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1.. Introductio n 

Sincee 1796, the year dr. Edward Jenner observed that 

milkmaidss infected by cowpox were relatively impervious 

too the very dangerous smallpox and performed his famous 

vaccinationn experiments on his gardeners 8-year old son 

(figuree 1) , medical research has yielded an impressive 

amountt of knowledge on the regulation of human defense 

mechanismss against infection. The inflammation that 

resultss from the immune response to a foreign pathogen, 

andd forms an intricate part of this defense mechanism, 

wass already defined by Aulus Cornelius Celsus in the year 

255 A.D. with its four classic signs: rubor, dolor, calor, 

tumortumor (figure 2)2. 
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Figuree 1 

Nowadayss the term 'inflammation' is used more widely to describe the body's reaction to 

damage,, including many diverse events associated with this reaction, ranging from 
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phagocytosiss of invading pathogens to joint and gut damage 

resultingg from immune cells that are out of control. 
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Modernn molecular biology has provides us with tools that 

enhancee our insight into the regulation of many inflammatory 

processes.. The use of genetically modified mice in experimental 

modelss of inflammatory- (e.g. Crohn's disease) and infectious-

(e.g.. pneumococcal pneumonia) diseases, has shed light on the 

pivotall  role of intercellular mediators of inflammation3. 

Especiallyy pro- and anti-inflammatory cytokines, and their 

receptors,, but also chemokines and coagulation factors were 

shownn to be involved during inflammation4; the sheer number of 

participantss involved in regulating the inflammatory process amounts to a complex picture. 

Targetingg these factors has become a popular therapeutic angle for modulating inflammation. 

Thiss is exemplified by the successful use of Tumor Necrosis Factor (TNF)-blocking 

antibodiess in patients with Crohn's disease5. However, medication side effects, disease 

Figuree 2 
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relapsee and enhanced susceptibility to infectious disease remain unsurpassable problems, and 

thuss this strategy still has many drawbacks. 

Surprisingly,, many of the signals that are exchanged between inflammatory cells, use similar 

intracellularr pathways in order to relay their signal to the nucleus and evoke a cell response. 

Thesee signal transduction pathways mediate gene expression and immune functions. 

Recently,, a group of sequentially activated protein kinases, the Mitogen Activated Protein 

Kinasee (MAPK) family, was found to be involved in the majority of inflammatory processes6. 

Byy targeting elements of this intracellular signal transduction pathway family, stress signals 

mayy be inhibited, thus modulating inflammation. Conversely, the role of a particular signal 

transductionn element may be further explored by inhibiting this element in an inflammatory 

modell  or disease. 

Althoughh much has been learned about MAPKs from in vitro cell systems, littl e is known 

aboutt their role in inflammation in vivo. In this introduction possible intracellular targets for 

modulatingg several inflammatory disease states will be discussed: low-grade endotoxemia, a 

modell  for acute systemic inflammation, Crohn's disease, a chronic inflammatory disease, and 

pneumococcall  pneumonia, an acute inflammatory infectious disease. 

2.. The Mitogen Activated Protein Kinase pathways 

Memberss of the MAPK family form evolutionary well conserved cascades of signaling 

proteinss that are found in all eukaryotes. These cascades couple signals from the extracellular 

environmentt to the appropriate cellular response. The typical MAPK cassette consists of three 

MAPKK family members that activate each other consecutively. At the base of the cascade is 

ann executor MAPK, which is activated upon phosphorylation of both a threonine and tyrosine 

residuee by a MAPK kinase (MKK) . MKK is in turn activated by an upstream MKK kinase 

(MKKK) .. Once activated, the executor MAPKs can phosphorylate and activate other kinases 

orr for example transcription factors (figure 3)6. The influence of MAPKs on transcription 

factorss couples the extracellular environment to the gene expression profile of the cell and 

thuss enables the cell to adapt its transcriptional makeup to clues from its surroundings. 

Anotherr important example of a cellular process that is regulated by MAPKs is protein 
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synthesis7.. There are at least three distinct MAPK signaling modules: the p38 MAPK, p42/44 

MAPKK and c-Jun N-terminal Kinase (JNK) pathway. These MAPKs largely control the cell's 

responsee to inflammation and stress. 

