corrected for 
β-actin. Data are represented as mean ± SD of n = 3. 

Table 1: Kinome chip analysis of cyclin dependant kinase activity
Kinase Protein Motif Signal Event time
CDK1 RAP1GAP IVPGKSPTRKK Down 24h

CDK1 MYOD1 GDSDASSPRSN Down 3h
CDK1 CALD1 PTAAGTPNKET Down 48h
CDK5 DAB1 APRQSSPSKSS Down 3h
CDK5 MEF2A KSEPISPPRDR Up 24h

CDK2-cyclin E COIL EAKRKSPKKKE Down 24, 48h
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phosphorylation of AMPK-α at later time points of infection (Figure 4c).
To investigate if phosphorylation status of substrates on the kinomics chip mirrors that of 
more upstream kinases the phosphorylation state of Ser9, an inhibitory site of GSK-3β was 
measured. GSK-3β phosphorylates the substrate GS-1. However inhibition of GSK-3β at Ser9 
results in reduced GS-1 phosphorylation. Indeed, GS-1 on the kinomics chip showed reduced 
phosphorylation at all time points except for 24 hours after infection.  As demonstrated 
by figure 5a, GSK-3β activity was enhanced during the first 6 hours of infection. Activation 
pattern of the substrate GS-1 matched the activity of the upstream kinase closely: the ratio 
of the inverted p-GSK-3β signal closely resembled the ratio of the kinomics chip signal of 
GS-1.
In general, CDK activity was decreased over time during pneumonia (table 1). Since 
antibodies for the different CDK substrates (cyclins) are not available, we set out to validate 
these findings by using a pan CDK p-substrate western blot. By this approach we can detect 
activity of all CDKs at once.  Semi-quantitative analysis of the blots validated the results 
obtained by the kinomics chip kinome profiles (figure 6a, b): overall CDK activity in S. 
pneumoniae infection was decreased.
Upon phosphorylation, β-catenin is rapidly degraded, reflecting the off state of WNT [27]. 
Unsuprisingly, only β-catenin levels were detectible by western blot assay (figure 7). The 
total β-catenin amounts decreased over time. This, indirectly, represents a decrease of 
potentially active β-catenin.

Figure 7: β-catenin levels decrease over time
Western blot (a) and quantification (b) of β-catenin. β-catenin protein levels decrease during S. 
pneumoniae pneumonia. Indirectly, represent a decrease of potentially active β-catenin. Data are 
represented as mean ± SD of n = 3.
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Discussion

Current mass spectrometry techniques and novel proteomics approaches like antibody 
microarrays determine protein phosphorylation levels rather than the enzymatic activity 
resulting from it, while measurement of kinase activity using the peptide microarray provides 
a direct view on the extent of enzymatic activity leading to specific signal transduction. We 
here utilized kinome substrate arrays to obtain insight in alterations in kinase activity in 
the lungs during respiratory tract infection caused by the most common causative agent in 
CAP, S. pneumoniae.  The most strongly affected pathways identified during pneumococcal 
pneumonia were associated with enhanced chemotoxic stress, a developing Th1 response , 
reduced WNT signaling and down regulated cell cycle activity.

The infectious dose of S. pneumoniae chosen causes lethality in mice from 48 hours 
onward with an overall mortality rate of 90%-100% after 4 to 6 days [28, 29]. In accordance, 
fulminant pneumonia was induced, as demonstrated by a profound bacterial outgrowth and 
a strong induction of inflammatory cytokines and chemokines. We obtained lung samples 
between 3 and 48 hours after infection, thus presenting the entire dynamics of the host 
response during pneumococcal pneumonia from shortly after infection until shortly before 
death. As such, kinases activities found in the kinomics analysis are representative of severe 
pneumococcal pneumonia.

The kinome profile dendogram (figure 2a) generated from lung samples harvested 6 hours 
after infection was more closely related to control than the kinome profile obtained after 
3 hours. We hypothesize that this is the effect of early and rapid changes occurring in 
response to the introduction of the pathogen. Of note, cells migrating into lung tissue in 
response to S. pneumoniae entering the airways likely affect kinome profiling patterns, since 
these were generated from whole lung homogenates. Kinome studies on specific leukocyte 
subsets purified from lung tissue at several time points after induction of pneumonia might 
circumvent this shortcoming. However, cell isolation procedures potentially influence 
phosphorylation states and thus we chose to utilize total lung homogenates, generated from 
snap frozen material. One also has to consider that, when searching for new therapies, it is 
the whole lung that will be exposed to a potential drug, e.g. administered via nebulization. 
Therefore, we chose to determine kinase profiles of total lung lysates without isolating 
different cell types.

Analysis of our chip data revealed several significant ongoing processes in pneumonia. 
Much to our surprise specific MAPKs and other kinases classically related with the immune 
response, like those involved with TLR signaling (e.g. Iκκα/Iκκβ, TBK1 and MEK-1) were 
not prominently present in the results obtained  from the kinomics chip, not even at the 
earliest time point. A general MAPK substrate however was shared between time points, 
but no links to its specific contexts could be made. Ex vivo stimulation of bone marrow 
derived macrophages with serotype 2 S. pneumoniae gave rise to p38MAPK/JNK and ERK 
phosphorylation [30].  Moreover, in a murine model of pneumococcal pneumonia p38MAPK 



32

2

K
inase activity profiling of pneum

ococcal pneum
onia

inhibition resulted in enhanced bacterial loads [31], thus indicating that MAPKs may play a 
role in pneumococcal pneumonia. 

PKA was also shared in all time points. This kinase is involved in regulation of proliferation 
and differentiation, microtubule dynamics, chromatin condensation and decondensation, 
nuclear envelope disassembly and reassembly, as well as regulation of intracellular transport 
mechanisms and ion fluxes [32]. Thus, its overall presence is not surprising.

In context of an immune response to bacterial infection, the Th1 response signaling was the 
only prominent pathway that appeared in our analysis. Th1 responses were mirrored by the 
decreased activity of BCR and NFAT. De-phosphorylation of NFAT (as a substrate) enables 
its translocation to the nucleus inducing IL-2 transcription [33]. Contrary to NFAT and BCR, 
ABL activation was decreased reducing its Th1 inducing responses [34]. Although in this 
model of acute respiratory tract infection, the innate immune response plays an important 
role, T cell immune function is important for generating an adaptive immune response and 
memory building. 
Moreover, in recent studies CD8 knockout mice or CD8+ T-cell depleted wild type mice 
displayed an increased susceptibility to serotype 3 pneumococcal pneumonia, while 
adoptive transfer of CD8+ T-cell to knockout mice improved survival [35]. Our Th1 results 
combined with this study demonstrate that T cells play a role in serotype 3 pneumoccocal 
pneumonia. 

A variety of CDKs and CDK associated kinases displayed a reduced activity during the 
course of pneumococcal pneumonia. These kinases regulate the progression through the 
cell cycle (36). However, recent studies demonstrate that utilizing a CDK inhibitor reduced 
cerebrospinal fluid leukocyte count, hemorrhagic events and improved recovery in a mouse 
model of antibiotic treated S. pneumoniae meningitis [37]. It is proposed that the inhibition 
of CDKs in effect facilitates induction of caspase dependent apoptosis via MCL-1 [38, 39]. 
The functional role of CDKs during S. pneumoniae pneumonia remains to be established.

Several kinases not primarily associated with inflammation or infection, were abundant in 
our findings. Nonetheless, most of these kinases have been implicated to also contribute 
to an inflammatory response. AMPK-α and GSK-3 β mainly are known in metabolic context, 
specifically in insulin and glucose signaling [40, 41], but also have strong connections with 
inflammation. AMPK activation results in reduced TLR4 dependent lung inflammation [42]. 
GSK3 inhibition reduced IL-12p40, IL-6 and TNF-α in a mouse model of tularemia [43]. 
Furthermore, TLR induced pro-inflammatory cytokine production was reduced in monocytes 
by GSK-3β inhibition [44]. TGF-β is known to have strong anti-inflammatory effects [45]. 
Both GSK-3β and TGFβ, via CK2, are implicated in WNT signaling [46]. Our kinome analysis 
demonstrated that WNT signaling is overall reduced during pneumonia. To our knowledge, 
the role of WNT signaling in pneumococcal pneumonia has not been clearly defined yet, 
although β-catenin signaling has been associated with MAPK-signaling and modulation of 
NFkB function [46, 47]. WNT5 was described to contribute to the inflammatory response of 
human macrophages [48].
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It should be noted, however, that differences in pneumococcal serotype can illicit differential 
immune responses. Serotype 11a (M10) murine pneumococcal pneumonia resulted in an 
early local levels of TNF-α and IL-6 in the pulmonary compartment, whereas serotype 3 
(ATCC6303) displayed a more delayed response, which remained until death occurred  [49]. 
This serotype 3 data is accordance with induction of IL-6 observed here, which was detected 
after 24 hours of infection. Thus, the immune system seems to react in a delayed fashion to 
the serotype 3 pneumococcus.

Notably, kinome profiles were determined in homogenates prepared from right (whole) 
lungs. As such, since the extent of pneumonia and the associated inflammation likely are 
not equally distributed in all lung segments in our model of intranasal infection, our data 
are not representative for specific areas of infection. In addition, analyses of both (whole) 
lungs would have provided more definitive information about pulmonary kinome profiles, 
since this approach would have excluded bias due to unequal left-right distribution of the 
infection. 

Here we demonstrate the use of a systems biology approach on kinome activity in the lung 
during pneumococcal pneumonia. We uncovered pathways that induce chemotoxic stress 
and promote the Th1 response. Moreover, we found an overall reduction in WNT signaling 
and reduction in cell cycle activity during the course of severe S. pneumoniae infection. 
These data may pave the way to future drug interventions seeking to interfere with specific 
signaling pathways e.g. activating WNT signaling or reducing CDK activity.  
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Abstract

Pneumonia is a severe disease with high morbidity and mortality. A major causative 
pathogen is the Gram-negative bacterium Klebsiella pneumoniae (K. pneumoniae). 
Kinases play an integral role in the transduction of intracellular signaling cascades and 
regulate a diverse array of biological processes essential to immune cells. The current 
study explored signal transduction events during murine Gram-negative pneumonia using 
a systems biology approach.  Kinase  activity arrays enable the analysis of 1024 consensus 
sequences of protein kinase substrates. Using  a kinase activity array on whole lung lysates, 
cellular kinase activities were determined in a mouse model of K. pneumoniae pneumonia. 
Notable kinase activities were also validated with phospho-specific westernblots.
Based upon the profiling data, mitogen activated protein kinase (MAPK) signaling via p42 
and p38 and TGF-β activity were reduced in the course of infection, whereas v-src sarcoma 
(Schmidt-Ruppin A-2) viral oncogene homolog (avian) (SRC) activity was generally enhanced. 
AKT signaling was represented in both metabolic and inflammatory (mitogen-activated 
protein kinase kinase 2(MKK),apoptosis signaling-regulated kinase/mitogen-activated 
protein kinase kinase kinase 5 (ASK) and v-raf murine sarcoma viral oncogene homolog B1 
(B-RAF)) context. This study reaffirms the importance of classic inflammation pathways, 
such as MAPK and TGF-β signaling and reveals less known involvement of GSK-3β, AKT and 
SRC signaling cassettes in pneumonia.
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Introduction

Pneumonia is a severe disease associated with high morbidity and mortality [1]. In the 
United States, nearly 100,000 deaths are attributed to pneumonia and sepsis per year, 
making these the fifth leading causes of death [2]. The Gram-negative bacterium Klebsiella 
(K.) pneumoniae is a common causative pathogen in pneumonia [3-5].

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 designed to eliminate the 
intruder [6]. In Gram-negative pneumonia, Toll-like receptors (TLRs) recognize several PAMPs, 
including LPS (TLR4), DNA (TLR9), RNA (TLR3), Porins/peptidoglycan (TLR2) and Flagellin 
(TLR5) [7, 8]. Nod like receptors (NLRs) may interact with DNA (AIM2[9]), Peptidoglycan 
(NOD2, NALP1/3) and Flagellin (IPAF) [9, 10]. Multiple PRRs detect their respective PAMPs 
simultaneously and interplay between pathways is highly likely to arise during an evolving 
infection [7, 11].

Reversible phosphorylation, mediated by protein kinases and phosphatases, regulates 
signal transduction pathways [12]. The  outcome of these phospho-transfer activities is 
beyond the simple linear signal transduction models. A broader perspective of this complex 
system is enabled by array techniques. Kinome profiling represents a method to obtain 
activity data of kinases and their respective pathways [13]. Here we utilized a kinase activity 
array, with 1024 consensus sequences, to reveal sequential processes during the course of 
K. pneumoniae pneumonia in mice. We identified and validated activity patterns of classic 
immune related kinases, such as p38 and p42 as well as other key regulators of cellular 
responses such as GSK-3β and the SRC and AKT cassettes.  
 

Material and methods

Animals
Female C57Bl6 mice (aged 10 weeks) were purchased from Charles River (Maastricht, 
The Netherlands). The Animal Care and Use Committee of the University of Amsterdam 
approved all experiments.

Induction of pneumonia/inflammation
Bacterial pneumonia was induced as previously described [11, 14]. K. pneumoniae serotype 
2 (ATCC 43816) were grown in Tryptic Soy broth (Difco, Detroit, MI, USA) to mid-logarithmic 
phase at 37 °C. Bacterial cultures were harvested by centrifugation at 2900 g for 15 minutes, 
washed twice and resuspended in sterile saline at a concentration of 104 CFU/50 μl. Mice 
were inoculated with 50 μl of bacterial suspensions intranasally under isoflurane (Upjohn, 
Ede, The Netherlands) inhalation anesthesia. Control mice were intranasally inoculated with 
sterile saline. 
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Determination of bacterial load
At three, six, 24 and 48 hours after infection, 3 mice were sacrificed by cardiac puncture 
under Domitor (Pfizer Animal Health Care, Capelle aan den IJssel, The Netherlands; active 
ingredient medetomidine) and Nimatek (Eurovet Animal Health, Bladel, The Netherlands; 
active ingredient ketamine) anesthesia. Three control mice were killed 3 hours after 
inoculation with sterile saline. Left lungs were harvested and homogenized in 4 volumes of 
sterile saline with a tissue homogenizer (ProScience, Oxford, CT, USA). Colony forming units 
(CFUs) were determined from serial dilutions of samples, plated on blood agar plates and 
incubated at 37 °C for 16 hours before colonies were counted.

Kinome profiling
Right lungs were snap frozen in liquid nitrogen, after which they were homogenized in three 
volumes of lysis buffer (MPER; Pierce, Rockville, WI, USA) supplemented with 1 mM MgCl2, 
1 mM glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 1 µg/ml leupeptin, 1 µg/ml aprotinin, 
and 1 mM phenylmethylsulphonyl fluoride. Homogenates were centrifuged at 2080 g 
for 5 minutes and pellets were discarded. Samples were pooled and diluted to a protein 
concentration of 1 mg/ml. Of these lysates, 80 µl was mixed with 12 µl of Activation mix 
(70 mM MgCl2, 70 mM MnCl2, 400 µg/ml PEG 8000 and 47 µCi [33P-g]ATP) and applied 
to the array(Pepscan Presto, Lelystad, The Netherlands). The arrays chips were incubated 
at 37 °C for 2 hours and were washed twice in 2 M NaCl (1% TWEEN 20), once in PBS (1% 
SDS) and rinsed twice in demineralised H2O. After air-drying the chips were exposed to a 
phosphor imager plate for 72 hours. [33P-g]ATP signals were measured with a phosphor 
imager (StormTM, Amersham Biosciences, Uppsala, Sweden).

Analysis
Spot densities and individual backgrounds were analyzed using Scanalyse (http://rana.lbl.
gov/EisenSoftware.htm). Data were exported to a spreadsheet (Microsoft, Redmond, WA, 
USA) for further analysis. The raw data were normalized to 90 percentile, as previously 
described [15-18]. From this data the heatmap in figure 1 was constructed in R 2.12.0 (R 
Foundation for Statistical Computing, Vienna, Austria) using the heatmap.2 function of the 
gplots library, making use of the hclust function set using complete-linkage. Significance was 
assessed by students-t test on normalized data. Shared event distribution was visualized 
using Venny  (Oliveros, J.C. (2007) VENNY http://bioinfogp.cnb.csic.es/tools/venny/index.
html). 

Western blots
Results from the kinome analysis were validated by performing phospho-specific western 
blots for major kinases. Blots were done for: pp38-MAPK, pp42/44-MAPK, pSMAD1/5/8, 
pSRC and pGSK-3β(Cell Signaling Technology, Boston, MA, USA) and β-actin (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Samples for western blotting were boiled at 95 °C 
for 5 minutes in laemmli buffer and loaded onto SDS-PAGE gels. After electrophoresis the 
content of the gels was transferred onto Immobilon-PVDF membranes (Millipore, Billerica, 
MA, USA). Membranes were blocked in 5% BSA (Roche, Basel, Switzerland) in TBS-T at room 
temperature for 60 minutes. All antibodies were diluted 1:500 with exception of β-actin, 
which was diluted 1:4000, and incubated overnight at 4 °C. Next, the membranes were 
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incubated for 60 minutes with anti-rabbit-HRP conjugated secondary antibody (Cell Signaling 
Technology) and blots were imaged using LumiLight Plus ECL (Roche, Basel, Switzerland) on 
a LAS 3000 chemiluminescence imager (Fujifilm, Tokyo, Japan).

Cytokine and chemokine assays
For cytokine and chemokine measurements, left lungs were excised, weighed and 
homogenized in four volumes of saline. Homogenates were diluted 1:2 in lysis buffer (300 
mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 2% Triton X-100, AEBSF(4-(2-aminoethyl)
benzeensolfonyl fluoride, EDTA-Na2, 8 µg/ml pepstatin and leupeptin, pH7.4) and incubated 
on ice for 30 minutes. Homogenates were centrifuged at 2350 g at 4 °C for 10 minutes 
and stored at -20 °C until use. Interleukin (IL)-1β, IL-6, Tumor Necrosis Factor α (TNF-α), 
cytokine-induced neutrophil chemoattractant (KC) and macrophage inflammatory protein 
(MIP)-2 were measured in lung homogenates using ELISAs (R&D Systems, Minneapolis, MN) 
according to the manufacturer’s instructions. Detection limits were: TNF-α: 62.5 pg/ml, 
MIP-2 and KC: 15 pg/ml and 31.25 pg/ml for IL-1β and IL-6.

 

Results

Induction of pneumonia
Mice inoculated with 104 CFU K. pneumoniae developed  pneumonia. Table 1 represents 
the bacterial loads in whole lung homogenates during the course of the experiment. Both 
CFU counts and cytokine/chemokine levels increased rapidly in time. Notably, this infectious 
dose results in approximately 80% lethality, starting from 48 hours after infection [11, 14]. 
Hence, this model represents severe pneumonia and samples were obtained from shortly 
after infection until shortly before the first deaths occurred. 

K. pneumoniae pneumonia kinome profile 
From the phosphorylation events of the array a heatmap was constructed (figure 1A). The 
clustering of the significant events on the array chip showed that the kinase activity profiles 
of infected lungs were more similar to each other than those of the uninfected control 
animals. The highest similarity was between samples obtained after 6 and 24 hours. When 
compared to control arrays, a total of 179 phosphorylated spots from arrays derived from 
infected lungs were statistically significantly different. For the 3, 6, 24 and 48 hours time 
points the spots were distributed as 82, 53, 54 and 54 differentially phosphorylated spots 
respectively (figure 1B). The majority of events however, were exclusive to a single time 
point.
Provisional signaling cascade schemes were created from notable phosphorylated spots of 
the kinomics chips reflecting kinase activity during progressive Gram-negative pneumonia 
(figure 2). AKT was present in the context of a number of signaling cascades (figure 2A). 
AKT is a substrate to PDK [19] (spot 934) and via GSK-3β (spots 84, 443 and 1020) [20] and 
tuberin (spot 373) signals towards mTOR [21]. Moreover AKT is involved in the apparent 
down regulation of activity of kinases critical in the immune response setting; via b-RAF 
(spots 318, 885) [22] and MEK (spot 497) [23] the activity of p42 MAPK(spots 49, 183, 290 
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and 988) was overall inhibited. Inhibition of p38 MAPK (spots 261 and 603) could be due 
to AKT dependent modulation of ASK (spot 365) [24]. The activity patterns of SGK (spot 
213) and TGF-β (spot 870) are in agreement with lowered immune responses [25, 26]. 
Downstream of TGF-β SMAD1 [27] activity was diminished after 3 and 6 hours of infection.
HSP22 (spots 61 and 529) and cGMPk1 (spot 28) are representative of tissue damage, arising 
as a consequence of uncontrolled infection [28-30]. Phosphorylation of these substrates 
was enhanced very early in infection, although HSP22 phosphorylation (increased 3 hours 
post infection) was significantly reduced at 6 hours of infection. 

