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StellingenStellingen behorende bij het proefschrift 

Inn Vivo Signal Transduction: 
Mitogenn Activated Protein Kinases in Inflammation 

1.. De functie van p38 MAPK hangt af van het betrokken celtype en 
dee conditie waarin deze zich bevindt, (dit proefschrift) 

2.2. Het remmen van MAPKs vormt een valide aangrijpingspunt voor 
nieuwee ontstekingsremmende therapieën, (dit proefschrift) 

3.. In vivo is p38 MAPK met name betrokken bij aspecifieke afweer, 
JNKK met name bij de adaptieve, (ditproefschrift) 

4.. MAPKs zijn bij zoveel diverse processen betrokken, dat het 
wonderlijkwonderlijk is dat remming ervan goed verdragen wordt door de 
mens. . 

5.. In Vivo Veritas, (ditproefschrift) 

6.. Op een rijdende trein stappen mag al jaren niet meer van de 
Nederlandsee Spoorwegen. Uit didactisch oogpunt zou deze 
beperkingg ook voor promovendi moeten gelden. 

7.. If at first you don't succeed, try, try again. Then quit. There's no use 
beingg a damn fool about it. (W.C. Fields) 

8.. De maatschappelijke roep tot het sneller opleiden van meer artsen 
brengtt het bestaansrecht van arts-onderzoekers in gevaar: dit vormt 
opp termijn een grote bedreiging voor de gezondheidszorg. 

9.. Elektronische organizers zijn waardeloos, ze worden met name 
gebruiktt door mensen die al goed georganiseerd zijn. (J.C.H. 
Hardwick) Hardwick) 
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ChapterChapter 1 

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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Figur ee 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 

Figur ee 2 
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Introduction Introduction 

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 

11 1 



ChapterChapter 1 

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 

14 4 
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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; 

17 7 
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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 

20 0 



Introduction Introduction 

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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Abstract t 

Background:: All three major members of the MAPK family (i.e. p38 MAPK, p42/p44 

MAPK,, and c-Jun N terminal kinase (JNK)) have been shown to control cellular responses to 

inflammationn in vitro. Therefore these kinases have been designated suitable targets for anti-

inflammatoryy therapy. However, the extent to which these kinases are actually activated 

duringg inflammation in humans in vivo has not been investigated. We employed experimental 

humann endotoxemia, a model of systemic inflammation, to address this question 

Materialss and Methods: Male volunteers were intravenously infused with 4 ng/kg bw 

lipopolysaccharidee (LPS). Directly before LPS infusion up to 24 h thereafter, activation of 

p388 MAPK, p42/p44 MAPK and JNK was assessed in peripheral blood, using Western blot 

andd in vitro kinase assays. 

Results:: We observed that LPS induced a strong but transient phosphorylation and activation 

off  p38 MAPK and p42/p44 MAPK, maximal activity being reached after 1 hr of LPS 

infusion.. Strikingly, no JNK phosphorylation or activation was detected under these 

circumstances. . 

Conclusions:: These results suggest that both inhibitors of p38 MAPK and p42/p44 MAPK but 

nott JNK are potentially useful for anti-inflammatory therapy. 
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Introductio n n 

Inn recent years it has emerged that members of the Mitogen Activated Protein Kinase 

(MAPK)) family are critically involved in intracellular signal transduction, mediating cell 

responsess to a variety of different infectious and inflammatory stimuli. In vitro, inflammatory 

mediatorss such as lipopolysaccharide (LPS), Tumor Necrosis Factor (TNF) and interleukin-1 

activatee p38 MAPK, c-jun N-terminal kinase (JNK), and p42/44 MAPK12,23'39'40'96'97. In 

addition,, various studies have shown that pharmacological inhibitors of p38 MAPK and 

p42/p444 MAPK strongly influence the production of inflammatory cytokines after such 

stimulation12,98"100.. Hence, inhibitors of specific MAPK family members are promising new 

targetss for anti-inflammatory therapy. 

Importantly,, in studies addressing the in vitro activation of MAPK family members by 

inflammatoryy agents, the concentration used of these agents often exceeds the physiological 

relevantt concentration many fold. Hence important questions remain both with regard to the 

extentt and the kinetics of the activation of p38 MAPK, p42/p44 MAPK, or JNK by 

inflammatoryy stimuli in humans in vivo. 

Thiss consideration prompted us to assay activation of the three major MAPK family members 

inn a well-established model of systemic inflammation in human, human endotoxemia . Both 

phosphorylationn and in vitro kinase activity of p38 MAPK, p42/p44 MAPK and JNK were 

determinedd in peripheral blood leukocytes. At the LPS concentration employed, clear 

phosphorylationn and activation of both p38 MAPK and p42/p44 MAPK but not JNK was 

observed,, contrasting the prevailing view that p38 MAPK and JNK, but not p42/p44 MAPK 

aree the major targets for LPS signal transduction. In addition, enzyme phosphorylation was 

maximall  1 hr after the onset of LPS treatment, which is much slower than the kinetics 

describedd for these kinase in literature40'44'45. We conclude that LPS is able to mediate MAPK 

familyy member activation in vivo, although bom the nature of the kinases involved, as well as 

thee temporal characteristics of this activation are different from that expected from existing 

literaturee data. 
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Material ss and Methods 

InIn vitro stimulation of leukocyte cell fractions 

Endotoxin-freee reagents and plasticware were used throughout the experimental process. 

Bloodd from healthy volunteers was collected with 10 U/ml heparin (Leo Pharmaceutical 

Products,, Weesp, the Netherlands). PBMCs were isolated by density-gradient sedimentation 

onn Ficoll-Paque (Pharmacia, Uppsala, Sweden) from blood diluted 1:1 with PBS. After 

isolationn of the PBMC fraction, the remaining non-PBMC leukocyte fraction was isolated by 

lysingg the erythrocytes with ice-cold isotonic NH4CI solution (155 mmol/1 NH4CI, 10 mmol/1 

KHCO3,, 0.1 mmol/1 EDTA, pH 7.4, and 1 mM Pefabloc) for 15 min. PBMCs and non-

PBMCss were washed twice with PBS and resuspended in RPMI (GIBCO, Grand Island, NY) 

supplementedd with 10% human serum (from the original blood donor) in 15 ml tubes (Becton 

Dickinson,, Franklin Lakes, NJ). Samples, containing the PBMCs (approximately 2 x 106 cells 

each)) or non-PBMCs (approximately 10 x 106 cells each) from 2 ml blood, were incubated at 

377 °C for 45 min, and then stimulated with LPS from E. coli serotype 0111:B4 (Sigma, St. 

Louis,, MO) at the concentrations indicated. After 15 min, ice-cold PBS was added to each 

tube,, and cells were centrifuged at 400 g for 5 min at 4 °C. The cell pellets were lysed in 100 

u,ll  3x SDS-sample buffer; this mixture was briefly sonicated (2 x 10 s) and boiled for 5 min 

followedd by brief centrifugation and storage at -20 °C. Aliquots of the PBMC and non-PBMC 

sampless (25 ul) were analyzed for MAPK phosphorylation using Western blot (see further). 

LPSLPS administration to humans in vivo 

Thee institutional scientific and ethics committees approved the study, and written informed 

consentt was obtained from each subject prior to the start of the study. Eight healthy male 

volunteerss (mean age 22, range 19-26 years) and a group of non-LPS treated volunteers (n=3) 

participatedd in the investigation. LPS (Escherichia coli lipopolysaccharide, lot Gl, United 

Statess Pharmacopeial Convention, Rockville, MD) was administered as a bolus intravenous 

injectionn at a dose of 4 ng/kg body weight as described earlier101'102. 
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SampleSample collection LPS volunteers 

Venouss blood was collected in heparin-containing vacutainer tubes directly before LPS 

administrationn (t = 0 h), and at 5, 15, 30, and 60 min and 4, 8, and 24 h thereafter. 

Erythrocytess from 4.5 ml aliquots were lysed by adding 40 ml ice-cold isotonic NH4CI 

solutionn for 30 min. The remaining leukocytes were centrifuged for 5 min, 400 g, at 4 °C, 

washedd twice with ice cold PBS, and resuspended in 400 u.1 of PBS. 200 \xl of the cell 

suspensionn were added to 125 jxl of 3x SDS-sample buffer, briefly sonicated (2x 10 s) and 

boiledd for 5 min followed by brief centrifugation and storage at -20 °C. To the remaining cell 

suspension,, intended for the kinase assay, 800 |xl ice-cold cell lysis buffer (20 mM Tris (pH 

7.5),, 150 mM NaCl, ImM EDTA, ImM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 

mMM pVglycerolphosphate, 1 mM Na3VC<4, 1 H-g/ml Leupeptin and ImM Pefabloc) were 

added.. Samples were sonicated 4 x 5 s on ice and spun at 7000 g for 10 min at 4 °C. Protein 

contentt in the clear supernatant was determined using a bicinchoninic acid (BCA) protein 

assayy kit (Pierce, Rockford, IL), using BSA as the standard, and the supernatant was stored at 

-800 °C. 

WesternWestern blotting and Kinase assays 

Analysiss of MAPK phosphorylation was performed using Western blotting and polyclonal 

rabbitt antibodies against phosphorylated (Thr^/Tyr204) p44/42 MAPK, phosphorylated 

(Thr183/Tyr185)) JNK, and phosphorylated (Thr180/Tyr182) p38 MAPK (Cell Signaling, Beverly, 

MA).. MAPK enzymatic activity was assayed using commercial in vitro kinase assays (Cell 

Signaling,, Beverly, MA) according to the manufacturers protocol as described98,103'104. 

Extractss from UV-treated 293 cells served as a positive control for JNK (Cell Signaling, 

Beverly,, MA). 

AnalysisAnalysis of MAPK phosphorylation 

Phosphorylationn of MAPKs was measured by Western blot. Antibody binding was quantified 

usingg image analysis software (EFM Software, Rotterdam, the Netherlands) and 
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measurementss were corrected for the amount of protein loaded to allow quantitative 

comparisonn between blood samples, which may contain different amounts of leukocyte 

proteinn as a consequence of the LPS challenge, and were compared to a reference sample (set 

onn a 100 arbitrary units) as to allow investigation into the variation in MAPK phosphorylation 

betweenn the subjects. 

Results s 

ActivationActivation of MAPK family members by endotoxin in vitro 

Inn order to investigate the effects of endotoxin on the phosphorylation status of MAPK family 

members,, peripheral blood was obtained from volunteers. Subsequently, the PBMC fraction 

(mainlyy monocytes and lymphocytes) was separated from the leukocyte non-PBMC fraction 

(mainlyy granulocytes). Both fractions were stimulated with LPS as to obtain insight into 

possiblee differences between the different cell types of the blood with respect to their reaction 

too endotoxin. As evident from figure 1, both the PBMC fraction as well as the non-PBMC 

fractionn reacted to LPS with enhanced phosphorylation of both p38 MAPK, p42/p44 MAPK 

andd JNK, especially at LPS concentrations in excess of 1 ng/ml. We concluded that ex vivo 

alll  three MAPK family members are a target for endotoxin signal transduction and that -ex 

vivo-- no significant differences between blood cell fractions exist. 

Figuree 1: LPS activates p38 MAPK , p42/44 MAPK and JNK in PBMCs and non-PBMCs in vitro . 

non-PBMCss PBMCs and non-PBMCs were isolated from 
wholee blood, incubated for 45 min at 37 °C, and 

»»» M , i j n n stimulated with LPS for 15 min at the 
concentrationss indicated. The leukocyte 
fractionn (PBMC or non-PBMC) was loaded on 
onee gel, in a quantity relative to their proportion 
inn whole blood as to allow comparison of their 
relativee contribution to MAPK activation in the 

»*»<̂ jj  total leukocyte fraction. MAPK activation was 
assessedd on Western blot using phosphospecific 

00 4s 1 10 1001000 antibodies for p38 MAPK (pp38. A), p42/44 
MAPKK (pp42/44, B), and JNK (pp46/pp54, C). 
Westernn blots shown are representative of three 
experiments. . 
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pp38 8 
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Figuree 2: No variation in MAPK phosphorylation throughout the day. 
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Peripherall  blood leukocytes from non LPS-treated volunteers, 
obtainedd at 7:00 h, 10:00 h, 11:00 h and 18:00 h (7, 10, 11, 
andd 18 in figure), were analyzed for p38 MAPK (pp38), 
p42/444 MAPK (pp42/44), and JNK (pp46/pp54) 
phosphorylationn status. (Representative examples out of 
three.)) UV light treated 293 cells served as a positive control 
forr JNK phosphorylation (+). 

TheThe phosphorylation status of MAPK family members is not subject to a circadian rhythm 

Inn order to investigate the effects of endotoxin on the phosphorylation status of MAPK 

memberss throughout a 24 hr study period, it is essential that in unchallenged volunteers this 

phosphorylationn status is not subject to a circadian rhythm. Hence blood was obtained from 3 

volunteerss at different time points and MAPK phosphorylation was investigated using 

Westernn blot analysis and phosphospecific antibodies. It appeared that p38 MAPK and 

p42/p444 MAPK phosphorylation in leukocytes of non LPS-treated volunteers is not subject to 

variationn throughout the day (figure 2). Strikingly, no basal JNK phosphorylation was 

observed,, although such phosphorylation was easily discernable in UV-treated human cancer 

cells,, and thus the absence of basal JNK activation is not due to a detection problem. Hence it 

iss possible to study the effects of LPS on this phosphorylation over a multi-hour time course. 

Figuree 3: Endotoxemia induces transient fever  in humans. 
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Eightt healthy male 
volunteerss were 
intravenouslyy infused with 
aa bolus of LPS (4 ng/kg 
bw).. Body temperature 
wass measured just before 
LPSS infusion (0'), and 1, 
l'/2(90'),, 2,4, 6, 8, 10 and 
244 h after LPS infusion. 
Resultss are given as mean 
(°C))  SEM. 
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EndotoxemiaEndotoxemia induces transient phosphorylation ofp38 MAPK andp42/p44 MAPK 

Subsequently,, we studied the effects of human endotoxemia on the phosphorylation of these 

MAPKs.. Infusion of LPS caused mild fever (figure 3) and other typical symptoms as is well 

describedd for human experimental endotoxemia' 4,101,102 2 Importantly,, strong phosphorylation 

off  p38 MAPK and p42/p44 MAPK was observed (figure 4a and 5a). Using digital imaging 

software,, the relative phosphorylation levels at different time points were determined and an 

aggregatee curve of the combined volunteers was constructed (see experimental procedures) 

revealingg the temporal characteristics of this phosphorylation. On average maximal 

phosphorylationn was observed 60 min after LPS infusion, followed by a striking 

dephosphorylationn of both kinases (figure 4c and 5c). Importantly, however, in vivo LPS 

challengee was not accompanied by increased phosphorylation of either p54 JNK or p46 JNK 

(figuree 6a), whereas in vitro this phosphorylation was easily detectable. Thus human 

endotoxemiaa provokes strong but transient phosphorylation of both p38 MAPK and p42/p44 

MAPK,, but JNK phosphorylation is not detected. 

Figuree 4: Human endotoxemia activates p38 MAPK . 
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Peripherall  blood leukocytes from LPS-treated 
volunteerss were obtained just before LPS 
infusionn (0'), and 5, 15, 30, and 60 min, and 4, 
88 and 24 h after LPS infusion. p38 MAPK 
phosphorylationn and enzymatic activity was 
thenn assessed at various time points. All 
Westernn blots shown are representative of at 
leastt three experiments. (A) p38 MAPK 
phosphorylationn was determined using 
antibodiess against phosphorylated p38 MAPK 
(pp38).. (B) p38 MAPK enzymatic activity 
wass determined by measuring phosphorylation 
off  ATF-2 (pATF-2) in an in vitro kinase 
assay,, using immunoprecipitated 
phosphorylatedd p38 MAPK from leukocyte 
lysates.. (C) Kinetic analysis of p38 MAPK 
phosphorylationn in leukocytes samples from 8 
LPS-treatedd volunteers. Results (mean
SEM)) were obtained by image analysis of 
Westernn blotting with phosphospecific 
antibodiess and expressed relative to a 
referencee sample, which was set on a 100 
arbitraryy units. 
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Figuree 5: Human endotoxemia activates p42/44 MAPK . 
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Peripherall  blood leukocytes from LPS-treated 
volunteerss were obtained just before LPS 
infusionn (0'), and 5, 15, 30, and 60 min, and 4, 
88 and 24 h after LPS infusion. P42/44 MAPK 
phosphorylationn and enzymatic activity was 
thenn assessed at various time points. All 
Westernn blots shown are representative of at 
leastt three experiments. (A) p42/44 MAPK 
phosphorylationn was determined using 
antibodiess against phosphorylated p42/44 
MAPKK (pp42/44). (B) p42/44 MAPK 
enzymaticc activity was determined by 
measuringg phosphorylation of Elk-1 (pElk-1) 
inn an in vitro kinase assay, using 
immunoprecipitatedd phosphorylated p42/44 
MAPKK from leukocyte lysates. (C) Kinetic 
analysiss of p42/44 MAPK phosphorylation in 
leukocytess samples from LPS-treated 
volunteerss (number of samples analyzed as 
indicatee in the figure). Results (mean  SEM) 
weree obtained by image analysis of Western 
blottingg with phosphospecific antibodies and 
expressedd relative to a reference sample, 
whichh was set on a 100 arbitrary units. 

LPSLPS infusion enhances p38 MAPK and p42/p44 MAP enzymatic activity in peripheral blood 

leukocytes leukocytes 

Too confirm that enhanced phosphorylation of MAPKs after in vivo LPS challenge is 

accompaniedd by enhanced enzymatic activity of these enzymes, MAPKs were 

immunoprecipitatedd from peripheral blood lysates. As evident from figure 4b, 

phosphorylationn of p38 MAPK was accompanied by increased enzymatic activity. Also 

p42/p444 MAPK showed enhanced enzymatic activity after LPS infusion, but the kinetics did 

nott completely correspond to enzyme phosphorylation, suggesting that other intracellular 

regulatoryy events, directing activity of p42/p44 MAPK, are present in vivo as well (figure 5b). 

Strikingly,, neither phosphorylation nor activation of JNK was observed in the white cell 

fractionn of our LPS volunteers (figure 6a,b). These results confirm that human endotoxemia 

resultss in phosphorylation and activation of p38 MAPK and p42/p44 MAPK. Hence these 

resultss form the first formal proof of the activation of MAPK family members in an 

inflammatoryy setting during human inflammation. 
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Figuree 6: Human end o toxemia does not activate JNK. 
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Peripherall  blood leukocytes from LPS-treated volunteers were obtained just before LPS infusion (0'), and 5, 
15,, 30, and 60 min, and 4, 8 and 24 h after LPS infusion. JNK phosphorylation and enzymatic activity was 
thenn assessed at various time points. All Western blots shown are representative of at least three experiments. 
(A)) JNK phosphorylation was determined using antibodies against phosphorylated JNK (pp46/pp54), UV 
lightt treated 293 cells served as a positive control for JNK phosphorylation (+). (B) JNK enzymatic activity 
wass determined by measuring phosphorylation of c-Jun (p c-Jun) in an in vitro kinase assay, using 
immunoprecipitatedd phosphorylated JNK from leukocyte lysates, HeLa cells treated with osmoshock or left 
untreatedd served as a positive and negative control (+, -). 

Discussion n 

AA large body of scientific research has led to the realization that the MAPK family is a 

principall  regulator of cell physiology. Activation of p38 MAPK, p42/p44 MAPK and JNK in 

responsee to a variety of inflammatory agents has been described and these MAPKs control 

manyy cellular responses to inflammation. As a consequence, inhibitors of these kinases have 

beenn proposed as anti-inflammatory therapy. Importantly, however, actual activation of these 

kinasess during human inflammation has not been verified and hence we set out to investigate 

thee effects of human endotoxemia on MAPKs. To this end we investigated endotoxin 

responsess in different blood cell fractions ex vivo and compared these to the effects observed 

inn the human endotoxemia model. This well-established model involves rapid systemic 

inflammationn and simultaneous activation of many inflammatory cells, and we argued that 

underr these circumstances MAPK activation should be readily detectable. 

Indeed,, endotoxemia induced both phosphorylation and enzymatic activation of p38 MAPK 

andd p42/44 MAPK in peripheral blood leukocytes, suggesting that these kinases are important 

inn mediating LPS effects in vivo. Hence, it should be interesting to investigate whether 

pharmacologicall  inhibition of such kinases will result in reduced fever and suppression of the 

otherr typical inflammatory symptoms observed in the human endotoxemia model. 

Interestingly,, LPS induced activation of MAPKs was followed by dephosphorylation of both 

p388 MAPK and p42/44 MAPK. In vitro, LPS pre-treatment inhibits LPS-induced p38 MAPK 

andd p42/44 MAPK activation, and this phenomenon is suggested to be involved in LPS 

tolerance105'106.. The mechanism underlying LPS tolerance is thought to reflect a protective 
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cellularr reprogramming against shock due to hyperreactive inflammatory cells, but on the 

otherr hand may render septic patients vulnerable to secondary infections. Our data support the 

notionn that in vivo exposure to LPS eventually inhibits MAPK activation. This MAPK 

inhibitionn possibly induces a refractory state in MAPK activation and may be involved in 

cellularr hyporesponsiveness during shock, but obviously further experimental works is 

warranted.. LPS-induced phosphorylation and activation of p38 MAPK and p42/p44 MAPK 

wass fairly slow compared to in vitro studies40'44'45, even allowing for the time necessary to 

obtainn homogenous plasma distribution of LPS. This may be due to the fact that the final LPS 

concentrationn reached in endotoxemic volunteers is relatively low as compared to most in 

vitroo studies. Alternatively, LPS presentation to cells in vivo is far more complex then in 

vitro,, involving competing influences of LPS binding protein and bactericidal/permeability-

increasingg protein107, which may explain kinetic differences. Nevertheless, these experiments 

identifyy these kinases as relevant targets for LPS in vivo and suggest that both p38 MAPK 

andd p42/p44 MAPK are of interest with regard to therapeutical relevance in systemic 

inflammation.. Experiments addressing the effects of such inhibitors are currently in progress. 

Inn contrast to p38 MAPK and p42/44 MAPK, JNK activation could not be detected during 

humann endotoxemia, while in vitro these kinases are often simultaneously stimulated by LPS 

andd other stimuli45,108109. JNK phosphorylation is in general more difficult to detect when 

comparedd to the phosphorylation of other MAPK members, thus the possibility exists that 

JNKK activation in vivo is below our detection limit. However, ex vivo JNK phosphorylation 

wass easily detectable and also positive controls were unambiguous. The absence of LPS-

dependentt JNK activity in vivo may also be a consequence of the low concentration of LPS 

reachedd in the volunteers, or reflect differences in cellular physiology occurring in circulating 

leukocytess compared to ex-vivo stimulated cells. 

MAPKK activation was assayed in total leukocyte samples from peripheral blood, as 

preliminaryy experiments suggested that more elaborate separations into different cell fractions 

resultss in hyperphosphorylation and activation (unpublished observations). Earlier reports, 

usingg ex vivo stimulated neutrophils, have explicitly not observed LPS-induced JNK 

activationn in neutrophils110, while LPS-induced JNK activation in monocytes is well 

described40.. This raises the concern whether the relative large proportion of neutrophils in the 

peripherall  blood of our volunteers might obscure LPS induced JNK activation in other 
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leukocytee cell fractions such as PBMCs. However, in our ex vivo experiments we separated 

thee PBMC cell fraction from the non-PBMC fraction (i.e. mainly neutrophils). The amount of 

leukocytee fractions (PBMC or non-PBMC) loaded on a gel was relative to their proportion in 

wholee blood as to allow comparison of their relative contribution to the measured MAPK 

activationn in the total leukocyte samples assayed from the endotoxemia volunteers. In the 

non-PBMCC fraction we did find LPS-induced JNK activation, suggesting that LPS can 

activatee JNK in neutrophils, contrasting an earlier report110. Recently, however, it was 

reportedd that TNF induces JNK activation in neutrophils in an adhesion dependent fashion111. 

Itt is very well conceivable that LPS induced JNK activation, similarly to TNF, is adhesion 

dependentt in neutrophils. The non-adherent peripheral blood neutrophils, obtained from 

endotoxemicc volunteers, may thus lack adhesion-dependent JNK activation in contrast to the 

neutrophilss present in the non-PBMC fraction that were stimulated in a fashion allowing 

adhesionn (see material and methods) and this may possibly explain the difference between our 

inn vivo and in vitro results. Experiments in which the phosphorylation status of MAPK family 

memberss is investigated using intracellular FACS analysis may in future help to address the 

problemm of differential MAPK activation in different cell types. 

Nevertheless,, die absence of LPS-induced JNK activity in vivo, relative to the clear p38 

MAPKK and p42/44 MAPK activation, suggests that JNK may not be an ideal target for anti-

inflammatoryy therapy. 
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Abstract t 

p388 MAPK participates in intracellular signaling cascades resulting in inflammatory 

responses.. Therefore, inhibition of the p38 MAPK pathway may form the basis of a new 

strategyy for treatment of inflammatory diseases. However, p38 MAPK activation during 

systemicc inflammation in humans has not yet been shown, and its functional significance in 

vivoo remains unclear. Hence, we exposed 24 healthy male subjects to an intravenous dose of 

LPSS (4 ng/kg) preceded 3 hours earlier by orally administered 600 or 50 mg BIRB 796 BS (an 

inin vitro p38 MAPK inhibitor), or placebo. Both doses of BIRB 796 BS significantly inhibited 

LPS-inducedd p38 MAPK activation in the leukocyte fraction of the volunteers. Cytokine 

productionn (TNFa, IL-6, IL-10, and IL-1 receptor antagonist) was strongly inhibited by both 

loww and high dose p38 MAPK inhibitor. In addition, p38 MAPK inhibition diminished 

leukocytee responses including neutrophilia, release of elastase-al-antitrypsin complexes and 

upregulationn of CDllb with downregulation of L-selectin. Finally, blocking p38 MAPK 

decreasedd C-reactive protein release. These data identify p38 MAPK as a principal mediator 

off  the inflammatory response to LPS in humans. Furthermore, the anti-inflammatory potential 

off  an oral p38 MAPK inhibitor in humans in vivo suggests that p38 MAPK inhibitors may 

providee a new therapeutic option in thee treatment of inflammatory diseases. 
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Introductio n n 

Diseasess such as rheumatoid arthritis and Crohn's disease are characterized by chronic 

inflammationn leading to destruction of normal tissue integrity. Mediators released during 

inflammatoryy diseases activate intracellular signaling cascades regulated by kinase and 

phosphatasee enzymes112. The MAPKs are part of such signaling cascades at which diverse 

extracellularr stimuli converge to initiate inflammatory cellular responses. Several subgroups 

havee been identified within the MAPK family, including the p42/44 extracellular signal-

relatedd kinases, JNK and p38 MAPKs113. p38 MAPK has been implicated as an important 

regulatorr of the co-ordinated release of cytokines by immunocompetent cells and the 

functionall  response of neutrophils to inflammatory stimuli6. Many different stimuli can 

activatee p38 MAPK. These include LPS and other bacterial products, cytokines such as TNFoc 

andd IL-1, growth factors and stresses such as heat shock, hypoxia and 

ischaemia/reperfusion6'114.. In addition, p38 MAPK positively regulates a variety of genes 

involvedd in inflammation such as TNFoc, IL-1, IL-6, IL-8, cyclooxygenase-2, and 

collagenases-11 and -36. 