2.1.2.1. p38 Mitogen Activated Protein Kinase 

P388 MAPK, the mammalian homologue of the yeast HOG (high osmolality glycerol 

response)) kinase, is ubiquitously expressed throughout the human body7. The four known p38 

MAPKK genes encode four different 38 kDa signal transduction proteins: p38cc, (3, y and 5. 

Eachh homologue is differently expressed and has distinct, although often overlapping, 

functions8.. Deficiency of p38a can result in embryonic lethality9; it plays a critical role in 

developmentall  erythropoiesis through regulation of erythropoietin expression . p38 MAPK 

wass first described as a protein that was phosphorylated in response to lipopolysaccharide 

(LPS)11.. Independently, p38 MAPK was found to be the target of a novel class of medication, 

thee cytokine-suppressive anti-inflammatory drugs12. Besides LPS, many other cellular stresses 

(e.g.. UV, osmotic shock) and inflammatory stimuli (TNF, IL-lp , PMA) activate p38 MAPK, 

viaa upstream kinases MKK3/4/6. These kinases phosphorylate p38 MAPK at threonine 180 

andd tyrosine 182 in the TGY motif, resulting in p38 MAPK activation, leading to 

phosphorylationn of downstream transcription factors, e.g. ATF-2, and kinases such as 

MAPKAPK-2.. Inhibition of p38 MAPK, for example with the commonly used SB203580, 

reducess pro-inflammatory cytokine production in monocytes/macrophages, neutrophils and T-

lymphocytes.. Furthermore, p38 MAPK is involved in various other inflammation related 

events,, such as neutrophil activation13'14, apoptosis15, and NO synthase induction16. Hence, 

p388 MAPK is thought to be a prime candidate for new anti-inflammatory/anti-cytokine 

therapies.. In this thesis, we investigate whether p38 MAPK is actually involved in 

inflammationn in vivo, and whether p38 MAPK is a valid target for anti-inflammatory therapy 

inn humans (chapters 2, 3 and 6). 
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Figuree 3. The p42/44 MAPK, JNK and p38 MAPK pathway. The activity of 
thee MAPK pathways is controlled in a three-tiered cassette that consists of a 
MAPK,, which is activated upon phosphorylation of both a threonine and 
tyrosinee residue by a MAPK kinase (MKK) . MKK is in turn activated by an 
upstreamm MKK kinase (MKKK) . Once activated, MAPKs can phosphorylate 
andd activate other kinases or transcription factors. 
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2.2.2.2. p42/44 Mitogen Activated Protein Kinase 

Thee second MAPK cascade terminates at p42/44 MAPK. This MAPK consist of two isoforms 

transcribedd from the same gene, p44 MAPK (or Extracellular Regulated Kinase (ERK)-l) and 

p422 MAPK (or ERK-2). These kinases are activated by mitogenic stimuli such as growth 

factorss (EGF, PDGF), phorbol esters and insulin1718. Typically, upon binding of the mitogen 

too its receptor the signal is transduced into the cell via sequential activation of the small 

GTPasee Ras, Raf, MEK1/2 (MAPK or ERK Kinase, a MKK) . Activated p42/44 MAPK in 

turnn phosphorylates downstream transcription factors such as Elk-1/Ets. p42/44 MAPK is 

involvedd in normal cell growth, differentiation and survival. However, involvement of p42/44 

MAPKK was also observed in malignant disease, often accompanied by Ras mutations19. High 

levelss of activated p42/44 MAPK have been found in acute myelogenous leukemia cells and 

breastt cancer cells, and therapeutic targeting of the p42/44 MAPK pathway in these 

conditionss has been suggested20'21. Next to the classic role of p42/44 MAPK in mitogen 

inducedd growth and differentiation, p42/44 MAPK is also involved in inflammatory cytokine 

production.. Active p42/44 MAPK was observed to be a prerequisite for T-lymphocyte IL-10 

production22,, and LPS induced TNFa and IL-l p production23"25. In chapter 9, we explore the 

rolee of p42/44 in the inflammatory cytokine response to Streptococcus pneumoniae. 