Figure 2B depicts signaling events centered by SRC (spots 52, 590, 736). The SRC kinases 
FYN (spots 196 and 318) and LCK (spots 59 and 457) display enhanced activity after 24 and 
48 hours respectively [17, 31, 32]. SRC inhibiting kinase CSK (spot 836) [33] activity was 
diminished after 6 and 24 hours, intermediate between CSK and SRC, LYN (spot 11) [34] 
activity was enhanced after 48 hours. These signals towards SRC balance out and result in 
overall activation of SRC kinase.
RHO signaling (spots 613 and 850), which is connected to SRC signaling was also activated 
[35]. This activation most probably occurs via FAK (spot 340) and PKC (spot 170) [36, 37].

Validation of Kinome profile events
GSK-3β activity was present in the context of AKT signaling, and shown in the provisional 
signaling scheme signaling towards mTOR (figure 2A). To overlay the phosphorylation 
pattern of the western blot and the activity pattern of the kinome profile both data sets 
were normalized to the control. As phosphorylation of GSK-3β (figure 3A and B) at Serine 9 
results in inactivation of this kinase (38), normalized western blot data were inverted. The 
graph (figure 3C) derived from the western blot and kinome profiles showed similar activity 
patterns validating our array findings.

As depicted in the provisional signaling scheme, AKT is involved in down regulation of kinases 
critical in the immune response setting, including p42 and p38 [22-24]. Phosphorylation 
states of p38 and p42 kinases were compared to  chip signals. P42 phosphorylation levels 
(figure 4A and B) decreased over time, which is in accordance with the determined kinase 
activity (figure 4C). P38 blot revealed a reduction in phosphorylation levels of p38 with 

Table 1: Bacterial loads, cytokine and chemokine levels in lung homogenates
3 hours 6 hours 24 hours 48 hours

CFU/lung 4.6x103±2.6 x103 9.1 x103±2.7 x103 3.1 x104±8.1 x103 3.5 x106±1.2 x106

TNF-α (pg/ml) 501±230 402±110 905±302 1658±904

IL-1β (pg/ml) 79±54 84±36 414±210 484±66
IL-6 (pg/ml) 159±69 174±45 510±136 1920±1631
KC (pg/ml) 1885±460 2809±972 9451±2614 28202±781

MIP-2 (pg/ml) 3325±887 3237±659 5459±1186 9397±4807

After inoculation of 104 CFU of K. pneumoniae both bacterial loads and cytokine and chemokine levels 
increase with time. Data are means ± SD of 3 mice per time point.
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Figure 1: Heatmap and clustering of phosphorylation states of 179 significantly altered kinase activities  
in whole lung lysates (A). Note that the distance between the cluster of infection and control is the 
greatest. Venn diagram (B) depicting the distribution of phosphorylated spots at time points indicated. 
3 hours is depicted in blue, 6 hours in yellow, 24 hours in green and 48 hours in red. Most data points 
are confined to their respective time points. pRB, retonoblastoma kinase.
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exception of the 6 hour time point (figure 
4D and E).
In the kinome profile array, we found that 
SMAD1 activity was reduced in the early 
phase of infection (figure 2A). In addition, 
spot 708 phosphorylation demonstrated a 
similar, though not significant pattern for 
SMAD5 (data not shown). The phospho-
specific western blot (figure 4D and G) 
matched the outcome of the kinase 
activity array  (figure 4H).
SRC is the heart of the provisional cascades 
depicted in figure 2B. Under influence 
of FYN, LCK, CSK-LYN the overall activity 
was increased over time on the kinomics 
chip (figure 4J). With exception of the 24h 
time point, western blot analysis revealed 
increasing phosphorylation of SRC during 

K. pneumoniae pneumonia (figure 4D and I). 

Discussion

Genomics array data banks are becoming increasingly available to the broad public to 
monitor responses or predict outcomes of specific patient subgroups. However, most of 
these data banks contain gene expression data, thus lacking information on real-time protein 
activities such as phosphorylation interactions which are fundamental to signaling cascades. 
With 1024 consensus substrates kinome profiling enables the direct determination of kinase 
activity. We here report for the first time sequential alterations in kinase activities in whole 

Figure 3: Validation of GSK-3β kinomics array 
signals
Western blots, performed for SER-
9 phosphorylated GSK-3β(A and B). 
Phosphorylation of serine 9 results in GSK-3β 
de-activation. To compare western blot data 
with kinase activity data, time point/sham 
ratios for both data sets were determined. Due 
to the inhibitory outcome of the western blot 
phosphorylation data, ratios of this set were 
inversed. Inversed western blot ratios were 
compared with the  time point/sham ratios of 
the kinase activity data from the kinomics array 
(C). These activity patterns overlap, showing 
consistency between western blot and kinase 
activity array methods. Data are means ± SD of 
3 mice per time point.
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lungs during the course of severe Gram-negative pneumonia.  
The inherent complexity of arrays demands a careful approach of determining activity 
patterns of a multitude of kinase-substrate interactions prior to drawing conclusions on 
individual kinase activities. The western blots performed for pp38, pp42, pSMAD1/5/8, pSRC 
and pGSK-3β resulted in activity patterns similar to those of the kinome profile, validating 
the data obtained from the kinomics chip.
Differences between kinase activities found between the kinomics chip and phosphorylation 
states determined by western blot can be explained by differences in active kinase domains 
from the kinomics assay and epitopes recognized by the p-antibodies used in our validation 
western blots.

In the kinome profile, pSMAD1 was reduced in the early phase of infection and enhanced at 
48 hours post-infection. This hints to differential activity of the TGF-β receptor 1 or the BMP 
receptor type 1B, the kinases responsible for phosphorylation of SMAD1 at this site. BMP 
signaling in the lung is shown to facilitate tissue remodeling, repair and has been implicated 
as a cause of pulmonary hypertension [39, 40]. 
Remodeling signals could be a response to activity of the tissue damage associated kinases 
HSP22 and cGMPk1 (figure 2A). However, under control of TGF-β, SMAD1 immunological 
effects are in accordance with reduced p38 and p42 activities (figure 2A and figure 4A-F) 
[39].

AKT (or PKB) regulates various cellular processes, such as survival, growth, proliferation, 
glucose uptake, metabolism, and angiogenesis [20]. It was also described as regulating TLR 
dependent inflammatory responses in bone marrow derived mouse neutrophils [19].  On 
the kinomics array AKT activity resulted in reduced ASK activation thus linking this “general 
organizer” to inflammatory MAPK signaling. PKA influences various biologic systems. In the 
context of MAPK signaling, PKA has dual effects on p42 activation. When signaling via RAF-
1, PKA mediates inhibition of p42, while PKA signaling via b-RAF results in activation of p42 
[23]. The PKA-b-RAF cascade found in our kinomics arrays is in agreement with the observed 
p42 kinase events.

P38 and p42  activities were reduced during the infection, although, inflammatory effectors 
(cytokines and chemokines) were increased. P38 and P42 MAPK activation is transient [41, 
42]. The activation dynamics of p38 and p42  could be such that the peak of their activation 
has passed already at the 3 hour time point which is in accordance with studies in human 
endotoxemia studies: after an early peak of activation for both p38 and p42 a reduced 
phosphorylation state occurred [43]. In order to investigate the full activity dynamics of 

Figure 4(next page): Validation of notable signals in the kinomics array.
 Western blots and quantifications were performed to validate notable signals in the kinomics chip. 
Western blots are shown in A and D; panels B, E, G and I contain graphs of densitometric assessment 
of western blots. Kinase activity data are represented in graphs C, F, H and J. Phosphorylation patterns 
of p42 (A,B), p38 (D,E), SMAD1/5/8 (D,G) and SRC (D,I) based on western blots match the kinase 
activity array data (C,F,H and J respectively). Array data are presented as a mean signal of 2 spots 
belonging to the kinase of interest. Asterisks indicate significant events in kinomics profile. Data are 
means ± SD of 3 mice per time point.
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p38 and p42, in future studies kinome analysis on earlier time points should be performed.
 
GSK-3β regulates multiple cellular functions, including cell- structure, gene expression, 
mobility and apoptosis; additionally, GSK-3β is also an important positive regulator of 
inflammatory processes [44]. Inhibition of GSK-3β reduced IL-12p40, IL-6 and TNF-α  
cytokine levels in mice infected with Francisella tularensis (45). Furthermore, TLR induced 
pro-inflammatory cytokine production was reduced in monocytes by inhibiting GSK-3β [44]. 
The effects on host response by GSK-3β are attributed to regulation of transcription factors 
as NF-kB, NFAT and STATs [46]. In our data (Figure 2) GSK-3β activity is reduced at the 3 hour 
time point and enhanced at the 6 hour time point. This is in accordance with the observed 
enhanced activity of TGF-β, which has a known anti-inflammatory effect [26], on at 3 hours 
and the reductions in p38 and p42 activity (Figure 2).

Knowledge of the expression of SRC tyrosine kinase family members during infection is 
limited.  In accordance with our current data, enhanced SRC activity was noted in a mouse 
model of LPS induced acute lung injury [47]. Moreover, the SRC family inhibitor PP1 blocked 
LPS induced NF-kB activation in lung tissue via down-regulation of the phosphorylation 
and degradation of IkB-β at 4 or 24 hours [36]; moreover, SRC family inhibition attenuated 
LPS-induced acute lung injury [48] supposedly via an effect on TLR signaling [49]. Also, CSK 
mutant (CSK-GEcre) mice, which lack a general inhibitor of SRC, develop acute multifocal 
inflammation in skin and lung and are hypersensitive to LPS-induced shock due to 
unconstrained SRC activity [33]. These findings support that the SRC related signals that 
arise from  kinase activity profiling are a direct response to ongoing infection.

Pneumonia triggers a complex host response at the primary site of infection that 
encompasses a protective innate immune response aiming to kill invading pathogens, 
counter-regulatory actions seeking to limit collateral tissue damage and repair processes. 
Kinases are important components of the integrated cellular responses during pneumonia. 
The current investigation is the first to provide insight in pulmonary activity of key kinases 
during various stages of severe Gram-negative respiratory tract infection.

Kinase activity assays enable a direct assessment of the dynamics of kinases with a higher 
throughput than any currently available antibody based method. Moreover, kinase activity 
arrays measure the activity of kinases on their respective substrates, rather than providing 
indirect information on their activity via their phosphorylation state. Non-hypothesis driven 
experiments, made possible by an array approach, may facilitate observations outside of 
ruling paradigms.
Our results point to induction of innate immunity, as reflected by classic p42 and p38 MAPK’s, 
TGF-β, the lesser-known immunological side of SRC kinases and the increasingly appreciated 
role of GSK-3β in the host response. In addition, processes controlled by ‘general organizers’ 
such as AKT and PKA were induced, of which exact effects are more difficult to pinpoint. 
This study suggests a role for SRC kinase in pneumonia and  delineates a potential link of 
AKT and PKA with inflammatory responses. As such, kinase activity profiling may reveal new 
functional and pathogenetic mechanisms at play during various stages of pneumonia.
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Abstract

Background:
Bacterial pneumonia remains associated with high morbidity and mortality. The gram-
positive pathogen Streptococcus (S.) pneumoniae is the most common cause of community-
acquired pneumonia. Lipoteichoic acid (LTA) is an important proinflammatory component 
of the gram-positive bacterial cell wall. R-roscovitine, a purine analog, is a potent cyclin-
dependent-kinase (CDK)-1,2,5 and 7 inhibitor that has the ability to inhibit cell cycle and to 
induce polymorphonuclear cell (PMN) apoptosis.

Aim:
We sought to investigate the effect of r-roscovitine on LTA induced activation of cell lines 
with relevance for lung inflammation in vitro and on lung inflammation elicited by either LTA 
or viable S. pneumoniae in vivo.

Results:
In vitro r-roscovitine enhanced apoptosis in PMNs and reduced TNF-α and KC production 
in MH-S (alveolar macrophages) and MLE-12/MLE-15 (respiratory epithelial) cell lines. In 
vivo r-roscovitine treatment reduced PMN numbers in bronchoalveolar lavage fluid during 
LTA induced lung inflammation; this effect was reversed by inhibiting apoptosis. Postponed 
treatment with r-roscovitine (24 and 72 hours) diminished PMN numbers in lung tissue 
during gram-positive pneumonia; this was associated with a transient increase in pulmonary 
bacterial loads.

Conclusion:
R-roscovitine inhibits proinflammatory responses induced by the gram-positive stimuli LTA 
and S. pneumoniae. R-roscovitine reduces PMN numbers in lungs upon LTA administration 
by enhancing apoptosis. The reduction in PMN numbers caused by r-roscovitine during 
S. pneumoniae pneumonia may hamper antibacterial defense. 
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Introduction

Bacterial pneumonia is a common infection that, at present, remains associated with high 
morbidity and mortality [1,2]. The gram-positive bacterium Streptococcus (S.) pneumoniae 
is the most common cause of community-acquired pneumonia (CAP) [3,4]. Upon the 
availability of antibiotics mortality rates decreased from 77% to 28% [5]. However, since 
then mortality did not decrease dramatically despite increasing medical aptitude in the 
following decades [6].

Much has been learned about gram-negative infections and the importance of 
lipopolysaccharide herein. However, less is known about the host response to gram-positive 
pathogens. Lipoteichoic acid (LTA) is a major constituent of the outer cell wall of gram-
positive bacteria and the predominant mediator of inflammatory responses to these micro-
organisms [7,8,9].

A key element of the acute inflammatory response in the lung is the recruitment of 
polymorphonuclear cells (PMNs) to the bronchoalveolar space. The ability of PMNs to 
destroy invading microorganisms is potentially destructive for host tissue [10,11,12]. PMNs 
contain and generate toxic substances that are harmful to the lung when they exocytose 
their granules and/or undergo uncontrolled necrosis. Therefore, successful resolution of 
infection needs removal of excess cellular infiltrate [11,13]. Herein, apoptosis is a strong 
regulatory mechanism during lung inflammation [14]: phagocytosis of apoptotic PMNs by 
macrophages reprograms macrophages to release anti-inflammatory mediators thus aiding 
resolution of (harmful) inflammation [15,16]. 

The purine analog r-roscovitine is a potent inhibitor of the cyclin-dependent-kinases (CDKs) 
1,2,5 and 7 that has the ability to inhibit cell cycle and to induce apoptosis, especially in 
PMNs [10,17,18,19]. Its apoptotic potential in PMNs has previously been established in 
several in vivo models of inflammation and infection, resulting in improved resolution of 
inflammation [20,21,22]. Besides inducing beneficial PMN apoptosis, r-roscovitine possibly 
has direct anti-inflammatory properties by inhibiting the transcription of pro-inflammatory 
cytokines in macrophages [19]. 

As proof of principle, we sought to investigate if the CDK inhibitor drug r-roscovitine reduces 
lung inflammation elicited by either LTA or viable S. pneumoniae in vivo. In the pneumonia 
setting we combined r-roscovitine treatment with ceftriaxone, an antibiotic active against 
gram-positive and gram-negative bacteria, which was previously used in our laboratory in 
models of pneumococcal pneumonia [23,24]. In the current study we demonstrate that 
r-roscovitine has potent anti-inflammatory effects in vitro on cells important for innate 
immune response of the pulmonary compartment. In vivo, r-roscovitine treatment reduced 
acute lung inflammation induced by purified LTA and S. pneumoniae. 
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Material and methods

Experiments with purified PMNs
Peripheral blood was drawn from healthy volunteers in EDTA containing tubes. Within 2 
hours of drawing blood, PMNs were isolated using Polymorphprep (Axis-Shield, Oslo, 
Norway). After isolation PMNs were 99% trypane blue negative. 2x105 cells per well were 
seeded in a 24 wells plate. Cells were treated with 20 μM r-roscovitine (LC Labs, Woburn, 
MA, USA) or vehicle (0.05% DMSO) and incubated in RPMI 1640 (Gibco/Invitrogen, Paisley, 
UK) supplemented with 10% autologous serum. For apoptosis analysis, cells were incubated 
with 20 μM r-roscovitine in combination with 40 μM zVAD-fmk (carbobenzoxy-valyl-alanyl-
aspartyl-[O-methyl]-fluoromethylketone, Sigma Aldrich, St. Louis, MO, USA), vehicle (0.05 % 
DMSO) control or vehicle and 40 μM zVAD-fmk. After 6 hours cells were lysed with lysis 
buffer (Cell Signaling Technology, Danvers, MA, USA) and 3x Laemmli buffer was added  prior 
to incubating the samples at 95 ˚C for 5 minutes. Purity of the isolated cells was determined 
by assessing Giemsa stained cytospin preparations (>90% PMNs). In a similar setup after 
6 hours of roscovitime of vehicke treatment, cells were stained using a Annexin V FITC 
Apoptosis Detection Kit I (BD Pharmingen, Franklin Lakes, NJ, USA) and analyzed on a FACS 
Calibur (BD Biosciences, San Jose, CA, USA). 

Cell line experiments
The effects of r-roscovitine on cytokine responses of lung epithelium and resident 
macrophages were tested as follows: 1x105 MH-S (alveolar macrophage cell line; American 
Type Culture Collection, Rockville, MD), MLE-12 and MLE-15 (mouse lung epithelial cell 
lines; kindly provided by Jeffrey Whitsett, Division of Pulmonary Biology, Department of 
Pediatrics, Cincinnati Children’s Hospital Medical Center and the University of Cincinnati 
College of Medicine, Cincinnati, Ohio) cells were seeded in a 24 well plate (Millipore). 
MH-S cells were incubated with IMDM (Lonza, Basel, Switzerland) supplemented with 10 % 
FCS (Hycult, Uden, The Netherlands), 2 mM L-glutamine (Sigma-Aldrich) and 0.1 units/ml 
Penicillin-Streptomycin (Sigma-Aldrich); MLE-12 and MLE-15 were maintained in RPMI 1640 
supplemented with 2% FCS, 0.01 mg/ml Insulin (Gibco/Invitrogen), 0.01 mg/ml Transferrin 
(Gibco/Invitrogen), 30 nM Sodium selenite (Gibco/Invitrogen), 10 nM Hydrocortisol (Sigma-
Aldrich), 10 nM β-estradiol (Sigma-Aldrich), 2 mM L-glutamine and  0.04 units/ml Penicillin-
Streptomycin (Sigma-Aldrich) in an atmosphere was 5% CO2.
After 24 hours of culture, cells were stimulated with 10 μg/ml S. aureus LTA (purified from S. 
aureus; endotoxin level: <1.25 EU/mg; Invivogen, San Diego, CA, USA). Simultaneously, cells 
were treated with 20 μM r-roscovitine or vehicle (0.05% DMSO). At 4 and 8 hours, supernatant 
was harvested for ELISA. Cell viability was assessed by adding MTT ([3-(4,5-methylthiazol-
2-yl)-2,5-dipheyl-tetrazolium bromide]; Sigma-Aldrich) reagent to all wells for 60 minutes. 
Supernatant was discarded and the cells were lysed in acidic isopropanol (Merck, Darmstadt, 
Germany). Absorbance was measured at 570 nm.

Animals
For all in vivo experiments female C57Bl6 mice (aged 10-12 weeks) were purchased from 
Charles River (Maastricht, The Netherlands). The Animal Care and Use Committee of the 
University of Amsterdam approved all experiments.
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Induction of lung inflammation and pneumonia 
Acute lung inflammation was induced by intranasal (i.n.) instillation of mice, anesthesized 
using isoflurane (Upjohn, Ede, The Netherlands) inhalation, with 100 μg LTA (Invivogen) 
in 50 μl saline [8,9]. Pneumonia was induced as previously described [25,26]. In brief, S. 
pneumoniae serotype 3 (ATCC 6303) was grown to a mid-logarithmic phase at 37 °C in Todd-
Hewitt broth enriched with 0.5% yeast extract. Bacteria were harvested by centrifugation 
at 2900 g for 15 minutes and washed twice in sterile saline. For inoculation bacteria were 
suspended in sterile saline at a concentration of 5x104 CFU (Colony Forming Units)/50 
μl. Mice were anesthetized by isoflurane  inhalation and 5x104 CFU were instilled i.n. At 
predefined endpoints, mice were anesthetized with Domitor (Pfizer Animal Health Care, 
Capelle aan den IJssel, The Netherlands: active ingredient medetomidine) and Nimatek 
(Eurovet Animal Health, Bladel, The Netherlands, active ingredient ketamine) and sacrificed 
by cardiac puncture followed by cervical dislocation. 

r-Roscovitine and Ceftriaxone administration
In the sterile lung inflammation experiments 70 mg/kg of r-roscovitine in 200 μl 10% DMSO/
Saline or 200 μl 10% DMSO/Saline (vehicle) was administered intraperitoneally (i.p.) at the 
start of the experiments. In a second set of experiments mice were additionally treated with 
zVAD-fmk (5 mg/kg) or vehicle i.p. (10% DMSO/Saline) at the moment of LTA instillation. For 
the pneumonia experiments 70 mg/kg r-roscovitine or vehicle were administered 24 hours 
after infection, a second dose was given at 72 hours. 20 mg/kg Ceftriaxone (Fresenius Kabi, 
Bad Homburg, Germany) in 200 μl saline was administered i.p. at 24 and 72 hours after 
infection to all animals.