Becausee of the broad pro-inflammatory role of p38 MAPK in several in vitro systems, 

inhibitionn of this pathway has been advocated as a novel therapeutic strategy for inflammatory 

diseases115.. However, the effect of p38 MAPK inhibition in in vivo models of inflammation 

hass only been examined in a limited number of studies with equivocal results. p38 MAPK 

inhibitorss have been found to reduce LPS-induced TNFoc production in mice and rats46'47,116. 

Thiss result could not be duplicated with one of these inhibitors (SB203580) in mice despite 

almostt completely abolishing the p38 MAPK activity in spleen cells harvested from these 

animalss 98. Furthermore, inhibition of p38 MAPK was associated with a decrease in 

neutrophill  recruitment and TNFa release in bronchoalveolar lavage fluid in mice after 

intratracheall  administration of LPS48, but with elevated TNFa concentrations in lungs during 

murinee pneumococcal pneumonia and tuberculosis98. In a murine model of peritonitis induced 

byy cecal ligation and puncture, delayed administration of SB203580 improved survival, and 

preventedd the enhanced release of IL-10 by macrophages harvested from mice with 

peritonitis,, while concurrently improving the reduced IL-12 release by these cells117. 
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Knowledgee of the activation of p38 MAPK and its role in inflammation in humans in vivo is 

limitedd despite current interest in p38 MAPK inhibition in the treatment of human 

inflammatoryy disease. In addition, there are conflicting animal data. Therefore, in the present 

studyy we used the well characterized model of human inflammation produced by intravenous 

injectionn of low dose LPS4, to evaluate the activation of p38 MAPK and the effect of a new 

orallyy administered p38 MAPK inhibitor. 

Methods s 

p38p38 MAPK inhibitor 

Thee p38 MAPK inhibitor used in this study (BIRB 796 BS) was developed by Boehringer 

Ingelheimm Pharmaceuticals Inc., Ridgefield, CT. BIRB 796 BS is l-(5-tert-Butyl-2-p-tolyl-

2H-pyrazol-3-yl)-3-(4-(2-moipholin-4-yl-ethoxy)-naphtalen-11 -yl)-urea (empirical formula 

C31H37N5O3;; molecular weight 527.6), a water soluble, orally bioavailable molecule. Details 

aboutt the structure and specificity of BIRB 796 BS for p38 MAPK will be published in a 

separatee manuscript118. BIRB 796 BS has a greater than 330-fold selectivity for p38 MAPK 

comparedd to 12 other protein kinases studied. In contrast to other p38 MAPK inhibitors (e.g. 

SB203580),, BIRB 796 BS prevents both phosphorylation and kinetic activity of p38 MAPK 

byy binding to a novel allosteric binding site as well as to the ATP pocket of p38 MAPK. 

EffectEffect of BIRB 796 BS on p38 MAPK activation in vitro 

Bloodd from healthy volunteers was collected with 10 U/ml heparin (Leo Pharmaceutical 

Products,, Weesp, the Netherlands). PBMCs were isolated by density-gradient sedimentation 

onn Ficoll-Paque (Pharmacia, Uppsala, Sweden) from blood diluted 1:1 with PBS. PBMCs 

weree washed twice with PBS and resuspended in RPMI supplemented with 10% heat 

inactivatedd FCS (both GIBCO, Grand Island, NY) at a concentration of approximately 5 x 106 

cells/mll  in 15 ml tubes (Becton Dickinson, Franklin Lakes, NJ). After pre-incubation for 1 h 

withh BIRB 796 BS (1, 10, 100 or 1000 nM) or DMSO as the solvent control, samples 

(containingg approximately 5 x 106 cells each) were stimulated with LPS from E. coli serotype 

011LB44 (25 ng/ml; Sigma, St. Louis, MO). After 15 min, 12 ml of ice-cold PBS was added 
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too each 15 ml tube, and cells were centrifuged at 400 g for 5 min at 4 °C. The cell pellets were 

lysedd in 100 uJ 3x SDS-sample buffer; this mixture was briefly sonicated (2 x 10 s) and boiled 

forr 5 min followed by brief centrifugation and storage at -20 °C, until further analysis. As for 

equall  loading during Western blotting (see further), equal amounts of sample (25u.l; 

containingg approximately 1.25 x 106 cells) were analyzed. Furthermore, after immunoblotting 

thee blots were also subjected to Amido Black staining to assess equal loading. 

WesternWestern blotting 

Sampless mixed with SDS-sample buffer were loaded on 10% SDS-polyacrylamide gels and 

transferredd to polyvinylidene difluoride membranes (Millipore, Bedford, MA). Subsequently, 

membraness were blocked in 5% BSA in PBS supplemented with 0.1% Tween-20 and washed in 

0.2%% BSA in PBS supplemented with 0.1% Tween-20. The extent of p38 MAPK activation was 

determinedd using antibodies against phosphorylated (Thr180/Tyr182) p38 MAPK (New England 

Biolabs,, Beverly, MA), used at a 1:1000 dilution incubated overnight. After three washes for 10 

min,, secondary antibody incubation was performed for 1 hour with Horseradish Peroxidase-

conjugatedd goat-anti-rabbit immunoglobulin (DAKO, Glostrup, Denmark) at a 1:2000 dilution 

inn 10% human serum in PBS supplemented with 0.1% Tween-20. After enhanced 

chemoluminescencee using Lumilight+ substrate, antibody binding was visualized using a Lumi-

imagerr (Boehringer Mannheim, Mannheim, Germany). 

LPSLPS administration to humans in vivo 

Thee study was performed as a randomized, double-blind, placebo-controlled experiment. The 

studyy was approved by the institutional scientific and ethics committees, and written informed 

consentt was obtained from each subject prior to the start of the study. Twenty-four healthy 

malee volunteers (mean age 22, range 19-29 years) participated in the investigation. All 

subjectss were in good health, as documented by history, physical examination, 

electrocardiogram,, and routine laboratory screening. Tests for HTV, hepatitis B and C were 

negative.. The participants did not use any medication. All participants were non-smokers. The 

subjectss fasted overnight before LPS administration. On the study day, two intravenous 

canulass were inserted, one for LPS administration and one for blood collection. Eight subjects 
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receivedd 600 mg BIRB 796 BS (high dose), eight subjects received 50 rag BIRB 796 BS (low 

dose)) and eight subjects received placebo. BIRB 796 BS was given as an oral solution in 15 

mll  PEG 400. The placebo solution consisted of 15 ml of PEG 400. The study drug and 

placeboo were administered orally 3 hours prior to infusion of LPS. LPS (Escherichia coli 

lipopolysaccharide,, lot Gi, United States Pharmacopeial Convention, Rockville, MD) was 

administeredd as a bolus intravenous injection at a dose of 4 ng/kg body weight. Oral 

temperature,, blood pressure and heart rate were measured every 30 minutes during the first 2 

hourss after LPS challenge, thereafter at 1 hourly intervals for four hours, then at a decreased 

frequency.. Clinical symptoms such as headache, chills, myalgia, nausea, vomiting, abdominal 

painn and backache were recorded throughout the study using a graded scale (0 as absent, 1 as 

mild,, 2 as moderate and 3 as severe). Blood was obtained from an intravenous canula before 

administrationn of BIRB 796 BS or placebo (t = -3 h), directly before LPS administration (t = 0 

h),, and at 5, 15,30,60 and 90 minutes and 2, 3,4,5,6, 8, 10 and 24 hours thereafter. 

MeasurementMeasurement of BIRB 796 BS plasma levels 

Plasmaa samples were analyzed for BIRB 796 BS concentrations using a validated high 

performancee liquid chromatography (HPLC) method with electrospray ionization MS/MS 

(masss spectrometry) detection. Following the solid phase extraction of the analyte from 

plasma,, BIRB 796 BS and the internal standard (d8-BIRB 796 BS) were separated 

chromatographicallyy followed by detection via the Tandem mass spectrometer. The linear 

rangee was established with calibration standards from 0.1 to 1000 ng/ml using peak height 

ratios.. The lower limit of quantitation was 0.1 ng/ml using 500 ml of plasma. 

p38p38 MAPK measurements during the in vivo study 

Bloodd for measurement of p38 MAPK was collected in heparin-containing vacutainer tubes at 

tt = 0, 5, 15, 30 and 60 min, and at 4, 8 and 24 h relative to LPS injection. After collection, 

erythrocytess from 4.5 ml aliquots were lysed by adding 40 ml ice-cold isotonic NH4CI 

solutionn (155 mmol/1 NH4CI, 10 mmol/1 KHCO3, 0.1 mmol/1 EDTA, pH 7.4, and 1 mM 

Pefabloc)) for 30 min. The remaining leukocytes were centrifuged for 5 min, 400 g, at 4 °C, 

washedd twice with ice cold PBS, and resuspended in 400 nl of PBS. Two hundred jil of the 
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celll  suspension were added to 125 uJ of 3x SDS-sample buffer, this mixture was briefly 

sonicatedd (2 x 10 s) and boiled for 5 min followed by brief centrifugation and storage at -20 

°C.. To the remaining cell suspension, intended for the kinase assay, 800 u,l ice-cold cell lysis 

bufferr (20 mM Tris (pH 7.5), 150 mM NaCl, ImM EDTA, ImM EGTA, 1% Triton, 2.5 mM 

sodiumm pyrophosphate, 1 mM B-Glycerolphosphate, 1 mM Na3V04, 1 ug/ml Leupeptin and 

ImMM Pefabloc) were added. Samples were sonicated 4 x 5 s on ice and centrifuged at 7000 g 

forr 10 min at 4 °C. Protein content in the clear supernatant was determined using a 

bicinchoninicc acid protein assay kit (Pierce, Rockford, IL), using BSA as the standard, and the 

supernatantt was stored at -80 °C. 

Forr all subjects phosphorylation of p38 MAPK was measured by Western blot. Antibody 

bindingg was quantified using image analysis software (EFM Software, Rotterdam, the 

Netherlands)) and measurements were corrected for the amount of protein loaded to allow 

quantitativee comparison of p38 phosphorylation between blood samples, which may contain 

differentt amounts of leukocyte protein as a consequence of the LPS challenge. The sample 

obtainedd at t = -3 h was not adequately treated and was omitted from the analysis. All other 

sampless were compared to one random sample set at an arbitrary value of 100 units, for 

comparingg p38 MAPK phosphorylation between subjects. In addition, a minimum measured 

activityy was considered to be necessary for use as an internal reference (i.e. 25 on a 28 digital gray 

scale).. Two subjects failed to meet this requirement (one from the low dose and one from the 

highh dose BIRB 796 BS treated volunteers), possibly due to low protein yield in these samples, 

andd were not included in the analysis. 

p388 MAPK enzymatic activity was measured using a kinase assay (New England Biolabs, 

Beverly,, MA). White blood cell lysates were prepared as described above. A once diluted 

slurryy of agarose hydrazide-bound antibodies to phosphorylated (Thr180/Tyr182) p38 MAPK 

(400 uj) was utilized to selectively immunoprecipitate active p38 MAPK from the cell lysate 

byy gently shaking overnight at 4 °C. To assure equal loading, a fixed amount of lysate was 

usedd per sample (approximately 80 ng in 340 uJ cell lysis buffer). The immunoprecipitate was 

washedd twice with 500 ul of ice cold cell lysis buffer and twice with 500 ui of ice cold kinase 

bufferr (25 mM Tris, pH 7.5, 5 mM p-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM 

Na3V04,, 10 mM MgCb) at 4 °C. The kinase reactions were carried out in the presence of 200 

uMM ATP and 2 \ig of ATF-2 fusion protein at 30 °C for 30 min. After the reaction had been 
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terminatedd by the addition of 3x SDS-sample buffer, the mixture was boiled for 5 min 

followedd by brief centrifugation. ATF-2 phosphorylation was selectively measured by 

Westernn immunoblotting as described previously using specific antibodies against 

phosphorylatedd (Thr71) ATF-2. 

OtherOther assays 

Cytokinee concentrations were determined in EDTA-anticoagulated plasma by specific 

ELISA'ss according to the manufacturers' instructions (with detection limits). These ELISA's 

were:: TNFcc (2.8 pg/ml), IL-6 (1.2 pg/ml), IL-10 (2.4 pg/ml) (all Central Laboratory of the 

Netherlandss Red Cross Blood Transfusion Service, CLB, Amsterdam, the Netherlands), and 

IL-11 receptor antagonist (IL-lra; 410 pg/ml; R&D Systems, Minneapolis, MN). Elastase-cci-

antitrypsinn complexes in EDTA plasma were measured with an ELISA modified from a 

previouslyy described radio-immunoassay procedure119. Briefly, ELISA plates (Maxisorp; 

Nunc,, Roskilde, Denmark) were coated with polyclonal rabbit antibodies against human 

elastase,, and incubated with the samples to be tested. Bound complexes were detected by 

incubationn with biotinylated monoclonal antibodies against complexed cti-antitrypsin and 

streptavidin-peroxidase.. Results were referred to a standard curve consisting of pooled human 

plasmaa supplemented with purified elastase, and expressed as ng of elastase per ml. CRP was 

measuredd in serum by ELISA (detection limit 3 mg/L) according to the manufacturers 

instructionss (Roche Diagnostics, Mannheim, Germany). 

FF ACS analysis 

Leukocytee counts and differentials were assessed in EDTA-anticoagulated blood using a 

Stekkerr analyzer (counter STKS, Coulter counter, Bedfordshire, United Kingdom). 

Expressionn of CD l i b (Mac-1) and L-selectin (CD62L) on circulating granulocytes was 

determinedd in heparinized blood obtained at -3, 0, 2, 4, 6 and 24 h relative to LPS injection. 

Alll  blood samples were placed on ice immediately after blood drawing. After lysis of 

erythrocytess in isotonic NH4CI solution (155 mM NH4CI, 10 mM KHCO3, 0.1 mM EDTA, 

pHH 7.4) for 10 minutes, samples were centrifuged at 400 g for 5 min. The remaining cells 

weree washed and subsequently kept in PBS containing 0.5% BSA, 1.5 mM sodium azide and 
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0.355 mM EDTA, at a final concentration of 5 x 10 cells/ml. Al l procedures were performed at 

4°C.. The following antibodies were used: FITC labeled mouse anti-human L-selectin 

(Immunotech,, Marseilles, France) and PE labeled mouse anti-human CDl l b (Immunotech, 

Marseilles,, France). AU FACS reagents were used in concentrations recommended by the 

manufacturer.. To correct for non-specific staining, all analyses were also conducted with the 

appropriatee control antibodies (FITC and PE labeled murine IgGl (CLB, Amsterdam, the 

Netherlands)).. At least 10,000 granulocytes were counted in each assay. MCF of forward and 

sidee angle scatter-gated granulocytes was assessed using a FACS scan flow cytometer 

(Bectonn Dickinson, Mountain View, CA). Data are presented as the difference between MCF 

intensitiess of specifically and non-specifically stained cells. 

StatisticalStatistical analysis 

Al ll  laboratory based values are given as means  SEM. Differences in results between the 3 

treatmentt groups were tested by repeated measurements analysis of variance. A P-value < 

0.055 was considered to represent a statistically significant difference. 

f -- 210 
22 £ 180 

Figuree 1: Effect of BIRB 796 on LPS induced 
p388 MAPK phosphorylation in PBMC's. 
PBMC'ss were stimulated with LPS (+LPS) or 
solventt control (Co) in the presence of various 
concentrationss BIRB 796. p38 MAPK activation 
wass measured using Western blotting and 
antibodiess against phosphorylated p38 MAPK 
(pp38).. Results were analyzed using image 
analysiss software and are represented as bars 
(arbitraryy units) A representative experiment (out 
off  4) is shown. 
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Results s 

BIRBBIRB 796 BS is a potent p38 MAPK inhibitor in vitro 

Inn order to assess the effect of BIRB 796 BS on p38 MAPK activity, we stimulated PBMCs 

withh LPS in the presence of increasing concentrations of BIRB 796 BS or diluent (Figure 1). 

BIRBB 796 BS inhibited LPS-induced phosphorylation of p38 MAPK in a dose-related 

fashion. . 

Figuree 2: BIRB 796 BS inhibit s LPS-
inducedd p38 MAPK activation in vivo. 
Subjectss received an intravenous injection of 
LPSS (4 ng/kg) at t = 0 h preceded by oral 
ingestionn of placebo (depicted as o in the 
figure),figure), 50 mg BIRB 796 BS (o) or 600 mg 
BIRBB 796 BS (A). Venous blood was 
obtainedd at indicated time points, 
erythrocytess were lysed and the total white 
bloodd cell fraction was lysed and assayed for 
p388 MAPK phosphorylation and enzymatic 
activity.. (A) p38 MAPK phosphorylation in 
leukocytes.. Results (mean  SEM) were 
obtainedd by Western blotting with 
phosphospecificc antibodies and expressed 
relativee to a random sample, which was set 
onn a 100 arbitrary units. (B) Inhibition of p38 
MAPKK enzymatic activity by BIRB 796 BS. 
p388 MAPK enzymatic activity was 
determinedd by measuring phosphorylation of 
ATF-22 (pATF-2) in an in vitro kinase assay, 
usingg immunoprecipitated phosphorylated 
p388 MAPK from leukocyte lysates. Results 
weree analyzed using image analysis software 
andd are represented as bars (arbitrary units) 
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BIRBBIRB 796 BS inhibits LPS-induced p38 MAPK activation in vivo 

Plasmaa levels of BIRB 796 BS determined after oral ingestion of the p38 MAPK inhibitor 

peakedd at 0.5-2 h after LPS injection (low dose group 0.74  0.25 uM; high dose group 7.38

1.644 uM, i.e. within the same range as the concentrations used in the in vitro experiment). 

Althoughh there is abundant evidence that active p38 MAPK is involved in LPS- induced 
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cytokinee production in vitro ' ' , it is unknown whether p38 MAPK has a similar role in 

humanss in vivo. To investigate the activation of p38 MAPK in human endotoxemia and the 

effectivenesss of BIRB 796 BS in inhibition of p38 MAPK phosphorylation, we measured p38 

MAPKK activation using phosphospecific antibodies at various time points before and after 

LPSS injection in healthy human subjects. As shown in figure 2A, administration of LPS 

resultedd in p38 MAPK activation in subjects who did not receive BIRB 796 BS, peaking at 60 

min.. Both low dose and high dose BIRB 796 BS significantly inhibited p38 MAPK activation 

(bothh P < 0.05 vs. placebo). To further establish the effectiveness of BIRB 796 BS in 

inhibitingg p38 MAPK enzymatic activity in vivo, a kinase assay was performed on white 

bloodd cell lysates (an example out of three is shown in figure 2B). In subjects who did not 

receivee BIRB 796 BS, enhanced p38 MAPK enzymatic activity was observed 60 min after 

LPSS administration relative to t = 0 h. In contrast, treatment with BIRB 796 BS almost 

completelyy prevented p38 MAPK activation at 60 min. These results are, to our knowledge, 

thee first demonstration of p38 MAPK activation in a human model of inflammation and show 

thatt BIRB 796 effectively inhibits p38 MAPK in vivo. 

InhibitionInhibition ofp38 MAPK reduces UPS-induced clinical signs and symptoms 

LPSS injection induced symptoms, consisting of fever, chills, myalgia, headache, nausea, 

vomiting,, abdominal pain and backache. In subjects treated with LPS and placebo, mean body 

temperaturess peaked after 3 hours (38.3  0.2 °C). Although both doses BIRB 796 BS tended 

too reduce the febrile response, this effect did not reach statistical significance (Figure 3). 

BIRBB 796 BS treatment did attenuate LPS-induced symptoms, both in incidence and severity, 

andd delayed die time point of maximal presentation (Table I). Apparently activation of p38 

MAPKK is involved in the generation of thee LPS-induced clinical signs and symptoms. 
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Tablee I. BIR1 

Symptoms s 

Headache e 

Chills s 

Myalgia a 

Nausea a 

Vomiting g 

Abdominal l 
pain n 

Backache e 

33 796 

Total l 
no.2 2 

8 8 

7 7 

4 4 

5 5 

3 3 

2 2 

1 1 

BSS reduces LPS-induced clinical symptoms 

'laceboo (« 

S/mo/mi3 3 

1/3/4 4 

0/2/5 5 

0/1/3 3 

0/2/3 3 

1/1/1 1 

0/2/0 0 

0/0/1 1 

== 8) 

Peaking g 

time e 

(h)4 4 

1.5 5 

1.5 5 

4 4 

2 2 

3 3 

3 3 

4 4 

Total l 
no.2 2 

8 8 

5 5 

3 3 

3 3 

2 2 

1 1 

0 0 

500 mg (n = 

S/mo/mi3 3 

0/2/6 6 

1/1/3 3 

0/0/3 3 

0/0/3 3 

0/1/0 0 

0/0/1 1 

0/0/0 0 

BIRBB 796 BS 

== 8) 

Peaking g 
time e 

(h)4 4 

2 2 

1.5 5 

2 2 

3 3 

4 4 

2 2 

N/A A 

6000 mg (n 

Total l 

no.2 2 

5 5 

3 3 

2 2 

1 1 

0 0 

0 0 

0 0 

S/mo/mi i 

0/2/3 3 

0/2/1 1 

0/0/2 2 

0/1/0 0 

0/0/0 0 

0/0/0 0 

0/0/0 0 

== 8) 

Peaking g 
time e 

(h)4 4 

3 3 

3 3 

4 4 

1.5 5 

N/A5 5 

N/A A 

N/A A 

Subjectss received an i.v. injection of LPS (4 ng/kg) at t = 0 h preceded by oral ingestion of placebo, 50 mg 
BIRBB 796 BS, or 600 mg BIRB 796 BS. 
22 Total number of subjects suffering from the indicated symptom. 
33 A further distinction was drawn between severe (s), moderate (mo), and mild (mi) symptoms. 
44 Peaking time refers to the maximum number of subjects suffering from the indicated symptom. 
55 N/A, Not applicable. 

placebo o 
500 mg BIRB 796 BS 
6000 mg BIRB 796 BS 

Figuree 3: BIRB 796 BS tends to reduce the 
febril ee response to LPS. Subjects received an 
intravenouss injection of LPS (4 ng/kg) at t = 0 h 
precededd by oral ingestion of placebo (depicted 
ass D in the figure), 50 mg BIRB 796 BS (o) or 
6000 mg BIRB 796 BS ( • ) at t = -3 h, and body 
temperaturess (given as mean  SEM) were 
measuredd orally. The difference between 
treatmentss was not significant. 

timee (h) 
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p38p38 MAPK inhibition diminishes LPS-induced cytokine release 

p388 MAPK positively regulates a number of cytokine genes in v/fro6'"4. Therefore, the effect 

off  pharmacological p38 MAPK inhibition on cytokine release during endotoxemia in humans 

wass examined. Administration of LPS to subjects not treated with BIRB 796 BS elicited 

transientt rises in the plasma concentrations of TNFa, IL-6, IL-10, and IL-lr a (Figure 4). All 

off  these cytokine responses were strongly inhibited by both doses of BIRB 796 BS (all P < 

0.055 vs. placebo except for IL-lr a at low dose). In addition, the inhibitory effect of BIRB 796 

BSS appeared dose-dependent although the low dose already diminished cytokine release to a 

statisticallyy significant extent. Thus p38 MAPK activation is required for cytokine release 

duringg human inflammation. 

placebo o 

500 mg BIRB 796 BS 

6000 mg BIRB 796 BS 

P<P< 0.05 vs placebo 

timee (h) 

Figuree 4: BIRB 796 BS inhibit s LPS-induced cytokine release. Subjects received an intravenous 
injectionn of LPS (4 ng/kg) at t = 0 h preceded by oral ingestion of placebo (depicted as a in the figure), 
500 mg BIRB 796 BS (o) or 600 mg BIRB 796 BS (A) at t = -3 h. Data are mean  SEM. Both low and 
highh dose BIRB 796 BS inhibited the release of all mediators shown (all P < 0.05 vs. placebo) except 
forr IL-1 ra release in the low dose group (nonsignificant v/s placebo). 
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timee (h) tim e (h) 

Figuree 5: BIRB 796 BS inhibit s LPS-induced neutrophil responses. Subjects received an intravenous 
injectionn of LPS (4 ng/kg) at t = 0 h preceded by oral ingestion of placebo (depicted as D in the figure), 50 
mgg BIRB 796 BS (o) or 600 mg BIRB 796 BS (A) at t = -3 h. Data are mean  SEM. High dose BIRB 796 
BSBS inhibited all neutrophil responses shown (all P < 0.05 vs. placebo). Low dose BIRB 796 BS inhibited 
elastasee release (P < 0.05 vs. placebo). The other neutrophil responses shown were not inhibited by low dose 
BIRBB 796 BS (nonsignificant vs. placebo). 