2.3.2.3. c-Jun N-terminal Kinase 

JNKK consist of at least three genes (JNK1/2/3) that each encode proteins with 2-4 different 

splicee variant, resulting in 46kDa and 54kDa proteins7. Whereas JNK 1 and 2 are ubiquitously 

expressed,, JNK3 is mainly expressed in the brain. Similar to p38 MAPK, JNK is activated by 

cellularr stress (UV, osmoshock, ionizing radiation) and inflammatory cytokines (TNF, IL-1), 

andd together they have been dubbed the Stress-Activated Protein Kinases (SAPKs). Upon 

activationn through upstream kinases MKK4/726, JNK controls -among others- AP-1 

transcriptionn activity through phosphorylation of c-Jun27. Recently, a scaffold protein (JIP) 

wass found to be an important factor in the JNK pathway, connecting MKK4/7 to JNK28. 

Specificc JNK inhibitors have only recently become available29,30, and so far the role of JNK in 

inflammationn remains enigmatic. However, targeted disruption of JNK 1 and 2 in mice learned 
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thatt they play an important role in T-cell growth and differentiation ' . The role of JNK in T 

cellss proliferation and differentiation will be discussed more extensively further on. 

Thus,, die MAPK pathways are implicated in a variety of immune functions, ranging from 

initiationn of me innate immune response to activation of the adaptive immunity. We will now 

discusss how our current knowledge of MAPKs may relate to LPS-induced systemic 

inflammationn in humans. 

3.. Endotoxemia 

Thee innate immune response is tasked with the first line of defense against invading 

pathogens.. One of the unique antimicrobial features of the innate immunity is the ability to 

recognizee highly conserved pathogen motifs, enabling it to mount a swift defensive reaction 

againstt an array of microbes33. Endotoxin, a lipopolysaccharide that forms part of the cell 

membranee of all Gram-negative bacteria, is recognized by most inflammatory cells. It is 

knownn to induce strong and rapid inflammation, and is thought to be a major contributor to 

thee toxic sequelae of Gram-negative sepsis4. 

3.1.3.1. LPS signaling 

Althoughh LPS is normally located in the cell membrane, poorly recognizable by the immune 

system,, it can also be shed by bacteria, e.g. upon destruction of the pathogen. In plasma, free 

floatingg LPS is bound to LPS-binding protein (LBP)34'35. This LPS-LBP complex is 

recognizedd by the cell surface molecule CD 14, present on inflammatory cells 

(monocytes/macrophages,, granulocytes, but not lymphocytes)36. CD 14 itself has no cytosolic 

domain,, however, the LPS signal can be transduced through the Toll-like receptor 4 (TLR4)37. 

TLR44 is able to transduce the LPS signal independent of CD 14, however, CD14 greatly 

facilitatess this process38. Subsequently, TLR4 is able to initiate intracellular signal 

transductionn events in order to relay the LPS signal towards the nucleus and evoke a cell 

response.. All major MAPK family members are known to be rapidly activated upon 

stimulationn of inflammatory cells with LPS. Upon stimulation with LPS, phosphorylation, and 
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enhancedd enzymatic activity has been documented for p38 MAPK, p42/44 MAPK and JNK, 

inin vifro12'23'39'40. Whether LPS induces MAPK activation in in vivo is currently unknown, and 

thiss was investigated in humans and in mice as described in chapters 2, 3 and 8. 

Intravenouss infusion of a moderate amount of LPS (4ng/kg) into humans, induces low-grade 

endotoxemiaa and is used as a human model for systemic inflammation. In this model, typical 

symptomss of endotoxemia appear within 90 minutes after infusion of LPS, and include 

generalizedd malaise, myalgia, nausea and sometimes vomiting. Usually a monophasic fever is 

observedd that is preceded by chills4. Many inflammatory cascades that are associated with 

endotoxemiaa are well documented. LPS infusion induces cytokine and chemokine release, 

activationn of leukocytes, activation of the coagulation and fibrinolytic systems, and of the 

vascularr endothelium4. 