Bronchoalveolar lavage
Through a midline incision the trachea and lungs were exposed; the right lung was isolated 
from the airways via a suture. The trachea was cannulated with a 22G Abbocath-T catheter 
(Abbott, Sligo, Ireland) and the left lung was instilled with two times 0.4 ml sterile PBS. 
The fluid was retrieved, weighed and total cell counts were determined with a Coulter cell 
counter (Beckman Coulter, Fullerton, CA, USA). Differential cell counts were performed on 
Giemsa stained cytospin preparations.

Determination of bacterial load
After sacrificing the animals as described above and taking blood samples, whole lungs 
and spleens were harvested and homogenized in 4 volumes of sterile saline with a tissue 
homogenizer (ProScience, Oxford, CT, USA). CFUs were determined from serial dilutions of 
the samples, plated on blood agar plates and incubated at 37 °C for 16 hours before colonies 
were counted.

Preparation of homogenates
For cytokine measurements, right lungs were excised, weighed and diluted 1:4 in sterile 
saline. After homogenization, samples were diluted with one volume of lysis buffer 
containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 2% Triton X-100, and AEBSF 
(4-(2-aminoethyl)benzeensulfonyl fluoride, EDTA-NA2, pepstatin and leupeptin (all 8 μg/ml; 
pH 7.4; Sigma, St. Louis, MO) and incubated at 4 °C for 30 minutes. Homogenates were 
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centrifuged at 2900 g at 4 °C for 15 minutes, and supernatants stored at -20 °C until assays 
were performed. 

Assays
Interleukin 6 (IL-6), Tumor Necrosis Factor-α (TNF-α), cytokine-induced neutrophil 
chemoattractant (KC) and macrophage inflammatory protein (MIP)-2 were measured using 
ELISAs (R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions. Total 
protein concentrations were measured using a DC protein assay (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). Detection limits were: TNF-α: 125 pg/ml, MIP-2: 125 pg/ml 
and 31.25 pg/ml for IL-6 and KC.

Histologic examination
For histologic examination lungs were harvested at 48 and 96 hours of bacterial infection 
or after 6 and 24 hours after induction of sterile inflammation. These samples were fixed in 
formalin and embedded in paraffin. 5 μm sections were made and stained with haemotoxylin 
and eosin (HE). The lungs were scored by a pathologist blinded for experimental groups for 
the following parameters, at a scale of 0 (absent) to 4 (very severe):  interstitial damage, 
endothelialitis, peri-bronchitis, oedema, thrombus formation and pleuritis. PMN staining 
was performed as described [26]. In brief, slides were deparaffinized and rehydrated. 
Endogenous peroxidase activity was quenched by a solution of 0.03% H2O2 (Merck). Slides 
were then digested by a solution of pepsin 0.25% (Sigma, St. Louis, MO) in 0.01 M HCl. 
After being rinsed, the sections were incubated in 10% normal goat serum (Dako, Glostrup, 
Denmark) and then exposed to FITC-labeled anti-mouse Ly-6G monoclonal antibody 
(Pharmingen, San Diego, CA, USA). After washes, slides were incubated with a rabbit anti-
FITC antibody (Dako) followed by further incubation with a biotinylated swine anti-rabbit 
antibody (Dako), rinsed, incubated in a streptavidine-ABC solution (Dako) and developed 
using 1% H2O2 and 3.3-diaminobenzidin-tetra-hydrochoride (Sigma) in Tris-HCl. The sections 
were counterstained with methyl green and mounted in Pertex mounting medium (Leica 
microsystems, Rijswijk, The Netherlands). The Ly-6G+ percentage of total lung surface was 
determined with imageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, 
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2011).

Western blotting
Samples for western blotting were boiled at 95 °C for 5 minutes in 3x Laemmli buffer and 
loaded onto SDS-PAGE gels.  After electrophoresis the content of the gels was transferred 
onto Immobilon-PVDF membranes (Millipore, Billerica, MA, USA). The membranes were 
blocked in 5% BSA (Roche, Basel, Switzerland) in TBS-T at room temperature for 60 minutes. 
Pan-CDK phosphorylated substrate and cleaved Caspase-3 (Cell signalling Technology, 
Boston, MA, USA) antibodies were diluted 1:500; β-actin (Santacruz Biotechnology, Santa 
Cruz, CA, USA) was diluted 1:4000. The membranes were incubated overnight at 4 °C. Next, 
the membranes were incubated for 60 minutes with anti-rabbit-HRP conjugated secondary 
antibody (Cell signalling Technology) and blots were imaged using LumiLight Plus ECL (Roche, 
Basel, Switzerland) on a LAS 4000 chemiluminescence imager (GE Healthcare Biosciences, 
Pittsburgh, PA, USA). Quantification was performed using ImageJ software (Rasband, W.S.).
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Statistical analysis
Data are expressed as mean ± SEM. For in vivo data, two sample comparisons were performed 
by Mann Whitney U tests using GraphPad Prism version 5.01 (GraphPad Software, San 
Diego, CA, USA). Comparisons between multiple groups were done using Kruskall-Wallis 
tests; if overall significant, individual groups where assessed by Mann Withney-U tests. For 
in vitro analysis, student t-tests were applied. Multiple group analysis was performed by 
ANOVA, with Bonferroni post hoc tests. P<0.05 was considered to be statistically significant. 
Normality was determined by D’Agostino & Pearson omnibus normality tests or Q-Q plots.

Results

r-Roscovitine reduces CDK activity and increases apoptosis in PMNs
r-Roscovitine is an inhibitor of CDKs 1, 2, 5 and 7, as assessed with purified kinase assays 
[10,27]. To test if r-roscovitine can reduce CDK activation in vitro, the phosphorylation state of 
CDK substrates in freshly isolated PMNs was assessed by western blot. Compared to vehicle, 
a statistically significant (P<0.05) decrease in phosphorylation of pan-CDK substrates was 
observed due to r-roscovitine treatment (figure 1a and b). Recent studies demonstrated that 
r-roscovitine can induce apoptosis in PMNs [20,22]. We confirmed that r-roscovitine treated 
PMNs exhibit significantly enhanced levels of cleaved caspase-3 compared to vehicle after 
6 hours (figure 1c and d, P<0.01). Combined treatment with the caspase inhibitor zVAD-
fmk reversed the amount of cleaved caspase-3 to near vehicle levels (P<0.05), indicating 
that r-roscovitine induced caspase dependent apoptosis. In accordance, incubation with 
r-roscovitine also resulted in greatly enhanced AnnexinV+PI- staining in PMNs, together with 
a slight increase in AnnexinV+PI+ staining, when compared to vehicle (figure 1e and f, P < 
0.001).

r-Roscovitine inhibits LTA induced inflammatory mediator production in 
vitro
Previously, r-roscovitine was shown to reduce COX-2, IL-6, IL-1β, and TNF-α mRNA 
expression levels in LPS stimulated RAW264.7 cells (murine macrophages) [19,28]. We set 
out to investigate the effect of r-roscovitine on protein levels, rather than mRNA expression 
levels, of inflammatory mediators. In vitro, we tested 3 typical murine lung cell lines: MH-S 
(alveolar macrophages), MLE-12 and MLE-15 (alveolar epithelium cell lines). Cells were 
stimulated with 10 μg/ml LTA and cytokine production was determined at 0, 4 and 8 hours. 
r-Roscovitine treatment strongly reduced TNF-α production in MH-S cells throughout 8 
hours of stimulation (figure 1g; P<0.01). Similar effects were observed in MLE-12 and MLE-
15 cells, in which r-roscovitine treatment inhibited KC production (P<0.001) (Figure 1h and 
i). Viability was determined by MTT assay and was reduced by r-roscovitine in all cell-lines 
after 4 and 8 hours compared to vehicle treated cells(figure 1j). The effect of r-roscovitine 
treatment on viability was strongest on MLE-12 cells. 

r-Roscovitine reduces LTA induced acute lung inflammation
After demonstrating that r-roscovitine enhanced apoptosis in PMNs and reduced 
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inflammatory mediator production in vitro, we applied r-roscovitine in vivo in LTA induced 
lung inflammation. At t=0 hours, 100 μg LTA was administered i.n. and 70 mg/kg r-roscovitine 
or vehicle was injected i.p simultaneously. After 6 hours of LTA inflammation no differences 
in PMN counts were detected in BAL fluid of the two treatment groups. At 24 hours, 
however, r-roscovitine treatment greatly reduced BAL fluid PMN counts (figure 2a and figure 
2b; P<0.001 versus vehicle). Of note, no changes in cellular composition of blood collected 
from these mice were observed ensuring that the observed differences did not result from 
r-roscovitine induced leukocytopenia (data not shown).
To measure vascular leak, total protein levels in BAL fluid were measured. After 6 hours 
treatment with r-roscovitine lowered protein levels by 26% (figure 2c; P<0.05 versus vehicle). 
At 24 hours this difference increased to 68% reduction (figure 2c; P<0.001).
A strong effect of treatment was observed on cytokines and chemokine levels in the lung. 
TNF-α and chemokines KC and MIP-2 levels were all reduced at both 6 and 24 hours by 
r-roscovitine treatment (table 1). IL-6 was reduced at the 24 hour time point. 

zVAD-fmk reverts r-roscovitine induced reduction in PMN counts and 
protein levels in BAL fluid 
In order to assess if the observed effects of r-roscovitine are solely dependent on apoptosis 
induced by this compound, we combined r-roscovitine treatment with injection of the 
general caspase inhibitor zVAD-fmk [20]. From the cells pelleted from BAL fluid after 24 
hours, cleaved caspase-3 levels were determined by western blot (figure 3a). As expected, 
R-roscovitine treatment enhanced cleaved caspase-3 levels in BAL fluid cells (P<0.01). 
Combined treatment with zVAD-fmk reverted the cleaved caspase-3 levels to control levels. 
In line with the diminished cleaved caspase-3 levels, zVAD-fmk treatment prevented the 
r-roscovitine effects on PMN counts in BAL fluid (figure 3b). Lung damage was assessed 
by measuring total protein in the BAL fluid. Total protein was reduced by r-roscovitine 
treatment (P<0.05) and zVAD-fmk attenuated this effect (figure 3c).

Figure 1 (left): r-Roscovitine inhibits CDKs, enhances caspase-3 cleavage and reduces inflammatory 
mediator production in vitro
Within 2 hours of drawing, PMNs were isolated from peripheral blood and treated with 20 μM 
r-roscovitine or vehicle (0.05% DMSO) for 6 hours to determine pan-CDK substrate phosphorylation 
status (a, b). To determine the effects on caspase-3, PMNs were incubated with vehicle or 20 μM 
r-roscovitine in the  presence or absence of 40 μM caspase inhibitor zVAD-fmk for 6 and 24 hours (c, 
d). Annexin V binding was determined in vehicle or r-roscovitine treated cells. PI+AnnexinV staining of 
vehicle and r-roscovitine treatment (e), bars show percentage positive PMNs for the staining indicated 
(f). Effects of r-roscovitine on TNF-α production were assessed in MH-S (alveolar macrophage cell 
line) (g) and KC production in MLE-12 (h) and MLE-15 (i) (mouse lung epithelial cell lines). Cells 
were stimulated with 10 μg/ml S. aureus LTA and treated with 20 μM r-roscovitine (closed symbols) or 
vehicle (open symbols) for 4 and 8 hours.  Cell viability was determined by an MTT assay, the viability 
of vehicle treated cells was set to 100% (j). The bar graphs (b, d) represent densitometric quantification 
of the relative amounts of pan-CDK phosphorylated substrates or cleaved caspase-3 normalized for 
β-actin as fold change of vehicle.  Data are expressed as mean ± SEM, N=3.  * P<0.05, ** P<0.01, 
*** P<0.001; # P<0.05 and ### P<0.001 vs vehicle control.
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Figure 2: r-Roscovitine reduces PMNs and total protein levels in LTA induced lung inflammation 
Lung inflammation was induced by intranasal instillation of 100 μg LTA. Simultaneously, 70 mg/
kg r-roscovitine or vehicle (0.05% DMSO) was administered intraperitoneally. After 6 and 24 hours 
samples were harvested. Cell differentiations (a) and PMN numbers (b) were determined on Giemsa 
stained cytospin preparations derived from BAL fluid. Total protein (c) levels were measured in BAL 
fluid. Data are expressed as mean ± SEM, N=8.  ** P<0.01, *** P<0.001
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r-Roscovitine treatment lowers PMN counts in BAL fluid during gram-
positive pneumonia
The experiments described above revealed that concurrent treatment with r-roscovitine 
attenuates acute lung inflammation induced by intrapulmonary delivery of LTA, as reflected 
by reductions in PMN counts, protein leak and cytokine/chemokine levels in BAL fluid. 
We were interested in determining the effect of r-roscovitine on an already ongoing and 
increasing inflammatory response in the lung elicited by a gram-positive stimulus. For this we 
chose our established model of gram-positive pneumonia in which mice are first challenged 
with a high dose of the clinically relevant respiratory pathogen S. pneumoniae and treated 
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Figure 3: zVAD-fmk reverts r-roscovitine induced reduction in PMNs and protein content of BAL fluid
Lung inflammation was induced by intranasal instillation of 100 µg LTA. Simultaneously, 70 mg/kg 
r-roscovitine, 70 mg/kg r-roscovitine combined with 5 mg/kg zVAD-fmk or vehicle (10% DMSO) was 
administered intraperitoneally. After 24 hours animals were sacrificed and samples were taken. Cellular 
content obtained from pelleted BAL fluid was lysed and cleaved caspase-3 levels were determined 
by western blot, representative western blot shown (a). and Cell differentiations (b) and PMN counts 
(c) and total protein (d) were measured in BAL fluid. The bar graph expresses data as fold change of 
vehicle. Data are expressed as mean ± SEM, N=8.  * P<0.05, ** P<0.01
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24 hours later with ceftriaxone [24,29]. For the purpose of this study ceftriaxone treatment 
was given 24 and 72 hours post infection and combined with either r-roscovitine or vehicle. 
To evaluate the effect of r-roscovitine in this setting, histological slides were prepared from 
lungs 48 or 96 hours post infection and stained with HE to assess histopathology. At 48 
hours, r-roscovitine treated animals demonstrated a reduction in inflammation score; this 
difference had subsided at 96 hours  (figure 4a and b). To determine the number of PMNs 
in lung tissue, slides were stained for Ly-6G and quantified (figure 4c and d). In accordance 
with the effect of r-roscovitine during LTA induced acute lung inflammation, treatment with 
r-roscovitine strongly reduced the number of Ly-6G+ cells in the lungs after 48 hours of 
pneumonia. At 96 hours the number of Ly6+ cells was markedly lower in both groups, but 
still significantly lower in r-roscovitine treated mice. 
PMNs are an essential part of host defense against S. pneumoniae [30]. We therefore 
wondered whether the effect of r-roscovitine on PMN numbers would impact on bacterial 
growth and dissemination. Indeed, r-roscovitine treatment resulted in higher bacterial 
loads at 48 hours post infection compared to vehicle (figure 4e). Strikingly, the opposite 
effect was seen at 96 hour: whereas bacterial burdens in the lungs of vehicle treated mice 
had increased, r-roscovitine administered animals displayed a reduction in the number 
of pneumococci recovered from the lungs, which were significantly lower than in vehicle 
controls (figure 4e). Bacterial loads in blood and spleen were influenced by r-roscovitine in 
the same (opposite) directions, albeit due to a large individual variation not to a significant 
extent (data not shown).

Table 1: R-roscovitine inhibits cytokine and chemokine release in BAL fluid upon intrapulmonary 
delivery of LTA

TNF-α IL-6 KC MIP-2

6 hours Vehicle 0.61 ± 0.03 0.28 ± 0.02 0.96 ± 0.05 2.26 ± 0.11
r-Roscovitine 0.48 ± 0.04* 0.23 ± 0.02 1.05 ± 0.14 2.07 ± 0.10

24 hours Vehicle 15.96 ± 4.11 1.75 ± 0.24 1.31 ± 0.13 15.97 ± 1.67
r-Roscovitine 3.68 ± 0.37* 0.54 ± 0.04*** 0.57 ± 0.04*** 7.37 ± 0.42**

Lung inflammation was induced by intranasal instillation of 100 μg LTA. Concurrently, 70 mg/kg r-
roscovitine or vehicle (0.05% DMSO) was administered intraperitoneally. After 6 and 24 hours samples 
were harvested. Data are expressed as mean ± SEM in ng/ml. N = 8 per group at each time point; 
* P<0.05; ** P<0.01; *** P<0.001 vs. Vehicle

Figure 4 (left): r-Roscovitine exerts anti-inflammatory effects during gram-positive pneumonia
Gram-positive pneumonia was induced by intranasal inoculation of 5x104 CFU serotype 3 S. 
pneumoniae. Ceftriaxone 20 mg/kg in combination with 70 mg/kg r-roscovitine or vehicle (10% DMSO) 
was injected intraperitoneally after 24 and 72 hours. Representative lung histology of ceftriaxone and 
r-roscovitine+ceftriaxone treatment (a) with corresponding inflammation scores (b). Representative 
images of Ly-6G staining on lung slides (c) and Ly-6G+ lung surface percentage (d). Colony Forming 
Units (CFU) were determined in lung homogenates (e). Data are expressed as mean ± SEM, N=8.  
* P<0.05
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R-roscovitine exerted variable effects on the levels of cytokines (TNF-α, IL-6) and chemokines 
(KC, MIP-2) in lung homogenates (table 2). At 48 hours, mediator levels were either similar 
or higher in r-roscovitine treated mice, significantly so for IL-6 and MIP-2. In contrast, at 96 
hours mediator levels were either similar or lower in r-roscovitine administered animals, 
significantly so for MIP-2.

Discussion

Pneumonia is associated with a profound inflammatory response within the pulmonary 
compartment. Inflammation induced by gram-positive pathogens is predominantly elicited 
by bacterial cell wall components such as LTA and peptidoglycan [31]. Pulmonary host 
defense against invading pathogens invariably involves the activation of macrophages 
and epithelial cells, the release of pro-inflammatory cytokines and chemokines, and the 
recruitment of PMNs. These cells are to be removed for proper resolution of infection, since 
uncontrolled accumulation and/or activation may lead to severe lung damage [32,33].

We here sought to determine the effect of the CDK inhibitor r-roscovitine on acute lung 
inflammation induced by intrapulmonary instillation of LTA and on already established and 
progressing lung inflammation induced by S. pneumoniae. Although initially identified as 
key components of the cell cycle machinery, CDKs have been shown to play a role in cell 
differentiation, transcription (CDKs 7 and 9), neural function and apoptosis, especially in 
PMNs [20,21]. Our data indicate that r-roscovitine exerts profound anti-inflammatory effects 
in lung inflammation elicited by either LTA or viable pneumococci.