InhibitionInhibition ofp38 MAPK reduces LPS-induced neutrophil activation 

p388 MAPK phosphorylation results in the activation of several pro-inflammatory neutrophil 

functionss in vitro6,114. Therefore, the effect of BIRB 796 BS on neutrophil activation induced 

byy LPS in vivo, was assessed by measuring neutrophil counts, release of elastase, and 

expressionn of CD1 lb and L-selectin (Figure 5). LPS injection in subjects treated with placebo 

wass associated with a biphasic change in neutrophil numbers in peripheral blood, 

characterizedd by an initial neutropenia with a nadir at 1 h, followed by a neutrophilia peaking 

att 8 h. LPS administration also induced a transient rise in the plasma concentrations of 

elastase-cii-antitrypsinn complexes, reflecting neutrophil degranulation1 '9, and an upregulation 

off  CD1 lb at the surface of circulating granulocytes with a concurrent down-modulation of L-

selectin,, indicative for cellular activation122. Whereas the lower BIRB 796 BS dose tended to 

attenuatee these LPS-induced neutrophil responses (P < 0.05 for L-selectin; P > 0.05 for other 
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parameterss vs. placebo), the higher dose of the p38 MAPK inhibitor resulted in significant 

reductionn of all parameters of neutrophil activation (all P < 0.05 vs. placebo), suggesting an 

essentiall  role for p38 MAPK in mediating leukocyte responses in vivo. 

BIRBBIRB 796 BS inhibits CRP release 

Too obtain insight into the role of p38 MAPK on more subacute consequences of LPS-induced 

inflammation,, CRP concentrations were measured 3 h before and 24 h after LPS injection 

(Figuree 6). LPS induced a profound increase in the serum levels of this acute phase reactant, 

whichh was significantly lower in the group receiving BIRB 796 BS (P < 0.05 for both doses 

vs.. placebo). 

Figuree 6: BIRB 796 BS inhibit s LPS-
inducedd CRP release. Subjects 
receivedreceived an intravenous injection of 
LPSS (4 ng/kg) at t = 0 h preceded by 
orall  ingestion of placebo, 50 mg BIRB 
7966 BS or 600 mg BIRB 796 BS at t = 
-33 h. Data are mean  SEM. Both low 
andd high dose BIRB 796 BS inhibited 
thee release of CRP (all P < 0.05 vs. 
placebo). . 

-- 3h 24 h 

Discussion n 

Thee present investigation examines the activation of p38 MAPK during an in vivo 

inflammatoryy response in humans, along with the effect of a p38 MAPK inhibitor in altering 

thiss response. Intravenous injection of LPS elicited transient activation of p38 MAPK, 

followedd by a characteristic inflammatory response including the release of pro-inflammatory 

cytokines,, a neutrophilic leukocytosis, neutrophil activation and acute phase protein release. 

Orall  ingestion of BIRB 796 BS, a specific p38 MAPK inhibitor, attenuated these responses. 

75--

O) ) 

E. . 
Q. . 

Ü Ü 

50--

25--

1 = 11 placebo 
• HH 50 mg BIRB 796 BS 
v?7mv?7m 600 mg BIRB 796 BS 

** P < 0.05 vs placebo 
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Thesee results not only identify p38 MAPK as a principal regulator of the inflammatory 

responsee in humans, but also suggest that p38 MAPK inhibition may have significant 

potentiall  for treating inflammatory disease. 

Intravenouss administration of LPS induced activation of p38 MAPK in blood, peaking after 

onee hour, as demonstrated by two different methods, Western blotting with antibodies against 

phosphorylatedd (Thr180AFyr182) p38 MAPK, and a kinase assay. Using similar methods, it has 

beenn previously demonstrated that there is transient activation of p38 MAPK in splenocytes 
go o 

off  mice peaking within 15 minutes of intraperitoneal injection of LPS . The later activation 

off  p38 MAPK in the human model in comparison to mouse may be related to the differences 

inn the route of LPS administration, the LPS dose administered, and the cell types analyzed. 

p388 MAPK activation was measured in lysates of all white blood cells obtained from whole 

blood,, rather than in isolated cell fractions, since we argued that the isolation procedures 

mightt affect the activation status of p38 MAPK. Several papers have described the in vitro 

effectt of LPS on different leukocyte cell fractions without showing apparent effects of the 

differentt separation methods on basal p38 MAPK activation. However, in contrast to these in 

vitroo studies, in vivo endotoxemia studies do not allow cell separation before exposure to 

LPS.. Furthermore, in our experience more elaborate sample handling can lead to activation of 

kinasess (data not shown). In order to accurately asses the activation state of p38 MAPK at 

severall  time points during human endotoxemia, we therefore felt it was warranted to process 

thee in vivo stimulated whole blood samples quickly and with minimal intervention. 

Unfortunately,, no information concerning the relative contribution of the several leukocyte 

subsetss to the beneficial effect of MAPK inhibition can be gathered in this fashion. In the 

futuree intracellular FACS analysis of MAPK activation, a method that currently is evaluated 

inn our laboratory, might solve mis problem. 

BIRBB 796 BS, given orally at either 50 or 600 mg, strongly reduced p38 MAPK activation in 

vivovivo (Figure 2). Both BIRB 796 BS doses attenuated LPS-induced inflammatory responses, 

althoughh the higher dose appeared to exert stronger inhibitory effects. Of note, inflammatory 

effectss produced by LPS were not abrogated completely. BIRB 796 BS at the doses used in 

thiss study may not completely inhibit p38 MAPK activity, either in the blood, or in 

immunocompetentt cells not present in the circulation (endothelial cells, fibroblasts and tissue 
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macrophages).. In addition, p38 MAPK independent pathways of inflammation may also 

contributee to some of the effects seen. 

Inhibitionn of p38 MAPK was associated with a profound reduction in the release of both pro-

andd anti-inflammatory members of the cytokine network. The strong reduction in LPS-

inducedd TNFa release with the p38 MAPK inhibitor BIRB 796 BS corresponds with the in 

vitrovitro effect of p38 MAPK inhibition in stimulated monocytic cells and neutrophils12'14,47'48123. 

Inn addition, p38 MAPK inhibitors diminished LPS-induced TNFa production in mice and rats 

inin vi'vo46,47'116 and mice deficient in MAPKAPK-2, a downstream substrate kinase for p38 

MAPK,, proved to be resistant to LPS-induced shock49. A previous study in mice was not able 

too demonstrate an inhibitory effect of the p38 MAPK inhibitor SB203580 on TNFa release 

afterr intraperitoneal administration of LPS98. This may be a result not only of species 

differences,, but also of the differences in the mechanism of inhibition of the two drugs. In 

vitroo data suggest Üiat besides p38 MAPK other stress signaling pathways, e.g. MAPK family 

memberss p42/44 and JNK and the NFKB pathway, are involved in LPS induced TNFa release 
24,3°.. Indeed, all three major MAPK family members and NFKB can be activated upon 

stimulationn with LPS40'45124. Furthermore, the TNFa promotor has binding sites for NFKB as 

welll  as for transcription factors under control of the MAPK family (e.g. AP-1) ' . Thus, full 

expressionn of the TNF gene seems to involve activation of several of the before mentioned 

stresss pathways. However, the relative importance of each of these pathways may vary under 

differentt conditions. Interestingly, deletion of one of the NFKB binding sites from the TNF 

promoterr had littl e effect on LPS induced TNFa production125. We observed that inhibition 

off  p38 MAPK decreased endotoxemia induced TNFa plasma levels up to 97%. These data 

suggestt that in the human endotoxemia model the p38 MAPK pathway has littl e redundancy 

inn respect to TNFa release. The inhibition of cytokine release in subjects treated with BIRB 

7966 BS could have been related to me reduction in TNFa secondary to p38 MAPK inhibition. 

Eliminationn of endogenous TNFa activity with an anti-TNF antibody or a TNF receptor 

fusionn protein in the human LPS model was accompanied by a marked reduction in the 

releasee of other cytokines and cytokine inhibitors, including IL-6, IL-10, and IL-lr a ' . 

Inn addition, anti-TNF administration resulted in reduced IL-10 release by LPS stimulated 

monocytes,, whereas p38 MAPK inhibition attenuated both TNFa and IL-10 production in 

thiss in vitro system123. Thus, together with our in vivo findings, these data indicate that p38 
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MAPKK is not only involved in the production of proinflammatory cytokines, but also of anti-

inflammatoryy cytokines. Yet, the subjects treated with BIRB 796 BS demonstrated evidence 

forr an overall anti-inflammatory effect, suggesting that p38 MAPK inhibition predominantly 

influencess proinflammatory pathways. 

p388 MAPK is considered important for many different pro-inflammatory neutrophil functions 

48,52,94,120,127-1300 A l t h o u g h m e anti-inflammatory effects of p38 MAPK inhibitors on 

neutrophilss are well known in vitro, littl e is known about the in vivo relevance of these 

findings.. Inhibition of p38 MAPK has been reported to reduce neutrophil influx into 

bronchoalveolarr lavage fluid after intratracheal administration of LPS in mice48. Furthermore, 

locall  application of a p38 MAPK inhibitor in the lumen of an ileal loop prior to administration 

off  Clostridium difficile toxin A at the same location, has been associated with a strong 

reductionn in both neutrophil recruitment and the severity of the resulting enteritis in mice131. 

Thiss study demonstrates that p38 MAPK inhibition attenuates the neutrophil response to 

intravenouss LPS in humans in vivo, and reduces the activation of neutrophils as indicated by 

inhibitionn of degranulation, the upregulation of CD1 lb and the downmodulation of L-selectin. 

Thesee data correspond with previous in vitro reports demonstrating that p38 MAPK inhibition 

reducess neutrophil degranulation128129, the shedding of L-selectin127 and the upregulation of 

CD11 lb129130. BIRB 796 BS also reduced the incidence and severity of clinical symptoms, and 

delayedd the time point of maximal presentation, an effect that likely would have been more 

clearr cut if more subjects would have been studied 

Intravenouss injection of LPS induces a reproducible transient inflammatory state in normal 

subjectss that is considered relevant for the investigation of pathophysiologic pathways 

operativee in inflammatory conditions. As such, this model of inflammation in man offers an 

opportunityy to obtain proof of principle for the action of anti-inflammatory compounds. It 

shouldd be noted that the human endotoxemia model is less suitable to investigate the efficacy 

off  postponed treatment with an anti-inflammatory compound, since the inflammatory 

responsee to intravenous LPS is very rapid and transient. Nonetheless, the current findings 

establishh that inhibition of p38 MAPK by the oral administration of BIRB 796 BS exerts anti-

inflammatoryy effects during experimental endotoxemia. These effects are comparable to those 

seenn in this model with anti-TNF antibodies, TNF receptor fusion protein and IL-10 

41,126,132,1333 ^m^s presently used clinically or in trials in the management of chronic 
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inflammatoryy diseases such as rheumatoid arthritis and Crohn's disease ' . Clearly, the 

greatestt advantages of compounds like BIRB 796 BS would be their oral availability and lack 

off  immunogenicity in comparison to the biological products. Taken together with (limited) 

animall  data, these results provide hope for the future use of oral p38 MAPK inhibitors in 

patientss with inflammatory diseases. 
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Abstract t 

Chemokinee receptors CXC receptor 1 and 2, and their ligands interleukin-8 and growth 

relatedd oncogene-a are principal regulators of neutrophil activation and migration. In vitro, 

p388 mitogen activated protein kinase plays an important role in regulating these migratory 

factors,, however, littl e is known about their regulation in vivo. We employed the human 

endotoxemiaa model to investigate the role of p38 mitogen activated protein kinase in 

modulatingg CXC receptor 1 and 2 expression and release of interleukin-8 and growth related 

oncogene-aa during systemic inflammation in vivo. 24 healthy volunteers received a specific 

p388 mitogen activated protein kinase-inhibitor in either a high dose, a low dose, or placebo. 

Subsequentlyy lipopolysaccharide was infused. Endotoxemia-induced reduction of neutrophil 

CXCC receptor 1 and 2 expression, as determined by fluorescence-activated cell sorter 

analysis,, was significantly inhibited in volunteers receiving a high dose of the p38 mitogen 

activatedd protein kinase-inhibitor. Endotoxemia-induced rise in plasma interleukin-8 and 

growthh related oncogene-a levels was dose-dependently diminished by the kinase inhibitor. 

Thesee results indicate a principal role for p38 mitogen activated protein kinase in regulating 

essentiall  factors for neutrophil activation and chemotaxis in vivo. 
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Introductio n n 

Neutrophill  migration is a hallmark of many acute and chronic inflammatory diseases. During 

infectiouss disease, influx of neutrophils and subsequent production of reactive oxygen species 

andd proteolytic enzymes form an important line of defense in the innate immune response to 

invadingg microorganisms50,51. On the other hand, during chronic inflammatory diseases 

neutrophill  products can have a destructive effect on e.g. joint and gut tissue137'138. In uiese 

instances,, interference in neutrophil migration seems an attractive target in combating disease, 

andd inhibition of chemotaxis has been suggested as a new therapy for rheumatoid arthritis, 

Crohn'ss disease, and asthma139"141. 

Granulocytee activation and migration to the site of inflammation is regulated by CXC 

chemokines,, a family of small proteins with strong chemotactic activity. Members of the 

CXCC chemokine family that stimulate granulocyte functions include interleukin (IL)-8; 

growth-relatedd oncogenes (GRO)a, GROp, and GROy; and epithelial-derived neutrophil 

attractantt (ENA)7850,51. Granulocytes express 2 types of CXC chemokine receptors (CXCR) 

thatt interact with these mediators: CXCR1, which exclusively binds BL-8, and CXCR2, 

which,, besides IL-8, can also bind GROs and ENA-7850,51. 

Inn general, granulocytes seem to respond to infectious and inflammatory agents with a 

downregulationn of CXCR1 and-2 at their surface. Indeed, in vitro CXCR1 and CXCR2 are 

down-regulatedd upon stimulation with IL-8, CXCR2 expression can also be diminished by 

GROot,, lipopolysaccharide (LPS), Tumor Necrosis Factor (TNF)ot, and fMLP142"146. In vivo, 

CXCR11 and CXCR2 expression on granulocytes is reduced during chronic lower respiratory 

tractt infection, lung tuberculosis, human immunodeficiency virus (HIV) infection, and 

experimentall  human endotoxemia ' , whereas during sepsis only granulocyte CXCR2 

expressionn is decreased149. Interestingly, however, littl e is known about the intracellular 

mechanismss regulating CXCR expression. 

Recently,, we found that a member of the Mitogen Activated Protein Kinase (MAPK) family, 

p388 MAPK, is involved in regulating CXCR2 surface expression on granulocytes in vitro52. 

MAPKss are important intracellular transducers of inflammatory signals. Especially p38 

MAPKK plays a cardinal role in regulating stress-induced events, such as cytokine production, 
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duringg inflammation7. P38 MAPK is activated upon stimulation of neutrophils with LPS, and 

inhibitionn of p38 MAPK diminishes IL-8 production in monocyte, granulocytes and 

endotheliall  cells53,54'110'150. Furthermore, OxLDL induced CXCR2 expression on monocytes 

wass shown to be dependent on functional p38 MAPK in vitro151. Thus, in vitro evidence 

supportss a role for p38 MAPK in regulating CXC receptor and ligand expression. 

Inn vivo relatively littl e is known about the role of p38 MAPK in regulating CXCR expression. 

Inn the present study we extend our previously reported in vitro data52 and show an important 

rolee for p38 MAPK in regulating granulocyte CXCR1 and CXCR2 and their ligands GROa 

andd IL-8 during systemic inflammation in vivo. 

Methods s 

LPSLPS administration to humans in vivo 

Thee data in this study were generated simultaneously with a previously reported study152. The 

studyy was approved by the institutional scientific and ethics committees, and written informed 

consentt was obtained from each subject prior to the start of the study. Twenty four healthy 

malee volunteers (mean age 22, range 19-29 years) participated in the investigation. A new, 

highlyy specific, orally ingested p38 MAPK inhibitor was used: BIRB 796 BS (Boehringer 

Ingelheimm Pharmaceuticals, Ridgefield, CT/)118,152. Eight subjects received 600 mg BIRB 796 

BSS (high dose), eight subjects received 50 mg BIRB 796 BS (low dose) and eight subjects 

receivedd placebo orally, 3 hours prior to infusion of LPS. LPS (Escherichia coli 

lipopolysaccharide,, lot Gl, United States Pharmacopeial Convention, Rockville, MD) was 

administeredd as a bolus intravenous injection at a dose of 4 ng/kg body weight as described 

earlier152.. Blood was obtained from an intravenous canula before administration of BIRB 796 

BSS or placebo (t = -3 hours), directly before LPS administration (t = 0 hour), and at 5, 15, 30, 

600 and 90 minutes and 2, 3,4, 5,6, 8, 10 and 24 hours thereafter. 
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CytokineCytokine measurements 

IL-88 and GROa were determined in EDTA-anticoagulated plasma by specific ELISA's 

accordingg to the manufacturers' instructions. (IL-8: Central Laboratory of the Netherlands 

Redd Cross Blood Transfusion Service, CLB, Amsterdam, the Netherlands; GROa: R&D 

Systems,, Abingdon, UK). 

FACSFACS analysis 

Expressionn of CXCR1 and CXCR2 on circulating granulocytes was determined in 

heparinizedd blood obtained at -3, 0, 2, 4, 6, 8, 10 and 24 hours relative to LPS injection. All 

bloodd samples were placed on ice immediately after blood drawing. After lysis of 

erythrocytess in isotonic NH4CI solution (155 mM NH4CI, 10 mM KHCO3, 0.1 mM EDTA, 

pHH 7.4) for 10 minutes, samples were centrifuged at 400 x g for 5 minutes. The remaining 

cellss were washed and subsequently kept in PBS containing 0.5% BSA, 1.5 mM sodium azide 

andd 0.35 mM EDTA, at a final concentration of 5 x 106 cells/ml. All procedures were 

performedd at 4°C. The following antibodies were used: CXCR1-fluorescein isothiocyanate 

(CXCR1-FITC)) or CXCR2-phycoerythrin (CXCR2-PE; both antibodies from R&D Systems, 

Abingdon,, UK). All FACS reagents were used in concentrations recommended by the 

manufacturer.. To correct for non-specific staining, all analyses were also conducted with the 

appropriatee control antibodies (FITC and PE labeled murine IgGl (CLB, Amsterdam, the 

Netherlands)).. At least 10,000 granulocytes were counted in each assay. Mean Cell 

Fluorescencee (MCF) of forward and side angle scatter-gated granulocytes was assessed using 

aa FACS scan flow cytometer (Becton Dickinson, Mountain View, CA). Data are presented as 

thee difference between MCF intensities of specifically and non-specifically stained cells. 

StatisticalStatistical analysis 

Alll  values are given as means  SEM. Differences in results between the 3 treatment groups 

weree tested by repeated measurements analysis of variance. A value of p <0.05 was 

consideredd to represent a statistically significant difference. 
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FigureFigure 1: Effect of p38 MAPK inhibitio n on CXC receptor  expression during human 
endotoxemia.. Subjects received an intravenous injection of LPS (4 ng/kg) at t = 0 hours preceded by 
orall  ingestion of placebo (depicted as • in the figure), p38 MAPK inhibitor in a low dose (50 mg BIRB 
7966 BS; A) or high dose (600 mg BIRB 796 BS; o) at t = -3 hours. Neutrophil CXCR1 and CXCR2 
surfacee expression was determined by FACS analysis as described in the methods. Inhibition of p38 
MAPK,, using 600 mg BIRB 796, attenuated LPS induced CXCR1 (p = 0.083 vs. placebo) and CXCR2 
(p(p = 0.009 vs. placebo) downmodulation. 

Results s 

EffectEffect ofp38 MAPK inhibition on CXC receptor expression 

LPSS injection induced an initial neutropenia, reaching a nadir at 1 hour after LPS infusion, 

followedd by neutrophilia peaking at 8 hours, as described previously152. Administration of 

LPSS elicited a transient downregulation of CXCR1 and CXCR2 on circulating neutrophils, 

confirmingg our earlier study52. Neutrophil surface expression of CXCR1 diminished from a 

baselinee (at 0 hour) MCF level of 669.1 (  93.4) to a nadir of 383.7 (  31.4) at 2 hours post 

LPSS infusion. Inhibition of p38 MAPK, using a high dose of BIRB 796, attenuated CXCR1 

downmodulationn (564.4 (  57.5) at 2 hours vs. 656.9(  55.9) at baseline, p - 0.083 vs. 

placebo,, Figure 1A). Similarly, CXCR2 neutrophil surface expression was downmodulated 

duringg endotoxemia. Baseline CXCR2 MCF on neutrophils decreased from 708.5 ) at 

baseline,, to a nadir of 127.0 ) at 2 hours after LPS infusion. Neutrophils from 

volunteerss treated with the high dose of p38 MAPK inhibitor displayed significantly less 

CXCR22 downmodulation during endotoxemia (427.67 (  67.1) at 2 hours vs. 602.23 (  86.7) 

att baseline, p = 0.009 vs. placebo, Figure IB). In volunteers receiving a low dose of p38 

MAPKK inhibitor, CXCR1 and CXCR2 downmodulation was not significantly different from 

placeboo treated volunteers. 
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Placebo o 

500 mg BIRB 796 

6000 mg BIRB 796 
%% 400 

a a 

timee (hours) 

>> 4 6 8 10 

timee (hours) 

FigureFigure 2: Effect of p38 MAPK inhibitio n on IL- 8 and GROa release durin g human endotoxemia. 
Subjectss received an intravenous injection of LPS (4 ng/kg) at t = 0 hours preceded by oral ingestion of 
placeboo (depicted as • in the figure), p38 MAPK inhibitor in a low dose (50 mg BIRB 796 BS; A) or 
highh dose (600 mg BIRB 796 BS; o) at t = -3 hours. (A) Inhibition of p38 MAPK, using 50 mg or 600 
mgg BIRB 796, reduced IL-8 plasma levels during human endotoxemia (p = 0.013 vs. placebo, p = 0.002 
vs.. placebo, respectively). (B) Inhibition of p38 MAPK, using 50 mg or 600 mg BIRB 796, reduced 
GROaa plasma levels during human endotoxemia (for both doses: p <0.001 vs. placebo). 

EffectEffect ofp38 MAPK inhibition on IL-8 and GROa release. 

Inn vitro, IL-8 release from granulocytes and monocytes is dependent on functional p38 

MAPKK . However, to date no reports are available on the in vivo role of p38 MAPK in 

chemokinee production. Infusion of LPS induced a transient rise in the plasma concentrations 

off IL-8 and GROa, corroborating earlier reports153'154. 

Plasmaa from volunteers treated with either low (50 mg BIRB 796) or high dose (600 mg 

BIRBB 796) p38 MAPK inhibitor displayed significantly reduced levels of IL-8 (Placebo: 

2457.77 (  1504.9) pg/ml at 2 hours; 50 mg BIRB 796: 591.3 (  84.4) pg/ml,; 600mg BIRB 

796:: 310.4 (  86.5) pg/ml, p = 0.013, p = 0.002 respectively vs. placebo, Figure 2A). 

Similarly,, LPS-induced GROa release was reduced in a dose-dependent fashion upon 

inhibitionn of p38 MAPK (Placebo: 512.0 (  96.5) pg/ml at 3 hours; 50 mg BIRB 796: 241.0 

(  85.3) pg/ml; 600mg BIRB 796: 101.2 (  15.3) pg/ml, both p <0.001 vs. placebo, Figure 

2B).. Notably, the rise in GROa levels was relatively slow compared to IL-8: GROa levels 

startedd rising at 1 hour (vs. IL-8 at 30 minutes), and peaked not until 3 hours after LPS 

infusionn (vs. IL-8 at 2 hours). 
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Discussion n 

MAPKss are signal transduction proteins involved in numerous inflammatory events. In vitro, 

p388 MAPK is activated in neutrophils upon stimulation with LPS and GROa, and neutrophil 

effectorr functions such as respiratory burst and chemotaxis depend on functional p38 

MAPK94110'155156.. Furthermore, we recently showed that an inhibitor of p38 MAPK potently 

reducedd neutrophil activation markers such as elastase, up-regulation of CDllb, and down-

modulationn of L-selectin152. Chemokine receptors CXCR1 and CXCR2 and their ligands IL-8 

andd GROa are critical determinants of neutrophil migration, and insight into their regulation 

enhancess our understanding of the pathogenesis of many infectious and inflammatory 

diseases50'51'53.. However, to date littl e is known about the factors that regulate expression of 

CXCC receptors and chemokine production in vivo. In the present study we describe an 

importantt role for p38 MAPK in regulating IL-8 and GROa and their receptors during 

systemicc inflammation in humans. 

LPSS infusion downmodulated CXCR1 and CXCR2 expression up to 57% and 20%, 

respectively,, of baseline expression, confirming our earlier observations52. Inhibition of p38 

MAPKK resulted in attenuation of receptor downmodulation, although this effect was only 

apparentt in the high dose BIRB 796-treated volunteers. LPS induced chemokine receptor 

downmodulationn is thought to reflect a protective mechanism that shields the body from 

harmfull  effects of sustained infiltration and prolonged activation of neutrophils, and is 

thoughtt to involve metalloproteinase-mediated cleavage of the receptor143. Interestingly, 

involvementt of p38 MAPK in metalloproteinase expression was recently demonstrated ' , 

andd thus it is very well conceivable that CXCR downmodulation is mediated through a p38 

MAPK-regulatedd metalloproteinase-dependent pathway. In vitro, LPS-induced CXCR1 and 

CXCR22 downmodulation is independent of TNFa143. As BIRB 796 dose-dependently 

inhibitedd TNFa release152, but not CXCR1 and CXCR2, our study seems to corroborate these 

findingss in vivo. 

Inn vitro, p38 MAPK is involved in IL-8 production in neutrophils53,9 . Interestingly, it is 

unknownn whether p38 MAPK is directly involved in production of GROa. Here we report 

thatt the transient increase of plasma IL-8 and GROa levels, as is observed during human 

endotoxemia,, is dose-dependently diminished by a specific p38 MAPK inhibitor. 
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Interestingly,, plasma levels of GROcc peeked relatively late compared with IL-8. Recently, 

Fujiwaraa et al, showed that injection of IL-8 into a rabbit knee joint induced GROoc release 

(andd vice-versa)159. We cannot exclude the possibility that LPS-induced GROa production is 

ann indirect result of elevated levels of IL-8, and that the observed inhibitory effect of BIRB 

7966 on GROa release is a consequence of a p38 MAPK inhibitor-induced decrease in IL-8 

levels.. Similarly, the strong reduction in LPS-induced TNFa release in subjects receiving 

BIRBB 796152 may have contributed to the attenuated secretion of IL-8, considering that IL-8 

releasee is largely TNFa dependent in this model of low grade endotoxemia41'126. 