3.2.3.2. The cytokine response 

Cytokiness are small proteins that are produced by inflammatory cells upon encountering a 

widee variety of immunologic and infectious stimuli. Once released into the cell's surrounding, 

cytokiness are potent mediators of inflammation, interacting with other cytokines and 

inflammatoryy cells in a complex network. Alternatively, cytokines can also act in a 

membrane-boundd form. A common but arbitrary classification divides the numerous 

cytokiness into proinflammatory cytokines (e.g. TNFa, IL-lp\ IFNy: promote inflammation), 

anti-inflammatoryy cytokines (e.g. IL-4 and IL10; reduce inflammation and inhibit 

proinflammatoryy cytokine production), and cytokine inhibitors that are thought to protect the 

bodyy from excessive inflammation (e.g. soluble TNF and IL-1 receptor antagonist(IL-lra)). 

Uponn intravenous infusion of LPS in humans, a transient rise in TNFa plasma levels is noted 

withinn 30-45 minutes, usually peaking at 90 minutes. Subsequently, IL-6 and IL-10 plasma 

levelss transiently rise. Noteworthy, endotoxemia-induced IL-6, IL-10 and IL-lr a production 

weree shown to be (partly) dependent on the initial induction of TNFa41"43. 

Thee production of TNFa by inflammatory cells was one of the first pro-inflammatory 

mechanismss documented to be regulated by a member of the MAPK family. Lee et al. 
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reportedd that a specific p38 MAPK inhibitor, SB 202190, a compound from the pyridinyl-

imidazolee class, inhibited LPS-induced TNFa production in monocytes. In recent years it 

becamee clear that p38 MAPK, JNK and p42/44 MAPK are all involved in LPS-induced 

TNFaa production; the degree of involvement of each MAPK seems to rely on the cell type 

andd condition tested12,30'44. p38 MAPK seems to feature most prominently as a TNFa 

productionn regulator, especially in monocytes and neutrophils1214. Often several MAPKs 

cooperatee in regulating cytokine production: full TNFa gene induction relies on activation of 

alll  three major MAPK pathways in macrophages45, and a cooperative effect of p38 MAPK 

andd p42/44 MAPK was also found in TNFa and IL-6 production in alveolar macrophages44. 

Inhibitionn of p42/44 MAPK led to decreased levels of TNFa in monocytes24. On the other 

hand,, inhibition of p42/44 MAPK in primary murine peritoneal macrophages did not inhibit 

LPSS induced TNF production25, suggesting that MAPKs have a cell-type and condition-

dependentt role. We further explored this hypothesis in chapter 8, and investigated the role of 

p388 MAPK in cytokine production in several cell types. 

Severall  rodent studies indicate that also in vivo p38 MAPK is necessary for LPS-induced 

TNFaa production46-48. In vivo, inhibition of p38 MAPK was found to inhibit endotoxic shock 

inducedd TNFa production and mortality in mice46. In a model for pulmonary inflammation, 

TNFaa accumulation appeared to be dependent on active p38 MAPK48. Mice deficient in 

MAPKAPK-2,, a downstream target for p38 MAPK, are endotoxin tolerant, although this 

resistancee seems to depend on reduced TNFa translation rather than transcription49. Thus it 

seemss that LPS-induced cytokine release from monocytes/macrophages and neutrophils can 

bee inhibited, at least in part, by members of the MAPK pathway in vitro and in animals. How 

thesee data relate to the human situation, is currently unknown. In chapter 3 we investigate the 

effectt of inhibition of p38 MAPK on the cytokine response during human endotoxemia. 

3.3,3.3, Chemokines and chemokine receptors 

Chemokiness are small proteins with strong chemotactic activity that regulate granulocyte 

activationn and migration to the site of inflammation. They can be divided in a number of 

subgroups,, of which CXC chemokine haven been studied most thoroughly. Members of the 

CXCC chemokine family include IL-8; growth-related oncogenes (GRO)a, GROp\ and GROy; 
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andd epithelial-derived neutrophil attractant (ENA)7850,51. Granulocytes express 2 types of 

CXCC chemokine receptors (CXCR) that interact with these mediators: CXCR1, which 

exclusivelyy binds IL-8, and CXCR2, which, besides IL-8, can also bind GROs and ENA-