We first set out to assess r-roscovitine’s effects on freshly isolated PMNs. We used a 
novel approach to observe the effects of r-roscovitine on CDK activity: by using a pan-CDK 
phosphorylated substrates antibody we found that indeed PMN CDK activity was reduced 

Table 2: Impact of r-roscovitine on cytokine and chemokine levels in whole lung homogenates during 
S. pneumoniae pneumonia

TNF-α IL-6 KC MIP-2
48 hours Ceftriaxone 3.21 ± 0.33 0.37 ± 0.12 1.29 ± 0.31 1.31 ± 0.10

r-Roscovitine + 
Ceftriaxone

4.78 ± 0.76 4.47 ± 2.52* 1.41 ± 0.20 3.41 ± 0.33**

96 hours Ceftriaxone 1.41 ± 0.13 3.65 ± 1.30 5.34 ± 2.69 7.31 ± 2.05
r-Roscovitine + 
Ceftriaxone

1.40 ± 0.22 3.26 ± 1.92 1.59 ± 0.55 1.30 ± 0.39**

Pneumococcal pneumonia was induced by i.n. inoculation of 5x104 CFU serotype 3 S. pneumoniae 
(ATCC 6303). 20 mg/kg ceftriaxone in combination with 70 mg/kg r-roscovitine or vehicle (10% 
DMSO) were injected intraperitoneally after 24 and 72 hours. TNF-α, IL-6, KC and MIP-2 were 
determined in lung homogenates. Data are expressed as mean ± SEM in ng/ml. N = 8 per group at each 
time point; * P<0.05; ** P<0.01; *** P<0.001 vs. Vehicle
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by r roscovitine. Furthermore, we validated that r roscovitine induces apoptosis in PMNs, 
by measuring increased  levels of cleaved caspase-3 when comparing r roscovitine treated 
PMNs to vehicle controls (figure 1); this in accordance with previous findings [20].
As our interest is focused on the pulmonary compartment, we sought to investigate the 
effects of r roscovitine on inflammatory responses in cells commonly present in the lung. 
r-Roscovitine was shown to reduce TNF-α, IL6 and IL-1β mRNA levels in the RAW 264.7 cell 
line [19]. We expand these findings with protein measurements of TNF-α and KC in three  
mouse cell lines relevant for lung inflammatory responses. In our hands, these cell lines were 
less viable when treated with r-roscovitine (viability was reduced when compared to vehicle 
treated cells). We believe r-roscovitine’s effects on inflammatory mediator production is not 
solely due to toxicity as difference in MTT levels is far less than the inhibition of cytokine / 
chemokine expression. How r-roscovitine influences cytokine and chemokine production is 
not well known. Several mechanism have been proposed: myeloid cell leukemia sequence 
1 (MCL-1) modulation of phosphatidylinositol 3-kinase  (PI3K) and of mitogen-activated 
protein kinases (MAPK) signaling [34], as well as direct inhibition of IκB kinase (IKK) by 
r-roscovitine [35]. Moreover, inhibition of E2F transcription factor 1 (E2F1), linking nuclear 
factor kappa-light-chain-enhancer of activated B cells (NFkB) and cell cycle effects, have 
been implicated [19]; however, r-roscovitine does not exert an effect on NFkB in PMNs [36].
These strong in vitro effects prompted us to investigate effects of r roscovitine during in 
vivo pulmonary inflammation. To this end mice were i.n. instilled with LTA and treated with 
r-roscovitine or vehicle. R-roscovitine treatment especially attenuated inflammation at 24 
hours after LTA administration. Whereas previous studies did not investigate r-roscovitine 
effects early after induction of inflammation in vivo, our investigations revealed only minor 
effects of this compound 6 hours after LTA instillation. Our findings at 24 hours concur 
with described reduced levels of IL-6, IFN-γ and MCP-1 after r-roscovitine treatment in 
carrageenan induced pleurisy [20]. Furthermore, the reduction of PMN influx into the 
lung is in accordance with previous studies showing a reduction of PMN counts in the 
pulmonary space in bleomycin induced lung inflammation [20] and in cerebrospinal fluid in 
a mouse model for meningitis [22]. Furthermore, we observed zVAD-fmk reversible cleaved 
caspase-3 levels in cells from the BAL fluid due to r-roscovitine treatment indicating that 
it is the apoptosis inducing effect of r-roscovitine that is responsible for the reduction in 
PMN counts. In vitro, direct anti-inflammatory effects were observed due to r-roscovitine 
treatment, while in vivo it seems that induction of apoptosis is the primary effect of 
r-roscovitine treatment. In vitro, treatment was performed directly on the cell. It could well 
be that concentrations of r-roscovitine resulting in the in vitro effects are not reached at 
epithelial and lung macrophage cells in vivo due to the systemic treatment. Further research 
is necessary to dissect the roles of apoptosis induction and anti-inflammatory effects in the 
pulmonary compartment due to r-roscovitine.

LTA is known to contribute to the prolongation of PMN lifespan [37]. Increased lifespan 
is accompanied by increased probability of induction of damage to neighboring cells 
[33]. Thus induction of apoptosis in PMNs potentially reduces the chances of bystander 
damage. Moreover, phagocytosis of apoptotic PMNs by macrophages elicits release of anti-
inflammatory mediators, aiding resolution of (harmful) inflammation [15,16]. The exact 
mechanism by which CDKs inhibition contributes to apoptosis is elusive, although this 
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property is attributed to destabilization of MCL-1, a pro-survival factor,  may in such a way 
play a role [21,36,38]. It should be noted that CDK inhibition may also induce senescence 
[39]. In the blood stream PMNs may either be drawn to migrate into tissues or senescence 
in and be phagocytosed in the bone marrow [40]. In the present study we did not investigate 
this mechanism in PMNs. Therefore, we cannot exclude that the reduced numbers of PMNs 
in r-roscovitine treated animals are due to senescence. R-roscovitine treatment per se did 
not alter systemic PMN counts (data not shown). As found in vitro, we observed enhanced 
cleaved caspase-3 levels in BAL fluid cells of r-roscovitine treatment mice coinciding with 
reduced PMN counts (relative and absolute) . This is indicative of the effect of r-roscovitine 
treatment upon the arrival of PMNs in the lung compartment.

To expand our data on r-roscovitine effects on LTA induced pulmonary inflammation, we 
determined the impact of r-roscovitine on a progressing inflammatory response in the 
lung elicited by the clinically relevant gram-positive pathogen S. pneumoniae. r-Roscovitine 
treatment diminished PMN numbers in lung tissue at both 48 and 96 hours post infection; 
this was associated with lower lung inflammation scores at 48 hours, but not at 96 hours. 
Interestingly, bacterial loads were 2.5 log10 higher at 48 hours followed by a log10 reduction 
at the later time point due to r-roscovitine treatment. From our point of view, these data 
stress the importance of PMNs in the elimination of invading pathogens (48 hours) as well as 
PMN hindrance in resolution of infection/ inflammation (96 hours) [11,41]. In accordance, 
in a murine model of S. pneumoniae meningitis, r-roscovitine significantly improved the 
resolution of brain inflammation and accelerated recovery in the context of antibiotic 
therapy [22]. r-Roscovitine did not have a strong influence on cytokine and chemokine levels 
in lung homogenates harvested from infected mice, which likely is related to the fact that 
the extent of pulmonary mediator production strongly correlates with the bacterial burdens 
in this model of pneumococcal pneumonia [42,43].

R-roscovitine treated animals exhibited reduced Ly-6G+ staining at both 48 and 96 hours. At 
96 hours,  the overall diminished Ly-6G+ staining suggests that PMN amounts had decreased 
in the pulmonary compartment compared to 48 hour. Given the ongoing infection, it is not 
unexpected that the lung inflammations scores increase over time. Bacterial loads remain 
in excess of 104 CFUs throughout the time course and thus lung inflammation damage 
may accumulate. The decreasing PMN numbers in the presence of increasing total lung 
inflammation scores suggest that in prolonged infection neutrophils are not the sole cause 
of tissue inflammation and damage.

Here we showed that r-roscovitine strongly reduces acute lung inflammation induced by LTA. 
Postponed administration of this compound after induction of gram-positive pneumonia 
similarly reduced PMN counts in lungs, which was accompanied by a primary increase and 
secondary decrease in lung bacterial  loads. This indicates that there is a possible role for 
CDK inhibition in infectious diseases. Despite well tolerated by humans [44,45], clinical use 
of r-roscovitine to reduce lung injury is still far away. Further research is warranted to dissect 
the effects of r-roscovitine and CDK inhibition on pulmonary inflammation in the setting of 
infectious and non-infectious disease.
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Abstract

Background:
Mechanical ventilation (MV) has the potential to induce lung damage in healthy lungs or 
aggravate existing lung injury. Polymorphonuclear cell (PMN) recruitment plays an important 
role in driving the inflammatory response in ventilator-induced lung injury (VILI). The CDK 
inhibitor r-roscovitine has been shown to induce apoptosis in PMNs in vitro and in vivo.

Aim and Methods:
In this study, we investigated the potential of r-roscovitine treatment in reducing lung damage 
in a mouse model of VILI. Mice were tracheotomized and subjected to lung-protective MV 
with lower (~7.5 ml/kg) or lung-injurious MV with higher (~15 ml/kg) tidal volume (VT).

Results:
R-roscovitine treatment enhanced apoptosis in PMNs in vitro. VILI was associated with 
pulmonary PMN influx in low and high VT MV. During lung-injurious MV r-roscovitine 
treatment reduced the number of PMNs and lowered levels of the lung damage markers 
RAGE and total IgM in bronchoalveolar lavage fluid. R-roscovitine did not affect cytokine or 
chemokine levels in the bronchoalveolar space, neither during lung-protective nor lung–
injurious MV.

Conclusion:
R-roscovitine treatment reduces lung damage in VILI, possibly dependent on increased 
apoptosis of PMNs.
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Introduction

Mechanical ventilation (MV) has the potential to aggravate lung damage in patients 
with acute lung injury (ALI) and even to initiate injury in patients with healthy lungs, a 
phenomenon frequently referred to as “ventilator–associated lung injury - VALI” [1,2]. 
Prevention of VALI by using lower tidal volumes (VTs) has been found to reduce mortality 
of patients with ALI [3], presumably via attenuating MV–induced inflammatory responses 
[3,4,5,6]. However, MV with lower VTs may still cause lung damage via regional hyperinflation 
and non–physiologic forces acting on the alveolar cells [7]. Injured regions are collapsed and 
filled with fluid; other, not-affected, regions are well aerated and ventilated. Ventilation of 
a lung with a decreased number of aerated alveoli, places the less injured regions at risk for 
overdistension [8].
Recruitment of polymorphonuclear cells (PMNs) to the lungs is considered an important 
feature of VALI. PMN histotoxic contents can be potentially dangerous to healthy tissues and 
PMN sequestration in uninfected lungs should be prevented.

R–roscovitine, a purine analog, is a potent cyclin-dependent-kinase (CDK) inhibitor, especially 
of CDK 1, 2, 5, 7 and 9 [9]. R-roscovitine has the ability to induce cell cycle arrest and apoptosis 
[10,11,12,13]. Consequently, clinical trials are testing r–roscovitine as an anticancer therapy 
[11,12]. Recently, r–roscovitine was described to attenuate inflammation in lungs and brain 
[13,14,15]. This is attributed to induction of apoptosis of PMNs [13,14,16]. R-roscovitine may 
reduce inflammatory response via reducing the pro-survival factor myeloid cell leukemia 
sequence 1 (MCL)–1 [16].

We hypothesized r-roscovitine to reduce lung damage in ventilator–induced lung injury 
(VILI) via apoptosis of PMNs. Therefore, we first established the apoptosis inducing potential 
of r-roscovitine in peripheral human blood PMNs. Second, we compared r-roscovitine to 
placebo in an established model of VILI, in which mice are subjected to lung–injurious MV 
using high VTs [17].
 

Material and methods

Ethics Statement
This study was carried out in accordance with the Dutch Experiment on Animals Act. The 
Animal Care and Use Committee of the University of Amsterdam approved all experiments 
(Permit number: 101611). Human blood for ex vivo experiments was obtain with written 
informed consent of all participants.

Animals
The Animal Care and Use Committee of the University of Amsterdam approved all 
experiments. For all experiments male C57BL/6 mice (aged 8 to 10 weeks, weighing 19 to 25 
g) were purchased from Charles River (Maastricht, The Netherlands). 
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In vitro apoptosis
EDTA anticoagulated peripheral blood was obtained from healthy volunteers. Within 2 hours 
of drawing blood, PMNs were isolated using Polymorphprep (Axis-Shield, Oslo, Norway) and 
2x105 cells per well were seeded in a 24–wells plate (Greiner Bio-one, Aplhen a/d Rijn, The 
Netherlands). Cells were treated with 20 µM r-roscovitine (LC Labs, Woburn, MA, USA) or 
vehicle (0.05% DMSO). After 6 hours cells were stained using a Annexin V FITC Apoptosis 
Detection Kit I (BD Pharmingen, Franklin Lakes, NJ, USA) and analyzed on a FACS Scan (BD 
Biosciences, San Jose, CA, USA). 
In a similar setup after 6 hours of treatment DNA fragmentation was determined. Cells 
were taken up in a hypotone PI solution (1% Triton X-100, 0.1% sodium citrate, 50 µg/ml 
propidium iodide, 0.1 mg/ml Ribonuclease A) and incubated at room temperature for 60 
minutes. Fragmentation was assessed by FACS analysis.

Mechanical ventilation in animals
Animals were anesthetized as previously described [17,44]. In short, mice received 
an intraperitoneal bolus of 0.8 ml sodium chloride (154 mM), and 0.2 ml of sodium 
bicarbonate (200 mM) every 30 minutes. Anesthesia was achieved by of injection of 7.5 
µl/g of body weight of 1.26 ml 100 mg/ml ketamine (Eurovet, Bladel, The Netherlands), 
0.2 ml 1 mg/ml medetomidine (Orion Corporation, Espoo, Finland), and 1 ml 0.5 mg/ml 
atropine (Pharmachemie, Haarlem, The Netherlands) in 5 ml normal saline. Maintenance 
anesthesia consisted 10 µl/g i.p. injection of 0.72 ml 100 mg/ml ketamine, 0.08 ml 1 mg/ml 
medetomidine, and 0.3 ml 0.5 mg/ml atropine in 20 ml saline. Body temperature was kept 
constant at 36.5 – 37.5 ˚C with the use of warming plate (Adamas instruments, Rhenen, 
The Netherlands). After induction of anesthesia, mice received a tracheostomy (y-tube 
connector, 1.0 mm outer diameter, 0.6 mm inner diameter; VBM Medizintechnik GmbH, 
Germany). Systolic blood pressure and heart rate were non-invasively monitored using 
a murine tail-cuff system (AD Instruments, Spenbach, Germany) and recorded on a data 
acquisition system (PowerLab/4SP, ADInstruments, Bella Vista, Australia).
Mice received 70 mg/kg of r-roscovitine (LC Laboratories) in 200 µl 10% DMSO/Saline or 
200 µl 10% DMSO/Saline (vehicle) was administered intraperitoneally immediately before 
coupling to the mechanical ventilator. For both treatment regimens were 9 mice not 
ventilated which served as controls.
Mice were kept in a supine position, connected to a human ventilator (Servo 900 C, Siemens, 
Sweden) and pressure–controlled ventilated with either an inspiratory pressure of 10 cmH2O 
(resulting in lower VTs of ~ 7.5 ml/kg) or an inspiratory pressure of 18 cmH2O (resulting in 
higher VTs of ~ 15 ml/kg). Positive end–expiratory pressure (PEEP) was set at 2 cm H2O with 
both strategies. Respiratory rate was set at 110 breaths/minutes and 70 breaths/minutes 
with lower and higher VTs, respectively.
After 5 hours of MV mice were sacrificed. Blood samples were drawn from the inferior vena 
cava. The right lungs of 9 mice per group were subjected to bronchoalveolar lavage (BAL) 
by instilling two times 0.4 ml sterile phosphate buffered saline (PBS; Fresenius Kabi, Bad 
Homburg, Germany). Left lungs were used to determine the wet to dry ratio. In a separate 
experiment the right lungs of mice not subjected to BAL were excised, weighed and diluted 
1:4 in sterile saline. 
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Tissue handling
Blood gas analysis was done in a Rapidlab 865 blood gas analyzer (Bayer, Mijdrecht, the 
Netherlands). The other blood samples were centrifuged and the supernatants were 
aliquoted and frozen at −20 °C. Cell counts were determined using a hemacytometer 
(Beckman Coulter, Fullerton, CA).
Differential counts were done on BAL fluid cytospin preparations stained with a modified 
Giemsa stain. Cells were pelleted by centrifugation and BAL fluid was stored at −20 °C for 
subsequent measurements.
After homogenization of lungs, samples were diluted with one volume of lysis buffer (pH 
7.4) containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100, and  
AEBSF (4-(2-aminoethyl)benzeensulfonyl fluoride, EDTA-Na2, pepstatin and leupeptin (all 8 
μg/ml; pH 7.4) and incubated at 4 °C for 30 minutes. Homogenates were centrifuged at 
4000 rpm at 4°C for 15 minutes, and supernatants were stored at -20 °C until assays were 
performed.

Assays
Tumor necrosis factor (TNF) α, interleukin (IL)-6, macrophage inflammatory protein (MIP)-
2, keratinocyte-derived chemokine (KC), receptor for advanced glycation endproducts 
(RAGE) and LPS-induced CXC Chemokine (LIX) levels were measured by enzyme-linked 
immunosorbent assay (ELISA) according to the manufacturer’s instructions (all from R&D 
Systems, Minneapolis, MN, USA). 
For Immunoglobulin (Ig) M measurements 96–wells plates (Greiner Bio-One) were plated 
with Anti-mouse Ig (SouthernBioTech, Birmingham, AL, USA) in sodium carbonate buffer at 
4 °C overnight. Plates were blocked in 5% bovine serum albumin (Roche Applied Science, 
Indianapolis, IN, USA) in PBS for 1 hour at room temperature and incubated with diluted 
samples in 1% BSA and 0.05% Tween 20 (Sigma-Aldrich) in PBS for 2 hours in 37 °C. Anti-
mouse IgM-HRP (SouthernBioTech) was used for detection and plates were developed with 
3,3′,5,5′-tetramethylbenzidine (TMB; Invitrogen, Paisley, UK) and 0.003% H2O2 (Merck) and 
absorbance was measured at 450 nm.
For western blotting, samples were boiled at 95 °C for 5 minutes in 3x Laemmli buffer 
and loaded onto SDS-PAGE gels. After electrophoresis, gel content was transferred to 
Immobilon-PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked 
at room temperature for 60 minutes in 5% BSA (Roche, Basel, Switzerland) in TBS-T. Cleaved 
Caspase-3 (Cell signaling Technology, Boston, MA, USA) was diluted 1:1000; β-actin (Santacruz 
Biotechnology, Santa Cruz, CA, USA) was diluted 1:4000. Membranes were incubated 
overnight at 4 °C. Next, the membranes were incubated for 60 minutes with anti-rabbit-HRP 
conjugated secondary antibody (Cell signalling Technology) and blots were imaged using 
LumiLight Plus ECL (Roche, Basel, Switzerland) on a LAS 4000 chemiluminescence imager 
(GE Healthcare Biosciences, Pittsburgh, PA, USA). Quantification was performed using 
ImageJ software (Rasband, W.S.).

Statistical analysis
Statistical analysis was done using GraphPad Prism version 5.01 (GraphPad Software, San 
Diego, CA, USA). Data are expressed as mean ± SEM. For analysis of in vitro data, student 
t-tests were applied. For in vivo data, two sample comparisons were performed by Mann 
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Figure 1: R-roscovitine induces in vitro apoptosis in blood PMNs
Within 2 hours of drawing peripheral blood, PMNs were isolated and treated with 20 μM r-roscovitine 
or vehicle (0.05% DMSO) for 6 hours. Apoptosis was assessed by annexin V binding. Scatter plots of 
PMN forward and side scatter and PI+AnnexinV staining of vehicle and r-roscovitine treatment (left), 
PI-AnnexinV+ population data are shown in the bar graph (right) (a). PMN DNA fragmentation as 
measured by PI. Majority of cells are in G0/G1 phase, the sub G0/G1 population represents fragmented 
DNA. Percentage of fragmentation is shown in the right graph, r-roscovitine (front, black histogram) 
vehicle treatment (back, white histogram) (b). Data are expressed as mean ± SEM, N=3-6. * P < 0.05
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Whitney U tests. Comparisons between multiple groups were done using Kruskall-Wallis 
test; if overall significant individual groups where assessed by Mann Whitney-U tests. P < 
0.05 was considered statistically significant.

Results

R-roscovitine induces in vitro apoptosis in blood PMNs
PMNs (97% pure as determined by forward and side scatter on FACS) obtained from healthy 
volunteers, were treated with r-roscovitine for 6 hours. As a measure for early apoptosis, 
Annexin V staining was determined (figure 1a). Incubation with r-roscovitine resulted in 
enhanced PI-AnnexinV+ staining in PMNs when compared to vehicle, indicating enhanced 
apoptosis (P < 0.05). R-roscovitine similarly enhanced DNA fragmentation (figure 1b) 
compared to vehicle treatment (P < 0.05). These data confirm previous studies that showed 
the capacity of r-roscovitine to induce apoptosis in PMNs [13,15,16,18].

R-roscovitine induces apoptosis in BAL-fluid cells in mice
To study the effect of r-roscovitine on experimental VILI, we treated mice with r-roscovitine 
or vehicle and subjected them to either low or high VT MV for 5 hours.  Heart rate and mean 
blood pressure were well maintained over the 5–hour MV period in animals ventilated 
with lower or higher VTs (figure 2). Blood gas parameters were also maintained within 
physiological range and were not different between groups (data not shown). 
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Figure 2: Hemodynamic parameters during 4 hours of mechanical ventilation
Mice were ventilated for 5 hours with low tidal volumes (VT ~ 7.5 ml/kg) and high VT (~ 15 ml/kg). 
Positive end expiratory pressure (PEEP) was set at 2 cm H2O in both MV-strategies. Respiratory rate 
was set at 110 breaths/minutes and 70 breaths/minutes with low tidal and high tidal, respectively. Prior 
to mechanical ventilation mice were treated with 70 mg/kg r-roscovitine or vehicle (10% DMSO). 
Heart rate (a) and mean blood pressure (b) were measured at three time points (t=0, 2 and 4 hours after 
start of mechanical ventilation). Data are represented as  mean ± SEM of 7-9 animals per group
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To assess whether r-roscovitine induced apoptosis, cleaved caspase-3 levels were 
determined by western blot in cells pelleted from the BAL fluid (figure 3a and b). No 
differences occurred between r-roscovitine and vehicle treatment in control mice and mice 
mechanically ventilated with lower VTs (figure 3a and b). However, in mice ventilated with 
higher VTs r-roscovitine treatment enhanced the cleaved caspase-3 levels in BAL fluid cells 
compared to vehicle treatment (P < 0.05). 