Ourr data show that a p38 MAPK inhibitor is a potent modulator of neutrophil chemokine 

receptorss CXCR1 and CXCR2 and their ligands IL-8 and GROa during inflammation in 

humans.. Recently, leukocyte trafficking has been suggested as a novel therapeutic target for 

inflammatoryy diseases139"141. In this respect, it should prove interesting to see whether 

inhibitionn of p38 MAPK might play a role in modulating neutrophil migration in 

inflammatoryy diseases in humans. 
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Abstract t 

P388 mitogen-activated protein kinase (MAPK) is an important component of intracellular 

signalingg cascades that initiate various inflammatory cellular responses. To determine the role 

off  p38 MAPK in the procoagulant response to lipopolysaccharide (LPS), 24 healthy subjects 

weree exposed to an intravenous dose of LPS (4 ng/kg)t preceded 3 hours earlier by orally 

administeredd 600 or 50 mg BIRB 796 BS (a specific p38 MAPK inhibitor), or placebo. High 

dosee of BIRB 796 BS strongly inhibited LPS-induced coagulation activation, as measured by 

thee plasma concentrations of the prothrombin fragment F1+2. BIRB 796 BS also dose 

dependentlyy attenuated the activation and subsequent inhibition of the fibrinolytic system 

(plasmaa tissue type plasminogen activator, plasmin-a2-antiplasmin complexes, plasminogen 

activatorr inhibitor type I), and endothelial cell activation (plasma soluble E-selectin and von 

Willebrandd factor). Activation of p38 MAPK plays an important role in the procoagulant and 

endotheliall  cell response after in vivo exposure to LPS. 
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Introductio n n 

Activationn of the coagulation system is an important manifestation of the systemic 

inflammatoryy response of the host to infection160. Several in vivo models have been used to 

dissectt the molecular mechanisms that contribute to coagulation activation by bacteria and 

bacteriall  products, including intravenous injection of low dose lipopolysaccharide (LPS) into 

healthyy humans4. Tissue factor, a glycoprotein expressed on endothelial cells and monocytes 

uponn stimulation, plays an essential role in coagulation activation induced by LPS or bacteria 

inin vivo, as demonstrated by abolishment of this response by inhibitors of tissue factor55,161"163. 

Mitogen-activatedd protein kinases (MAPKs) participate in intracellular signaling cascades that 

mediatee inflammatory responses to infectious and noninfectious stimuli6'114. Recent in vitro 

studiess have implicated one of these kinases, p38 MAPK, in the regulation of tissue factor 

expressionn on monocytes57, endothelial cells164,165, and smooth muscle cells166. Knowledge of 

thee role of p38 MAPK in activation of coagulation in vivo is not available. This prompted us 

too evaluate the effect of BIRB 796 BS, a specific and potent inhibitor of p38 MAPK118, on the 

procoagulantt response during human endotoxemia. 

Material ss and Methods 

Design Design 

Thiss study was performed as a randomized, double-blind, placebo-controlled experiment and 

wass performed simultaneously with a study examining the effect of BIRB 796 BS on LPS-

inducedd cytokine release and neutrophil activation152. Briefly, LPS (from E.coli, lot G; United 

Statess Pharmacopeial Convention, Rockville, MD; 4 ng/kg body weight) was administered as 

aa bolus intravenous injection to 24 healthy male volunteers (mean age 22 years, range 19-29). 

Threee hours prior to infusion of LPS, the p38 MAPK inhibitor BIRB 796 BS (600 mg n=8, 50 

mgg n=8) or placebo (n=8) was administered orally. BIRB 796 BS is a highly selective and 

potentt p38 MAPK inhibitor developed by Boehringer Ingelheim Pharmaceuticals Inc., 

Ridgefield,, CT118. Blood samples were obtained before administration of BIRB 796 BS or 

placeboo (t = -3 h), directly before LPS administration (t = 0 h), and at several time points up 

too 24 hours thereafter. 
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Assays Assays 

Bloodd was collected in siliconized vacutainer tubes (Becton Dickinson, Plymouth, England) 

containingg 0.105 M sodium citrate in a 1:9 (v/v) anticoagulant:blood ratio. ELISA's were 

performedd according to the instructions of the manufacturers: prothrombin fragment F1+2 

(Dadee Behring, Marburg GmbH, Germany), tissue-type plasminogen activator 

(tPA)(Asserachromm tPA, Diagnostic Stago, Asnieres-sur-Seine, France), plasminogen 

activatorr inhibitor type 1 (PAI-1) (Monozyme, Charlottelund, Denmark), Von Willebrand 

Factorr (vWF) (Dakopatts, Avlsjö, Sweden), and soluble E-selectin (sE-selectin)(Diaclone, 

Besanconn Cedex, France); plasmin-ot2-antiplasmin complexes (PAPc) were determined by a 

radioo immunoassay as described elsewhere167. 

StatisticalStatistical analysis 

Alll  values are given as means  SEM. Differences in results between the 3 treatment groups 

weree tested by repeated measurements analysis of variance. A P-value < 0.05 was considered 

too represent a statistically significant difference. 

Resultss and discussion 

Wee recently demonstrated that oral administration of BIRB 796 BS inhibited LPS-induced 

p388 MAPK activation in the leukocyte fraction of blood of healthy humans in vivo, which was 

associatedd with a profound reduction in the release of both pro- and anti-inflammatory 

cytokines,, and in neutrophil activation152. In the present study we sought to determine the 

rolee of p38 MAPK in the activation of the hemostatic mechanism in vivo. 

Intravenouss injection of LPS was associated with activation of the coagulation system, as 

reflectedd by a rise in the plasma concentrations of the prothrombin fragment F1+2, reaching a 

plateauu between 3 and 6 h after LPS administration (Figure 1). High dose, but not low dose, 

BIRBB 796 BS inhibited LPS-induced coagulation activation, both delaying and diminishing 

thee increase in plasma Fl+2 concentrations (P < 0.05 vs placebo). The most likely 
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explanationn for the anticoagulant effect of BIRB 796 BS is inhibition of tissue factor 

expression.. Indeed, tissue factor is essential for activation of the coagulation system in this 

modell  of low grade endotoxemia55'163, and p38 MAPK inhibition markedly diminished LPS-

inducedd tissue factor expression by monocytic cells in vitro5''. Moreover, p38 MAPK 

activationn also mediates tissue factor expression by endothelial cells stimulated with thrombin 

orr vascular endothelial growth factor, and by vascular smooth muscle cells stimulated with 

thrombin164"166.. Furthermore, and not mutually exclusive, the reduced IL-6 concentrations in 

subjectss treated with BIRB 796 BS152 may have contributed to the attenuated coagulant 

response,, considering that IL-6 is an important mediator of coagulation activation by LPS in 
•• 168 

VIVOVIVO . 

20n n 

placebo o 

500 BIRB 796 BS 

6000 mg BIRB 796 BS 

timee (h) timee (h) 

Figuree 1. BIRB 796 BS dose-dependently inhibit s LPS-induced coagulation and fibrinolysis. Subjects 
receivedd an i.v. injection of LPS (4 ng/kg) at 0 h, preceded by oral ingestion of placebo (•), 50 mg BIRB 
7966 BS (o), or 600 mg BIRB 796 BS (A) at -3 h. Data are the mean  SEM. High dose BIRB 796 BS 
inhibitedd all parameters shown (all P < 0.05 vs placebo). Low dose BIRB 796 BS inhibited tPA and PAPc 
(PP < 0.05 vs placebo). 
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BIRBB 796 BS had an even stronger inhibitory effect on activation of the fibrinolytic system 

(Figuree 1). The LPS-induced increases in the plasma levels of tPA and PAPc were dose-

dependentlyy reduced by BIRB 796 BS (both low and high dose P < 0.05 vs placebo), and 

almostt completely prevented by the high dose of the p38 MAPK inhibitor. High dose BIRB 

7966 BS also modestly inhibited the release of PAI-1 (P < 0.05 vs placebo). Knowledge of the 

rolee of p38 MAPK in the production and release of fibrinolytic mediators is highly limited. 

Thee production of PAI-1 by bovine aortic endothelial cells exposed to hypoxia was not 

dependentt on p38 MAPK169. Conceivably, the strong inhibition of tumor necrosis factor 

(TNF)-aa release by BIRB 796 BS152 at least in part is responsible for the observed reduction 

inn tPA and PAPc levels, considering that neutralization of TNF-a in this model virtually 

completelyy prevented these responses However,, other mechanisms likely are involved 

sincee anti-TNF-a strategies also strongly inhibited LPS-induced PAI-1 release 

placebo o 

500 mg BIRB 796 BS 600 

6000 mg BIRB 796 BS 

?400--

< < 

timee (h) 

Figuree 2. BIRB 796 BS dose-dependently inhibit s LPS-induced endothelial cell activation. Subjects 
receivedd an i.v. injection of LPS (4 ng/kg) at 0 h, preceded by oral ingestion of placebo (a), 50 mg BIRB 
7966 BS (o), or 600 mg BIRB 796 BS (A) at -3 h. Data are the mean  SEM. High dose BIRB 796 BS 
inhibitedd both vWF and sE-selectin (P < 0.05 vs placebo). 

Wee also were interested to establish the effect of BIRB 769 BS on endothelial cell activation, 

reflectedd by the plasma concentrations of sE-selectin and vWF41'17 ' . Administration of LPS 

elicitedd profound increases in the plasma levels of sE-selectin and vWF, which were 

attenuatedd by high dose BIRB 796 BS (both P < 0.05 vs placebo; Figure 2). P38 MAPK may 

playy a direct role in signaling inflammatory effects into the interior of the vascular 

endothelium54164'165,, including the expression of E-selectin on stimulated endothelial 

cells13172.. Such direct effects, in combination with inhibition of TNF-a release41'152170, may 

welll  explain the effect of BIRB 796 BS on the secretion of sE-selectin and vWF. 
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Wee here demonstrate a role for p38 MAPK in activation of coagulation, fibrinolysis and the 

vascularr endothelium during human endotoxemia. These findings extend earlier observations 

off  the inhibitory effect of BIRB 796 BS and another oral p38 MAPK inhibitor on activation of 

thee cytokine network and neutrophils152'173, and illustrate the broad role of this kinase in 

inflammationn in vivo. 
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Abstract t 

Backgroundd & Aims: We investigated if inhibition of Mitogen-Activated Protein Kinases 

(MAPK)) was beneficial in Crohn's Disease. Methods: Inhibition of JNK and p38 MAPK 

activationn with CNI-1493, a guanylhydrazone, was tested in vitro. Twelve patients with 

severee Crohn's Disease (mean baseline CDAI 380) were randomly assigned to receive either 8 

orr 25mg/m2 CNI-1493 daily for 12 days. Clinical endpoints included safety, Crohn's Disease 

Activityy Index (CDAI), Inflammatory Bowel Disease Questionnaire and the Crohn's Disease 

Endoscopicc Index of Severity. Results: Colonic biopsies displayed enhanced JNK and p38 

MAPKK activation. CNI-1493 inhibition of both JNK and p38 phosphorylation was observed 

inn vitro. Treatment resulted in diminished JNK phosphorylation and TNF production as well 

ass significant clinical benefit and rapid endoscopic ulcer healing. No serious adverse events 

weree noted. A CDAI decrease of 120 at week 4 (p=0.005) and 146.5 at week 8 (p=0.005) was 

observed.. A clinical response was seen in 67% of patients at 4 weeks and 58% at 8 weeks. 

Clinicall  remission was observed in 25% of patients at week 4 and 42% at week 8. Endoscopic 

improvementt occurred in all but 1 patient. Response was seen in 3 of 6 infliximab failures, 2 

off  whom showed remission. Fistulae healing occurred in 4 of 5 patients, steroids were tapered 

inn 89% of patients. Conclusions: Inflammatory MAPKs are critically involved in the 

pathogenesiss of Crohn's Disease and their inhibition provides a novel therapeutic strategy. 
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Introductio n n 

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

thoughtt to arise in genetically susceptible hosts due to an inappropriate immunologic 

responsee against the microflora of the gut. The immune defect is unclear, however recently a 

genee for CD was identified encoding NOD2, a protein involved in the recognition of microbes 

andd signaling events leading to an immune response174'175. This finding directly links the 

mucosall  immune response to enteric bacteria and the development of disease. 

Tumorr necrosis factor (TNF) plays a central role in the initiation and amplification of the 

inflammatoryy reaction seen in CD176. Monoclonal antibodies against TNF have been proven 

efficaciouss in both inducing clinical remission and endoscopic healing59'60. An alternative 

meanss of inhibiting TNF action is by inhibition of Mitogen-Activated Protein Kinases 

(MAPKs),, signal transducing enzymes that regulate important cellular processes like gene 

expressionn and cell proliferation7. Targeting the p38 MAPK signalling cascade led to 

reductionn of LPS-induced TNF production in rodents46. Hence, MAPK inhibition has been 

suggestedd as an anti-inflammatory strategy177. However, evidence that these proteins are 

requiredd for the pathogenesis of inflammatory disease and that MAPK inhibition constitutes a 

therapeuticc target is lacking. 

Ann interesting candidate would be CNI-1493, a guanylhydrazone that inhibits the 

phosphorylationn of both p38 MAP kinase and JNK177'178. CNI-1493 has been shown to inhibit 

macrophagee activation and the production of several pro-inflammatory cytokines (TNFa, IL-

1,, IL-6, MIP-la, MIP-1P) and nitric oxide179,180. Furthermore, it was shown to be protective 

inn a number of preclinical models, including endotoxic shock 180,181
5 acute respiratory distress 

syndrome182'183,, sepsis179, pancreatitis182'183, experimental allergic encephalomyelitis184, 

stroke185,, rheumatoid arthritis, and dextran sulfate sodium colitis (data on file). 

Thee goal of the current study was to investigate if MAP kinase activation was present in 

patientss with CD, and to examine if inhibition of MAP kinase activation was a safe and 

effectivee novel therapeutic approach. 
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Material ss and Methods. 

EffectEffect ofCNI-1493 on JNK andp38 MAPK activation in vitro 

PBMCss obtained from healthy volunteers were stimulated with LPS for 15 minutes in the 

presencee of increasing concentrations of CNI-1493 or diluent (Figure 2A). Analysis of MAPK 

phosphorylationn was performed using Western blotting and phosphospecific antibodies (Cell 

Signalling,, Beverly, MA). 

Patients Patients 

Twelvee patients were enrolled in a doubled-blinded fashion to receive either 8 or 25 mg/m2 of 

CNI-14933 i.v. once daily for 12 consecutive days. Patients were required to suffer from 

moderatee to severe Crohn's Disease (CD) i.e. a Crohn's Disease Activity Index (CDAI)186 of > 

200 and <450; to have a CD history of at least 3 months duration, with colitis, ileitis, or 

ileocolitiss confirmed by radiography, endoscopy and histology. Furthermore, patients had to 

bee on a stable dose of corticosteroids, aminosalicylates or antibiotics at least 4 weeks before 

inclusion.. Patients receiving methotrexate, 6-mercaptopurine or azathioprine should have had 

stablee dosages for at least 8 weeks before inclusion. Patients with extensive bowel resection 

(e.g.,, more than 100cm of small bowel, proctocolectomy or colectomy with ileorectal 

anastomosis)) or fixed stenosis were excluded. 

Thee primary endpoints were safety evaluations, as determined by 1) occurrence of adverse 

eventss and 2) stopping medication because of adverse events. The secondary endpoints were 

efficacyy evaluations: 1) occurrence of a clinical response as defined by achieving a reduction 

off  CDAI of >25% and >70 points as compared to baseline, occurring at least once after the 

startt of treatment, and 2) The occurrence of a clinical remission, defined as a reduction of 

CDAII  to below 150, occurring at least once after the start of treatment. Safety and tolerability 

wass evaluated by clinical assessment of adverse events and changes in standard hematologic 

andd biochemical laboratory parameters. Other clinical assessments of efficacy included the 

Inflammatoryy Bowel Disease Questionnaire (IBDQ)187, the Crohn's Disease Endoscopic Index 

off  Severity (CDEIS)188 and CRP levels. Increasing IBDQ scores indicate improvement, value 

abovee 170 are considered normal. The CDEIS is a score which is based on the presence of 
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deepp or superficial ulceration, the proportion of ulcerated surface, and the presence of 

ulceratedd or nonulcerated stenosis in the terminal ileum and four different segments of the 

colon.. At every visit, enterocutaneous or rectovaginal fistulas were examined to determine 

whetherr a fistula was present, open or closed. An enterocutaneous fistula was considered to 

bee closed when it was no longer draining despite gentle compression. Rectovaginal fistulas 

weree considered to be closed based upon either physical examination or absence of relevant 

symptomss (passage of rectal material or flatus from vagina). Written informed consent has 

beenn obtained from all patients, and the study has been approved by the Ethical Committee of 

thee Academic Medical Center, Amsterdam. 

Immunohistochemistry Immunohistochemistry 

Mucosall  biopsy specimens of the intestine were obtained during videoendoscopy at the time 

off  screening and at the end of week 4 for six patients. At both occasions biopsies were taken 

fromm most affected regions of inflammation, and subsequently formalin fixed and paraffin 

embedded.. If patients were in remission at week 4, biopsies were taken form areas with 

apparentt residual inflammatory changes. As a control, histological normal biopsies were 

obtainedd from non-CD patients. Paraffin sections (4 \im) were dewaxed and rehydrated in 

gradedd alcohols. Endogenous peroxidase activity was quenched with 1.5% H2O2 in PBS for 

300 min at room temperature. Nonspecific staining was blocked with 10 mM Tris, 5 mM 

EDTA,, 0.15 M NaCl, 0.25% gelatin, 0.05% (v/v) Tween 20, pH 8.0, for 30 min at room 

temperature.. After a washing with PBS the following primary Abs were applied: a mouse 

monoclonall  anti-human antibody to phosphorylated JNK (Santa Cruz, CA; 1:400), a mouse 

monoclonall  anti-human antibody to phosphorylated p38 MAPK (Cell Signalling, Beverly, 

MA;; 1:25) or a mouse monoclonal IgM Ab against TNFoc, clone 4C6-H6 (Instruchemie, 

Hilversum,, The Netherlands; 1:25). Sections were stored overnight at 4°C. The following day 

sectionss were washed in PBS and incubated with a secondary biotinylated goat anti-mouse Ig 

Abb (DAKO, 1:200) for 1 h at room temperature and washed with PBS. Detection was 

performedd either with HRP as an enzyme. Sections were incubated with HRP conjugated 

ABcomplexx (DAKO) for 60 min and peroxidase activity was detected with diaminobenzidine 

(fastt DAB, Sigma, St. Louis, MO). Sections were briefly counterstained with hematoxylin 
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whenn appropriate, dehydrated in graded alcohols, and mounted. Controls consisted of 

omittingg the primary and secondary Ab and use of an appropriate Ig control. 

MAPKsMAPKs activation and TNF immunohistochemistry 

Too assess the amount of TNF and the activity of JNK and p38 in situ in the human colon, 

screeningg and week 4 specimens available from six patients and controls were stained for 

TNFccc and phosphorylated JNK/p38. No counterstaining was applied to these sections in 

orderr to visualize positive cell more clearly. Three pictures of each section were taken at x400 

magnification,, and positive cells were counted, blind to treatment and day of endoscopy, in 

eachh microscope field with the use of an image analysis program (EFM Software, Rotterdam, 

Thee Netherlands). Pictures appeared randomly on a computer monitor and all intensely 

stainingg cells were marked positive by an observer and counted and stored by the image 

analysiss program for later data analysis. 

StatisticalStatistical analysis 

Alll  measures of efficacy were evaluated by intention-to-treat analysis. Change from baseline 

withinn groups was analyzed by use of the Wilcoxon signed rank test. Change from baseline 

betweenn groups at a specified time point was analyzed by use of the Wilcoxon rank-sum test. 

Comparisonss between groups over the course of study were evaluated by use of repeated 

measuress analysis of variance. Last observation carried forward analysis was implemented for 

missingg data. The correlation between CDAI and CDEIS change from baseline was analyzed 

byy use of the Pearson correlation coefficient. Baseline categorical variables were analyzed 

withh Fisher's exact test and continuous variables with the Wilcoxon rank-sum test. 

82 2 



InhibitionInhibition ofMAPK in Crohn's Disease 

Results s 

JNKandp38JNKandp38 MAPKare activated in active Crohn's Disease 

Althoughh MAPKs have been implicated in regulation of inflammatory responses, actual 

involvementt of MAPKs in chronic inflammatory disease has not yet been demonstrated. 

Recently,, Waetzig et al. reported increased activity of stress-activated MAPKs in CD83. In 

colonicc biopsies taken from patients with active CD, we show that activation of JNK and p38 

MAPKK is markedly present (Figure 1A,D). Activated p38 MAPK was observed in infiltrating 

neutrophilss (Figure ID), and in epithelial cells (not shown). Abundant active JNK was 

observedd in inflammatory cells, especially Intra Epithelial Lymphocytes (IELs, CD3+) and 

laminaa propria cells (LPs; macrophages, CD68+) stained positive (Figure 1A,C). Quantative 

comparisonn to histological normal biopsies showed that the number of phospho-JNK positive 

cellss was significantly increased (Figure 2B). As expected, the number of TNFa positive cells 

inn the colon mucosa of CD patients was also significantly increased compared to normal 

controlss (Figure 2B). 

CNI-1493CNI-1493 is a potent JNK andp38 MAPK inhibitor in vitro 

CNI-14933 is reported to inhibit stress-activated MAP kinases in lymphocyte cell lines74. To 

confirmm whether this compound exerts similar action in untransformed cells, we stimulated 

PBMCss with LPS in the presence of increasing concentrations of CNI-1493. CNI-1493 

inhibitedd LPS-induced phosphorylation of bom p38 MAPK and JNK in a dose-dependent 

fashion,, although apparently with a higher efficacy for inhibiting JNK (Figure 2A). Thus, 

CNI-14933 effectively inhibits the stress-activated MAPKs in untransformed cells. Therefore, 

wee decided to employ this inhibitor for elucidating their role in CD. 

SafetySafety and efficacy of CNI-1493 in Crohn's disease 

Wee included twelve patients with severe CD (Table 1), 8 completed therapy. Two 

discontinuedd (after 6 and 9 doses of medication, both receiving 25 mg/m2 daily) because of 

elevatedd ALT levels; one after 11 doses due to a catheter-related infection (8 mg/m2 daily), 

83 3 



ChapterChapter 6 

Figuree 1. Involvement of MAPK s in Crohn's Disease. Patients received 12 days of intravenous infusions 
withh CNI-1493 (8 or 25mg/m2). Paired biopsies were obtained at screening (dayl) and at week 4 for six 
patients.. Sections were stained for phospho-JNK, phospho-p38 MAPK and TNFa. Many inflammatory cells 
stainedd positive for phospho-JNK. (A; 200x) After treatment with the MAPK inhibitor, a reduced number of 
cellss stain positive for phospho-JNK. (B, 200x) Inflammatory cell staining positive for phospho-JNK were 
IELss (dotted arrow, CD3+) or LP macrophages (closed arrows, CD68+) (C, lOOOx). Activated p38 MAPK 
wass observed in migrating neutrophils localized in crypt abscesses. (D, lOOOx) The number of TNF staining 
cellss in the lamina propria in biopsy specimens taken before CNI-1493 treatment (E; 400x) was significantly 
higherr than in specimens taken after treatment (F; 400x). 
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andd one after 9 doses due to deterioration of CD (25 mg/m2 daily). Treatment was generally 

welll  tolerated, side effects included phlebitis in 2 patients in each dosing group and 

asymptomaticc and transient elevation of liver enzymes in 1 patient in the low and 5 patients in 

thee high dose group (Table 2). 

00 LPS (25ng/ml) 

,, 38 KDa 

00 0 0.5 5 20 [|iM CNI-1493] 

544 kDa 

,, 46 kDa 

00 0 0.1 1 10 [ H M CNI-1493] 

B B 
controls s CD;; t = 0 CD; t = 4wk 

Figuree 2. Effect of CNI-1493 in vitr o and in CD. ( A) Effect of CNI-1493 on LPS-induced JNK and p38 
MAPKK phosphorylation in PBMCs. Cells were stimulated with LPS (25 ng/mL) for 15 minutes or solvent 
controll  (0) in the presence of various concentrations CNI-1493. JNK and p38 MAPK activation was 
assessedd with Western blotting using antibodies against phosphorylated JNK (against both 46- and 54-
kilodaltonn isoforms, 1:1000) and p38 MAPK (38 kilodalton, 1:1000). ( B) CNI-1493 inhibits the number 
off  phospho-JNK and TNF-positive cells in CD. Patients received 12 days of intravenous infusions with 
CNI-14933 (8 or 25 mg/m2). Paired biopsies were obtained at screening (day 1) and at week 4 for 6 
patients.. Sections were stained for phospho-JNK or TNF-a without applying hematoxylin counterstain. 
Threee pictures of each section were taken at original magnification 400x, and positive cells were counted, 
blindd to treatment and day of endoscopy, in each microscopic field with the use of an image analysis 
program.. As a control, 8 histological normal biopsies were obtained from non-CD patients, and were 
countedd in the same fashion. Differences between pretreatment and posttreatment reached statistical 
significancee (JNK, * P = 0.01; TNF, **  P< 0.01). 