7850,5ii  L p s i n d u c ed effects on CXCR1 and CXCR2 and their ligands have been well 

documented.. Upon infusion with LPS, surface expression of both CXCR1 and 2 on 

neutrophilss is reduced. Recently, Plasma levels of chemokines IL-8, GROa and ENA-78 

transientlyy rise after LPS infusion. Recently, CXCR2 surface expression on granulocytes was 

shownn to be dependent on p38 MAPK, in vitro52. Furthermore, inhibition of p38 MAPK 

diminishess EL-8 production in monocytes, granulocytes and endothelial cells53'54. How these 

dataa relate to the human situation is unknown. In chapter 4 we studied the role of p38 MAPK 

inn regulating these neutrophil migratory factors. 

3.4.3.4. Coagulation and inflammation 

Withinn the array of LPS-induced effects, activation of coagulation and fibrinolysis features 

prominently.. Two hours after infusion of LPS, parameters of activation of the common 

pathwayy of the coagulation system can be measured: plasma concentrations of the 

prothrombinn fragment Fl+2 and of thrombin-antithrombin (TAT) complexes rise transiently. 

Interestingly,, activation of the coagulation pathway is preceded by a rapid, transient activation 

off  fibrinolysis. LPS-induced fibrinolytic activation starts with the release of tissue-type 

plasminogenn activator (tPA) into the circulation, followed by a rise in plasminogen activator 

inhibitorr type I (PAI-I) levels, indicating that the fibrinolytic response to LPS is highly 

regulated.. The transient generation of active plasmin is confirmed by the detection of elevated 

plasmaa concentrations of plasmin-a2-antiplasmin (PAP) complexes. The LPS-induced 

activatedd vascular endothelium is the likely source of tPA; other activated vascular 

endothelium-derivedd products that can be detected during endotoxemia are soluble E-selectin 

andd von Willebrand factor. Three to four hours after administration of LPS parameters of 

fibrinolysiss activation have returned towards normal levels, while at that time coagulation is 

stilll  active, resulting in a net pro-coagulant state4. 

Littl ee is known about the role of MAPKs in the regulation of coagulation and fibrinolysis 

duringg inflammation. Upon exposure of blood mononuclear cells or vascular endothelial cells 
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too LPS or proinflammatory cytokines, tissue factor (TF) expression in upregulated, inducing 

activationn of the coagulation pathway55'56. Both p38 MAPK and p42/44 MAPK have been 

suggestedd to regulate membrane TF expression on monocytes, in vitro57. However, in this 

studyy the experimental design was flawed by the use of high amounts of MAPK inhibitors (up 

too lOOuM)57. The use of MAPK inhibitors, such as SB203580 and PD98059, in 

concentrationss above 10pM has been known to affect their specificity58. Thus, whether 

MAPKss are actually involved in TF expression is under debate. Thrombin is a known 

activatorr of p38 MAPK in HUVEC cells, enhancing both its phosphorylation and kinetic 

activityy in a dose-dependent fashion54. Furthermore, inhibition of p38 MAPK reduced 

thrombin-inducedd IL-8 and MCP-1 production in HUVEC cells54. No effect was noted of 

inhibitionn of p42/44 MAPK on thrombin induced chemokine production in HUVEC cells. 

Usingg an inhibitor, we investigated the role of p38 MAPK in regulation of inflammation- (i.e. 

LPS-)) induced changes in the coagulation and fibrinolysis cascades in humans (chapter 5). 

4.. Crohn's disease 

Crohn'ss disease is a chronic inflammatory disorder of the gastrointestinal tract, which is 

thoughtt to arise in genetically susceptible hosts caused by an inappropriate immunologic 

responsee against the microflora of the gut. A more profound understanding of the molecular 

mechanismss underlying the unbridled inflammation is slowly starting to translate into novel 

strategiess in the treatment of Crohn's disease. Using animal models and genetic approaches, 

pivotall  pro- and anti-inflammatory extracellular mediators (mainly cytokines) have been 

identified.. Extending these data to the human situation has led to successful trials, most 

notablyy those using anti-TNF antibodies3,5. Despite the advances in anti-cytokine based 

approaches,, current treatment modalities are still insufficient for many patients. Although 

remissionn induction can be achieved in many instances, using conventional 

(immunosuppressivee drugs) and new therapeutics (e.g. anti-TNF antibodies), medication side 

effectss and disease relapse remain problems that need to be resolved. 