R-roscovitine reduces influx of PMN and lung injury in mice 
One of the mechanisms by which MV induces lung injury is most likely due to influx of and 
bystander damage by PMNs. The potential of r-roscovitine to induce apoptosis in PMNs 
was shown in vitro (figure 1) and in pelleted cells (56% PMNs in high VTs) in vivo [16,18]. 
In both ventilation groups PMNs migrated to the alveolar compartment. Treatment with 
r-roscovitine significantly reduced PMN counts in BAL fluid in both MV groups (figure 4a). 
As a measure of lung edema, we determined lung wet to dry ratios. A trend towards 
reduced wet to dry ratios was found in mice treated with r-roscovitine in mice mechanically 
ventilated with high VTs (P = 0.06) (figure 4b). RAGE has been recently described as a marker 
of lung injury based on experimental studies in rats and patients with ALI or mice suffering 
from hyperoxic injury [19,20,21]. RAGE levels strongly increased during 5 hours of MV and 
was significantly higher in high VTs compared to low VTs  (P < 0.05; figure 4c). R-roscovitine 
treatment resulted in lower RAGE BAL fluid levels in mice subjected to MV with high VTs (P 
< 0.05) (figure 4c). In addition, IgM levels were higher in BAL fluid of high VT mice, indicating 
reduced endothelial and epithelial barrier function (P < 0.01 compared to control or low VT 
group). R-roscovitine treatment resulted in lower BAL fluid IgM levels in mice subjected to 
MV with high VTs (P < 0.05) (figure 4d).

r-Roscovitine + + +- --

High VTLow VTCtr

r-RoscovitineVehicle

0

1

2

3

4

5

Low VTCtr High VT

*

C
le

av
ed

 C
as

pa
se

-3
 /
β-

ac
tin

a b

β-actin

Cleaved Casp-3

Figure 3: r-Roscovitine treatment enhances cleaved caspase-3 levels in high tidal mechanical ventilation
Mice were ventilated for 5 hours with low VT (~ 7.5 ml/kg) and high VT (~ 15 ml/kg). PEEP was set 
at 2 cmH2O in both MV-strategies. Respiratory rate was set at 110 breaths/minutes and 70 breaths/
minutes with low tidal and high tidal, respectively. Mice were treated with an i.p. injection of 70 mg/kg 
r-roscovitine (black bars) or vehicle (10% DMSO; white bars). Cellular content obtained from pelleted 
BAL fluid was lysed and cleaved caspase-3 levels were determined by western blot, representative 
western blots shown (a). Relative densitometric quantification of cleaved caspase-3 normalized for 
β-actin  are shown in the bar graph (b). Data are expressed as mean ± SEM, N=6-9.  * P < 0.05
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R-roscovitine does not influence chemokine or cytokine levels
We measured KC, MIP-2, LIX, IL-6 and TNF-α in BAL fluid. MV resulted in elevated levels of LIX, 
KC, MIP-2 and IL-6 in BAL fluid; TNF-α was not detectable in BAL fluid from either ventilated 
or control animals (table 1). In plasma, KC, MIP-2, IL-6 and TNF-α were determined, which 
(apart from non-detectable TNF-α) were enhanced by MV, but not altered by r-roscovitine 
treatment (data not shown). R-roscovitine did neither influence chemokine or cytokine 
levels in BAL nor chemokine or cytokine levels in plasma.
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Figure 4: r-Roscovitine treatment diminishes PMN influx in BAL fluid and attenuated lung injury in 
VILI
Mice were ventilated for 5 hours with low VT (~ 7.5 ml/kg) and high VT (~ 15 ml/kg). PEEP was set 
at 2 cmH2O in both MV-strategies. Respiratory rate was set at 110 breaths/minutes and 70 breaths/
minutes with low tidal and high tidal, respectively. Mice were treated with an i.p. injection of 70 mg/
kg r-roscovitine (black bars) or vehicle (10% DMSO; white bars). Number of PMNs (a), lung wet dry 
ratios (b), RAGE (c) and total IgM (d) in BAL fluid of control (ctr), low VT and high VT mice. Data are 
represented as means  ± SEM of 7-9 mice per group. *P < 0.05, *P < 0.01 vs. vehicle.
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Discussion

We investigated the potential of r-roscovitine treatment in reducing lung damage in a 
mouse model of VILI. In vitro, r-roscovitine treatment enhanced PMN apoptosis. During 
lung-injurious MV r-roscovitine treatment lowered the number of PMNs and lung damage 
marker levels RAGE and total IgM in bronchoalveolar lavage fluid. However, r-roscovitine did 
not affect cytokine or chemokine levels in the bronchoalveolar space.

Manifestation of VALI is greatly reduced by lung-protective MV [3]. Unfortunately, MV 
with lower tidal volumes is not always possible in patients with severe respiratory failure 
[22,23,24]. Moreover, the mortality rates of ALI patients remain as high as 31%, despite 
the use of lower tidal volumes [3]. Thus, additional strategies, including pharmacological 
therapies, are needed to attenuate the detrimental effects of MV and consequently 
contribute to survival of critically ill patients. In view of this notion, adequate animal models 
of MV are required to gather further insights into the mechanisms of VILI and to evaluate 
preventive treatment strategies.

The current study expands earlier investigations on the potential of r-roscovitine to reduce 
inflammatory responses in lung inflammation. Previously, r-roscovitine was administered 24 
hours after carrageenan–induced pleurisy resulting in diminished lung levels of IL-6, IFN-γ 
and MCP-1 and PMN numbers at 36 hours compared to the vehicle control [13]. This was 
accompanied by enhanced, zVAD-fmk (a caspase inhibitor) reversible, apoptosis in cellular 
influx. In bleomycin–induced lung injury, treatment with r-roscovitine (given at 48 hours) 
reduced the PMN presence in the lung after 3 days of inflammation and ameliorated  lung 
morphology compared to vehicle treatment [13]. We confirmed the apoptotic potential 
of r-roscovitine in freshly isolated PMNs and in recruited cells during high tidal ventilation 
injury. Previously, it was shown that r-roscovitine enhances both cleavage of caspase-3 and 
annexin V staining in PMNs [14,16]. In accordance, we demonstrated enhanced annexin 
V staining and DNA fragmentation in r-roscovitine treated PMNs and enhanced levels of 

Table 1 Effect of r-roscovitine treatment on BAL fluid cytokine and chemokine levels
control Low VT High VT

Vehicle r-roscovitine Vehicle r-roscovitine Vehicle r-roscovitine

KC 0.07 ± 0.02 0.03 ± 0.01 0.60 ± 0.11** 0.61 ± 0.14 0.76 ± 0.11*** 0.92 ± 0.11

MIP-2 0.09 ± 0.01 0.07 ± 0.01 0.22 ± 0.04** 0.24 ± 0.06 0.25 ± 0.05** 0.26 ± 0.06

LIX 0.11 ± 0.02 0.10 ± 0.01 0.44 ± 0.12** 0.46 ± 0.09 0.67 ± 0.12** 0.46 ± 0.08

IL-6 0.05 ± 0.01 BD 0.61 ± 0.11* 0.58 ± 0.14 0.85 ± 0.13*** 0.80 ± 0.07

TNF-α BD BD BD BD BD BD

Cytokine and chemokine levels (in ng/ml) in BAL fluid of vehicle of r-roscovitine treated mice. Control, 
spontaneously breathing mice; Low VT, mice ventilated for 5 hours with a VT of ~7.5ml/kg; High VT, 
mice ventilated for 5 hours with a VT of ~15ml/kg. BD: below detection limit. Data are represented 
as mean ± SEM of 7 to 9 mice per group. *P < 0.05 **P < 0.01 *** P < 0.001 versus vehicle control.
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cleaved caspase 3 in BAL fluid cells. The lack of effect of r-roscovitine treatment on cytokines 
and chemokines in our experiments compared to the literature are likely due to the 
difference in experimental models. 

RAGE is a multiligand receptor of the immunoglobulin superfamily that interacts with 
advanced glycation endproducts, amyloid, β-sheet fibrils, high mobility group box 1 and 
S100 family members [25]. RAGE was first described in lung tissue [26]. Enhanced RAGE 
levels have been shown in ALI/ARDS and are indicative of type I epithelial cell-damage [27]. 
Type I epithelial cells represent 95% percent of the entire lung epithelium; as such damage 
to these cells is detrimental to lung barrier function [28]. While RAGE is a direct measure of 
epithelial damage, IgM levels represent the overall functioning of the lung barrier. Present in 
high levels in the plasma, under normal circumstances the penta-immunoglobuline structure 
of IgM cannot pass the lung barrier [29]. During VILI RAGE levels in vehicle treated high VT 
were notably increased when compared to low VT; the presence of lung injury was further 
supported by elevated IgM levels in BAL fluid. It is likely that the effects of r-roscovitine on 
RAGE and IgM are related to the accompanying reduction in PMN numbers. 

The majority of patients in the intensive care unit undergo MV. While MV is critical for the 
treatment of these patients, the potential of MV to aggravate or de novo initiate pulmonary 
damage is problematic [30,31]. PMNs are important enforcers of inflammatory responses 
in lung injury and VILI [32,33]. Their accumulation and subsequent activation is potentially 
dangerous to healthy tissues, especially in sterile inflammation [34,35]. Historically known 
for controlling cell cycle progression, CDKs have been implicated in controlling PMN cell fate 
through apoptosis [36,37]. The CDK inhibitor r-roscovitine is capable in inducing apoptosis 
in PMNs [13,14].  
The exact mechanisms by which r-roscovitine exerts its effects on PMNs are not entirely 
clear. MCL-1 stability seems to play a role: inhibition of CDKs destabilizes MCL-1 resulting 
in apoptosis [38]. MCL-1 is a pro-survival B-cell lymphoma 2 (BCL-2) family member, which 
upon degrading enhances caspase activation [39]. It was also shown that the r-roscovitine 
induced destabilization of MCL-1 is mediated by Noxa (phorbol-12-myristate-13-acetate-
induced protein 1, a pro-apoptotic BH-3 (BCL2 homology domain-3) only BCL-2 family 
member) [40].
In addition to its pro-apoptotic properties, r-roscovitine inhibition of CDK 5 and 9 was recently 
shown to be involved in migration and to inhibit leukocyte adherence and extravasation 
[41,42]. In the present study we did not investigate this mechanism in PMN migration. 
Therefore, we cannot exclude that the reduced numbers of PMNs in r-roscovitine treated 
animals are attributable to reduced extravasation. R-roscovitine treatment per se did not 
alter systemic PMN counts (data not shown). However, as found in vitro, we observed 
enhanced cleaved caspase-3 levels in BAL fluid cells of high VT MV mice. This indicates that 
apoptosis induction is a least in part responsible for the diminished PMN numbers due to 
r-roscovitine treatment.

Studies which observed anti-inflammatory effect of r-roscovitine treatment made use of 
more severe lung inflammation settings (e.g. pleurisy), which lasted more than 24 hours 
[13]. However, a strength of the VILI model, apart from closely mimicking the clinical 
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situation, is that it is not influenced by variable bacterial growth such as in pneumonia 
models, or  uncertain pleiotropic effects of chemically induced lung injury. Furthermore, our 
experiments did not last longer than 5 hours. Thus, the anti-inflammatory effects on cytokine 
and/ or chemokine responses brought on by r-roscovitine treatment might, possibly, arise 
at later time points. 

We here show that r-roscovitine treatment is capable of attenuating VILI possibly by 
enhancing PMN apoptosis. Reducing PMN presence may have therapeutic potential to reduce 
pulmonary damage for patients at risk for VILI as pointed out by our data. R-roscovitine was 
well tolerated in humans in doses up to 1600 mg bi-daily [43]. However, possible downsides 
of using a drug that is capable of hampering the cell cycle, such as gastrointestinal toxicity, 
should be taken in to account. 
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Abstract

Background:
Gram-positive and gram-negative bacteria are common causative agents of respiratory tract 
infection. Lipopolysaccharide (LPS) is a component of the gram-negative cell wall and a 
strong inducer of inflammation. The main proinflammatory component of the gram-positive 
bacterial cell wall is lipoteichoic acid (LTA). The protein kinase p38 mitogen activated protein 
kinase (MAPK) plays an important role in the inflammatory process induced by these two 
bacterial structures.

Aim:
We here sought to establish the impact of local p38 MAPK inhibition on lung inflammatory 
responses induced by LPS and LTA. We investigated the effects of direct intrapulmonary 
delivery of a p38 MAPK inhibitor on local LPS and LTA induced airway inflammation in mice.

Results:
In vitro, BIRB 796 reduced LPS induced p38 MAPK phosphorylation in alveolar macrophage 
and respiratory epithelial cell lines and diminished cytokine/chemokine release. In vivo, BIRB 
796 circumvented p38 MAPK phosphorylation in both LPS and LTA induced inflammation. 
Cellular influx was not affected. Lung TNF-α, IL-6, MIP-2 and LIX production was reduced 
in LPS induced inflammation but not in lung inflammation by LTA. BIRB 796 reduced total 
protein and IgM in bronchoalveolar lavage fluid after LTA instillation, while enhancing TATc 
and D-dimers in LPS- and LTA induced inflammation.

Conclusion:
These results taken together with earlier studies on systemic administration of p38 MAPK 
inhibitors in rodents and humans suggest that direct intrapulmonary delivery of a p38 
MAPK inhibitor is less effective in inhibiting inflammation and is associated with unexpected 
procoagulant effects in the bronchoalveolar space.
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Introduction

Bacterial pneumonia is a major cause of morbidity and mortality [1]. Both gram-positive 
and gram-negative bacteria are common causative agents in respiratory tract infection 
[1,2,3]. Lipopolysaccharide (LPS) is a component of the gram-negative cell wall and a strong 
inducer of inflammation [4]. The most important proinflammatory component of the gram-
positive bacterial cell wall is lipoteichoic acid (LTA) [5]. The local effects of LPS and LTA 
within the lung have been implicated to contribute to the acute lung inflammation that 
accompanies pneumonia [6]. The inflammatory process is pivotal in host-defense against 
invading pathogens. However, hyper-inflammation is unwanted, as it may be detrimental 
the host [7]. The protein kinase p38 mitogen activated protein kinase (MAPK) is involved in 
the regulation of inflammatory mediator synthesis [8]. Four isoforms of MAPK are known 
that share >60% sequence homology [9]. The α and β isoforms are ubiquitously expressed 
[10]. P38-g is mostly expressed in skeletal muscle; p38-g is predominantly expressed in 
lungs, kidneys, testis, pancreas, and small intestine [11]. Both LPS and LTA can trigger p38 
MAPK signaling [4,12]. LPS activates cells through stimulation of the Toll-like receptor (TLR) 
4 – MD2 receptor complex, whereas LTA signals through TLR 2 [13].

We previously observed p38 MAPK signaling activity, using kinase arrays, in lungs of mice 
with pneumonia caused by Klebsiella (K.) pneumoniae, a common gram-negative respiratory 
pathogen [14]. P38 MAPK activity influences mainly the expression of pro-inflammatory 
mediators (e.g. Tumor Necrosis Factor (TNF) α/Interleukin (IL)-6/IL-8/Cytochrome c oxidase 
subunit II (COX2)) [15] and thus is a potential target to prevent hyper-inflammation. Previous 
studies examined systemic p38 MAPK inhibition in lung inflammation models and found 
beneficial anti-inflammatory effects (e.g. reduced PMN recruitment) [16,17,18,19].

The systemic administration of p38 MAPK inhibitors may cause undesired effects at body 
sites distant from local inflammatory processes. Therefore, we here sought to establish the 
impact of local p38 MAPK inhibition on lung inflammatory responses induced by LPS and 
LTA. In particular, we determined if direct intrapulmonary delivery of a p38 MAPK inhibitor 
would exert local anti-inflammatory effects after administration of LPS  and LTA via the 
airways. We used BIRB 796, an inhibitor of all isoforms of p38 MAPK [20], of which our 
laboratory previously demonstrated its capacity to potently inhibit systemic inflammatory 
responses elicited by intravenous LPS in healthy humans [21].

Material and methods

In vitro studies
Polymorphnuclear cells (PMNs) were isolated from EDTA anticoagulated blood from healthy 
subjects using Polymorphprep (Axis-Shield, Oslo, Norway). 2x105 PMNs were seeded on 
24 wells plates (Greiner Bio-One, Monroe, NC) and treated with 10 µM BIRB 796 (Axon 
medchem, Groningen, The Netherlands) or vehicle (0.01% DMSO) in presence of 100 ng/ml 
LPS (from E. coli. 0111:B4 ; Invivogen, San Diego, CA). After 0, 15, 30 and 120 minutes cells 
were lysed with lysis buffer (Cell Signaling Technology, Danvers, MA) and 3x Laemmli buffer 
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was added prior to incubating the samples at 95 °C for 5 minutes. A similar approach was 
used to obtain samples to measure the phosphorylation levels of p38 MAPK in MH-S (mouse 
alveolar macrophage cell line; American Type Culture Collection, Rockville, MD), MLE-12 and 
MLE-15 cells (mouse lung epithelial cell lines; kindly provided by Jeffrey Whitsett, Division 
of Pulmonary Biology, Department of Pediatrics, Cincinnati Children’s Hospital Medical 
Center and the University of Cincinnati College of Medicine, Cincinnati, Ohio). 1x105 cells 
were seeded in a 24 well plate (Greiner Bio-One). After 24 hours, MH-S and MLE-15 cells 
were gently washed and stimulated with 100 ng/ml LPS (purified from E. coli. 0111:B4 ; 
Invivogen, San Diego, CA).  Since MLE-12 cells merely react upon gram-positive stimulation 
(data not shown), these cells were stimulated with 10 µg/ml Staphylococcus (S.) aureus LTA 
(endotoxin level: <1.25 EU/mg; Invivogen). Simultaneously, cells were treated with 10 µM 
BIRB 796 or vehicle (0.01% DMSO).  In these experiments, MH-S cells were lysed 0, 15, 30, 
60 and 120 minutes after stimulation with lysis buffer (Cell Signaling Technology) and 3x 
Laemmli buffer was added prior to incubating the samples at 95 °C for 5 minutes. In MLE-12 
and MLE-15 cell-lines an additional 240 minute time point was included.

To test the effect of BIRB 796 on cytokine responses, 1x105 MH-S, MLE-12 and MLE-15 cells 
were seeded in a 24 well plate (Greiner Bio-One) and after 24 hours stimulated as indicated 
above. After 4 and 8 hours of stimulation, supernatants were harvested for ELISA. Cell 
viability was assessed by adding MTT ([3-(4,5-methylthiazol-2-yl)-2,5-dipheyl-tetrazolium 
bromide]; Sigma-Aldrich) reagent to all wells for 60 min. Supernatants were discarded and 
the cells were lysed in acidic isopropanol (Merck, Darmstadt, Germany). Absorbance was 
measured at 570 nm. 

Mouse model of lung inflammation
Female C57BL/6 mice aged 10 to 11 weeks were purchased form Charles River (Maastricht, 
The Netherlands). The Animal Care and Use Committee of the University of Amsterdam 
approved all experiments. For intrapulmonary delivery, mice were anesthetized by isoflurane 
(Upjohn Ede, The Netherlands) and 10 mg/kg BIRB 796, was instilled intranasally (i.n.) in 50 
µl 10% DMSO saline solution; control mice received 50 µl 10% DMSO without BIRB 796.
In order to induce lung inflammation, mice were anesthetized with isoflurane (Upjohn) and 
1 µg LPS (purified from K. pneumoniae; Sigma, St. Louis, MO) or 100 µg  LTA (Invivogen),  
diluted in 50 µl of sterile saline was instilled i.n.. At different time points (LPS: 3; 6; 16 hours, 
LTA: 6 hours) after pulmonary challenge, mice were anesthetized with Domitor (Pfizer Animal 
Health Care, Capelle aan der IJssel, The Netherlands; active ingredient medetomidine) and 
Nimatek (Eurovet Animal Health, Bladel, The Netherlands; active ingredient ketamine) and 
sacrificed by cardiac puncture followed by cervical dislocation. Sham samples were obtained 
from naïve mice.