Forr both dose groups combined, we observed a median change from baseline CDAI of -117.5 

att 2 weeks (p=0.003), -120 at 4 weeks (p=0.005), -146.5 at 8 weeks (p=0.005), and -148 at 16 

weekss (p=0.007). Figure 3A shows CDAI scores, data are censored at the last observation 

priorr to any change in concomitant Crohn's therapy or addition of other medication, and the 

lastt observation is carried forward. Table 3 summarizes the response rates as well as the 

remissionn rates according to the predefined criteria. At 4 weeks from the start of treatment, 

25%% of patients were in remission and 67% had responded. At 4 months after the start of 

treatment,, without additional medications, half the patients were in remission and 58% were 

responders.. The response rates in both treatment groups were similar, though the small 

samplee size of each group precludes precise conclusions. Three of 6 patients who failed prior 
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Tablee 1. Patient characteristics 

Gender,, M/F 

Agee (yrs)" 

Durationn of disease (yrs) 

CDAI b b 

IBDQC C 

CDEIS" " 

Priorr  intestinal resection (N) 

Fistulae e 

Concomitantt  Medication' 

•• Mesalamine 

•• Corticosteroids 

•• Azathioprine 

Priorr infliximab (N) 

8mg/mz z 

0/6 6 

27.55 (19.8-35.6) 

5.7(0.1-12.0) ) 

382.55 (288-507) 

1033 (50-149) 

14.44 (7.6-25) 

1 1 

2/6 6 

1 1 

4 4 

4 4 

3 3 

25mg/mz z 

2/4 4 

44.77 (18.7-54.4) 

13.8(8.8-31.6) ) 

377.55 (284-440) 

82.55 (79-132) 

12.2(1.7-24.3) ) 

5 5 

3/6 6 

3 3 

5 5 

4 4 

3 3 

"Valuess expressed as median (range); 
bCrohn'ss Disease Activity Index; 
'Inflammatoryy Bowel Disease Questionnaire; 
"fcrohn'ss Disease Endoscopic Index of Severity; 
'Concomitantt Crohn's disease therapy. 

infliximabb therapy showed a response after CNI-1493 administration, of whom 2 entered 

remission.. In parallel with the CDAI changes, we observed a median IBDQ increase from 

baselinee of 21.5 at 2 weeks (p==0.02), 36.5 at 4 weeks (p=0.01), 43 at 8 weeks (p=0.007), and 

33.55 at 16 weeks (p=0.002) in both groups combined (Figure 3B). CRP levels decreased 

significantlyy during the first weeks of treatment (Figure 3C). At week 4, 16 days after the end 

off  therapy, endoscopic improvement was seen in all but 1 patient (Figure 3D), with a median 

changee in CDEIS from baseline of -6.5 (p=0.006). 

Fivee patients suffered from active fistulizing CD, and closure of fistulae was observed in 4 

patientss during the study period (1 in the 8mg/m2 and 3 in the 25mg/m2 group). At baseline 9 

patientss were receiving steroids, 5 used prednisolone (mean 21mg, range: 10 - 40mg) and 4 

usedd budesonide (all 9mg). At week 8, steroids had been tapered in 8 patients (89%). In 

patientss receiving prednisolone, the mean reduction was 12.5 mg at week 8; in the 
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Tablee 2. Adverse Events. 

Bodyy system/ 

adversee event 

NN = 

Bodyy General 

Abdominall  pain 

Asthenia a 

Faciall  edema 

Fluu syndrome 

Headache e 

Cardiovascular r 

Hematoma a 

Phlebitis s 

Hematologic c 

Anemia a 

Leukopenia a 

Thrombocytopenia a 

Daily y 

8 8 

6 6 

2 2 

0 0 

1 1 

0 0 

1 1 

1 1 

2 2 

1 1 

2 2 

4 4 

2 2 

1 1 

1 1 

Dose, , 

25 5 

6 6 

3 3 

1 1 

0 0 

1 1 

1 1 

1 1 

2 2 

0 0 

2 2 

2 2 

2 2 

1 1 

0 0 

mg/mz z 

Bodyy system/ 
adversee event 

Anyy AE possibly/ 

Probablyy related 

Digestive/Hepatic c 

Alkk phos increase 

Bilirubinemia a 

Nausea a 

SGOTT increase 

SGPTT increase 

Stomatitis s 

Nervous s 

Dizziness s 

Respiratory y 

Rhinitis s 

Skin n 

Herpess Zoster 

Maculopapularr rash 

Dailyy Dose, 

mg/m2 2 

8 8 

6 6 

3 3 

0 0 

1 1 

1 1 

1 1 

0 0 

0 0 

1 1 

1 1 

1 1 

0 0 

2 2 

1 1 

1 1 

25 5 

5 5 

5 5 

3 3 

0 0 

1 1 

5 5 

5 5 

1 1 

0 0 

0 0 

1 1 

1 1 

0 0 

0 0 

0 0 

budesonidee group, the mean reduction was 5 mg.. CD related arthralgia/arthritis was reported 

inn 5 of 12 study patients at baseline, but resolved in all during the study period. We 

concludedd that a 12-day infusion with CNI-1493 was safe and induces significant endoscopic 

healingg and substantial clinical benefit in moderate to severe CD. 

CNI-1493CNI-1493 inhibits JNK phosphorylation in vivo. 

Too establish the effects of CNI-1493 treatment on MAPKs in vivo, paired biopsies (available 

fromm six patients), taken before (day 1) and after (week 4) treatment with CNI-1493 were 

stainedd for phospho-JNK and -p38 MAPK. The phospho-p38 MAPK staining was not 

consistentt throughout all biopsies and thus, based on our immunohistochemistry, no 

assessmentt could be made of the effectiveness of CNI-1493 in inhibiting p38 MAPK in vivo. 

Inn contrast, treatment with CNI-1493 decreased the number of cells staining positive for 

activee JNK (Figure IB). Quantitatively confirmation came from experiments in which the 

numberr of phospho-JNK positive cells were counted in sections that were not counterstained 
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withh hematoxylin (in a blinded fashion). The MAPK inhibitor treatment strikingly reduced the 

numberr of phospho-JNK positive cells in these biopsies (P=0.01, Figure 2B). We concluded 

thatt the clinical benefit of CNI-1493 coincides with reduction of active JNK. 

Tablee 3. Number of patients showing a response or remission after treatment with CNI-1493 

Dosee group Study day 

(mg/m2)) 8 1 5 29 57 112 

Numberr (percent) in remission/responding 

Remission* * 

Response11 1 

Remission n 

Response e 

Remission n 

Response e 

0 0 

2(33) ) 

0 0 

3(50) ) 

0 0 

5(42) ) 

0 0 

5(83) ) 

3(50) ) 

3(50) ) 

3(25) ) 

8(67) ) 

1(17) ) 

5(83) ) 

2(33) ) 

3(50) ) 

3(25) ) 

8(67) ) 

2(33) ) 

4(66) ) 

3(50) ) 

3(50) ) 

5(42) ) 

7(58) ) 

3(50) ) 

4(66) ) 

3(50) ) 

3(50) ) 

6(50) ) 

7(58) ) 

"Occurrencee of a clinical remission, defined as a reduction of CDAI to below 150, occurring at least once after 
thee start of treatment. 
bOccurrencee of a clinical response as defined by achieving a reduction of CDAI of >25% and >70 points as 
comparedd to baseline, occurring at least once after the start of treatment. 

EffectsEffects on local TNF a production 

Thee effectiveness of CNI-1493 treatment was further confirmed in patients and controls by 

stainingg for TNFoc, a pro-inflammatory cytokine that was reported to be under the regulatory 

controll  of JNK and p38 MAPK. Many TNFa positive cells were found in the lamina propria 

(Figuree IE). After treatment with CNI-1493 the number of TNFa positive cells in the colon 

mucosaa significantly decreased, compared to the biopsies taken at time of screening (Figure 

IF). . 
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prel/eatmentt 2 
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Weeks s 
C C 

60 0 

50 0 

40 0 
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Weeks s 
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Figuree 3. Clinical effect of CNI-1493 in Crohn's Disease. Mean values (+ SEM) of Crohn's 
Diseasee Activity Index (CDAI, Fig. 3A), Inflammatory Bowel Disease Questionnaire (IBDQ, 
Fig.. 3B), and C-Reactive Protein (CRP, Fig. 3C) over time; Crohn's Disease Endoscopic Index 
off  Severity (CDEIS, Fig 3D) at baseline and day 29; example of the endoscopic findings at 
baseline,, 2 and 4 weeks after 25mg/m2 administration of CNI-1493 (Fig. 3E,F,G). 

Discussion n 

Wee tested CNI-1493, a synthetic guanylhydrazone known to inhibit both JNK and p38 

MAPK,, in patients with moderate to severe CD. Although it is now generally recognized that 

inflammationn involves the activation of stress-activated MAPKs, the actual importance of 

thesee kinases in human pathology is poorly understood. CNI-1493 has been shown to be 

protectivee in several experimental models involving inflammatory cytokine excess, however 
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clinicall  experience with CNI-1493 is limited. In a phase I study, CNI-1493 was studied in 

melanomaa and renal cancer patients receiving high dose IL-2189. CNI-1493 was well tolerated 

andd inhibited the IL-2-induced rise in TNFcc in a dose-dependent fashion. A pilot study of 

CNI-14933 in patients with moderate to severe psoriasis showed a marked response in several 

patientss to a brief course of therapy, which lasted for up to several months without further 

therapyy (data on file). 

Inn this pilot study, we show that CNI-1493 has significant therapeutic impact on severe CD, 

resultingg in endoscopic healing as well as remarkable and sometimes long-lasting clinical 

benefit.. Concomitantly, the strong JNK phosphorylation observed in patients before the onset 

off  treatment was reduced, implying that CNI-1493 treatment caused JNK inhibition in vivo. 

Thesee results support the notion that inflammatory MAPKs are critically involved in the 

pathogenesiss of Crohn's disease. 

Immunohistochemicall  staining of colon biopsies for p38 MAPK did not yield consistent 

results,, nor was a decrease in phosphorylated p38 MAPK staining detected after CNI-1493 

treatment.. In agreement, directly determining p38 MAPK activity, using immunoprecipitated 

p388 MAPK from colon biopsies in in vitro kinase assays (not shown), did not reveal an 

influencee of CNI-1493 treatment on p38 MAPK enzymatic activity. Together with our data 

showingg that CNI-1493 more potently inhibits JNK phosphorylation in LPS stimulated 

PBMC'ss in vitro and in mucosal inflammatory cells in vivo, our studies suggest that JNK is 

thee more relevant target for CNI-1493 treatment. These findings would correspond well with 

recentt results obtained in our laboratory obtained with TNBS-induced colitis in mice, which 

revealedd that although the p38 MAPK inhibitor SB20358 effectively inhibited p38 MAPK 

enzymaticc activity in these mice, no attenuation of disease progression was observed190. 

Hencee we favor the hypothesis that JNK inhibition underlies the clinical benefit of CNI-1493 

inn CD, but until more JNK specific inhibitors are tested other possibilities must be kept in 

mind. . 

Too our knowledge, this is the first time that it is shown that immunocompetent cells within the 

inflamedd human intestinal lamina propria express phosphorylated JNK and p38 MAPK. 

Whateverr the exact nature of these underlying inflammatory MAPKs, the present study 

indicatess that activity of these kinases is essential for CD-pathogenesis. In this open-label 
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pilott study we observe that inhibition of these kinases may have significant clinical benefit, 

resultingg even in endoscopic healing. As inhibition of such kinases may be achieved with 

small,, orally available, and relatively cheap compounds we propose that such a therapy may 

constitutee a promising novel avenue for the treatment of CD. 
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Abstract t 

Background:: Crohn's disease is characterised by a chronic relapsing inflammation of the 

bowel,, in which pro-inflammatory cytokines play an important perpetuating role. Mitogen-

activatedd protein kinase p38 (p38 MAPK) has been established as a major regulator of the 

inflammatoryy response, especially with regard to production of pro-inflammatory cytokines, 

butt its role in inflammatory bowel disease remains unexplored. In this paper we describe the 

effectss of a specific p38 MAPK inhibitor, SB 203580, in trinitrobenzene sulphonic acid 

(TNBS)) induced colitis in mice. Results: SB 203580 had a dichotomal effect in TNBS mice. 

Thee weight loss of TNBS mice treated with SB 203580 was significantly worse and the 

weightt of the colon weight upon sacrifice was significantly increased in MAPK inhibitor 

treatedd TNBS mice (229.2 mg and 289.1 mg resp.). However, the total number of cells in 

caudall  lymph node decreased to 188.8 x 104 cells in SB 203580 treated TNBS mice compared 

too 334 x 104 cells in vehicle treated mice. CD3/CD28 double stimulated caudal lymph node 

cellss of SB 203580 treated mice showed decreased IFNy production, but increased TNFoc 

production.. The concentration of IL-12p70 in colon homogenates was significantly decreased 

inn SB 203580 treated mice, whereas concentrations of IL-12p40, TNFa and IL-10 were 

similarr in vehicle or SB 203580 treated TNBS mice. Conclusion: Our results reveal a 

dichomotyy in p38 MAPK action during experimental colitis. 
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Introduction n 

Crohn'ss disease is a complex multi-factorial disorder characterised by cytokine-driven T 

lymphocyte-dependentt relapsing inflammation of the intestinal mucosa191"197. The mitogen-

activatedd protein kinase (MAPK) family of proteins is principal regulator of gene expression, 

andd critically controls transcription of a number of cytokine genes. P38 MAPK is particularly 

involvedd in the inflammatory process, inflammatory stimuli being strong activators of this 

kinasee and its activation being required for inflammatory gene transcription in vitro99. The 

effectss of p38 MAPK in inflammation are probably mediated by direct phosphorylation and 

activationn of several transcription factors (e.g. ATF2) and downstream protein kinases (e.g. 

MAPP kinase activated protein kinase 2 -MAPKAP2- and 3). These downstream kinases 

regulatee cell growth and differentiation and cell death. The p38 MAPK signalling cascade has 

aa pivotal role in the regulation of transcriptional activation of cytokine genes including IL-lfJ, 

TNFoc,, IL-6 and IFNy1 U2'198-

Inn murine T lymphocytes, a p38 MAPK inhibitor inhibited IFNy but not IL-4 production79 and 

over-expressionn of dominant negative p38 MAPK results in selective impairment of Thl 

response.. Conversely, when highly expressed, constitutively activated MKK6 caused 

increasedd production of IFNy. The p38 MAPK pathway is also important for other T-

lymphocytee functions. Mice deficient in MKK3, an upstream kinase of p38 MAPK are 

defectivee in the production of IL-12 by antigen presenting cells and as a result their CD4 

positivee T lymphocytes do not produce IFNy69. In addition, activation of p38 MAPK was 

suggestedd to be necessary for T cell proliferation73199, although this was not confirmed in 

otherr reports ' . Finally, p38 MAPK seems to be involved in positive and negative selection 

off  T cells in the thymus201. 

Thee functional importance of p38 MAPK activation has been studied in several animal 

models,, by using a specific inhibitor. SB 203580 is a selective inhibitor of p38 MAPK that 

inhibitss the catalytic activity of p38 MAPK by competitive binding in the ATP pocket202 and 

hass been shown to inhibit p38 MAPK in vivo. Treatment with SB 203580 reduced mortality 

inn a murine model of endotoxin-induced shock46 and had therapeutic activity in collagen 

inducedd arthritis in mice46. Several other inhibitors of p38 MAPK are reported to have 

efficacyy including allergic pulmonary disease47, LPS-induced lung inflammation48, 

inflammatoryy angiogenesis203, rat-adjuvant induced arthritis116 and pancreatitis-associated 

pulmonaryy injury4. In these diseases treatment with p38 MAPK inhibitors attenuated both 

95 5 



ChapterChapter 7 

p388 activation and disease severity. Although it has been suggested that p38 MAPK may be 

involvedd in the regulation of intestinal inflammation and the importance of p38 MAPK for 

cytokinee production and T lymphocyte activation, the function of p38 MAPK in inflammatory 

bowell  disease is unknown. In this study we explored the effect the specific p38 MAPK 

inhibitor,, SB 203580, in trinitrobenzene sulphonic acid (TNBS) induced colitis, a murine 

modell  of Crohn's disease. The results reveal an unexpected dichotomy in the role of this 

kinasee in inflammatory bowel disease. 

Materialss and methods 

MiceMice and induction of colitis 

Alll  experiments were approved by the Animal Studies Ethics Committee of the University of 

Amsterdam,, The Netherlands. BALB/c mice were obtained from Harlan Sprague Dawley Inc 

(Horst,, the Netherlands). The mice were housed under standard conditions, and supplied with 

drinkingg water and food (AM-I I 10mm, Hope Farms, Woerden, The Netherlands). 

Experimentss were conducted in 8 and 10 weeks old female BALB/c mice. Colitis was induced 

byy rectal administration of two doses (separated by a 7 day interval) of 2 mg 2,4,6-

trinitrobenzenee sulphonic acid (TNBS)(Sigma Chemical Co, St Louis, MO, USA) in 40% 

ethanoll  (Merck, Darmstadt, Germany), using a vinyl catheter that was positioned 3 

centimetress from the anus (10 mice per group). During the instillation, the mice were 

anaesthetisedd using isoflurane (l-chloro-2, 2,2,-trifluoroethyl-isoflurane-difluoromethyl-ether, 

Abbottt Laboratories Ltd., Queensborough, Kent, UK), and after the instillation they were kept 

verticallyy for 60 seconds. Control mice underwent identical procedures, but were instilled 

withh physiological salt. All mice were sacrificed at 9 days following the first TNBS 

administrationn (i.e. 48 hours following the second TNBS challenge). Mice were treated daily 

byy intra-peritoneal injection with l|iM SB 203580/ kg bodyweight in 1 ml sterile saline or 

0.011 % DMSO in 1 ml sterile saline as a vehicle control. 

Inn order to study the kinetics of p38 MAPK activity in TNBS colitis, TNBS-instilled mice 

weree sacrificed at 0,1,3,5,8 and 9 days after the induction of colitis. Mice were either treated 

withh vehicle or SB 203580. 
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AssessmentAssessment of inflammation 

Bodyy weights were recorded daily. Spleens, caudal lymph nodes and colons were harvested 

uponn sacrifice. The colons were removed through a midline incision and opened 

longitudinally.. After removal of faecal material, the wet weight of the distal 6cm was 

recordedd and used as an index of disease-related intestinal wall thickening. Subsequently, the 

colonss were longitudinally divided in two parts, one of which was used for histological 

assessment. . 

HistologicalHistological analysis 

Thee longitudinally divided colons were rolled up, fixed in 4% formaline and embedded in 

paraffinn for routine histology. Two investigators who were blinded for the treatment 

allocationn of the mice scored the following parameters: 1) percentage of area involved, 2) 

numberr of follicle aggregates, 3) oedema, 4) erosion/ulceration, 5) crypt loss and 6) 

infiltrationn of mono- and polymorphonuclear cells. The percentage of area involved and crypt 

losss was scored on a scale ranging from 0 to 4 as follows: 0, normal; 1, less than 10%; 2, 

10%;; 3, 10 to 50%; 4, more than 50%. Erosions were defined as 0 if the epithelium was intact, 

11 for the involvement of the lamina propria, 2 ulcerations involving the submucosa, and 3 

whenn ulcerations were transmural. The severity of the other parameters was scored on a scale 

00 to 3 as follows: 0, absent; 1, weak; 2, moderate; 3, severe. This score ranges from 0 to a 

maximumm of 26 points. 

CellCell culture and ELISAfor cytokines 

Caudall  lymph node cell suspensions were prepared using filter cell strainers 

(Becton/Dickinsonn Labware, New Jersey, USA). Cells were suspended in the RPMI 1640 

mediumm (BioWhittaker-Boehringer, Verviers, Belgium) containing 10% FCS and the 

antibioticc ciproxin (10 Jig/ml) (Sigma Chemical Co., St. Louis, MO, USA). Cell suspensions 

weree counted and 1 x 105 cells were incubated in 200 pi RPMI containing antibiotics and 10% 

foetall  calf serum in triplicate wells. Cells were stimulated by pre-coating with anti-CD3 
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antibodyy (1:30 concentration; 145.2C11 clone) and soluble anti-CD28 antibody (1:1000 

concentration;; Pharmingen, San Diego, CA, USA). Supernatants were removed after 48 hours 

andd IFN-Y and TNF-oc (R&D systems, Abingdon, United Kingdom) concentrations measured 

byy ELISA assay. 

ColonColon homogenates 

Colonn was harvested and homogenates were made with a tissue homogeniser in 9 volumes of 

Greenburgerr lysis buffer (300 mM NaCl, 15 raM Tris-HCl, 2mM MgCl2, 2mM Triton (X-

100),, Pepstatin A, Leupeptin, Aprotinine ( all 20 ng/ml), pH 7.4) Tissue was lysed for 30 

minutess on ice followed by two times centrifugation (10 min., 14.000g, 4°C). Homogenates 

weree stored on -20°C until use. TNFa and IL-10 (both R&D), and IL-12p70 and IL-12p40 

(bothh Pharmingen) concentrations were measured by ELISA assay. 

p38p38 MAPK activity assay and Western Blotting 

Colonn homogenates were made using a tissue homogeniser in 9 volumes of ice-cold cell lysis 

bufferr (20mM Tris (pH7.5), 150Mm NaCl, lmM EDTA, ImM EGTA, 1% Triton, 2,5 mM 

sodiumm pyrophosphate, 1 mM fJ-Glycerolphosphate, ImM Na3V04 1 Hg/ml Leupeptin and 

ImMM Pefabloc (Merck, Darmstadt, Germany)). Samples were sonicated 4 x5 seconds on ice 

andd spun at 7000 x g for 10 min at 4°C. Protein content in the clear supernatant was 

determinedd using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL), using 

BSAA as the standard, and the supernatant was stored at -80 °C. 

Approximatelyy 250u,g of protein was used to measure p38 MAPK enzymatic activity using 

thee p38 MAPK assay kit purchased from Cell Signaling, Beverly, MA. A once diluted slurry 

off  agarose hydrazide-bound antibodies to phosphorylated (Thr180/Tyr182) p38 MAPK (40ul) 

wass utilized to selectively immunoprecipitate active p38 MAPK from the colon cell lysate (in 

200 1̂1 cell lysis buffer) by gently shaking overnight at 4 °C. The immunoprecipitate was 

washedd twice with 500 .̂l of ice cold cell lysis buffer and twice with 500 «1 of ice cold kinase 

bufferr (25 mM Tris, pH 7.5, 5 mM p-glycerolphosphate, 2 mM DTT, 0.1 mM Na3V04, 10 
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mMM MgCb) at 4 °C. The kinase reactions were carried out in the presence of 200 uM ATP 

andd 2 «=g of ATF-2 fusion protein at 30 °C for 30 rain. After the reaction had been terminated 

byy the addition of 3x SDS-sample buffer, the mixture was boiled for 5 min followed by brief 

centrifugation.. ATF-2 phosphorylation was selectively measured by Western immunoblotting. 

Sampless were loaded on 10% SDS-polyacrylamide gels and transferred to polyvinylidene 

difluoridee membranes (Millipore, Bedford, MA). Subsequently, membranes were blocked in 

5%% non-fat dry milk in TBS supplemented with 0,1% Tween-20 and washed in TBS 

supplementedd with 0,1% Tween-20. Membranes were incubated overnight using specific 

antibodiess against phosphorylated (Thr71) ATF-2 in 5% BSA in TBS supplemented with 0,1% 

Tween-20.. After three washes for 10 min secondary antibody incubation was performed for 1 

hourr with GAR-PO in a 1:2000 dilution. After enhanced chemoluminescence using Lumilight+ 

substratee (Boerhinger Manheim, Germany), antibody binding was visualized using a Lumi-

imagerr (Boerhinger Manheim, Germany). 

250u,gg of the colon cell lysate was suspended in a final volume of 80uJ SDS sample buffer. 

25\i\25\i\ was loaded on a SDS-polyacrylamide gel in order to measure p38 MAPK 

phosphorylation,, using Western blotting as described previously. p38 MAPK phosphorylation 

wass detected using antibodies against phosphorylated p38 MAPK (Cell Signaling, Beverly, 

MA). . 

Antibodyy binding was quantified using image analysis software (Boerhinger Manheim, 

Germany)) and samples were compared to a control sample set on a 100 arbitrary units. 

StatisticalStatistical analysis 

Valuess are presented as mean and SEM per treatment group. Differences between groups 

weree analysed using the non-parametric Mann-Whitney U test. Body weight changes in time 

weree analysed by one-way analysis of variance. P<0.05 was considered significant. SPSS 

statisticall  software (SPSS inc., Chicago, USA) was used for the analyses. 
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Figuree 1. SB 203580 inhibits p38 
MAPKK enzymatic activity in vivo. 
Colonicc cell lysates were obtained from 
TNBSS instilled mice treated with either 
vehiclee (TNBS) or SB 203580 (TNBS + 
SB)) at day 0, 1, 3, 5, 8, and 9 after the 
startt of the experiment. The colonic cell 
lysatee of a nil-treated control mouse 
(Co)) was included in both experiments. 
(A)) p38 MAPK enzymatic activity was 
determinedd by measuring 
phosphorylationn of ATF-2 (pATF-2) in 
ann in vitro kinase assay, using 
immunoprecipitatedd phosphorylated 
p388 MAPK from colonic cell lysate. 
Antibodyy binding was quantified using 
imagee analysis software, and expressed 
comparedd to a control (Co) that was set 
onn a 100 arbitrary units. An 
immunoprecipitatedd control is shown (-
),, only ATF-2 and ATP were mixed, 
withoutt adding immunoprecipitated p38 
MAPK.. In SB 203580-treated mice less 
enzymaticc activity of p38 MAPK was 
detected.. (B) p38 MAPK 
phosphorylationn in colonic cell lysate 
wass determined by Western Blotting, 
usingg specific antibodies against 
phosphorylatedd p38 MAPK. Antibody 
bindingg was quantified using image 
analysiss software, and expressed 
comparedd to a control (Co) that was set 
onn a 100 arbitrary units. 
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Results s 

p38p38 MAPK is activated during TNBS colitis and inhibited by SB 203580. 

Inn order to investigate the kinetics of p38 MAPK phosphorylation and enzymatic activity, 

colonss from mice subjected to TNBS colitis were harvested during a 9-day time period. In 

micee subjected to TNBS and treated with vehicle, enhanced p38 MAPK enzymatic activity 

wass observed, most evident 5 days after induction of colitis compared to basal levels (figure 

la).. Strikingly, after this clear activation at day 5 a reduction of p38 MAPK enzymatic 
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activityy was observed. These data were confirmed by direct analysis of p38 MAPK 

phosphorylationn status in colon homogenates, which paralleled the kinetics of the kinase 

assayy (figure lb). The function of p38 MAPK was further explored by analysing the effects of 

SBB 203580, a selective p38 inhibitor, in TNBS colitis. Treatment with SB 203580 almost 

completelyy prevented p38 MAPK enzymatic activity in colonic cell lysates, induced by TNBS 

administrationn (figure la). Thus, SB 203580 effectively inhibits p38 MAPK at the 

concentrationss used (l^iM / kg bodyweight/ day) in these mice. Analysis of p38 MAPK 

phosphorylationn in the SB 203580 treated mice, showed no inhibition of the phosphorylation 

statuss (figure lb). These data confirm previous reports that SB 203580 binds to the ATP 

bindingg site, thereby preventing enzymatic activity, though not preventing phosphorylation of 

p388 MAPK by its upstream activators205. 