Inn recent years the focus of attention in Crohn's disease research is shifting from known 

intercellularr signals such as TNFa, EL-10, IFNy, and IL-12, towards the intracellular 

moleculess that transduce them. The signal transduction cascades of the MAPK family have 
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beenn implicated in regulating mediators of inflammation in Crohn's disease. In this chapter 

wee will focus on the involvement of MAPK family members in processes governing Crohn's 

diseasee pathogenesis and discuss their possible therapeutic value. 

4.1.4.1. Tumor Necrosis Factor 

Crohn'ss disease is characterized by chronic inflammation leading to destruction of normal 

tissuee integrity. TNF, a prototype pro-inflammatory cytokine, plays a central role in the 

initiationn and amplification of the inflammatory reaction seen in Crohn's disease . Altering 

thee regulation of TNF production or its efficacy thus seems attractive in Crohn's disease. 

Indeed,, monoclonal antibodies against TNF have been proven effective in both inducing 

clinicall  remission and endoscopic healing59'60. As discussed earlier, members of the MAPK 

familyy have a profound influence on the production of TNFa in monocytes/macrophages and 

neutrophils.. In T-lymphocytes, all three MAPK pathways are also involved in transcriptional 

regulationn of TNF production61. Furthermore, in Thl cells a specific JNK inhibitor 

(SP600125)) reduced CD3/28-induced TNFa production30. 

4.2.4.2. Interleukin 12 and 18 

Poorlyy controlled activation of Thl-biased CD4+ T lymphocytes is believed to be a major 

pathogenicc mechanism in Crohn's disease. Interleukin (IL) -12 and IL-18 play an important 

rolee in activating naive T cells and driving them into a Thl phenotype, leading to increased 

IFNyy and TNF release. Indeed, elevated levels of IL-12 and IL-18 (initially described as 

IFNyy inducing factor) have been measured in intestinal lesions from patients with Crohn's 

disease62,63,, and stimulation of lamina propria cells with IL-18 and IL-12 resulted in an 

increasedd IFN-gamma production64. 

IL-122 was shown to induce MKK3/6 and p38 MAPK, but not JNK or p42/44 MAPK 

activationn in T cells65'66, suggesting involvement of the p38 MAPK pathway in EL-12 

signaling.. A well-known participant of IL-12 signaling, Signal Transducer and Activator of 

Transcriptionn (STAT)-4, can be phosphorylated on serine 721 by MKK6 and p38 MAPK, and 
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thiss p38 MAPK pathway dependent phosphorylation was shown to be necessary for STAT4 

mediatedd IL-12 activity66. However, IL-12 can also induce effects such as IFNy production in 

aa STAT4-independent manner67. Zhang et al described that IL-12 induced, STAT4 

independent,, IFNy production depends on functional p38 MAPK65. Finally, T cell stimulation 

throughh TLR4, which preferentially induces a Thl response, induces IL-12p70 in a p38 

MAPKK dependent fashion68. These data are in line with in vivo experiments. Mice with a 

targetedd MKK3 disruption, resulting in diminished p38 MAPK activation, show defective BL-

122 production in antigen presenting cells (macrophages and dendritic cells), leading to 

decreasedd IFNy production by naïve T cells69. Contrasting these data, is a report describing 

p388 MAPK inhibition induced augmentation of IL-12 production by human 

monocytes/macrophagess upon stimulation with LPS and IFNy70- These data, again, suggest 

thatt p38 MAPK function in cytokine production is cell type specific. 

Soo far littl e is known about IL-18 signal transduction in Th cells. Similar to BL-1, IL-18 

utilizess an IL-1R-Associated Kinase (IRAK) mediated pathway, and thus MAPK involvement 

iss very well conceivable. Indeed, IL-18 induces activation of p38 MAPK and JNK in a T cell 

line71,, and p42/44 MAPK in a NK cell line72. IL-18 induced NK cytolytic activity was shown 

too be dependent on p42/44 MAPK activation, and IL-18 induced IFNy production could be 

inhibitedd with p38 and p42/44 MAPK inhibitors72. 