Bronchoalveolar lavage
To obtain bronchoalveolar lavage (BAL) fluid the trachea and lungs were exposed through 
a midline incision and the right lung was disconnected from the main airways. The trachea 
was cannulated with a 22G Abbocath-T catheter (Abbott, Sligo, Ireland); the left lung was 
instilled with two times 0.4 ml sterile PBS and the fluid was retrieved and weighed. Total 
cell counts were determined with a Coulter cell counter (Beckman Coulter, Fullerton, CA); 
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differential cell counts were performed on Giemsa stained cytospin preparations. For 
western blot, cells not used for cytospins were taken up in Laemmli buffer, boiled at 95 °C 
for 5 minutes and stored at -20 °C until further use.

Assays
IL-6, TNF-α, keratinocyte chemoattractant (KC), LPS-induced CXC Chemokine (LIX)  and 
macrophage inflammatory protein (MIP)-2 (R&D Systems, Minneapolis, MN) and Thrombin 
anti-thrombin complexes (TATc; Kordia, Leiden, The Netherlands) were measured using 
ELISAs  according to the manufacturer’s instructions. Detection limits were: TATc: 8.8 ng/
ml, 10 pg/ml for TNF-α, 31.25 pg/ml for IL-6 , 15.6 pg/ml for LIX and 8.2 pg/ml for MIP-
2 and KC. Total protein concentrations were measured using a DC protein assay (Bio-Rad 
Laboratories, Veenendaal, The Netherlands). For Immunoglobulin M (IgM) measurements 
96 wells plates (Greiner Bio-One) were plated with anti-mouse Ig (SouthernBioTech, 
Birmingham, Alabama) in sodium carbonate buffer at 4°C overnight. Plates were blocked in 
5% bovine serum albumin (Roche Applied Science, Indianapolis, IN) in phosphate buffered 
saline (PBS) (Fresenius Kabi, Bad Homburg, Germany) for 1 hour at room temperature and 
incubated with diluted samples in 1% BSA and 0.05% Tween 20 (Sigma-Aldrich) in PBS for 2 
hours in 37°C. Anti-mouse IgM-HRP (SouthernBioTech) was used for detection, plates were 
developed with 3,3′,5,5′-tetramethylbenzidine (TMB; Invitrogen, Paisley, UK) and 0.003% 
H2O2 (Merck) and absorbance was measured at 450 nm. 

Western blotting
Samples were loaded onto SDS-PAGE gels. After electrophoresis the content of the gels was 
transferred onto Immobilon-PVDF membranes (Millipore, Billerica, MA). The membranes 
were blocked in 5% BSA (Roche, Basel, Switzerland) in TBS-T at room temperature for 60 
minutes. Phosphorylated p38 MAPK (Cell signaling Technology, Boston, MA) and Fibrinogen 
(Kordia, Leiden, the Netherlands) antibodies were diluted to 1:1000, β-actin (Santacruz 
Biotechnology, Santa Cruz, CA) was diluted 1:2000. The membranes were incubated overnight 
at 4 °C. Next, the membranes were incubated at room temperature for 60 minutes with anti-
rabbit-HRP conjugated (Cell signaling Technology) or anti-goat-HRP conjugated secondary 
antibody (DakoCytomation, Glostrup, Denmark). Blots were imaged using LumiLight Plus 
ECL (Roche, Basel, Swizerland) on a LAS 4000 chemiluminescence imager (GE Healthcare 
Biosciences, Pittsburgh, PA). Image quantification was performed using ImageJ software 
(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, http://rsb.
info.nih.gov/ij/, 1997-2011).

Statistical analysis
Data are expressed as mean ± SEM. For in vivo data, two sample comparisons were 
performed with Mann Whitney U tests using GraphPad Prism version 5.01 (GraphPad 
Software, San Diego, CA). Comparisons between multiple groups were done using Kruskall-
Wallis tests; if overall significant individual groups were assessed by Mann Whitney-U tests. 
For in vitro analysis, student t-tests were applied. Multiple group analysis was performed by 
2-way ANOVA. P < 0.05 was considered to be statistically significant.
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Results

BIRB 796 inhibits p38 MAPK phosphorylation and inflammatory mediator 
production in vitro
It is known that BIRB 796 inhibits both p38 MAPK activity and p38 MAPK phosphorylation 
[21,22]. We investigated the effect of BIRB 796 on the phosphorylation status of p38 MAPK 
in freshly isolated human PMNs and in three typical murine lung cell lines. In addition, we 
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Figure 1: BIRB 796 inhibits p38 MAPK phosphorylation and inflammatory mediator production in vitro
MH-S, MLE-15 cells and freshly isolated PMNs were stimulated with LPS (100 ng/ml), MLE-12 cells 
were stimulated with LTA (10 µg/ml) in presence or absence of BIRB 796 (10 µM). At indicated 
time-points (PMNs and MH-S 0 – 120 minutes, MLE-12 and MLE-15 0 – 240 minutes) samples 
were taken for phosphorylated p38 MAPK western blot analysis (A-D). For inflammatory mediator 
measurements, supernatants were taken at 4 and 7 hours. TNF-α was measured for MH-S cells (E), KC 
was measured for MLE-12 and MLE-15 cells. Cell viabilities were assessed by MTT assays and are 
shown as inserts (E-G). Data are expressed as means ± SEM (n = 2-4) ** = P < 0.01 *** = P < 0.001
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assessed the effects of BIRB 796 on inflammatory mediator production by these cell types. 
The phosphorylated p38 MAPK was measured at several time points within the first minutes 
of exposure to LPS (as indicated in figure 1), while TNF-α or KC levels were measured after 4 
and 7 hours of stimulation.
Phosphorylation dynamics of p38 MAPK in response to stimulation differed between 
cell types (figure 1A-D), as determined by western blotting. In PMNs and MH-S (alveolar 
macrophage) cells the increase in p38 MAPK phosphorylation was more rapidly normalized 
(<120 minutes) than in MLE-15 (respiratory epithelial) cells  (<240 minutes). Notably, PMNs 
harvested directly after exposure to LPS (t = 0) already showed detectable p38 MAPK 
phosphorylation; vehicle treated MLE-12 cells displayed a sustained highly phosphorylated 
p38 MAPK state which further increased in time. Regardless of the cell type dependent 
dynamics, BIRB 796 reduced the phosphorylation levels of p38 MAPK in all cell types 
compared to vehicle treated cells.
Apart from p38 MAPK phosphorylation, BIRB 796 reduced TNF-α levels in MH-S (figure 1E) 
cell supernatants at 4 and 7 hours of LPS stimulation (P<0.001). In lung epithelial cell-lines a 
less pronounced effect was observed. A modest reduction in KC production by MLE-12 cells 
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Figure 2: Intrapulmonary BIRB 796 delivery circumvents LPS and LTA induced p38 MAPK 
phosphorylation
Mice were inoculated with LPS (1 μg) or LTA (100 μg) and simultaneously treated with either BIRB 
796 (10 mg/kg) or vehicle. After 3, 6 and 18 hours of LPS and 6 hours of LTA inflammation animals 
were sacrificed; sham samples were obtained from naïve mice. Cellular content obtained from BAL 
fluid was lysed and p38 MAPK phosphorylation was determined by western blot. (A, B) Western blot 
for p-p38 MAPK of BAL cells after LPS administration. (C, D) p38 MAPK phosphorylation levels in 
BAL cells after LTA administration. Data are expressed as means ± SEM (n = 4-8) * = P < 0.05
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(figure 1F) in BIRB 796 treated cells occurred compared to vehicle controls (P<0.01), while 
in MLE-15 cells BIRB 796 resulted in a trend towards a reduced KC production (figure 1G; 
P=0.066). Viability of these cell-lines was not statistically significantly altered due to BIRB 
796 treatment (figure 2E-F inserts).

BIRB 796 circumvents LPS and LTA induced p38 MAPK phosphorylation in 
vivo
Given the strong effect observed in vitro, we applied BIRB 796 locally in murine pulmonary 
inflammation. BIRB 796 (10 mg/kg) was inoculated i.n. at t=0 hours combined with either K. 
pneumoniae LPS (1 μg) or  S. aureus LTA (100 μg). At t=3, 6 and 18 hours of LPS and t=6 hours 
of LTA induced lung inflammation mice were sacrificed and BAL performed. From the cellular 
content of these lavages p38 MAPK phosphorylation states were determined by western 
blot. Phosphorylation of p38 MAPK increased in the vehicle group compared to sham upon 
both LPS and LTA stimulation (figure 2). After 18 hours of LPS inflammation phosphorylation 
of p38 MAPK returned to baseline.  Local administration of BIRB 796 reduced p38 MAPK 
phosphorylation to baseline levels in response to both LPS (at t=3 and 6 hours; P<0.05) and 
LTA (t=6 hours , P<0.05) instillation.

P38 MAPK inhibition does not affect intrapulmonary cellular composition 
during lung inflammation
Cellular differential counts were performed on cells derived from BAL fluid (Table 1). During 
the course of LPS-induced inflammation the numbers of lymphocytes and PMNs increased. 
Lymphocyte counts were statistically significantly reduced (P<0.05) at 3 hours due to BIRB 
796 treatment, while no statistically significant changes occurred in the numbers of other 

Table 1:  Composition of lavage fluid in pulmonary inflammation
PMNs Macrophages Lymphocytes

0 hours Sham 0.13 ± 0.04 6.48 ± 0.65 0.30 ± 0.04

3 hours LPS Vehicle 17.26 ± 0.59 3.07 ± 0.58 0.52 ± 0.15
BIRB 14.26 ± 1.29 2.3 ± 0.39 0.21 ± 0.02*

6 hours LPS Vehicle 23.01 ± 1.62 3.01 ± 0.34 0.96 ± 0.17
BIRB 23.54 ± 1.57 3.68 ± 0.62 0.66 ± 0.12

18 hours LPS Vehicle 33.06 ± 3.30 4.10 ± 0.54 0.68 ± 0.15
BIRB 37.88 ± 4.67 3.21 ± 0.40 0.84 ± 0.15

6 hours LTA Vehicle 3.43 ± 0.60 4.13 ± 0.27 0.35 ± 0.06
BIRB 3.29 ± 0.53 4.74 ± 0.82 0.39 ± 0.10

Mice were inoculated with LPS (1 μg) or LTA (100 μg) and simultaneously treated with either BIRB 
796 (10 mg/kg) or vehicle. After 3, 6 and 18 hours of LPS and 6 hours of LTA inflammation animals 
were sacrificed; sham samples were obtained from naïve mice. In cytospin preparations of BAL PMN, 
macrophage and lymphocyte counts (shown in 104) were determined. Data are expressed as mean ± 
SEM, N=4-8. * = P < 0.05 vs. vehicle.
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cell-types or time points. After 6 hours of LTA-induced inflammation, BIRB 796 intervention 
did not influence the cellular composition of BAL fluid in LTA-induced inflammation.

P38 MAPK inhibition reduces TNF-α levels in LPS- but not in LTA-induced 
inflammation
To determine if reduced phosphorylation state of p38 MAPK affected inflammatory mediator 
levels, we measured TNF-α, IL-6, KC, MIP-2 and LIX in BAL fluid (Table 2). 
During the course of LPS-induced inflammation TNF-α, IL-6, KC and MIP-2 increased 
considerably in the untreated group. The peak values of these inflammatory mediators were 
observed at 3 hours. Local BIRB 796 treatment significantly reduced TNF-α levels during the 
entire time course of LPS-induced inflammation. IL-6 was reduced after 3 hours (P<0.5), 
while MIP-2 levels were diminished at 3 and 6 hours (P<0.05). Interestingly, KC levels were 
not affected by BIRB 796 treatment, while BIRB 796 intervention reduced the concentrations 
of LIX at 6 (P<0.05) and 18 hours (P<0.01).
LTA-induced inflammation resulted in only a subtle rise in inflammatory mediator levels. 
Apart from an increase in LIX levels (P<0.01) no statistically significant differences were 
observed.
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Figure 3: Local p38 MAPK inhibition partially preserves epithelial barrier integrity
Mice were inoculated with LPS (1 μg) or LTA (100 μg) and simultaneously treated with either BIRB 
796 (10 mg/kg) or vehicle. After 3, 6 and 18 hours of LPS and 6 hours of LTA inflammation animals 
were sacrificed; sham samples were obtained from naïve mice. In obtained BAL fluid total protein (A, 
B) and IgM (C, D) were determined. Data are expressed as mean ± SEM, N=4-8. * =  P < 0.05 ** = P 
< 0.01  vs. Vehicle; OD = optical density



96

6

Intrapulm
onary p38 inhibition partially prevents inflam

m
ation

Total protein and IgM levels
To assess lung barrier integrity, total protein and IgM levels were measured in BAL fluid (figure 
3). Total protein levels in BAL fluid were reduced after 3 hours (figure 3A, P<0.05) of LPS-
induced inflammation due to BIRB 796 treatment. This difference did not last, since at the 
18 hour time point total protein levels were enhanced in both treatment and vehicle group.
Six hours after instillation LTA, BIRB 796 reduced total protein level to baseline compared 
to vehicle (figure 3B, P<0.01). IgM levels remained low after LPS instillation throughout the 
course of inflammation (figure 3C). No differences between BIRB 796 and vehicle treatment 
occurred. Interestingly, during LTA-induced inflammation the increase in BAL fluid IgM levels 
were abolished by BIRB 796 treatment (figure 3D, P<0.05).

BIRB 796 and coagulation
Previously, it was shown that BIRB 796 affects systemic activation of the coagulation system 
in humans challenged with LPS intravenously [23]. Here we evaluated coagulation activation 
in BAL fluid by measuring the concentrations of TATc (by ELISA) and D-dimer (by fibrinogen 
western blots, where the 200 kD band represents D-dimer)(figure 4). 
LPS instillation did not result in detectable D-dimer levels in BAL fluid at the 3 and 6 hour 
time points. After 18 hours of LPS-induced inflammation D-dimer levels could be detected; 
BIRB 796 treatment did not statically significantly alter D-dimer levels (figure 4A and B). TATc 
levels increased in response to LPS; BIRB 796 administration resulted in higher TATc levels 
in BAL fluid at 18 hours (P<0.05; figure 4C). A trend towards enhanced TATc levels after BIRB 
796 treatment was already found at 6 hours.
In LTA-induced inflammation D-dimer levels were detectable at the 6 hour time point (figure 
4D and E).  BIRB 796 treatment resulted in enhanced D-dimer levels compared to the vehicle 

BAL fluid inflammatory mediator levels (ng/ml). Mice were inoculated with LPS (1 µg) or LTA (100 
µg) and simultaneously treated with either BIRB 796 (10 mg/kg) or vehicle. After 3, 6 and 18 hours of 
LPS and 6 hours of LTA inflammation animals were sacrificed; sham samples were obtained from naïve 
mice. Data are expressed as mean  SEM, N=4-8. * = P < 0.05; ** = P < 0.01 vs. vehicle.

Table 2:  Lavage fluid levels of inflammatory mediators
TNF-α IL-6 KC MIP-2 LIX

0 hours Sham 0.01 ± 0.01 N.D. 0.23 ± 0.04 0.82 ± 0.14 1.48 ± 0.34

3 hours LPS Vehicle 10.62 ± 0.85 1.34 ± 0.19 4.40 ± 0.49 1.94 ± 0.26 2.23 ± 0.33
BIRB 6.42 ± 0.60** 0.85 ± 0.07* 3.99 ± 0.49 1.44 ± 0.12* 1.59 ± 0.27

6 hours LPS Vehicle 4.60 ± 0.37 0.77 ± 0.07 0.79 ± 0.04 0.65 ± 0.03 0.60 ± 0.07
BIRB 2.79 ± 0.56* 0.62 ± 0.13 0.59 ± 0.14 0.47 ± 0.08* N.D.*

18 hours LPS Vehicle 0.96 ± 0.09 0.36 ± 0.04 0.37 ± 0.03 0.48 ± 0.05 2.67 ± 0.27
BIRB 0.26 ± 0.06** 0.38 ± 0.09 0.38 ± 0.04 0.57 ± 0.03 1.41 ± 0.21**

6 hours LTA Vehicle 0.09 ± 0.01 0.43 ± 0.08 0.35 ± 0.04 0.62 ± 0.06 0.84 ± 0.12
BIRB 0.13 ± 0.03 0.23 ± 0.07 0.55 ± 0.11 0.75 ± 0.06 1.56 ± 0.17**
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control (figure 4E, P < 0. 05). TATc levels also showed an increase in response to LTA, however 
no effects of BIRB 796 were observed (figure 4F).

Discussion

The inflammatory response is pivotal in host-defense against invading pathogens. However, 
hyper-inflammation is unwanted as it may be detrimental to the host [7]. Here we studied 
the impact of direct intrabronchial p38 MAPK inhibition on lung inflammatory responses 
induced by LPS or LTA administration via the airways. Our approach of intrapulmonary 
treatment was chosen considering that this route of administration potentially could avoid 
unneeded or unwanted systemic anti-inflammatory effects.

In in vitro experiments, BIRB 796 reduced p38 MAPK phosphorylation in response to LPS or 
LTA in all cell types relevant for lung inflammation (i.e. PMNs, macrophages and epithelial 
cells), resulting in reduced production of cytokines or chemokines. PMNs displayed p38 MAPK 
phosphorylation very shortly after exposure to LPS. This could either be due to enhanced 
reactivity to LPS or due to possible activation during the isolation process. Notably, cells 
were not pre-incubated with BIRB 796; thus, not only is the phosphorylation of p38 MAPK 
nigh immediate, the inhibition of this process by BIRB 796 is equally rapid.  Epithelial and 
macrophages cell lines exhibited a comparable reduction in p38 MAPK phosphorylation. 
Interestingly, the strongest reduction in cytokine/chemokine production was observed in 
the macrophage cell line. The underlying mechanism to this discrepancy could be that p38 
MAPK directly stabilizes TNF-α mRNA, which has not been described for KC [24]. In line 
with our findings, p38 MAPK inhibition did not impact IL-8 production in primary human 
epithelial cells [25].  Thus, overall BIRB 796 reduces the inflammatory response to LPS (or 
LTA) in important pulmonary cells lines.

Profound differences between pulmonary inflammation induced by LPS and by LTA are 
apparent from our data. Although in both settings p38 MAPK phosphorylation was elicited, 
weaker effects on chemotaxis to the lung compartment and inflammatory mediator 
production were observed in LTA-induced inflammation. Similar observations were made 
by our laboratory in a human model of intrapulmonary LPS and LTA delivery [26]. Still, it 
remains striking that in LTA-induced inflammation IgM, protein and D-dimer levels were 
greatly enhanced, while inflammatory mediators were not strongly induced when compared 
to the responses induced by LPS. LPS and LTA activate cells via distinct receptors (TLR4 and 
TLR2 respectively), in part using different adaptor proteins (Myeloid differentiation primary 
response gene 88[MyD88]/TIR-domain-containing adapter-inducing interferon-β[TRIF] and 
MyD88 respectively) [4]. More research is warranted to establish via which routes and via 
which cell types LPS and LTA elicit different inflammatory and procoagulant responses in the 
lungs. 

In human experimental endotoxemia, systemic application of BIRB 796 reduced p38 MAPK 
phosphorylation [21]. We here show that local administration of BIRB 796, directly into the 
airways, also inhibits p38 MAPK phosphorylation in response to both LPS- and LTA-induced 
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lung inflammation in mice. It should be noted that these observations were done in BAL 
cells and do not provide insight on effects on lung epithelial cells. Moreover, at both 3 and 
6 hours p38 MAPK phosphorylation was reduced, while the dominate cell type, PMNs, are 
of extra pulmonary origin. The inhibition of p38 MAPK in newly arriving PMNs could be 
due to either lack of activation by lung residents or to sustained BIRB 796 presence in the 
pulmonary compartment at these time points.

While we did not find effects on PMN recruitment into the bronchoalveolar space, other 
studies did describe effects of p38 MAPK inhibition on cell influx. Orally administered 
SB239063 diminished eosinophilia in murine ovalbumin-induced allergic lung inflammation 
[16]. Also, LPS-induced pulmonary inflammatory responses in guinea pigs were reduced by 
this compound [17]. Another oral drug, M39, inhibited pulmonary PMN accumulation in 
LPS instilled mice [18]. Intraperitoneal treatment with SB203580 reduced PMN recruitment 
into the bronchoalveolar space following intratracheal LPS administration in mice [19]. 
Moreover, in a model of systemic inflammation elicited by Streptococcus pyogenes M1 
protein inhibition of p38 MAPK (by intraperitoneal administration of either SKF 86002 or 
SB 239063) reduced pulmonary edema and PMN influx [27]. Differences in outcome with 
our study could be explained by different administration routes. Systemic treatment, either 
through oral or intraperitoneal administration, probably also exerts effects on cells outside 
the focus of inflammation, influencing PMN influx primarily by an effect on circulating cells.