Figuree 2. Bodyweight was 
recordedd daily from day 1 till day 
10.. The change in weight is 
expressedd as percentage of the 

.. _—A_̂  <4t ÈT X—— body weight from day 1 and data 
TT T are mean (SEM) in saline (NaCl) 

TT L——V"~—?v T instilled mice receiving vehicle 
^<y-~~Y^<y-~~Y T^^K^J^-^Y (^' n =10), saline instilled mice 

^  ̂ \ ^ t \ T A receiving SB 203580 ( • , n=10), 

JyrJyr tr TNBS mice receiving vehicle (O, 

TT n=10) and TNBS mice receiving 
' 4 ' 5

,
6 ' 7

<
8

I
9 '' SB 203580 (A, n=7). 

Timee (days) 

MiceMice treated with SB 203580 showed significantly more wasting after induction of colitis 

Micee were intra-rectally installed with TNBS or saline on day 0 and day 7 and subsequently 

sacrificedd on day 9. All ten TNBS mice receiving vehicle survived, but in the TNBS treated 

micee receiving SB 203580 3 mice died during the course of the experiment. All mice intra-

rectallyy installed with 0.9% NaCl, treated either with vehicle or SB 203580, survived. 

Bodyy weights of all mice were recorded daily. The induction of colitis was paralleled with 

significantt weight loss in both groups receiving TNBS (figure 2). Mice treated with SB 

2035800 lost more weight as compared to vehicle treated mice with colitis (p<0.05). Vehicle 

treatedd mice with colitis started recovering from their initial 15% weight loss at day 3, but in 

TNBSS mice treated with SB 203580 bodyweight further declined to less then 80% of baseline 
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weight.. The mean bodyweight of the TNBS colitis mice treated with SB 203580 remained 

lowerr then the vehicle treated mice during the course of the experiment. Daily injection of SB 

2035800 in mice instilled with 0.9% NaCl did not induce weight loss, and body weight 

changess in these mice were similar to mice treated with vehicle. Hence the effects of SB 

2035800 on bodyweight changes during colitis are disease related and do not reflect a 

generalisedd effect on p38 MAPK inhibition on murine physiology. 

400 0 

ÉÉ 300 

CD D 

££ 200 
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Figuree 3. The weight of the last 6 cm of the colon 
wass determined upon sacrifice on day 10 after 
TNBSS administration. Data are presented as mean 
(SEM)) in saline (NaCl) instilled mice treated with 
vehiclee or SB 203580 (both n=10; white bars), 
andd in TNBS mice (black bars) treated with 
vehiclee (n=10) or SB203580 (n=7). * Significant 
difference. . 

NaCl l TNBSS NaCl + SB TNBS + SB 

ColonColon weights were significantly increased in MAPK inhibitor treated TNBS mice 

Thee colon weight of saline-instilled mice treated with vehicle or SB 203580 was similar (81.7 

 5.3 mg and 81.3  6.5 mg respectively) (Figure 3). Due to the induction of colitis colon 

weightt increased to 229.2  22.2 mg in TNBS colitis, and treatment with SB 203580 caused a 

significantlyy further increase of the colon weight (289.1  29.1 mg in SB 203580 treated 

mice)) (p<0.05). TNBS administration caused a significant increase of the baseline colitis 

score,, but on histo-pathological examination no differences were observed between vehicle 

andd SB 203580 treated TNBS mice. The colitis score of TNBS mice was comparable between 

vehiclee and SB 203580 treated mice (mean total score 13.9  1.1 and 13.3  0.4 respectively) 

(Figuree 4). 
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Figuree 4. Haematoxylin-eosin staining of the colon of BALB/c mice treated with SB 203580 or vehicle 
(magnificationn 25 x object). (A) Colon of saline instilled mouse treated with vehicle. This picture shows 
normall  architecture. (B) Colon of a saline instilled mouse treated with SB 203580, also showing normal 
architecture.. (C) Colon of a TNBS instilled mouse treated with vehicle, common histological features 
includingg ulceration and influx of cells are seen. (D) Colon of a TNBS instilled mouse treated with SB 
203580;; common inflammatory features are also seen. 

CellularityCellularity of caudal lymph nodes in SB 203580 treated TNBS mice 

Thee total number of cells in the caudal lymph nodes (CLN) that drain the inflamed colon 

increasedd in TNBS colitis from 65.7  17.1 x 104 cells (saline) to 334  36.7 x 104 cells 

(TNBS)) (figure 5). Significantly less CLN cells were found in the SB 203580 treated mice 

withh colitis compared to vehicle treated mice with colitis (188.6  44.9 x 104 cells in SB 

treatedd TNBS mice, p<0.05). This effect of SB 203580 in mice control mice was not observed 

inn saline-instilled mice (52.1  11.2 x 104 cells). Apparently p38 MAPK is an important 

regulatorr of caudal lymph node cell number. 
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Figuree 5. Total number of cells present in the caudal 
lymphh node upon sacrifice. Data are presented as 
meann (SEM) White bars represent the saline instilled 
micee treated with vehicle or SB203580 (both n=10), 
thee black bars represent TNBS mice treated with 
vehiclee (n=10) or SB203580 treated TNBS mice 
(n=7).. * Significant difference. 

CytokineCytokine production 

Cytokinee production upon activation of T cells in the caudal lymph node (CLN) was 

determinedd by CD3/ CD28 double stimulation (figure 6). In TNBS colitis the IFNy production 

off  the CLN cells increased and SB 203580 treatment reduced IFNy production from 981.3

287.88 pg/ml (in vehicle treated TNBS mice) to 305.3  83.01 pg/ml (figure 6a). In saline-

instilledd mice, IFNy production of the CLN cells was similar in vehicle treated and SB 203580 

treatedd mice (228.9  60.8 pg/ml and 293.8 7 pg/ml respectively). The TNFa production 

off  stimulated CLN cells was increased in TNBS mice (figure 6b). Unexpectedly, treatment of 

TNBSS mice with SB 203580 resulted in a higher of TNFa production as compared to vehicle-

treatedd TNBS mice (375.3  125.9 pg/ml in TNBS mice and 921.58  351.2pg/ml in TNBS 

micee treated with SB 203580). In saline-instilled mice treatment with SB 203580 only slightly 

increasedd the TNFa production by CLN cells (188.4  100.6 pg/ml in SB 203580 treated 

micee and 108.3  37 pg/ml in vehicle treated control mice). 
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Figuree 6. Cytokine production by stimulated caudal lymph node cells. Caudal lymph node cells were 
stimulatedd with CD3/CD28 and IFNy (A) and TNFa (B) production was measured after 48 hours. Data 
aree presented as mean (SEM) White bars represent the saline instilled mice treated with vehicle or 
SB2035800 (both n=10), the black bars represent TNBS mice treated with vehicle (n=10) or SB203580 
treatedd TNBS mice (n=7). * Significant difference. 
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TNBSTNBS TNBS + SB 203580 

IL-12p700 133.5 5 91.2 * 

IL-12p400 1492  112.8 1483  124.7 

TNFaa 188.1 5 179.6 5 

IL-100 470.9 7 462.0 8 

Tablee 1. Cytokine concentrations in colon homogenates measured by ELISA. 
Dataa are presented as mean and SEM in pg/mg. ^Significant difference (p< 
0.05).. (TNBS mice n=10, TNBS + SB 203580, n=7) 

Inn colon homogenates IL-12p70 and IL-12p40 concentrations were measured by ELISA (table 

1).. A significant reduction of IL-12p70 (p40/p35 heterodimer) concentrations was observed in 

thee TNBS mice treated with SB 203580 (133.5  8.5 pg/mg and 91.2  11.9 pg/mg 

respectively.).. No difference in total IL-12p40 concentrations was detected in the colon 

homogenatess of TNBS mice (mean 1492  112.8 pg/mg and 1483  124.7 pg/mg resp. 

p<0.05).. TNFa concentrations in colon homogenates were similar in TNBS mice treated with 

SBB 203580 or vehicle (179.6  6.5 pg/mg and 188.1  8.5 pg/mg respectively.). In addition, 

noo changes in IL-10 concentrations were detected in colon homogenates of TNBS mice 

treatedd either with vehicle or SB203580 (470.9 pg/mg + 64.7 and 462.0  42,8 pg/mg 

respectively). . 

Discussion n 

Thee present study was designed to explore the role of p38 MAPK in inflammatory bowel 

disease.. To this end we pharmacologically inhibited p38 MAPK during TNBS colitis using 

thee specific p38 MAPK inhibitor SB 203580. SB 203580 was previously shown to be a highly 

selectivee inhibitor of p38 MAPK and at a concentration of l|uM did not affect a wide range of 

otherr kinases, including p42 and p54 MAPK and phosphatases12'206. In agreement with the 

reportedd p38 MAPK inhibitory activity of SB 203580 we showed a significant reduction in 

p388 MAPK activity in colonic cell lysates in mice treated with SB 203580. Furthermore, we 

foundd a transient activation of p38 MAPK in TNBS-instilled mice. Both the phosphorylation 

andd the enzymatic activity were at a maximum 5 days after the start of the experiment. 
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Surprisingly,, inhibition of p38MAPK with SB 203580 in mice with TNBS-induced colitis 

showedd dual effects. Mice treated with SB 203580 lost more and had higher colon weights. 

However,, we did find a reduction number of cells present in the CLN. It should be noted that 

thiss anti-proliferative response could be explained by an action specific for SB 203580 instead 

off  p38 inhibition. Several reports describe the inhibition of T cell proliferation using the 

inhibitorr SB 20358012'199'207, however mice with dominant negative p38 and T cells treated 

withh a different p38 MAPK inhibitor79, CNI-1493, show normal T cell proliferation208.On the 

otherr hand the reduction in cell number might be explained by the induction of apoptosis in 

thee caudal lymph nodes of mice treated with SB 203580. However SB 203580 was reported to 

specificallyy inhibited the induction of T cell apoptosis114,207. Therefore is seems that the 

reductionn in cell number could be better explained by a diminished proliferation. 

Inn line with previous reports stimulated caudal lymph node cells produced significantly less 

IFNy74,79'207,209.. Furthermore, treatment resulted in significantly lower BL-12p70 

concentrationss in the colon, whereas IL-12p40, TNFa and IL-10 concentrations in the colon 

weree unaffected. Interestingly, TNFa production of the CLN cells was increased by SB 

2035800 treatment. Thus, despite reduction of IFNy and IL-12p70 production treatment with 

SBB 203580 exacerbated disease. 

Theree are several explanations for this unexpected observation. We have recently reported 

thatt IFNy is not an important disease mediator in TNBS colitis, because mice that lack 

IFNy2100 or its receptor211 are susceptible to TNBS colitis and, in fact, develop more severe 

disease.. It was reported that IL-12 synthesis and specifically IL-12p40 synthesis is dependent 

onn p38 MAPK activation . We found a specific reduction of IL-12p70 and no changes in EL-

12p400 concentrations after SB 203580 treatment. The pathogenic importance of IL-12 in 

TNBSS colitis is well known and IL-12 neutralising antibody treatment is highly protective in 

thiss model212. It should be noted that the two IL-12 subunits, p35 and p40, have different 

biologicall  functions. IL-12p35-deficient mice are protected against the development of 

TNBS-inducedd colitis, and in this situation, neutralisation of p40 restores the normal 

sensitivityy to TNBS213. Hence, IL-12p40 is protective, possibly through the activity of IL-12 

homodimers,, or dimerisation with another ligand. Against this background, the combination 

off  a reduction of IL-12p70 without an effect on IL-12 p40 concentrations would be expected 

too be protective, but this was not substantiated in our study. The observed changes may have 

beenn too small to result in a therapeutic effect, or IL-12p35 may have formed heterodimers 
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withh a ligand other than p40. It is known that heterodimers of IL-12p35 and Epstein-Barr 

virus-inducedd gene 3 (EB13)214 have pro-inflammatory effects. 

Thee enhanced wasting observed during colitis in p38 MAPK inhibited animals coincided with 

enhancedd TNFa production. In accordance with this finding, TNFa production of T 

lymphocytess was reported to be only partially dependent on p38 MAPK activation215. 

Furthermore,, we have recently shown that SB 203580 increases TNFa production by 

macrophages2166 and increased TNFa production in mast cells has been reported217. TNFa 

playss an important role in intestinal inflammation as affirmed in Crohn's disease191'205 and 

experimentall  colitis218. 

Alternatively,, it is possible that activation of p38 MAPK occurs downstream of the disease 

perpetuatingg signal transduction elements and that inhibition at this level does not affect 

diseasee severity. We consider it more likely that cells that play a protective role in intestinal 

inflammationn also need p38 MAPK to function properly. T-regulatory cells (Trl) that produce 

highh amounts of IL-10 and are protective in experimental colitis in mice208. Although we did 

nott find a reduction of IL-10 concentration in colon homogenates of mice treated with 

SB203580,, it was reported that SB 203580 suppresses IL-10 production of T cells212, and 

therebyy SB 203580 could inhibit the protective T cells present in the lamina propria. 

Anotherr explanation for our findings is that inhibition of p38 MAPK results in accumulation 

off  upstream activators of p38 MAPK. SB 203580 binds to the ATP binding site, thus 

preventingg phosphorylation of downstream targets including MAPKAP 2 and activation of 

transcriptionn factor 2 (ATF2), though not preventing phosphorylation of p38 MAPK by its 

upstreamm activators MKK3 and MKK6206. MKK3 and MKK6 are able to phosphorylate other 

downstreamm targets than p38 MAPK such as JNK1 and JNK2 pathway114. Because JNK2 is 

involvedd in Thl differentiation, p38 MAPK inhibition may paradoxically increase the severity 

off  Thl mediated diseases. It is however also possible that the observed effects are specific for 

thee inhibitor or the species used in these experiments and studies with other p38 MAPK 

inhibitorss are needed to elucidate this. 

Inn summary, treatment with the p38 MAPK inhibitor SB 203580 does not ameliorate TNBS 

colitis,, though it does prevent IFNy and IL12-p70 production. This indicates mat p38 MAPK 

mightt have a broader role in the mucosal immune response and is not only responsible for the 

productionn of pro-inflammatory cytokines but might also be involved in counter-regulatory 

responses. . 
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Abstract t 

P388 mitogen activated protein kinase (MAPK) has been suggested as a mediator of cytokine 

releasee and is currently being targeted for anti-inflammatory therapy. Experimental data, 

however,, are contradictory and lack sufficient affirmation in vivo. We tested the effect of p38 

MAPKK inhibition in several cell types and in different murine models of infectious disease. 

Wee observed that most cell types react to p38 MAPK inhibition with diminished cytokine 

release,, but that this treatment induced increased cytokine release in macrophages. 

Furthermore,, we observed increased cytokine production in mouse models of pneumococcal 

pneumoniaa and tuberculosis accompanied by severely reduced bacterial clearance. This 

apparentt inefficacy of p38 MAPK inhibition in reducing cytokine release in infectious 

disease,, as well as its immune-compromising action, suggest that targeting p38 MAPK may 

nott be a suitable anti-cytokine strategy in patients with such disease or at risk for infection. 
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Introduction n 

P388 mitogen activated protein kinases (MAPKs) are 38 kDa intracellular signal transduction 

proteinss comprising four variants: p38a, (3, y and 8. Together with c-Jun amino-terminal 

kinasee (JNK) and p42/44 MAPK, p38 MAPK forms the MAPK family. MAPKs are activated 

byy phosphorylation of the Thr and Tyr in a Thr-X-Tyr motif by dual specificity MAPK 

kinasess (MKKs). A striking feature of p38 MAPK is its activation by a variety of 

inflammatoryy stimuli including cytokines and LPS12'219, suggesting a role in inflammation. 

Insightt into p38 MAPK action in inflammation has been gained by use of SB203580, a 

piridinyll  imidazole derivative and a potent and specific inhibitor of p38 MAPK220. SB203580 

bindss to the ATP binding site, thus preventing phosphorylation of downstream targets 

includingg MAPK-activated protein kinase-2 (MAPKAPK-2) and activating transcription 

factor-22 (ATF-2), though not preventing phosphorylation of p38 MAPK by its upstream 

activatorss MKK3 and MKK6206. Although the exact function of p38 MAPK in inflammation 

remainss ambiguous, studies using SB203580 have suggested involvement of this kinase in 

phospholipasee A2 activation221, ischaemia induced apoptosis15, NO synthase induction16 and 

attenuatingg Drosophila antimicrobial peptide gene expression following exposure to LPS222. 

Thee most marked effect of p38 MAPK inhibition is the altered control of cytokine release. 

P388 MAPK activation seems to be a prerequisite for production of several cytokines in vitro. 

Forr example IL-1 and TNFa production in monocytes12, IL-8 production in 

polymorphonuclearr cells53 and IL-6 production in L929 fibrosarcoma cells" have been shown 

too be dependent on functional p38 MAPK activity. Baldassare et al.223 reported an effect of 

SB2035800 on the LPS-dependent induction of IL-1 but not TNFa in macrophage cell lines. 

Strikingly,, in SB203580 treated mast cells enhanced TNFa production was reported217. In 

peritoneall  macrophages from MKK3_/" mice, which show diminished p38 MAPK activation, 

noo difference was seen in TNFa levels upon stimulation with LPS, although production of EL-

122 was impaired69. Together these findings highlight the uncertainty with respect to the role of 

p388 MAPK in cytokine production in general and emphasize the need for in vivo assessment 

off  the usefulness of p38 MAPK inhibition as an anti-cytokine anti-inflammatory strategy. 

Thee above mentioned considerations prompted us to investigate the role of p38 MAPK in 

severall  cell-types important for cytokine production and in murine models of disease. To this 
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endd we investigated the effect of p38 MAPK inhibition in L929 fibrosarcoma cells and 4-4 

murinee macrophages as well as in freshly obtained, non-transformed, peritoneal macrophages 

andd whole blood. In addition, we tested the effect of p38 MAPK inhibition on cytokine 

productionn in three well-established murine models of disease: an endotoxemia model and a 

pneumococcall  pneumonia model that are representative for acute inflammatory disease, and a 

chronicc inflammatory tuberculosis model. Using the endotoxemia model we were able to 

establishh p38 MAPK activation in vivo and the efficacy of our strategy for inhibiting p38 

MAPKK (daily i.p. injection with SB203580). Our results show a dual role for p38 MAPK, 

Whereass inhibition of p38 MAPK results in decreased levels of cytokines in L929 cells and 

wholee blood, 4-4 macrophages and freshly obtained peritoneal macrophages show enhanced 

cytokinee production when p38 MAPK enzymatic activity is impaired. This dichotomy in the 

effectt of p38 MAPK inhibition on cytokine production is also reflected in in vivo 

experiments:: in both the pneumococcal pneumonia and tuberculosis model we observed 

increasedd TNFa levels when mice were subjected to p38 MAPK inhibition, but this was not 

observedd in endotoxin challenged mice. Furthermore, in these experiments we observed that 

inin vivo p38 MAPK inhibition correlated with enhanced bacterial outgrowth. Hence, these data 

indicatee a critical role for p38 MAPK in bacterial clearance, but also show that the effect of 

p388 MAPK inhibition on cytokine production maybe cell type specific. 

Methods s 

CellsCells and reagents 

Murinee macrophages (4-4 clone, which we previously showed to be a suitable model for 

studyingg macrophage function ex vivo, as these cells are phenotypically and functionally not 

differentt from primary isolated mature macrophages224,225), whole blood obtained from 

healthyy volunteers and freshly obtained murine peritoneal macrophages were cultured in 

RPMII  supplemented with 10% FCS, 2 mM L-glutamin, and antibiotic-antimyotic. To isolate 

freshh murine macrophages, the peritoneal cavity was lavaged with RPMI. Cells were placed in 

culturee flasks and 2 h after isolation non-adherent cells were removed. L929 fibrosarcoma 

cellss were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamin, and 

antibiotic-antimyotic.. Cultures were routinely checked for Mycoplasma infection. DMEM, 

FCSS and antibiotic-antimyotic were from GibcoBRL Life Technologies, Grand Island, NY 
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andd RPMI-1640 was from Bio-Whittaker Europe, Venders, Belgium. SB203580 (4-(4-

fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)imidazole)) was obtained from Alexis 

Biochemicalss (Leiden, The Netherlands). SB203580 stock solution, dissolved in DMSO at 

20mM,, was stored at -20 °C. In cell culture SB203580 was used at 1-lOuM, the DMSO 

concentrationn was never higher than 0.05%. Cells were incubated with SB203580 for 1.5 h 

beforee stimulation. Stimulation was done with either LPS (Escheria Coli 011LB4 Sigma, St 

Louis,, MO; various concentrations), Heat Killed Streptococcus pneumoniae (HKSP; 2xl07 

bacteria/ml),, recombinant (r) human (h) TNFa (Knoll, Ludwigshaven, Germany; 50ng/ml) or 

lipoteichoicc acid from S. aureus (LTA, Sigma Chemical Co, St. Louis. MO; 250ng/ml) for 8 

orr 16 hours. Superaatants were collected and stored at -20 °C for later cytokine sampling with 

ELISA.. All phosphospecific antibodies were obtained from New England Biolabs, Beverly, 

MA,, Horseradish Peroxidase-conjugated goat-anti-rabbit immunoglobulin (GAR-PO) was 

obtainedd from DAKO, Glostrup, Denmark. Lumilight + substrate and the Lumi-imager were 

fromm Boehringer Mannheim (Mannheim, Germany). 

MurineMurine models of disease 

Thee animals used were 8-week-old female BALB/c mice (Harlan Nederland, Horst, The 

Netherlands).. All animal experiments were approved by the Institutional Animal Care and 

Usee Committee of the Academic Medical Center. Experimental groups consisted of 8 mice. 

Forr in vivo experiments, mice were subjected to luMol SB203580 per kilogram body weight 

(b.w.)) by i.p. injection in 1 ml sterile saline or lul solvent control (DMSO) in 1ml sterile 

salinee for controls. 1.5 h before inducing disease SB203580 was administered, then given 

oncee daily, for up to 2 weeks if appropriate. No apparent toxicity was observed. 

Pneumococcall  pneumonia was induced as described91. Briefly 5. pneumoniae serotype 3 was 

obtainedd from American Type Culture Collection (ATCC 6303; Rockville MD). 

Pneumococcii  were grown for 6 hours to midlogarithmic phase at 37 °C in 5% C02 using 

Todd-Hewitttt brom (Difco, Detroit, MI), harvested by centrifugation at 1500 x g for 15 

minutes,, and washed twice in sterile isotonic saline. Bacteria were then suspended in sterile 

isotonicc saline at 2xl06 CFU/ml, as determined by plating serial 10-fold dilutions onto sheep-

agarr plates. Mice were lightly anesthetized by inhalation of isoflurane (Abott, 
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Queensborough,, Kent, UK). During this short anesthesia, intranasal inoculation was 

conductedd by placing 50 1̂ suspension on the nares. At 24 hours after inoculation mice were 

anesthetizedd with Hyponorm (Jansen Pharmaceutica, Beerse, Belgium) and midazolam 

(Roche,, Meidrecht, the Netherlands) and blood and whole lungs or bronchoalveolar lavage 

(BAL)) fluid were obtained. Blood was collected from the vena cava inferior. Whole lungs 

weree harvested and homogenized in 5 volumes of sterile isotonic saline with a tissue 

homogenizerr that was carefully cleaned and disinfected with 70% alcohol after each 

homogenization.. Serial 10-fold dilutions in sterile isotonic saline were made of these 

homogenates,, and 50JJL1 volumes were plated onto sheep-blood agar plates and incubated at 37 

°CC and 5% C02. CFU were counted after 16 hours. Homogenates of lungs were diluted 1:1 

withh lysisbuffer (150mM NaCl, 15mM Tris, ImM MgCl, ImM CaCl2, 1% Triton (X-100) and 

proteasee inhibitors) for 30 minutes at 4 °C. Homogenates were then spun at 1500 x g at 4 °C 

forr 15 minutes, to remove cell debris, after which the supernatants were stored at -20 °C until 

cytokinee measurements. For BAL the trachea was exposed trough a midline incision and 

cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland). BAL was 

performedd by instilling two 0.5 ml aliquots of sterile isotonic saline. 0.8 ml of lavage fluid 

wass retrieved per mouse, spun at 750 x g for 5 minutes at 4 °C, supernatants were frozen at -

200 °C until measurements were performed. 

Forr induction of murine tuberculosis, M. tuberculosis (H37Rv laboratory strain) was grown in 

liquidd Dubos medium containing 0.01% Tween 80 for 4 days. A replicate culture was 

incubatedd at 37 °C and stirred gently, harvested at mid-log phase and stored at -70 °C. Before 

experimentss a vial was thawed and washed twice with sterile saline to clear the mycobacteria 

off  medium. Mice were lightly anesthetized by inhalation of isoflurane. During this short 

anesthesia,, intranasal inoculation was conducted by placing 105 viable M. tuberculosis 

organismss in 50ul saline on the nares. The inoculum was plated immediately after inoculation 

too check on viable counts. At 2 weeks after inoculation mice were anesthetized with 

Hyponormm and midazolam and whole lungs were obtained. Lungs were handled as described 

previously,, except for serial 10-fold plating which was done on Middlebrook 7H11 plates 

containingg oleic acid, albumin, dextrose, and catalase enrichment (Difco, Braunschweig, 

Germany)) and CFU counting which was done 3 weeks after plating. 

Endotoxemiaa was induced by injecting 150jig of LPS i.p., 1.5 h after injection with SB203580 

orr DMSO control. Animals were sacrificed 0,15, 30,60, or 90 min after LPS injection. Blood 
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wass removed through cardiac puncture and spun at 7000 x g, supernatant» were collected and 

storedd at -20 °C for later cytokine determination. Spleens were removed and snap frozen in 

liquidd N02, then stored at -80 °C until further processing. 