4.3.4.3. Thl differentiation and Interferon y production 

IL-22 is an important factor in driving T cell proliferation and activation. Signal transduction 

eventss in CD4+ T cells following exposure to IL-2 include p38 MAPK and JNK 

phosphorylation73.. However, reports concerning the functional significance of p38 MAPK 

andd JNK activity in IL-2 signaling are contradictory73,74, and it is unclear whether MAPKs are 

criticallyy involved in IL-2 induced T cell proliferation. Whether DL-2 production in T-cells is 

underr control of JNK is under debate75. JNK1 and JNK2 deficient T cells produce normal 

levelss of IL-231'32. In contrast, JNK1/2 and MKK4 deficient T cells were observed to produce 

reducedd levels of IL-2 upon CD28 costimulation76,77. 
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p38 8 
JNK 2 2 

Figuree 4. Current model of MAPK involvement in Thl/Th2 differentiation. Abbreviations: APC, Antigen 
Presentingg Cell; p38, p38 Mitogen Activated Protein Kinase, JNK, c-Jun N-terminal Kinase; p42/44, p42/44 
Mitogenn Activated Protein Kinase; IL, Interleukin; IFNy, Interferon y. Adapted from Dong, C, J Clin Immunol 
2001;21:253-57. . 

Differentiationn of naive CD4+ T cells into Thl is regulated by JNK1/2. JNK1 deficient naive 

CD4++ T cells preferentially differentiate into Th2 cells, and thus JNK1 seems to be a negative 

regulatorr of Th2 differentiation31. T cells defective in JNK2 produced less IFN and 

differentiationn into Thl was impaired, while differentiation into Th2 was not . For Th2 

differentiationn and IL-4 production, p42/44 MAPK activation seems to be a prerequisite78. 

Thll  differentiation is also under control of p38 MAPK. Using a specific inhibitor of p38 

MAPKK and by generating transgenic mice that overexpress a dominant-negative p38 MAP 

kinase,, Rincon et al. showed that inactivation of p38 MAPK led to reduced IFNy production 

inn Thl cells, but had no effect on IL-4 production in Th2 cells79. In line with these results, 

Thll  cells from transgenic mice overexpressing MKK6, leading to constitutively activated p38 

MAPK,, showed increased IFNy production79. Furthermore, Zhang et al observed that p38 

MAPK,, but not p42/44 MAP or JNK is required for IL-12 induced IFNy production in 

activatedd T cells and Thl cells65. Correlating with these studies, CD4+ T cells from MKK3 

deficientt mice exhibit impaired rFNy production69. Recently it was shown that TCR 
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dependentt and independent IFNy production in Thl cells depend on p38 MAPK and INK via 

GADD455 a protein involved in cell cycle and differentiation80"82. Thus both p38 MAPK and 

JNKK are a critical determinant of Thl differentiation. 

Bothh the production of, and response to many known extracellular mediators that are critical 

inn the pathogenesis in Crohn's disease involve one or more MAPK pathways. Furthermore, 

MAPKss seem to be involved in the differentiation of Thl cell, a critical process in Crohn's 

diseasee pathogenesis. Accordingly, activation of several MAPK members was reported in 

biopsiess from inflamed mucosa from Crohn's disease patients83. Furthermore, in a murine 

modell  of rheumatoid arthritis, a disease with many similarities with Crohn's disease, 

inhibitionn of JNK or p38MAPK was shown to be beneficial46,84. 

Thee above summarized data suggest that targeting members of the MAPK family might be 

beneficiall  in patients with Crohn's disease. However, to data no reports are available on the 

effectt of MAPK inhibitors in patients with Crohn's disease, or in animal models of this 

disease.. Hence, we employed a MAPK inhibitor (CNI-1493; a combined JNK and p38 

MAPKK inhibitor), to investigate the safety and efficacy of this approach in combating Crohn's 

diseasee (chapter 6). Furthermore, we studied the role of p38 MAPK in a rodent model for 

Crohn'ss disease, TNBS colitis (chapter 7). 