Local BIRB 796 administration did affect inflammatory mediator levels in BAL fluid. TNF-α 
levels were strongly reduced by BIRB 796 treatment after intrapulmonary delivery of LPS 
at all time points examined. This is in accordance with previous studies demonstrating 
reduced lung TNF-α levels after systemic inhibition of p38 MAPK [28,29]. Local BIRB 796 
administration also diminished IL-6 levels in BAL fluid after LPS instillation. These findings 
are in line with our earlier investigation in healthy humans, in whom oral BIRB 796 strongly 
attenuated TNF-α and IL-6 release after intravenous injection of LPS [21]. Remarkably, 
the effect of BIRB 796 on the release of the PMN attracting chemokine LIX [30], a murine 
analog of CXCL5, depended on the stimulus: whereas LIX levels were reduced by BIRB 
769 6 and 18 hours after LPS administration, BIRB 796 treated mice displayed increased 
LIX concentrations 6 hours after LTA instillation. Of note, LIX is exclusively produced by 
epithelial cells [31]; therefore these data suggest that either BIRB 769 differentially affects 
the respiratory epithelium after LPS or LTA stimulation and/or that the effects of p38 MAPK 
inhibition on LIX release during LPS-induced inflammation are partially mediated indirectly, 
via inhibition of the release of proinflammatory cytokines such as TNF-α by cell types other 
than epithelial cells. BIRB 796 did not impact KC levels in vivo. Reported effects of p38 MAPK 
inhibition on KC production are diverse: down regulation [29] and no effects [18] have both 
been described. 

It has been suggested that p38 MAPK inhibition enhances epithelial barrier functions [29,32]. 
We here determined total protein and IgM levels in BAL fluid as markers for integrity of the 
lung epithelial barrier [33]. After LPS administration protein and IgM levels were increased 
after 18 hours, with no differences between BIRB 796 and vehicle treated mice. BIRB 796 did 
show some protective effect on barrier  integrity in the LPS model, as reflected by reduced 
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protein concentrations in BAL fluid at 3 hours, although at this early time point protein or 
IgM levels did not exceed those in control mice. LTA administration clearly was associated 
with protein leak, as indicated by elevated protein and IgM levels in BAL fluid at 6 hours. 
Strikingly, in the LTA model BIRB 796 reduced total protein and IgM to near baseline levels. 
Notably, since BIRB 796 did not influence PMN numbers, the mechanism by which local BIRB 
796 exerts protective effects on barrier integrity is PMN independent.

In human endotoxemia, p38 MAPK inhibition reduced activation of coagulation [23]. In 
accordance, a recent study demonstrated p38 MAPK’s control on prothrombin expression 
by RNA 3’ end process regulation [34]. Much to our surprise, we here observed an opposite 
effect of locally administered BIRB 796: in both the LPS and LTA models, BIRB 796 enhanced 
rather than attenuated local coagulation activation, as reflected by elevated levels of TATc 
and D-dimer in BAL fluid respectively. At present, the mechanisms involved in this paradoxical 
effect of administration of BIRB 769 via the airways on pulmonary coagulation are elusive.

To the best of our knowledge, the present study is the first to investigate the effects of 
a p38 MAPK inhibitor administered directly into the lungs. Local application of p38 
MAPK inhibitors may result in stronger effects at sites of inflammation, at the same time 
circumventing undesired systemic effects. We showed that although local administration of 
BIRB 796 prevents p38 MAPK phosphorylation and reduces inflammatory mediator levels 
in LPS-induced lung inflammation, PMN recruitment remains unaltered and coagulation 
activation is even enhanced. These results taken together with earlier studies on systemic 
administration of p38 MAPK inhibitors in rodents and humans cited above suggest that direct 
intrapulmonary delivery of a p38 MAPK inhibitor is less effective in inhibiting inflammation 
and is associated with unexpected procoagulant effects in the bronchoalveolar space.
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Abstract

Background:
Adenosine monophosphate-activated protein (AMP) activated kinase (AMPK) is a highly 
conserved kinase that plays a key role in energy homeostasis. Activation of AMPK was 
shown to reduce inflammation in response to lipolysaccharide in vitro and in vivo. 
5-aminoimidazole-4-carbox-amide-1-β-D-ribofuranoside (AICAR) is intracellularly converted 
to the AMP analog ZMP, which activates AMPK. Lipoteichoic acid (LTA) is a major component 
of the cell wall of gram-positive bacteria that can trigger inflammatory responses. In contrast 
to lipopolysaccharide, little is known on effects of AMPK activation in LTA triggered innate 
immune responses.

Aim:
Here, we studied the potency of AMPK activation to reduce LTA-induced inflammation in 
vitro and in lungs in vivo.

Results:
Activation of AMPK in vitro reduced cytokine production in the alveolar macrophage cell 
line MH-S. In vivo, AMPK activation reduced LTA-induced neutrophil influx, as well as protein 
leak and cytokine/chemokine levels in the bronchoalveolar space.

Conclusion:
AMPK activation inhibits LTA-induced lung inflammation in mice.
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Introduction

Gram-positive bacteria are a frequent cause of pneumonia, among which Staphylococcus 
(S.) aureus represents a serious and emerging threat [1]. Pneumonia is a leading cause 
of mortality in the United States [2]. The abundant gram-positive cell wall component 
lipoteichoic acid (LTA) is the predominant driving force of the host inflammatory response 
to this type of bacteria [3,4,5].

Adenosine monophosphate-activated protein (AMP) activated kinase (AMPK) is a highly 
conserved kinase that classically is known for its key role in energy homeostasis. AMPK can 
be activated by AMP, serine/threonine kinase 11 (LKB1) and calmoduline-dependent protein 
kinase kinase (CaMKK) [6,7]. Activated AMPK has a strong influence on metabolic processes, 
by virtue of its capacity to induce glucose uptake, glycolysis, fatty acid oxidation and 
mitochondrial biogenesis, and to inhibit fatty acid/cholesterol synthesis, gluconeogenesis, 
and glycogen and protein synthesis [6]. Apart from these metabolic effector functions, AMPK 
signaling was recently shown to influence the inflammatory response: activation of AMPK 
was reported to have anti-inflammatory properties both in vitro and in vivo in response to 
lipopolysaccharide (LPS)-induced lung inflammation [8]. Two well-known small molecular 
kinase activators can modulate AMPK signaling: metformin and 5-aminoimidazole-4-carbox-
amide-1-β-D-ribofuranoside (AICAR) [9]. Metformin, a well-known drug used in patients 
suffering from type 2 diabetes, activates AMPK by shifting the AMP:ATP ratio. AICAR is 
converted intracellularly to ZMP, an AMP analogue, thus activating AMPK [9].

Here, we studied the potency of AMPK activation by AICAR to reduce inflammation 
in vitro and in vivo in a model of LTA-induced lung injury. Activation of AMPK in vitro 
reduced cytokine production in an alveolar macrophage cell line and gave rise to a slight 
enhancement of cytokine-induced neutrophil chemoattractant (KC) and interleukin (IL)-6 
production in MLE-12 lung epithelial cells. In vivo, we validated AMPK activation through 
enhanced phosphorylation of Acetyl-CoA carboxylase (ACC). This increased AMPK activity 
was accompanied with reduced cell influx and inflammatory mediator release in the 
pulmonary compartment. With this study we demonstrated the potency of AMPK activation 
to diminish inflammatory responses in LTA-induced lung inflammation in vivo.

Material and methods

Cell line experiments
The effect of AICAR on cytokine responses of resident macrophages and lung epithelium 
was tested as follows: 1x105 MH-S (alveolar macrophage cell line; American Type Culture 
Collection, Rockville, MD) and MLE-12 (mouse lung epithelial cells; kindly provided by Jeffrey 
Whitsett, Division of Pulmonary Biology, Department of Pediatrics, Cincinnati Children’s 
Hospital Medical Center and the University of Cincinnati College of Medicine, Cincinnati, 
Ohio) cells were seeded in a 24-well plate (105 cells per well) (Millipore, Amsterdam, the 
Netherlands). After 24 hours of culture, cells were stimulated with 10 μg/ml LTA (purified 
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from S. aureus; endotoxin level: <1.25 EU/mg; Invivogen, San Diego, CA). Simultaneously, 
cells were treated with 1 mM AICAR or vehicle (PBS). At 4 and 8 hours, supernatant was 
harvested for ELISA. Cell viability was assessed by adding MTT ([3-(4,5-methylthiazol-2-
yl)-2,5-dipheyl-tetrazolium bromide]; Sigma-Aldrich) reagent to all wells for 60 minutes. 
Supernatant was discarded and the cells were lysed in acidic isopropanol (Merck, Darmstadt, 
Germany). Absorbance was measured at 570 nm.

Mice
For all experiments female C57BL/6 mice (aged 10-11 weeks) were purchased from Charles 
River (Maastricht, The Netherlands). The Animal Care and Use Committee of the University 
of Amsterdam approved all experiments.

Induction of lung inflammation and AICAR administration
Acute lung inflammation was induced as described previously [4,10]. Briefly, mice were 
anesthetized with isoflurane (Upjohn) and 100 μg LTA (Invivogen) diluted in 50 μl of sterile 
saline was instilled intranasally. 500 mg/kg of AICAR in 200 μl saline or 200 μl saline (vehicle) 
was administered intraperitoneally at the start of the experiment. After 6 and 24 hours 
mice were anesthetized with Domitor (Pfizer Animal Health Care, Capelle aan der IJssel, The 
Netherlands: active ingredient medetomidine) and Nimatek (Eurovet Animal Health, Bladel, 
The Netherlands, active ingredient ketamine) and sacrificed by cardiac puncture followed 
by cervical dislocation.

Bronchoalveolar lavage
Through a midline incision the trachea and lungs were exposed; the right lung was isolated 
from the airways via a suture. The trachea was cannulated with a 22G Abbocath-T catheter 
(Abbott, Sligo, Ireland) and the left lung was instilled with two times 0.4 ml sterile PBS. 
The fluid was retrieved, weighed and total cell counts were determined with a Coulter 
cell counter (Beckman Coulter, Fullerton, CA). Differential cell counts were determined by 
counting 100 cells on Giemsa stained cytospin preparations. BAL was centrifuged at 1500 
rpm for 10 minutes at 4 °C, supernatant was stored at -20 °C until assays were performed, 
the remaining cell pellet was used for western blot analysis.

Assays
IL-1β, IL-6, tumor necrosis factor α (TNF-α), KC, macrophage inflammatory protein (MIP)-
2 and soluble receptor for advanced glycation (RAGE) were measured using ELISAs (R&D 
Systems, Minneapolis, MN) according to the manufacturer’s instructions. Detection limits 
were: TNF-α: 62.5 pg/ml, 31.3 pg/ml for IL-6, 32.9 pg/ml for MIP-2, 11 pg/ml for KC and 250 
pg/ml for soluble RAGE. Total protein concentrations were measured using a DC protein 
assay (Bio-Rad Laboratories, Veenendaal, The Netherlands).

Western blotting
Samples for western blotting were boiled at 95 °C for 5 minutes in Laemmli buffer and 
loaded onto SDS-PAGE gels. After electrophoresis the content of the gels was transferred 
onto Immobilon-PVDF membranes (Millipore, Billerica, MA). The membranes were 
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blocked in 5% BSA (Roche, Basel, Switzerland) in TBS-T at room temperature for 60 
minutes. Phosphorylated ACC (Cell signalling Technology, Boston, MA) antibodies were 
diluted 1:500; β-actin (Santacruz Biotechnology, Santa cruz, CA) was diluted 1:4000. The 
membranes were incubated overnight at 4 °C. Next, the membranes were incubated for 60 
minutes with anti-rabbit-HRP conjugated secondary antibody (Cell signalling Technology) 
and blots were imaged using LumiLight Plus ECL (Roche, Basel, Swizerland) on a LAS 4000 
chemiluminescence imager (GE Healthcare Biosciences, Pittsburgh, PA, USA). Quantification 
was performed using ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of 
Health, Bethesda, Maryland, http://rsb.info.nih.gov/ij/, 1997-2009). 

Statistical analysis
Data are expressed as mean ± SEM. In vitro analysis was performed by ANOVA. For in vivo 
data, two sample comparisons were performed by Mann Whitney U tests using GraphPad 
Prism version 5.01 (GraphPad Software, San Diego, CA). Comparisons between multiple 
groups were done using Kruskall-Wallis test; if overall significant individual groups where 
assessed by Mann Whitney-U tests. P < 0.05 was considered to be statistically significant.

Results

AICAR has dual effects on cytokine and chemokine production in vitro
AMPK activation through AICAR pretreatment was previously shown to reduce TNF-α 
production in LPS stimulated RAW264.7 murine macrophages [11]. We tested the anti-
inflammatory property of AICAR in response to LTA stimulation in two typical pulmonary 
cell lines: MH-S (alveolar macrophages) and MLE-12 (respiratory epithelial cells). Cells were 
stimulated with 10 μg/ml LTA and cytokine production was measured after 0, 4, 8 and 24 
hours.
In MH-S cells treated with AICAR, TNF-α and IL-6 production was strongly reduced 
throughout the 24 hours of stimulation (P<0.001, figure 1A and B). In MLE-12 cells activation 
of AMPK resulted in a statically significant enhancement of KC (P<0.05, figure 1C) and IL-6 
levels (P<0.001, figure 1D) production. Cell viability was not altered by AICAR treatments 
(data not shown).

AICAR enhances ACC phosphorylation in vivo
Next we set out to assess the inflammatory effects of treatment with AICAR in LTA- 
induced pulmonary inflammation. Inflammation was induced by intranasal instillation of 
100 µg LTA [4,10]. Simultaneously, 500 mg/kg of AICAR in 200 μl saline or 200 μl saline 
(vehicle) was administered intraperitoneally. Cells present in the airways were obtained 
through bronchoalveolar lavage (BAL). In the cell fraction of BAL fluid, AMPK activation was 
determined through measuring the phosphorylation level of ACC, a downstream substrate 
of AMPK [8]. ACIAR treatment enhanced the levels of phosphorylated ACC statistically 
significantly at 6 hours (P<0.05) compared to vehicle. After 24 hours this effect of AICAR 
treatment was no longer present and pACC levels were back to baseline (figure 2A and B).
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AICAR reduces LTA-induced lung inflammation
Treatment with AICAR resulted in reduced cellular counts in BAL fluid 6 hours after LTA 
administration (P<0.05, figure 3A). Cellular differentiation showed that this reduction was 
based on a reduction of polymorphonuclear cell (PMNs) (P<0.01, figure 3C) and lymphocyte 
(P<0.01, figure 3C) numbers, while macrophage counts were not influenced by AICAR. At 24 
hours no differences in BAL fluid cellular composition were present between treatment and 
vehicle groups. 
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Figure 1: AICAR reduces macrophage cytokine but increases epithelial cell KC and IL-6 production 
in vitro
The effect of AICAR on cytokine responses of MH-S (alveolar macrophage cell line) (A:TNF-α, B: IL-
6) and KC production in MLE-12 (C:KC, D: IL-6) (mouse lung epithelial cell line) was assessed. Cells 
were stimulated with 10 μg/ml S. aureus LTA and simultaneously treated with 1 mM AICAR (closed 
symbols) or vehicle (open symbols) for 0, 4, 8 and 24 hours. Data are representative for 2 independent 
experiments and expressed as mean ± SEM, N=4 per treatment. * P<0.05, *** P<0.001. 
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As a measure of vascular leak, total protein levels were determined in BAL fluid. In the ACIAR 
treated group protein levels were lowered by 45% relative to vehicle controls after 6 hours 
(table 1, P<0.01). At 24 hours, protein levels in BAL fluid were similar in both treatment 
groups. To further assess lung damage we measured soluble RAGE in BAL fluid. Soluble RAGE 
was shown to be a marker of lung epithelial injury based on animal studies in rats and mice 
of lung injury and clinical measurements of acute lung injury patients [12,13,14]. Soluble 
RAGE levels were high at 6 hours, decreasing thereafter; no differences were detected 
between AICAR and vehicle treatment.
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Figure 2: AICAR enhances ACC phosphorylation in BAL cells
Acute lung inflammation was induced by instillation 100 μg LTA intranasally. 500 mg/kg AICAR or 
vehicle (saline) was administered simultaneously intraperitoneally. After 6 and 24 hours mice were 
sacrificed. The cell fraction obtained from pelleted BAL fluid was lysed and pACC levels were 
determined by western blot. For sham reference naïve mouse samples used. Representative western 
blot is shown (A). The bar graphs (B) represent densitometric quantification of the relative amounts 
of pACC of 4-8 mice per group normalized for β-actin. Graph data are expressed as mean ± SEM. * 
P<0.05 vs. vehicle.

Table 1: AICAR reduces protein content in bronchoalveolar lavage fluid1 

Treatment Protein BAL Fluid2 Soluble RAGE3

Sham4 0.35 ± 0.03 0.49 ± 0.10
6 hours Vehicle 1.44 ± 0.18 5.69 ± 0.78

ACIAR 0.64 ± 0.08 ** 4.05 ± 0.90
24 hours Vehicle 0.91 ± 0.09 2.67 ± 0.67

AICAR 1.01 ± 0.13 2.52 ± 0.60

1Lung inflammation was induced by intranasal instillation of 100 μg LTA. Simultaneously 500 mg/
kg AICAR or vehicle (saline) was administered intraperitoneally. After 6 and 24 hours samples were 
harvested. 2Total protein (mg/ml) and 3Soluble RAGE (ng/ml) levels were measured in BAL fluid. 
4Sham mice reference values. Data are expressed as mean ± SEM. N=8. ** P<0.01 vs. vehicle.
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Relative to vehicle controls, AICAR treated mice displayed strongly reduced lung TNF-α 
levels at 6 hours after LTA instillation (P<0.01, figure 4A). At 24 hours pulmonary TNF-α 
levels had decreased substantially in both groups but were still significantly lower in AICAR 
administered animals (P<0.05). Similar differences between groups were found for MIP-2 
(Figure 4D). AICAR also diminished pulmonary KC (P<0.05, figure 4C) and reduced IL-6 (non-
significant, figure 4B) levels at 6 hours after LTA instillation. 
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Figure 3: AICAR treatment reduces cell influx into the bronchoalveolar space
Lung inflammation was induced by intranasal instillation of 100 μg LTA. Simultaneously 500 mg/
kg AICAR or vehicle (saline) was administered intraperitoneally. After 6 and 24 hours samples 
were harvested. For sham reference naïve mouse samples used. Total cell count of BAL fluid (A). 
Macrophage (B), PMN (C) and lymphocyte (C) counts were determined by counting Giemsa stained 
cytospin preparations from BAL fluid. Data are expressed as mean ± SEM, N=8 per group, ** P<0.01
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Discussion

A potent pulmonary inflammatory response is crucial to host defense against invading 
pathogens. However, un-adapted inflammation can be detrimental to the outcome of 
infection [15]. The gram-positive cell wall component LTA is a major contributor to the 
inflammation triggered by gram-positive bacteria, such as S. aureus, an emerging pathogen 
in pulmonary infections [1,3].

Here, we studied the effects of AMPK activation by AICAR on pulmonary inflammation 
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Figure 4: AICAR inhibits LTA-induced cytokine and chemokine release in BAL fluid
Lung inflammation was induced by intranasal instillation of 100 μg LTA. Simultaneously 500 mg/
kg AICAR or vehicle (saline) was administered intraperitoneally. After 6 and 24 hours samples were 
harvested. For sham reference naïve mouse samples used. TNF-α (A), IL-6 (B), KC (C) and MIP-2 (D) 
were measured in BAL fluid by ELISA. N.D. = Not detectable. Data are expressed as mean ± SEM, 
N=4-8 per group, *P<0.05, ** P<0.01, *** P<0.001
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induced by administration of LTA via the airways. AICAR was previously shown to reduce 
LPS-induced lung inflammation [8]. We show that AMPK activation by ACIAR diminished 
cellular influx into the bronchoalveolar space as well as protein leak and inflammatory 
mediator production at the early phase of LTA elicited lung inflammation.

Previously, ACIAR pretreatment (4 hours) was shown to inhibit TNF-α production in 
RAW264.7 murine macrophages in response to LPS [11]. Moreover, silencing of AMPK in 
murine bone marrow derived macrophages (BMDMs) resulted in enhanced TNF-α, IL-6 
and cyclooxygenase-2 mRNA levels in response to LPS stimulation [16]. In accordance, 
transfection of a constitutively active form of AMPK decreased TNF-α and IL-6 production 
in LPS stimulated BMDMs [16]. We assessed the impact of direct (no pretreatment) AICAR 
treatment on cell lines with relevance for the cell types that initiate lung inflammation upon 
LTA instillation via the airways. We observed a strong reduction in TNF-α and IL-6 levels 
in alveolar macrophages (MH-S) due to AICAR treatment. This is in accordance with the 
previously described results on RAW264.7 cells and bone marrow derived macrophages 
[11]. However, in the epithelial MLE-12 cell line AICAR increased KC and IL-6 production; 
these cells do not produce TNF-α. Recently, in human primary bronchial epithelial cells, 
transfection of constitutively active AMPK resulted in reduced mRNA levels of monocyte 
chemotactic protein-1 in response to combined TNF-α and interferon-γ stimulation [17]. The 
discrepancy with our data might be due to differences between the bronchial epithelium 
and distal lung epithelium (from which MLE-12 cells were derived [18]).