WesternWestern Blot Analysis 

Spleenss were thawed at 4 °C and passed through a 40ujn strainer, which was then rinsed with 

ice-coldd PBS. Cells were spun down and resuspended in ice-cold cell lysis buffer (20mM Tris 

(pH7.5),, 150Mm NaCl, ImM EDTA, ImM EGT A, 1% Triton X-100, 2,5 niM sodium 

pyrophosphate,, 1 mM fi-Glycerolphosphate, ImM Na3V04 1 ng/ml Leupeptin and ImM 

Pefabloc).. Samples were sonicated 4 x5 seconds on ice and spun at 7000 x g for 10 min at 4 

°C.. Protein concentration in the clear supernatant was determined according to Bradford, the 

supernatantt was then stored at -80 °C. Approximately 37\ig splenic cell lysate was mixed 

withh 4x SDS-sample buffer, the mixture was boiled for 5 min followed by brief 

centrifugation.. Samples were loaded on 10% SDS-polyacrylamide gels and transferred to 

polyvinylidenee difluoride membranes (Millipore, Bedford, MA). To check for equal loading of 

proteinn in each lane, Coomassie Brilliant Blue staining of the membrane was performed. 

Subsequently,, membranes were blocked in 2% non-fat dry milk in PBS supplemented with 

0,1%% Tween-20 and washed in 0,2% non-fat dry milk in PBS supplemented with 0,1% Tween-

20.. The extent of p38 MAPK activation was determined using antibodies against phosphorylated 

(Thr180/Tyr182)) p38 MAPK, used in a 1:1000 dilution overnight. After three washes for 10 min 

secondaryy antibody incubation was performed for 1 hour with GAR-PO in a 1:2000 dilution. 

Afterr enhanced chemoluminescence using Lumilighf1" substrate, antibody binding was visualized 

usingg a Lumi-imager. The membranes were then stripped with stripbuffer (62.5 mM Tris-HCl, 

pHH 6.8, 2% SDS, and 100 mM p-mercaptoethanol) and reprobed with antibody for p38 

MAPKK (New England Biolabs, Beverly, MA), by a similar procedure. 

InIn vitro p38 MAPK assay 

Thiss assay was performed using the p38 MAPK assay kit purchased from New England 

Biolabs,, Beverly, MA. Splenic cell lysates were prepared as described previously for 

immunoblotting.. A once diluted slurry of agarose hydrazide-bound antibodies to 
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phosphorylatedd (Thr180/Tyr182) p38 MAPK (40uJ) was utilized to selectively 

immunoprecipitatee active p38 MAPK from approximately lOOng splenic cell lysate (in 200ui 

celll  lysis buffer) by gently shaking overnight at 4 °C. The immunoprecipitate was washed 

twicee with 500 JJI of ice cold cell lysis buffer and twice with 500 ul of ice cold kinase buffer 

(255 mM Tris, pH 7.5, 5 raM P-glycerolphosphate, 2 mM DTT, 0.1 mM Na3V04, 10 mM 

MgCl2)) at 4 °C. The kinase reactions were carried out in the presence of 200 uM ATP and 2 

ugg of ATF-2 fusion protein at 30 °C for 30 min. After the reaction had been terminated by the 

additionn of 3x SDS-sample buffer, the mixture was boiled for 5 min followed by brief 

centrifugation.. ATF-2 phosphorylation was selectively measured by Western immunoblotting 

ass described previously using specific antibodies against phosphorylated (Thr ) ATF-2. 

CytokineCytokine determination 

Cytokiness were measured by using commercially available ELISAs according to the 

manufacturerss recommendations: murine TNFa (Genzyme, Cambridge, MA) and IL-6 

(Pharmingen,, San Diego, CA) and human TNFa (Central Laboratory of the Netherlands Red 

Crosss Blood Transfusion Service, Amsterdam, The Netherlands). 

StatisticalStatistical Analysis 

Dataa were statistically analyzed by the Student's t test unless otherwise mentioned. All data 

aree given as the mean +/- SEM. 
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4-44 macrophages 

Peritoneall macrophages 

Stimulus s 

rhTNFot t 

LTA A 

HKSP P 

No. . 

3 3 

2 2 

2 2 

Cytokine e 
Measured d 

mTNFoc c 

IL-6 6 

mTNFa a 

Cytokinee release (pg/ml) 
Concentrationn SB 203580 

<VM M 

3433 5 

911 1 

14866  545 

ljxM M 

1 1 

1200 7 

27344  224 

lOuM M 

4955 1 

1511 9 

26844 9 

Tablee 1: Effect ofp38 MAP kinase inhibition on cytokine release induced by different stimuli. 4-4 m<|>'s 
andd freshly isolated peritoneal mouse macrophages were exposed to the stimuli indicated after 
preincubationn with SB 203580. Subsequently cytokine production was measured with ELISA (see 
MaterialsMaterials and Methods). 

Results s 

TheThe role ofP38 MAPK in the regulation of cytokine production in vitro 

AA large variety of inflammatory stimuli activate p38 MAPK and a role for p38 MAPK in the 

regulationn of cytokine production has been suggested. The nature of this role is unclear. Most 

authorss report reduced cytokine production upon p38 MAPK inhibition (e.g. Lee et al.12), but 

enhancedd cytokine release has also been reported (e.g. Zhang et al.211). We investigated, 

therefore,, the influence of the p38 MAPK inhibitor SB203580 on TNFa-induced IL-6 

productionn in L929 fibrosarcoma cells and on LPS or HKSP stimulated TNFa and IL-6 

productionn by 4-4 macrophages. In agreement with Beyaert99, cells pre-treated with 

SB2035800 showed reduced IL-6 production upon stimulation with TNFa (P=0.01; Fig 1A). 

Inn contrast, SB203580 pre-treated 4-4 macrophages stimulated with HKSP showed enhanced 

IL-66 production (P<0.05; Figure IB). 4-4 macrophages pre-treated with SB203580 showed 

enhancedd TNFa production upon stimulation with LPS as compared to vehicle-treated cells 

(P<0.05(P<0.05 when pooled experiments are tested with the Wilcoxon test; a representative 

experimentt is shown in figure 1C). and also HKSP induced enhanced TNFa production upon 

p388 MAPK inhibition in these cells (P<0.01\ Figure ID). Subsequently we decided to 

investigatee the effects of p38 MAPK inhibition on cytokine release in non-transformed cells. 

LPS-stimulatedd whole blood showed inhibition of TNFa production by SB20358O (10 u.M 

SB203580:: P<0.01\ 1 uM SB203580: P<0.01; Fig. 2A) but peritoneal macrophages 
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exhibitedd increased TNFa levels upon p38 MAPK inhibition (10 \OA SB203580: P<0.01; 1 

]xM]xM  SB203580: P<0.05; Fig 2B). To further exclude the possibility that the differences in 

effectt of p38 MAPK inhibition on cytokine production may be condition dependent rather 

thann a cell type specific effect, we stimulated 4-4 macrophages with rhTNFoc and LTA, and 

peritoneall  macrophages with HKSP. The results are summarized in table I and all show 

increasedd cytokine release upon p38 MAPK inhibition in macrophages. Apparently p38 

MAPKK has distinct functions in the regulation of cytokine release in different cell types, 

macrophagess responding to p38 MAPK inhibition with increased cytokine production but 

otherr cell types showing diminished release. 
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Figuree 1. Effects of p38 MAPK inhibition on cytokine production in L929 cells and 4-4 
macrophagess (m<p). (A) Effect of pre-treatment with lOuM SB203580 (SB) of L929 fibrosarcoma 
cellss on TNFa induced IL-6 production, compared to vehicle (DMSO) control. (B) Influence of pre-
treatmentt with SB203580 on HKSP induced IL-6 production in 4-4 macrophages, compared to DMSO 
control.. (O Influence of pre-treatment with SB203580 on LPS (10ng/ml) induced TNFa production in 
4-44 macrophages, compared to DMSO control. A representative example is shown, statistical analysis 
forr this experiment employed: Student's t test. (D) Influence of pre-treatment with SB203580 on HKSP 
inducedd TNFa production in 4-4 macrophages, compared to DMSO control. * P<0.05, **  P< 0.01. 
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LPSS (ng/ml) LPS (ng/ml) 

Figuree 2. Effects of p38 MAPK inhibition on cytokine release in LPS-stimulated whole blood and U n 
stimulatedd peritoneal macrophages. (A) Whole blood was stimulated with LPS in increasing 
concentrations,, TNFa release was determined in the presence of 1 or 10 uM SB203580 or DMSO. (B) 
Freshlyy obtained peritoneal macrophages were stimulated with increasing concentrations of LPS in the 
presencee of 1 or 10 uM SB203580 or DMSO, the resulting TNFa release was determined. 

SB203580SB203580 inhibits p38 MAPK in murine endotoxemia 

Thee contrasting effect of p38 MAPK inhibition on cytokine production in different cell types 

promptedd us to investigate the relevance of this phenomenon in in vivo models of disease. The 

abilityy of SB203580 to inhibit p38 MAPK enzymatic activity in vitro is well established207 but 

itss potency in vivo is less clear. To test the capacity of SB203580 to inhibit p38 MAPK in 

vivo,vivo, we used a murine endotoxemia model. As shown in figure 3, LPS-dependent p38 

MAPKK phosphorylation and enzymatic activity was detectable in spleen cells obtained from 

micee treated with solvent control. In SB203580-treated mice, however, almost no enzymatic 

activityy of the kinase was detected although phosphorylation of the enzyme was much more 

pronounced,, demonstrating that the inhibitor interfered with kinase activity itself but did not 

inhibitt the signal transduction cascade leading to the phosphorylation of Thr180/Tyr182, further 

supportingg the specificity of this compound. However, despite the inhibition of p38 MAPK, no 

significantt differences in the LPS-induced TNFa production was measured in the plasma (Fig 

4A).. These results are, to our knowledge, the first demonstration of p38 MAPK activation in 

ann in vivo model of disease, but do not support a role for p38 MAPK in the regulation of 

endotoxemia-inducedd cytokine release. 
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Figuree 3. Inhibition of p38 MAPK 
enzymaticc activity by SB203580 in 
vivo.vivo. P38 MAPK phosphorylation was 
determinedd in splenic cell lysate 
obtainedd from mice 0, 15, 30 and 60 
minn after endotoxin challenge, using 
antibodiess against phosphorylated 
(Thr180/Tyr182)) p38 MAPK (pp38; A). 

pATF-2 2 

Phosphorylationn of p38 MAPK in the 
solventt control-treated group was less 
apparentt than in the SB2O3580-treated 
group,, and needed long exposure to 
visualizee (B). Equal loading was 
checkedd using an antibody against 
totall  p38 MAPK (p38; Q. P38 MAPK 
enzymaticc activity was determined by 

measuringg phosphorylation of ATF-2 (pATF-2) in an in vitro kinase assay, using immunoprecipitated 
phosphorylatedd p38 MAPK from splenic cell lysate. In SB203580-treated mice hardly any enzymatic 
activityy of the kinase was detected, although phosphorylation of the enzyme, and thus the amount of 
immunoprecipitatedd protein, was much more pronounced (D). 

SB203580SB203580 enhances TNFa levels in murine models of pneumococcal pneumonia and 

tuberculosis tuberculosis 

Too further investigate the role of p38 MAPK in in vivo models of disease we tested SB203580 

inn murine pneumococcal pneumonia and tuberculosis. Induction of both diseases was 

associatedd with a marked increase in TNFa levels in lung homogenates or BAL fluid, in 

parallell  with a rise in the numbers of CFU in lung homogenates. TNFa levels were enhanced 

inn the SB203580 treated group compared to controls in both lung homogenates (P<0.01) and 

BALL fluid (P<0.05) from mice with pneumococcal pneumonia (Fig 4B,C) and the lung 

homogenatess from mice with tuberculosis (P=0.0I; Fig 4D). In both the pneumococcal 

pneumoniaa model and the tuberculosis model the numbers of CFU in the SB203580 treated 

groupp were significantly higher (pneumococcal pneumonia: P<0.01; Tuberculosis: P<0.05; 

Figg 5). We conclude that the stimulation of cytokine release observed in p38 MAPK-inhibited 

macrophagess in vitro is also reflected in increased cytokine production in vivo and is 

accompaniedd by severely reduced bacterial clearance, suggesting that p38 MAPK directed 

anti-cytokinee strategy in infectious disease is not advisable. 
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lung lung 

Noo LPS Vehicle SB203580 

PneumococcalPneumococcal pneumonia: 
BALBAL fluid 

Tuberculosis:Tuberculosis: lung 
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Figuree 4. Effect of pre-treatment with SB203580 on TNFa levels in murine models of 
disease.. (A) Plasma TNFa levels at 90 min post LPS challenge. Data are pooled from three 
separatee experiments (total of 13 mice per condition). (B) TNFa levels in lung homogenates 
and,, in a separate experiment, BAL fluid (C) from SB203580-treated mice with pneumococcal 
pneumoniaa were significantly enhanced at t=24 h. (D) TNFa levels in lung homogenates from 
SB203580-treatedd mice with tuberculosis were significantly enhanced at 2 weeks after 
inductionn of disease, compared to controls. * P<0.05, **  P< 0.01. 

PneumococcalPneumococcal pneumonia 

Vehiclee SB203580 

|| Tuberculosis 

111 1 
Vehiclee SB203580 

Figuree 5. Effects of SB203580 on number of CFU in mice with pneumococcal pneumonia 
andd tuberculosis. Statistical analysis was done with the Mann-Whitney test. (A) Numbers of 
CFUU in lungs from mice with pneumococcal pneumonia at t=24h (B) Numbers of CFU in lungs 
fromm mice with tuberculosis at 2 weeks. * P<0.05, **  P<0.01 
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Discussion n 

Inn several cell types p38 MAPK inhibition was found to reduce cytokine release", although in 

mastt cells the opposite effect was observed217. In line with previous reports12,99 we observed 

thatt in TNFa-stimulated L929 fibrosarcoma cells and in LPS-challenged whole blood p38 

MAPKK activity is required for cytokine production. Strikingly, however, we observed that 

inhibitionn of p38 MAPK stimulated cytokine production in a macrophage cell line as well as 

inn non-transformed peritoneal macrophages. Hence we suggest that p38 MAPK acts in a cell 

specificc fashion, its inhibition increasing cytokine release in macrophages, while such 

inhibitionn reduces cytokine release in other cell types. 

Ass p38 MAPK has been suggested to be a suitable target for in vivo anti-cytokine therapy in a 

numberr of inflammatory diseases, the possible cell type-specific effects of p38 MAPK 

inhibitionn make it important to assess the action of p38 MAPK inhibition on cytokine 

productionn during pathophysiology in vivo. Interestingly, p38 MAPK inhibition had no effect 

onn plasma TNFa levels of LPS-challenged mice. This observation may be explained in two 

ways:: either different TNFa production from different cell types cancel each other out, or p38 

MAPKK contributes less to the generation of TNFa levels, induced by in vivo LPS challenge, 

thann hitherto assumed. In both the murine pneumococcal pneumonia model and the 

tuberculosiss model higher levels of TNFa were found in lung homogenates or BAL fluid 

fromm SB203580-treated mice. Macrophages are likely to play a role in cytokine production 

bothh in pneumococcal pneumonia as well as in tuberculosis , although other cell types are 

obviouslyy involved as well. Thus, the enhanced TNFa levels observed in these pneumonia 

models,, after p38 MAPK inhibition, may be an in vivo reflection of the increased cytokine 

productionn we encountered in p38 MAPK-inhibited macrophages in vitro. It should be 

stressedd however that our measurements cannot discriminate between different cell-types. 

Thuss it is possible that at the concentrations used, p38 MAPK in macrophages is not really 

inhibitedd in vivo. Hence the final proof of the notion that the enhanced cytokine levels 

observedd in p38 MAPK-inhibited animals reflect a cell type specific effects of this inhibition, 

ass opposed to e.g. a dose-response specific effect for different cells under different conditions, 

awaitss experiments in which p38 MAPK is cell type specific knocked-out. Until then other 

possibilitiess should be kept in mind. For instance the increase in cytokine production in 
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SB203580-treatedd mice may have resulted from the observed increased bacterial burden in the 

p388 MAPK-inhibited group. 

Thee reduced bacterial clearance and increased cytokine production encountered in p38 

MAPK-inhibitedd mice strongly argue against a function of p38 MAPK inhibitors in 

therapeuticc anti-cytokine strategy in infectious disease or in individuals at risk for infectious 

disease.. As the main proposed beneficiaries of anti-p38 MAPK therapy are patients with 

autoimmunee disease, who typically are treated with immune-suppressive drugs, this is an 

importantt consideration. 

Althoughh stimulation of p38 MAPK is assumed to be a general response to inflammatory 

stimulii  in vivo, actual activation of this kinase in a disease model had not yet been shown. In 

orderr to assess the role of p38 MAPK we used a murine model for endotoxemia since acute 

i.p.. application of LPS should produce a rapid and synchronized activation of p38 MAPK. 

Indeedd we were able to demonstrate, using the endotoxemia model, in vivo activation of p38 

MAPK.. This was evident from both its enhanced phosphorylation state as well as by 

increasedd kinase activity when assayed by an in vitro kinase assay. Furthermore, the latter 

assayy showed the efficacy of i.p. administrated SB203580 to inhibit in vivo p38 MAPK 

activity.. These experiments also provided further proof as to the specificity of the inhibitor: 

wee observed enhanced levels of p38 MAPK phosphorylation in SB203580-treated animals, 

demonstratingg that the inhibitor does not interfere with an upstream activator of this kinase. 

Thiss SB203580-induced enhanced p38 MAPK phosphorylation may reflect the action of a 

p388 MAPK-dependent feedback mechanism, regulating the phosphorylation state of this 

kinase.. If such a feedback mechanism involves the deactivation of p38 MAPK upstream 

activators,, which may regulate other targets apart from p38 MAPK, inhibition of p38 MAPK 

enzymaticc activity would result in sustained stimulation of such other targets. In turn such 

targett may mediate the enhanced cytokine release observed in our study. If this hypothesis is 

confirmed,, this would imply that p38 MAPK inhibitors would be relatively ineffective for 

reducingg cytokine release (at least in macrophages) but in contrast, inhibitors of its upstream 

activatorss would be suitable targets for anti-cytokine therapy. 

Ourr results contradict a previous report in which a small number of mice was challenged with 

LPSS and inhibition of TNFa production was noted, although no actual inhibition of p38 

123 3 



ChapterChapter 8 

MAPKK activity was shown in this study . This effect of SB203580, however, was only 

observedd in mice at concentrations in excess of 34 uMol/kg b.w., whereas in the present study 

wee have demonstrated complete inhibition of p38 MAPK enzymatic activity in vivo at a 

SB2035800 concentration of 1 uMol/kg b.w. As SB203580 has been reported to inhibit other 

kinasess at concentration in excess of 10 |iM58 it is possible that inhibition of these kinases 

mayy explain the discrepancy between this earlier report and our study. 

Thee most puzzling finding in the present study is the apparent cell-specific effect of p38 

MAPKK inhibition on cytokine release, enhancing cytokine production in peritoneal 

macrophagess and a macrophage cell line but inhibiting this production in other cell types and 

wholee blood. Recently it was reported that p38 MAPK inhibits TNFa-induced I-KB 

phosphorylationn and degradation227 and thus p38 MAPK may negatively regulate the NF-KB 

pathway,, of which the involvement in cytokine production is undisputed. Thus the effects of 

p388 MAPK inhibition on cytokine release may result from negative signaling of p38 MAPK 

towardss the NF-KB pathway, and we are currently exploring this possibility. 
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Abstract t 

Intracellularr transduction of inflammatory signals is largely dependent on members of the 

Mitogenn Activated Protein Kinases (MAPK) family: p42/44 MAPK, p38 MAPK and JNK. 

p42/444 MAPK is classically known for its involvement in growth and differentiation. 

Interestingly,, in vitro studies have indicated a role for this kinase in pathogen-induced 

cytokinee production. However, the role of p42/44 MAPK in the immune response to 

StreptococcusStreptococcus pneumoniae in vitro and in vivo is unknown. We found that p42/44 MAPK is 

ann important regulator of S. pneumoniae-induced cytokine production in vitro and during 

experimentall  pneumonia in vivo. Heat killed S. pneumoniae-induced TNFoc and IL-6 

productionn in macrophages was dose-dependently reduced by PD98059, a specific p42/44 

MAPKK inhibitor. Furthermore, inhibition of p42/44 MAPK reduced inflammatory cytokine 

levelss in the lungs, 24 hours after induction of pneumococcal pneumonia. Interestingly, 

inhibitionn of p42/44 MAPK increased inflammatory cytokine levels at 48 hours after 

inductionn of disease, paralleling an increased bacterial burden in the lungs. Additional 

experimentss revealed that at this time point functional p42/44 MAPK is critical for monocyte 

andd granulocyte phagocytic capacity. Thus p42/44 MAPK is a principal regulator of the host 

responsee to S. pneumoniae. 
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Introduction n 

Recentt years have seen remarkable progress with respect to the understanding of the 

molecularr machinery that controls the cellular physiology. Especially the Mitogen Activated 

Proteinn Kinase (MAPK) family of protein kinases has emerged as a cardinal regulator of a 

varietyy of biological responses in a variety of in vitro systems, transducing a myriad of 

extracellularr signals into cell responses7. Three major MAPK pathways have been described; 

thee p38 MAPK, p42/44 MAPK and c-Jun N-terminal Kinase (JNK) pathway111217'97,113-228. 

p388 MAPK and JNK are well known for mediating stress signals: they are activated in 

responsee to inflammatory stimuli (e.g. lipopolysaccharide (LPS), Tumor Necrosis Factor 

(TNF)a,, Interleukin (IL)-lp) and cellular stresses (e.g. UV, osmotic shock) and regulate (pro-

)) inflammatory cytokine release and related events such as neutrophil activation in vitro and 

inn vivo7,39'40'96. p42/44 (MAPK) is activated by stimuli such as growth factors, phorbol esters 

andd insulin and is involved in cell growth, differentiation and survival17'18'229. Remarkably, 

however,, still littl e insight exists as to how these in vitro events relate to in vivo 

(patho)physiology.. Especially, the importance of MAPKs in complex processes that involve 

intricatee interactions between multiple cell types, like infectious disease, remain largely 

obscure. . 

Somee insight exists into the role of p38 MAPK and JNK in the control of infection and 

inflammation.. Studies using pharmacological inhibitors both in experimental rodents and 

humann volunteers have shown that p38 MAPK has a critical role in the production of 

inflammatoryy cytokines, its inhibition leading to enhanced cytokine production in 

pneumococcall  pneumonia while showing potent anti-inflammatory action in human 

endotoxemia98,152.. An important function of p38 MAPK in host defense is evidenced by the 

decreasedd clearing of pneumococci in p38 MAPK-inhibited mice in a pneumonia model98. In 

vitroo JNK is an important regulator of inflammatory cytokine release in monocytes and T 

cells30,, while recently we showed strong anti-inflammatory action of JNK inhibition in 

patientss with steroid-refractory Crohn's disease230. 

Interestingly,, p42/44 MAPK was also reported to be involved in the control of inflammatory 

cytokiness in vitro. Activated p42/44 MAPK was found to be necessary for LPS induced 

TNFccc and IL-10 production23,24, and LPS-induced TNFa production in selected macrophage 
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populationss . Furthermore, p42/44 MAPK was activated in astrocytes by pneumococcal cell 

walll  components92. On the other hand, p42/44 MAPK was not involved in (heat killed) 

StaphylococcusStaphylococcus aureus induced TNF production93. These data suggest that p42/44 MAPK 

mayy be involved in inflammatory cytokine release upon stimulation with pathogenic bacteria. 

However,, the role of p42/44 MAPK in mediating the host response to Streptococcus 

pneumoniaepneumoniae in vitro and in vivo is unknown. 

Wee set out to investigate the role of p42/44 MAPK in the cell's cytokine response to (Heat 

killed)) S. pneumoniae, and in a murine model for streptococcal pneumonia. We observed that 

p42/444 MAPK is involved in TNF and IL-6 production in macrophages in vitro and in mice in 

vivo.. Inhibition of p42/44 affected the phagocytic capacity of monocytes and neutrophils in 

ann ex vivo assay, and diminished the bacterial clearing capacity in vivo. Thus our results 

definee a principal role for p42/p44 MAPK in the regulation of lung host defense in vivo. 

Methods s 

CellsCells and reagents 

L9299 fibrosarcoma cells were cultured in DMEM supplemented with 10% fetal calf serum, 2 

mMM L-glutamin, and antibiotic-antimyotic (GibcoBRL Life Technologies, Grand Island, NY). 

Murinee macrophages, 4-4 clone224,225, were cultured in RPMI (Bio-Whittaker Europe, 

Verviers,, Belgium) supplemented with 10% fetal calf serum, 2 mM L-glutamin, and 

antibiotic-antimyotic.. PD98059 (Alexis Biochemicals Leiden, The Netherlands), dissolved in 

DMSO,, was used at 1-lO îM in cell culture; the DMSO concentration was never higher than 

0.05%.. Cells were incubated with PD98059 for 1.5 h before stimulation. Stimulation was 

donee with either Heat Killed S. pneumoniae (HKSP; 2xl07 bacteria/ml), LPS (Escheria coli 

0111:B44 Sigma, St Louis, MO; various concentrations), or 50ng/ml recombinant murine TNF 

forr 8 or 16 hours. Supernatants were collected and stored at -20 °C for later cytokine 

samplingg with ELISA. 
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MurineMurine model of pneumococcal pneumonia 

Thee animals used were 8-week-old female BALB/c mice. All animal experiments were 

approvedd by the Institutional Animal Care and Use Committee of the Academic Medical 

Center.. Experimental groups consisted of 8 mice. Mice were subjected to ImMol PD98059 

perr kilogram body weight by intraperitoneal injection in 1 ml sterile saline or lui solvent 

controll  (DMSO) in 1ml sterile saline for controls. 1.5 h before inducing disease PD98059 was 

administered,, then given once daily. No apparent toxicity was observed. 