5.. Pneumococcal Pneumonia 

Despitee potent anti-microbial agents, pneumococcal pneumonia remains an important cause of 

morbidityy and mortality. It accounts for up to 70% of community-acquired pneumonias in 

hospital,, and its incidence seems to be rising85,86. Furthermore, an increase in penicillin-

resistantt S. pneumonia was reported, prompting for research into new therapeutic options and 
87 7 

aa better understanding of host defense . In recent years, much has been learned about the 

cytokinee network that forms an intricate part of the host defense mechanism against bacterial 

pathogens.. Pro-inflammatory cytokines, such as TNF, IL-6 and IFNy* are produced in the 

lungg during pneumococcal pneumonia, and are important for clearance of bacteria from the 

respiratoryy tract88"90. Anti-inflammatory cytokines, such as IL-10, impair bacterial clearance 

andd shorten survival91. Generally, die balance between pro- and anti- inflammatory mediators 
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off  inflammation, is a delicate one. Whereas proinflammatory cytokines are necessary for an 

adequatee immune response to foreign pathogens, excessive inflammation may eventually lead 

too morbidity and mortality4. 

Thee details of the regulatory mechanisms by which MAPKs govern the production of some of 

thesee cytokines have been discussed previously in this chapter. p42/44 MAPK can be 

activatedd by bacterial cell wall components, e.g. from S. pneumonia , but was reportedly not 

involvedd in (heat killed) Staphylococcus aureus induced TNF production93. Bactericidal 

mechanismss play an important role in clearing the bacteria form the lung. In vitro, neutrophil 

phagocytosiss and production of reactive oxygen species is impaired upon inhibition of p38 

MAPKK and 42/44 MAPK94,95. How these intracellular processes are related to host defense in 

vivovivo remains relatively poorly understood. Hence, we investigate the effect of inhibition of 

p388 MAPK and p42/44 MAPK on pulmonary cytokine levels and bacterial clearance in a 

murinee pneumococcal pneumonia model (chapters 8 and 9). 

6.. Aim and outline of this thesis 

Targetingg members of the MAPK family seems an attractive alternative for present 

immunomodulatoryy therapies. However, our current understanding of the role and function of 

thesee MAPKs is mainly derived from cell-based models for inflammation, and a hand full of 

animall  experiments. Little is known about their part in human inflammation. Furthermore, in 

vitrovitro data suggest that (1) MAPKs may have a cell-type and condition-dependent role and (2) 

MAPKss are pivotal for normal bactericidal effector mechanisms. These findings indicate that 

thee effects of inhibition of MAPKs in vivo may not be as clear cut as some in vitro studies 

suggest.. Further study into the safety and efficacy of MAPK inhibitors during human 

inflammationn seem warranted. The aim of this thesis, therefore, was to elucidate the role of 

MAPKK pathways in inflammation in vivo: 

(1)) Are the MAPK pathways activated during systemic inflammation in humans? 

Inn chapter 2 activation of the MAPK pathways is analyzed during human 

endotoxemia a 
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(2)) Can we modulate inflammation in humans targeting a MAPK pathway? 

ChapterChapter 3 describes the effect of a new p38 MAPK inhibitor on p38 MAPK activity 

andd the cytokine response during low grade human endotoxemia. 

ChapterChapter 4 focuses on the role of p38 MAPK on regulating determinants of neutrophil 

migrationn and activation during human endotoxemia. 

ChapterChapter 5 describes the effect of inhibition of p38 MAPK on endotoxemia-induced 

changess in the coagulation and fibrinolysis cascades. 

(3)) Are MAPKs suitable targets for therapy in chronic inflammatory disease? 

Inn chapter 6 the safety and efficacy of CNI-1493, an inhibitor of p38 MAPK and 

JNK,, is described in the treatment of patients with Crohn's disease. 

ChapterChapter 7 focuses on the role of p38 MAPK in TNBS colitis, a murine model for 

Crohn'ss disease. 

(4)) What is the effect of MAPK inhibition on pneumococcal pneumoniae? 

Thee effect of inhibition of the p38 MAPK and p42/44 MAPK pathway on (a murine 

modell  for) pneumococcal pneumonia is described in chapters 8 and 9, respectively. 
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