Our in vivo results are based on applying AICAR treatment concurrently with LTA 
administration. Other studies applied AICAR in several different models of inflammation. 
In murine lung inflammation, 500 mg/kg AICAR, given 4 hours prior to intratracheal 
administration of 1 mg/kg LPS, reduced neutrophil accumulation and TNF-α and IL-6 protein 
levels [8]. In an OVA and poly I:C based asthmatic exacerbation model, repeated treatment 
with AICAR (3x100 mg/kg) lowered macrophage and eosinophil influx as well as BAL fluid 
protein levels of IL-5, IL-13 and TNF-α [19]. Moreover, intravenous infusion of AICAR (0.2 
mg/kg/minute) reduced BAL fluid protein levels, edema scores and improved survival in 
porcine mechanical ventilation chest trauma [20]. Apart from usage in lung inflammation 
models, AICAR was also applied in murine trinitrobenzene sulphonic acid induced colitis. In 
this model, daily administration of 500 mg/kg of AICAR reduced bodyweight loss and TNF-α, 
IFN-γ, IL-17 levels, and partially prevented colon length shortening [21]. Although diverse in 
experimental settings, inflammation types and dosing strategies, all these studies described 
anti-inflammatory effects of AICAR treatment and AMPK activation. The anti-inflammatory 
effects of AICAR reported here in LTA-induced lung inflammation are in accordance with 
these earlier studies. In addition, we show that pre-treatment is not necessary for AICAR to 
exert its effects.

Different pro-inflammatory (i.e. LPS, LTA, poly I:C) stimuli have been used to assess the 
effects of AMPK activation in inflammation, each acting on different Toll-like receptors 
(TLR). LTA signals via TLR2, with Myeloid differentiation primary response gene 88 (MyD88) 
mediating downstream signaling [22]. TIR-domain-containing adapter-inducing interferon-β 
(TRIF) is the adaptor protein for TLR3 (triggered by poly I:C used in [19]). TLR4 stimulation 
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via LPS (used in [8,11]) acts upon both MyD88 and TRIF [22]. The exact mechanism of 
AMPK modulation on inflammation is unclear. Given the differences in upstream signaling 
cascades and similar AICAR induced anti-inflammatory outcomes, it seems that the effect 
of AICAR and AMPK activation is based on a downstream target of inflammatory signaling 
cascades. It has been described that AICAR inhibits IκBα degradation and thereby reduces 
NFκB translocation in LPS stimulated neutrophils [8]. Moreover, AMPK activation may also 
reduce translocation to the cytosol of (embryonic lethal, abnormal vision, Drosophila)-like 
1 (ELAVL1), which regulates translation of proinflammatory gene mRNA’s (e.g. TNF-α, IL-6) 
by binding the 3’UTR [17]. Another mechanism by which AMPK activation may contribute to 
inhibition of pulmonary inflammation is by reducing eNOS dependent leukocyte rolling and 
adhesion to endothelium [23].

In the current study we show that AMPK activation by AICAR treatment in vivo reduced 
LTAinduced murine lung inflammation. We observed reduced pulmonary cell influx and 
diminished inflammatory mediator production at the early phase of TLR2 dependent lung 
inflammation (6 hours). Based on the current and previous data, activated AMPK immune 
inhibition is present in a broad range of inflammatory settings and thus may represent an 
effective strategy in reducing pulmonary inflammation.
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Summary

Despite the high standards of modern healthcare, infectious diseases are a major cause of 
death. Due to its constant contact with the environment, the lung is frequently affected by 
infections. In Europe over 200,000 deaths were attributed to respiratory infections in 2004, 
ranking as seventh leading cause of death [1].

Common causes of pneumonia include S. pneumoniae, K. pneumoniae and S. aureus. 
Increasing resistance of pathogens to antibiotics is a great concern and demands additional 
understanding of inflammatory processes in infection and inflammation [2]. While the 
inflammatory response is pivotal in host-defense, hyper-inflammation can be detrimental 
to the host [3]. Kinases (or the  kinome if reflecting all kinases and their activities of one 
organism) regulate many signal transduction pathways [4]. In this thesis we set out to 
investigate and modulate (parts of) the kinome during pulmonary infection. In the general 
introduction, Chapter 1, the kinome, kinome profiling, kinase modulation, and inflammatory 
lung models are discussed in light of the studies within this thesis.

Kinase mediated phosphorylation events enable progression and regulation of signal 
transduction cascades [4]. In our study described in Chapter 2, we investigated the kinome 
profile in the lungs of mice with experimentally induced S. pneumoniae pneumonia. We 
observed changes in chemotoxic stress and Th1 pathway responses. Moreover, we found 
WNT signaling to be overall reduced. Also, cell cycle activity diminished during the course 
of severe S. pneumoniae pneumonia. We continued with profiling the lung kinome of 
K. pneumoniae pneumonia (Chapter 3). During this gram-negative pulmonary infection, we 
observed induction of classic innate immunity pathways, such as p38 and p42/44 MAPK’s 
and TGF-β signaling. We also found a reflection of  the host response through SRC kinases 
and GSK-3β signaling. Apart from inflammatory signaling processes controlled by AKT and 
protein kinase A were induced by pneumonia.

From the obtained kinome profiles of pneumonia we selected potential targets for 
modulation: CDKs, p38 MAPK and AMPK. As written in Chapters 4-7,  small molecule 
modulators of these kinase targets were applied in the setting of pulmonary inflammation 
and infection.

Based on the observation of alterations in CDK activity in gram-positive pneumonia and 
recent findings in the literature [5], we applied the CDK inhibitor r-roscovitine in sterile and 
infectious lung inflammation (Chapter 4). R-roscovitine treatment reduced inflammatory 
mediator levels in macrophage and lung epithelial cell lines. In vivo, we observed strongly 
r-roscovitine reduced cytokine and chemokine levels in response lipoteichoic acid (LTA) 
induced acute lung inflammation. Moreover, the intervention induced apoptosis in 
polymorphonuclear cells (PMNs). Postponed administration of this compound after 
induction of gram-positive pneumonia resulted in reduced PMN counts in lungs. This was 
accompanied by a primary increase and secondary decrease in lung bacterial  loads.
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In Chapter 5, we investigated the use of r-roscovitine in mechanical ventilator-induced lung 
inflammation. Mechanical ventilation is vital for the support of critically ill patients, but can 
induce or aggravate lung inflammation and damage [6,7]. During lung-injurious mechanical 
ventilation r-roscovitine treatment lowered the number of PMNs and lung damage marker 
levels RAGE and total IgM in bronchoalveolar lavage fluid. However, r-roscovitine did not 
impact cytokine or chemokine levels in the bronchoalveolar space. 

Our data lead us to speculate that CDK inhibition is a potent method of reducing sterile 
inflammation, while its application in infectious settings should be approached with caution.

As reported in Chapter 6, we assessed the effects of intrapulmonary p38 MAPK inhibition 
by BIRB 796 on lipopolysaccharide (LPS) and LTA induced sterile lung inflammation. Oral 
administration of BIRB 796  reduced the inflammatory response in human endotoxemia 
[8]. BIRB 796 circumvented p38 MAPK phosphorylation and inhibited cytokine and 
chemokine production in lung epithelium and macrophage cell lines in response to LPS 
and LTA stimulation. Although local administration of BIRB 796, in vivo, prevented p38 
MAPK phosphorylation and reduced inflammatory mediator levels in LPS-induced lung 
inflammation, PMN recruitment remained unaltered and coagulation activation was even 
enhanced. 

Unlike the preceding chapters, in Chapter 7 we describe the use of a small molecule kinase 
activator for AMPK: AICAR. AMPK is a highly conserved kinase that classically is known for 
its key role in energy homeostasis [9,10]. AICAR, in vitro, reduced cytokine production in the 
alveolar macrophage cell line MH-S. In LTA induced lung inflammation treatment with AICAR 
diminished early PMN influx into the pulmonary compartment. Moreover, protein leakage 
and cytokine/chemokine levels in the bronchoalveolar fluid were reduced due to AICAR 
treatment after 6 hours of LTA lung inflammation.
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General discussion

With the research presented in this thesis, we sought to elucidate the state of the kinome 
in experimental pneumonia of common pathogens in order to identify potential targets to 
modulate pulmonary inflammatory processes. 

A clear distinction between modulation of sterile inflammation or infection is that in sterile 
inflammation inhibition of inflammatory processes is deemed desirable; while in the 
infectious setting, inflammation is crucial to fend of pathogens. Nevertheless, in pneumonia, 
the host response must be well balanced to prevent tissue damage and ensure a proper 
return to homeostasis.

In both S. pneumoniae and K. pneumoniae induced pneumonia, there was a remarkable 
impact on kinase activities compared to non-infected mice. Although major differences 
were apparent in both models, kinases associated with AKT signaling were observed for 
both pathogens. Strikingly, in K. pneumoniae pneumonia there was a clear fingerprint 
of classic inflammatory kinases, while in S. pneumoniae infection this was less evident.  
S. pneumoniae infection demonstrated a clear change in activity of cell cycle kinases. 
In K. pneumoniae the SRC-cassette was represented by various kinases. Given the gross 
differences between gram-positive and gram-negative bacteria and the dissimilarities in the 
dynamics of S. pneumoniae and K. pneumoniae pneumonia it is not surprisingly that such 
differences emerged. The non-hypothesis driven approach of these experiments facilitated 
the establishing of hypotheses for the rest of our studies.

A common reservation on the use of pharmacological interventions, as small molecule 
kinase modulators, is based on selectivity and resulting side effects of these molecules. E.g. 
an inhibitor may not be selective to one target, but may interact with other, often highly 
homologous, targets. However, given the tendency of biological systems to have redundancy, 
a single intervention with multiple targets can, in itself, be a strength. Nevertheless, it 
remains imperative to be aware of all possible targets of a small molecule kinase modulator 
to prevent undesirable outcomes.

Apart from the obvious differences between men and mice, there is a high homology 
and many processes are evolutionary conserved. We utilized murine models of lung 
inflammation and infections and in vitro cell lines from murine backgrounds. Despite that 
both BIRB 796 and r-roscovitine were designed with humans and human model systems 
in mind, these inhibitors functioned in isolated human cells (and clinical trials [11]) as well 
as in the murine based experiments. This does, however, not enable direct extrapolation 
of the results of the murine experiments found in this thesis to humans, due to essential 
interspecies differences.

Concluding, we profiled and successfully modulated the kinome in during pulmonary 
inflammation and infection by using small molecule kinase modulators. Further research 
is warranted before interventions as addressed in this thesis can potentially be applied in 
treatments strategies for lung inflammation.
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Ondanks de hoge standaard van de moderne gezondheidszorg, blijven infectieuze ziekten 
een niet te onderschatten gevaar voor de gezondheid. De long is een orgaan dat vaak 
betrokken is bij dergelijke infecties. In Europa werden in 2004 namelijk meer dan 200.000 
doden toegekend aan longontstekingen, derhalve in dat jaar de zevende meest voorkomende 
doodsoorzaak.

Veel voorkomende veroorzakers van longontstekingen zijn de bacteriën S. pneumoniae, 
K. pneumoniae en S. aureus. Toenemende resistentie van pathogenen tegen antibiotica is 
zorgelijk en gebiedt dat er additionele kennis over het immuunsysteem tijdens infectie en 
inflammatie (ontsteking) wordt vergaard. Hoewel de ontstekingsreactie onmisbaar is voor 
de immuunreactie, kan hyper-inflammatie schadelijk zijn voor de gastheer en hiermee moet 
rekening worden gehouden.

Kinasen, (oftewel kinoom, als het geheel aan kinasen van een organisme bedoeld wordt) 
reguleren vele signaal transductie cascades, waaronder inflammatie signaleringen. In 
dit proefschrift wordt het kinoom van de longen onderzocht en beïnvloed gedurende 
longontsteking. In de algemene inleiding, hoofdstuk 1, worden het kinoom, methoden voor 
het profileren en beïnvloeden van het kinoom en long inflammatie modellen behandeld in 
het licht van de in dit proefschrift beschreven studies.

Kinase gemedieerde fosforylering maakt de voortgang en regulatie van signaal transductie 
cascades mogelijk. In de studie beschreven in hoofdstuk 2, onderzochten we het profiel van 
het kinoom in muizen longen gedurende experimentele S. pneumoniae longontsteking. We 
namen veranderingen in chemotoxische stress en Th1 signalering  waar. Tevens was WNT 
signalering algeheel verminderd. Ook de cell cyclus kinasen waren verminderd actief tijdens 
het verloop van ernstige S. pneumoniae longonsteking.
In hoofdstuk 3, wordt de profilering  van het kinoom voortgezet in een door K. pneumoniae 
geïnduceerde longontsteking model. Tijdens deze Gram negatieve longontsteking, werd 
activering waargenomen van klassieke aangeboren afweer signalering, zoals: p38 MAPK, 
p42/44 MAPK en TGF-β signaleringscascades. Tevens merkten we een reflectie van het 
immuunsysteem op in de activiteiten van SRC kinasen en GSK-3β signalering. Afgezien van 
immuunsysteem signalering werden er ook processen die onder controle staan van AKT en 
protein kinase A geïnduceerd tijdens het ontstekingsproces.

Uitgaande van de kinoom profielen van de besproken longontsteking modellen, zijn 
potentiële doel kinasen geselecteerd om deze te moduleren: CDKs, p38 MAPK en AMPK. 
Zoals beschreven in hoofdstukken 4-7, werden interventies gericht op deze kinasen 
toegepast in bacteriële en steriele longinflammatie.

Gebaseerd op de observaties van veranderde CDK activiteit in Gram positieve longontsteking 
en  recente literatuur hierover,  pasten we de CDK remmer r-roscovitine toe in steriele en 
infectieuze longinflammatie (hoofdstuk 4). Behandeling met r-roscovitine verminderde 
de productie van inflammatoire mediatoren in cellijnen voor alveolaire macrofagen 
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en long epitheel. In vivo, werd waargenomen dat r-roscovitine cytokine en chemokine 
niveaus verminderde in LTA geïnduceerde acute longontsteking. Tevens veroorzaakte deze 
interventie apoptose in granulocyten. Toediening van deze stof, na het opwekken van een 
Gram positieve longontsteking, resulteerde in een verminderd aantal granulocyten in de 
longen. Dit valt samen met een primaire toename en secundaire afname van bacteriën in 
de long.

In hoofdstuk 5 onderzochten we  de toepassing van r-roscovitine in door kunstmatige 
beademing geïnduceerde longinflammatie . Beademing is noodzakelijk voor het ondersteunen 
van ernstig zieke patiënten, maar kan longinflammatie en longschade veroorzaken of 
verergeren. Gedurende long-schadelijke beademing verminderde r-roscovitine het aantal 
granulocyten en de longschade indicatoren RAGE en IgM in bronchoalveolaire lavage 
vloeistof. Desondanks had r-roscovitine behandeling geen effect op cytokine en chemokine 
niveaus in de intra-pulmonaire ruimte.

Inhibitie van CDK’s is dus een potentiele methode om steriele longinflammatie te 
verminderen, hoewel de toepassing in infectiezieken met voorzichtigheid benaderd dient 
te worden. 

In hoofdstuk 6 onderzochten we de effecten van intra-pulmonaire toediening  van de 
p38 MAPK remmer BIRB 796 op LPS en LTA geïnduceerde steriele longinflammatie. Orale 
toediening van BIRB 796 verminderde in een eerdere studie de inflammatiereactie tijdens 
humane endotoxemie. BIRB 796 behandeling verhinderde p38 MAPK fosforylering en 
verminderde cytokine en chemokine productie in long epitheel en macrofaag cellijnen bij 
LPS en LTA stimulatie. Hoewel lokale toediening van BIRB 796 in vivo p38 MAPK fosforylering 
voorkomt en inflammatoire mediatoren vermindert, blijft granulocyt werving onveranderd 
en is de stollingsactivatie toegenomen.

In tegenstelling tot de voorgaande hoofdstukken, beschrijven we in hoofdstuk 7 het 
gebruik  van een kinase activator voor AMPK: AICAR. AMPK is sterk geconserveerde kinase 
welke voornamelijk bekend is voor zijn rol in energie homeostase.  In vitro, verminderde 
AICAR de cytokine productie in een alveolair macrofaag cellijn. Gedurende LTA opgewekte 
longinflammatie verminderde behandeling met AICAR op korte termijn granulocyt aantallen 
in de long. Tevens waren eiwit-lek en cytokine en chemokine niveaus verminderd in de 
bronchoalveolaire lavage vloeistof als gevolg van AICAR behandeling na een 6 uur durende 
long inflammatie.
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Algemene discussie

In het onderzoek, gepresenteerd in dit proefschrift, onderzochten we de status van het 
kinoom in experimentele longontsteking modellen van veel voorkomende pathogenen. Ons 
doel was om potentiële kinasen te identificeren om in te grijpen bij long inflammaties. 
Een duidelijk onderscheid tussen de benaderingen in het beïnvloeden van steriele 
longinflammatie en longontsteking is dat remming van inflammatie bij longinflammatie 
wenselijk is, terwijl bij ontsteking het inflammatie proces cruciaal is voor het afweren van 
pathogenen. Daarbij is het van belang dat de immuunreactie goed gebalanceerd is om 
weefselschade te voorkomen en om homeostase te bewerkstelligen.

Tijdens  S. pneumoniae en K. pneumoniae geïnduceerde longontsteking waren er opmerkelijke 
verandering waarneembaar in het kinoom in vergelijking met niet geïnfecteerde muizen. 
Alhoewel er duidelijk verschillen waren tussen de beide modellen werden bij allebei AKT 
signalering geobserveerd.

Uit de K. pneumoniae longontsteking profielen kwam een duidelijk patroon naar voren van 
klassieke inflammatoire kinasen, terwijl dit bij S. pneumoniae longonsteking in mindere 
mate het geval was. In het kinase profiel van S. pneumoniae infectie was er duidelijk sprake 
van een verandering in activiteit van cel cyclus kinasen. Terwijl bij K. pneumoniae een aantal 
kinaseacticiteiten van de SRC familie veranderd waren. 

Gezien de verschillen tussen Gram positieve en Gram negatieve bacteriën en de verschillen 
in dynamiek tussen S. pneumoniae en K. pneumoniae infectie is het niet verwonderlijk dat 
beschreven verschillen in kinase activiteiten werden waargenomen. De observationele 
aanpak van deze experimenten leidde tot het opstellen van hypotheses voor het vervolg 
van ons onderzoek.

Een veel voorkomend voorbehoud bij het gebruik van farmacologische interventies, zoals het 
gebruik van klein molecuul kinase remmers en activatoren, is gebaseerd op de selectiviteit 
en hieraan gerelateerde bijeffecten van deze moleculen. Bijvoorbeeld: een kinase remmer 
kan mogelijk niet selectief zijn voor één doel kinase, maar zou interacties kunnen aangaan 
met andere homologe kinasen.

In biologische systemen zijn er vaak meerdere processen die hetzelfde effect kunnen 
bewerkstelligen (zgn. redundancy) indien er één schakel in een signaal transductie cascade 
wordt uitgeschakeld. Derhalve is voor te stellen dat één enkele interventie met meerdere 
doelen in sommige gevallen wenselijk kan zijn. Om ongewenste bijeffecten te voorkomen, 
is het noodzakelijk om bewust te zijn van de doel kinasen van een klein molecuul kinase 
modulator. 

Afgezien van duidelijke biologische verschillen tussen mens en muis, is er veel homologie 
en zijn vele processen evolutionair geconserveerd. We maakten in ons onderzoek gebruik 
van long inflammatie en infectie muismodellen en in vitro van cellijnen afkomstig van 
muizen. Hoewel BIRB 796 en r-roscovitine ontworpen zijn met de mens in gedachten, 
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functioneren deze kinase remmers in zowel geïsoleerde humane cellen (en klinische trials) 
en in muizenexperimenten. Ondanks dit is het niet mogelijk om de resultaten en conclusies 
van de experimenten in dit proefschrift direct te vertalen naar de humane situatie gezien 
essentiële  soort specifieke verschillen.

Concluderend, in dit proefschrift hebben wij het kinoom geprofileerd en succesvol 
geïntervenieerd gedurende longinflammatie en longontsteking door gebruik te maken van 
klein molecuul kinase modulatoren. Verder onderzoek is nodig voordat interventies, zoals 
beschreven in dit proefschrift, als potentiële behandelmethoden kunnen worden toegepast 
voor longinflammatie en longontsteking.
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