Pneumococcall  pneumonia was induced as described previously98. 24 and 48 hours after 

inductionn of disease, blood and whole lungs were obtained. Blood was collected from the 

venaa cava inferior. Whole lungs were harvested and homogenized. Serial 10-fold dilutions in 

sterilee isotonic saline were made of these homogenates, and 50uJ volumes were plated onto 

sheep-bloodd agar plates and incubated at 37 °C and 5% C02. Colony Forming Units (CFU) 

weree counted after 16 hours. Homogenates of lungs were then diluted 1:1 with lysisbuffer 

(150mMM NaCl, 15mM Tris, ImM MgCl, ImM CaC12, 1% Triton (X-100) and protease 

inhibitors)) for 30 minutes at 4 °C. Homogenates were then spun at 1500 x g at 4 °C for 15 

minutes,, to remove cell debris, after which the supernatants were stored at -20 °C until 

cytokinee measurements. 

CytokineCytokine determination 

Cytokiness were measured by using commercially available ELISAs according to the 

manufacturerss recommendations: murine TNFa (Genzyme, Cambridge, MA), IL-6 

(Pharmingen,, San Diego, CA), Interferon (IFNy) and IL-lf J (R&D Systems, Minneapolis, 

MN). . 

PhagocytosisPhagocytosis assay 

Measurementt of phagocytosis was done using the Phagotest kit (Orpegen, Heidelberg, 

Germany).. Aliquots of 100 ui heparinized murine whole blood, obtained at 48 hours, were 

mixedd with 2 x 107 fluorescein isothiocyanate (FITC)-labeled E. coli cells at 0°C and 
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subsequentlyy incubated in a 37°C horizontal shaking water bath for 30 minutes or at 0°C as a 

control.. Monocytes and granulocytes were gated according to their light scatter profiles and 

phagocytosedd fluorescent particles were measured using FACScan analysis. Phagocytic 

capacityy per cell was calculated as the mean fluorescence intensity (MFI) at 37°C minus MFI 

att 0°C (adherence control). 

StatisticalStatistical Analysis 

Dataa were statistically analyzed by the Student's t test. All data are given as the mean +/-

SEM. . 

Results s 

P42/44P42/44 MAPK mediates cytokine production in response to S. pneumoniae in vitro 

p42/444 MAPK is best known for its involvement in proliferation and differentiation231. Its role 

inn mediating stress signals and controlling cytokine production remain largely obscure. We 

investigatedd whether p42/44 MAPK is involved in S. pneumoniae induced cytokine 

productionn in macrophages. Inhibition of p42/44 decreased HKSP induced TNFcc production 

inn a dose dependent fashion (Figure 1A; luJVI and 10 uM PD98059 P< 0.05). A similar effect 

wass seen upon stimulating cells with LPS (Figure IB luM and 10 uM PD98059: P< 0.05). 

Alsoo HKSP induced EL-6 levels were diminished upon inhibition of p42/44 MAPK, although 

nott significantly at low dosage of PD98059 (Figure 1C; 10 uM PD98059: P< 0.05). Thus 

p42/444 seems to be involved in S. pneumoniae induced cytokine production in vitro. To 

investigatee whether this effect was cell type dependent, murine L929 cells where stimulated 

withh TNFct, and subsequent IL-6 production was measured. Again inhibition of p42/44 

diminishedd cytokine production, showing that p42/44 MAPK mediates cytokine production 

underr various conditions in a non cell type-dependent manner. 
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FigureFigure 1. Effects of p42/44 MAPK inhibition on cytokine production in 4-4 macrophages (mtp) 
andd L929 cells (A) Effect of pre-treatment with l-10uM PD98059 (PD) of 4-4 macrophages on 
HKSPP induced TNFa production, compared to vehicle (DMSO) control. (No Stim: cells not 
stimulatedd with HKSP) (B) Effect of pre-treatment with 1-lOuM PD98059 of 4-4 macrophages on 
LPSS induced TNFa production. (C) Effect of pre-treatment with 1-lOuM PD98059 of 4-4 
macrophagess on HKSP induced IL-6 production. (D) Effect of pre-treatment with lOuM PD98059 of 
L9299 fibrosarcoma cells on TNFa induced IL-6 production. *P<0.05 vs. DMSO control. 

InhibitionInhibition ofp42/44 MAPK affects cytokine production in response to S. pneumoniae in vivo 

Thee use of MAPK inhibitors for modulating inflammation has been widely advocated, mainly 

basedd on in vitro studies. Recently several studies were reported, using p38 MAPK/JNK 

inhibitorss successfully as anti-inflammatory agents in humans152,230. However, earlier we 

reportedd that inhibition of p38 MAPK can also lead to increased cytokine levels in 

pneumococcall  pneumonia, suggesting that MAPKs are not suitable anti-inflammatory agents 

perr se98. The role of p42/44 MAPK in inflammation in vivo is largely unknown. Our in vitro 

dataa suggest that S. pneumoniae induced cytokine response is under control of p42/44 MAPK. 

Wee decided to investigate the effect of inhibition of p42/44 MAPK in vivo, in the complex 

inflammatoryy model of pneumococcal pneumonia. 
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Micee were intranasally inoculated with S. pneumoniae, and lungs were harvested 24 and 48 

hourss thereafter. Induction of disease was associated with a marked increase in TNFoc levels 

inn lung homogenates, in parallel with a rise in the numbers of CFU in lung homogenates. 

Inhibitionn of p42/44 with PD98059 decreased inflammatory cytokine levels, such as 

TNFoc,, IL-6, IL-lfiand IFNy in the lungs at 24 hours (Figure 2A, B, C&D; P<0.05), 

comparedd to controls. Together with our in vitro data, these data suggest that also in vivo S. 

pneumoniaepneumoniae induced inflammatory cytokine production is, at least in part, under control of 

p42/444 MAPK. Strikingly however, at 48 hours the levels of pro-inflammatory cytokines such 

ass TNFoc and IL-i p were significantly enhanced in the lungs of animals treated with the 

p42/444 MAPK inhibitor, compared to controls (Figure 2A&C; P<0.05). 
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FigureFigure 2. Effect of p42/44 MAPK inhibition on pulmonary cytokine levels during pneumococcal 
pneumonia.. TNFoc (A), IL-6 (B), IL-i p (C) and IFNy (D) levels in lung homogenates of p42/44 MAPK-
inhibitedd mice (lji M PD98059) 24 and 48 hours (hr) after induction of pneumococcal pneumonia. 
*P<0.055 vs. vehicle (DMSO control) treated mice. 
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FigureFigure 3. Effects of p42/44 MAPK inhibition 
onn bacterial outgrowth in mice with 
pneumococcall pneumonia. Numbers of CFU in 
lungss from p42/44 MAPK-inhibited mice (ImM 
PD98059)) mice with pneumococcal pneumonia 
att 24 hours (hr) and 48 hours after induction of 
disease,, compared to vehicle (DMSO control) 
treatedd mice. 

Thee increased levels of inflammatory cytokines in the lung homogenates of p42/44 MAPK 

inhibitedd animals at 48 hours were paralleled by the number of CFU in these lungs (Figure 3). 

Whereass bacterial outgrowth at 24 hours was not different between groups, the number of 

CFUU at 48 hours tended to be higher in animals receiving PD98059, although this did not 

becomee significant. 
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1
bloodd was obtained from p42/44 

MAPK-inhibitedd mice (ImM 
PD98059)) and controls (DMSO), 
andd subjected to a phagocytosis 
assayy as described in the methods 
section.. Phagocytic capacity per 
celll  is shown as the mean 

monocytess fluorescence intensity (MFI). 
P42/44P42/44 MAPK affects phagocytosis capacity of monocytes and granulocytes 

Inn vitro, p42/44 has been suggested to be involved in regulating phagocytosis95. As the 

bacteriall  clearance capacity showed a tendency to decrease at 48 hours in animals receiving 

PD98059,, we decided to test whether inhibition of p42/44 MAPK affected the phagocytosis in 

vivoo at this time point. For testing the effect of PD98059 treatment on the phagocytic capacity 

wee evaluated peripheral blood monocytes and granulocytes. Blood was obtained from mice 48 

hourss after induction of disease, when bacterial clearance showed sign of diminished capacity, 

ass we argued that this was the most relevant time point for measurements on p42/44 MAPK 
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mediatedd effects on phagocytosis in vivo. Both monocytes and granulocytes from p42/44 

MAPKK inhibited mice showed significantly decreased phagocytic capacity compared to 

controlss (P<0.05; fig 4), whereas binding of the opsonised bacteria was not. (Not shown) 

Discussion n 

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 5. pneumoniae was reported, prompting for research into new therapeutic options 

andd a better understanding of host defense87. In recent years, much has been learned about 

bothh the cytokine network, that forms an intricate part of the host defense mechanism against 

bacteriall  pathogens, as well as of the molecular details of the processes that convert 

extracellularr signals into changes in gene transcription. However, how these intracellular 

processess are related to host defense remains relatively poorly understood. In the present 

studyy we have investigated the role of p42/p44 MAPK in pneumococcal infection. The results 

indicatee a cardinal role for this kinase in the regulation of host responses. 

Wee observed that murine macrophages in vitro require p42/p44 enzymatic activity for the 

productionn of inflammatory cytokines in response to bacterial cell wall constituents. In 

accordance,, in animals infected with S. pneumoniae, inhibition of p42/44 MAPK reduced 

TNFa,, EL-lp\ IL6 and TFNy production in lung homogenates at 24 hours, indicating that this 

kinasee is essential for cytokine production in vivo. However, at 48 hours p42/p44 MAPK-

inhibitedd animals displayed higher levels of inflammatory cytokines. As at the same time 

CFUU counts in the lungs of p42/p44 MAPK-inhibited animals were considerably higher than 

inn controls, we assume that these increased cytokine levels are a result of the increased 

bacteriall  load in these animals. Thus it appears that p42/p44 MAPK is not required for 

cytokinee production per se, and that very high numbers of bacteria are apparently able to 

activatee signal transduction pathways leading to increased cytokine production that are 

p42/p444 MAPK independent. In agreement we observed that the LPS-induced TNF 

productionn in thioglycolate-stimulated murine peritoneal macrophages was sensitive to 

p42/p444 MAPK inhibition at low LPS concentrations (< 100 ng/ml), but this effect was not 
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observedd at high LPS concentrations (> 1 jig/ml) (B. van den Blink and M.P. Peppelenbosch, 

unpublishedd observations). Thus a function of p42/p44 MAPK in the regulation of cytokine 

productionn seems restricted to moderate levels of immune cell stimulation. 

Apartt from controlling cytokine release, also other aspects of host defense against 

pneumococcall  pneumonia appear to be regulated by p42/p44 MAPK. We observed that 

monocytess and granulocytes isolated from p42/p44 MAPK-inhibited animals have a markedly 

reducedd capacity to phagocytose bacteria. Strikingly, we did not observe effects on 

phagocytosiss in both monocytes and granulocytes isolated from p38 MAPK-inhibited animals 

(B.. van den Blink and M.P. Peppelenbosch, unpublished observations) nor did we see a 

decreasedd oxidative burst in in vivo p42/p44 MAPK-inhibited monocytes or granulocytes (B. 

vann den Blink and M.P. Peppelenbosch, unpublished observations). Thus p42/p44 MAPK 

seemss to have a significant action in phagocytosis. It is of course tempting to speculate that 

thiss decrease phagocytic activity is causal in the increased bacterial outgrowth observed in 

p42/p444 MAPK inhibited animals, but until more specific phagocytosis-inhibiting drugs are 

testedd in this model, other possibilities should be kept in mind. 

However,, disregarding the exact molecular details by which p42/p44 MAPK influences host 

defense,, the present study has demonstrated an important regulatory role for p42/p44 MAPK 

inn host defense. With the onset of clinical trails employing p42/p44 MAPK inhibitors to 

combatt malignant disease, it may thus be advisable to be aware of the risk to immuno-

compromisee such patients. Conversely, although conventional anti-microbial drugs will most 

likelyy form the mainstay of therapy, modulation of MAPK pathways may form a new angle of 

therapeuticc approach in abrogating a harmful systemic inflammatory response in early 

disease.. However, rational development of such therapy will require systematic evaluation of 

thee activation of various kinases in disease as well as assessment as to the effect of inhibition 

off  particular kinases on family members. Experiments addressing this issue are currently 

underr progress. 
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Summary y 

Mitogenn Activated Protein Kinases (MAPKs) are pivotal components of the signal 

transductionn machinery responsible for relaying extracellular stress signals from the cell 

membranee towards the nucleus. In vitro, many inflammation-induced cellular responses are 

regulatedd by one of the three major pathways of the MAPK family: p38 MAPK, p42/44 

MAPKK or JNK7. Because of this property, MAPKs are thought to be excellent new targets for 

immunomodulatoryy therapy6. However, very littl e is known about the function of MAPKs in 

inflammationn in vivo. Our current understanding of the role and function of the MAPKs is 

mainlyy derived from cell-based models for inflammation, and a hand full of animal 

experiments46'47.. Furthermore, to date no information is available about the role of MAPKs in 

inflammationn during human disease. In this thesis several studies are described aimed at 

elucidatingg the role of the MAPK pathways in inflammation in vivo. 

Inn chapter 1, the main MAPK pathways, p38 MAPK, p42/44 MAPK and JNK, are 

introduced.. MAPK are well-conserved cascades of signaling proteins that are found in all 

eukaryotes.. They are ubiquitously expressed7, although individual function and expression 

levell  varies throughout the body8. MAPK are activated upon dual phosphorylation of a 

threoninee and tyrosine residue by a MAPK Kinase (MKK) , which in turn is activated by an 

upstreamm MKK Kinase (MKKK) . Upon activation, MAPKs activate/phosphorylate 

transcriptionn factors or other downstream kinases. The MAPK pathways are involved in a 

varietyy of inflammatory processes, including cytokine production, neutrophil activation, and 

apoptosis12'15'23"25'29'30.. Chapter 1 further focuses on several inflammatory disease states: low-

gradee endotoxemia, a model for acute systemic inflammation induced by intravenous LPS 

infusion,, Crohn's disease, a chronic inflammatory disease, and pneumococcal pneumonia, an 

acutee inflammatory infectious disease. We review the role of the MAPK pathways in key 

featuress of these inflammatory states. 

Humann endotoxemia is characterized by a typical cytokine and chemokine response, 

neutrophill  activation, and activation of the coagulation and fibrinolysis cascades4. In vitro, all 

MAPKK pathways are involved in LPS-induced cytokine production, although p38 MAPK 

seemss to feature most prominently in this respect12'2325'29,30. LPS-induced neutrophil 

activationn and (determinants of) migration, are also p38 MAPK dependent, in Wfro13'14,52"54. 
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Veryy littl e is known about involvement of MAPKs in coagulation and fibrinolysis. Whether 

MAPKss are actually activated by LPS in humans, and what the role is of MAPKs in 

mediatingg LPS-induced effects in vivo, is unknown. Hence, in chapters 2 - 5, we explore the 

involvementt of MAPK family members, and p38 MAPK specifically, in human endotoxemia. 

Crohn'ss disease is a chronic inflammatory disorder of the gastrointestinal tract. An 

inappropriatee immunologic response, mediated by T-helper 1 (Thl) cells and inflammatory 

cytokiness such as TNFa, IFNy, and IL-12, seems a key feature in Crohn's disease 

pathogenesis3.. Although p38 MAPK is an important regulator of some of these 

cytokines65,66'69,, JNK1 and JNK2 seem especially important in Crohn's disease, as these 

kinasess regulates differentiation of naive T-cells into Thl cells31'32. Whether inhibition of p38 

MAPKK or JNK is beneficial in Crohn's disease is currently unknown. We have tried to 

addresss this issue in chapters 6 and 7. 

Manyy features of the inflammatory response to pneumococcal pneumonia, such as cytokine 

productionn and bacterial clearance94'95, are mediated by MAPKs in vitro. Whether MAPKs are 

involvedd in the actual infectious disease in vivo, is unknown. The role of p38 MAPK and 

p42/444 MAPK in the immune response to Streptococcus pneumonia is investigated in 

chapterschapters 8 and 9. 

ChapterChapter 2 describes the kinetics of the major MAPK pathways upon intravenous infusion of 

LPSS in human volunteers. During a 24-hour time period, peripheral blood leukocytes were 

obtainedd and assessed for phosphorylation and enzymatic activity of p38 MAPK, p42/44 

MAPKK and JNK. We observed that LPS induces a strong but transient phosphorylation and 

activationn of p38 MAPK and p42/p44 MAPK, maximal activity being reached after 1 hr of 

LPSS infusion, followed by dephosphorylation. Strikingly, no enhanced JNK phosphorylation 

orr activation was detected under these circumstances. In chapter 3, we evaluated the effect of 

ann oral p38 MAPK inhibitor, BIRB 796, in a low dose and in a high dose, on several 

inflammatoryy aspects of human endotoxemia. Inhibition of p38 MAPK was confirmed by 

assessingg p38 MAPK phosphorylation and enzymatic activity in peripheral blood leukocytes 

obtainedd from volunteers, subsequent to LPS infusion. BIRB 796 dose-dependently inhibited 

LPS-inducedd cytokine production (TNFa, IL-6, IL-10, and IL-1R antagonist). Furthermore, 

LPS-inducedd neutrophilia and neutrophil activation markers (release of elastase-al-
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antitrypsinn complexes, up-regulation of CDllb with down-regulation of L-selectin) were 

diminishedd by blocking p38 MAPK. Inhibition of p38 MAPK also decreased C-reactive 

proteinn release. These data identified p38 MAPK as a principal mediator of the inflammatory 

responsee to LPS in humans. Chapter 4 describes the effect of inhibition of p38 MAPK on 

LPS-inducedd changes in determinants of neutrophil migration and activation, in vivo. 

Endotoxemia-inducedd granulocyte CXCR1 and 2 downmodulation was inhibited by a high 

dosee of BIRB 796. Endotoxemia-induced rise in plasma IL-8 and GROa levels was dose-

dependentlyy diminished by the p38 MAPK inhibitor. These results indicated a principal role 

forr p38 MAPK in regulating essential factors for neutrophil activation and chemotaxis in vivo. 

Thee effect of p38 MAPK inhibition the procoagulant response to LPS in humans is described 

inn chapter 5. Inhibition of p38 MAPK, using a high dose of BIRB 796, strongly diminished 

LPS-inducedd coagulation activation, as measured by the plasma concentrations of the 

prothrombinn fragment Fl+2. Furthermore, BIRB 796 BS dose dependently attenuated the 

activationn of the fibrinolytic system (plasma tPA, PAPc, PAI-1), and endothelial cell 

activationn (plasma soluble E-selectin and von Willebrand factor). Thus, p38 MAPK plays an 

importantt role in the procoagulant and endothelial cell response after in vivo exposure to LPS. 

Inn chapters 6 and 7, we investigated whether MAPKs are involved in Crohn's disease, and 

whetherr inhibition of such a kinase might be an effective novel therapeutic approach. In 

chapterchapter 6 a study is described, in which 12 patients with severe Crohn's disease (mean CDAI 

380)) were randomly assigned to receive 8 or 25 mg/m2 CNI-1493, a MAPK inhibitor. We 

observedd that CNI-1493 inhibited both JNK and p38 MAPK phosphorylation in vitro, with a 

higherr efficacy for inhibiting JNK. Colonic biopsies from patients with Crohn's disease, taken 

beforee start of therapy, clearly displayed enhanced JNK activation, compared to controls. 

CNI-14933 diminished JNK phosphorylation and tumor necrosis factor production in T-cells 

andd macrophages, as assessed on paired biopsies taken after CNI-1493 treatment. 

Furthermore,, CNI-1493 treatment resulted in significant clinical benefit and rapid endoscopic 

ulcerr healing. No serious adverse events were noted. We concluded that inflammatory 

MAPKss are critically involved in the pathogenesis of Crohn's disease and their inhibition 

providess a novel therapeutic strategy. In chapter 7, we investigated the effect of a specific p38 

MAPKK inhibitor, SB203580, in a murine model for Crohn's disease: trinitrobenzene 

sulphonicc acid (TNBS) induced colitis. TNBS instilment, induced enhanced p38 MAPK 

enzymaticc activity and phosphorylation in the colon at day 5, followed by clear deactivation. 
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Concurrentt treatment with SB203580 prevented TNBS-induced p38 MAPK enzymatic 

activation,, but not phosphorylation. Weight loss of TNBS mice treated with SB203580 was 

significantlyy worse and colon weight on sacrifice was significantly increased in p38 MAPK 

inhibitorr treated TNBS mice. However, the total number of cells in the caudal lymph node 

decreasedd in SB 203580 treated TNBS mice compared with vehicle treated mice. CD3/CD28 

doublee stimulated caudal lymph node cells of SB 203580 treated mice showed decreased 

IFNyy production but increased TNFa production. The concentration of interleukin 12p70 in 

colonn homogenates was significantly decreased in SB203580 treated mice whereas 

concentrationss of interleukin 12p40, TNFa, and IL-10 were similar in vehicle and SB 203580 

treatedd TNBS mice. Considering the large body of literature showing dependency of several 

off  these cytokines on functional p38 MAPK, these data suggest that p38 MAPK has a cell-

typee specific role in cytokine production. Moreover, in respect to our TNBS colitis model, 

p388 MAPK may be involved in regulating aspects of the immune system that protect the 

mucosaa from inflammation. 

Inn chapters 8 and 9, involvement of MAPK family members in the immune response to 

infectiouss disease is studied. In chapter 8 we investigated the role of p38 MAPK in cytokine 

productionn upon stimulation with various bacterial components or during pulmonary 

infectiouss disease. We reported that whereas inhibition of p38 MAPK leads to diminished 

levelss of inflammatory cytokines (TNFa, IL-6) in whole blood and L929 fibrosarcoma cells, 

inn macrophages inhibition of p38 MAPK leads to enhanced TNFa levels upon stimulation 

withh various bacterial components. Furthermore, upon inhibition of p38 MAPK in mice, using 

SB203580,, we observed increased cytokine levels in models of pneumococcal pneumonia and 

tuberculosis,, accompanied by severely reduced bacterial clearance. Contrasting other reports, 

wee did not find an effect of SB203580 on LPS-induced TNFa plasma levels in mice. These 

dataa suggest a cell type-specific role for p38 MAPK in cytokine production. Chapter 9 

describess the effect of inhibition of p42/44 MAPK, using PD98059, on cytokine production 

uponn stimulation with S. pneumoniae, in vitro and in vivo in mice. Heat killed S. 

pneumoniae-inducedpneumoniae-induced TNFa and IL-6 production in macrophages was dose-dependently 

reducedd by PD98059. Furthermore, inhibition of p42/44 MAPK reduced inflammatory 

cytokinee levels in the lungs, 24 hours after induction of pneumococcal pneumonia. 

Interestingly,, inhibition of p42/44 MAPK increased inflammatory cytokine levels at 48 hours 

afterr induction of disease, paralleling an increased bacterial burden in the lungs. Additional 

141 1 



ChapterChapter 10 

experimentss revealed that at this time point functional p42/44 MAPK is critical for monocyte 

andd granulocyte phagocytic capacity. Suggesting that p42/44 MAPK is a regulator of the host 

responsee to S. pneumoniae. 

Discussion n 

Inn this thesis, we demonstrated that p38 MAPK is activated during inflammation in vivo; in 

LPS-infusedd mice, endotoxemic human volunteers, and TNBS-instilled mice (chapters 2, 3, 7, 

andand 8). In vivo, the kinetics of p38 MAPK activation displayed interesting features. Whereas 

inin vitro p38 MAPK is rapidly activated upon stimulation, often within a few minutes40'44'45, in 

vivovivo the activation peak is observed much later: ranging from 15 minutes in LPS-injected 

mice,, to 1.5 hr in LPS infused human volunteers, up to 5 days in murine TNBS colitis. One 

mustt bear in mind, that the concentration of the stimuli used in vitro, are often extra-

physiologicall  compared to in vivo. For example, a commonly used dose of LPS in vitro, 

100ng/ml,, translates into a 25000 fold increase compared to the human dose (4ng/kg). This 

differencee might well explain why, in contrast to in vitro experiments, we did not observe 

JNKK phosphorylation and activation during human endotoxemia (chapter 2). Obviously, these 

dataa give rise to questions concerning the relevance of in vi'fra-derived data on inflammatory 

signall  transduction routes. Strikingly, when we measured p38 MAPK activation over a 

prolongedd time-period (chapter 2 and 7) 24 nr period after LPS infusion and 10 days period 

followingg TNBS instilment, respectively), we observed an interval of strong deactivation, 

evenn below basal levels, after a peak of activation, as measured by the phosphorylation status. 

Thiss phenomenon might well indicate a refractory state of the inflammatory cell, 

correspondingg with e.g. LPS hyporesponsiveness105'1 , as we hypothesized in chapter 2. 

Anotherr remarkable observation was the enhanced phosphorylation status of p38 MAPK, seen 

inn in vivo experiments, when using SB203580 (chapter 8), Upon injecting of LPS in mice, 

enhancedd phosphorylation was observed in splenic cell lysates. Surprisingly, LPS-induced 

p388 MAPK phosphorylation in animals treated with SB203580, seemed to be stronger and 

longerr of duration than in control animals, while p38 MAPK enzymatic activity was almost 

abolishedd in the SB203580-treated group. Furthermore, in colonic lysates from TNBS-

instilledd mice, SB203580 treatment prolonged the period of p38 MAPK phosphorylation, as 

142 2 



SummarySummary & Discussion 

thee return to a basal phosphorylation level was observed later, when compared to controls, 

whilee again enzymatic activity was almost abolished in the SB203580-treated group (chapter 

7).. We hypothesize that p38 MAPK activation may also induce a MAPK phosphatase (MKP) 

involvedd in deactivating members of the p38 MAPK pathway, for example MKK3/4, or p38 

MAPKK itself. Inhibition of p38 MAPK, with SB203580, may then indeed prevent its 

enzymaticc activity, but, by preventing the MKP from deactivating its target kinases, p38 

MAPKK may still be phosphorylated by an upstream kinase, or remain phosphorylated for a 

prolongedd period of time (figure 1). An upstream MKK, lacking normal negative regulation of 

thee feedback loop, may in turn activate other MAPKs. There is increasing evidence that the 

MAPKK pathways are indeed negatively regulated by MKPs. Recently, MKPs that are induced 

byy p42/44 MAPK and in turn inactivate p42/44 MAPK have been described232. Furthermore, 

aa p38 MAPK activated phosphatase (Pyst3, a cytosolic dual-specificity MKP) was 

described233,, and MKP-1 was shown to inactivate p38 MAPK directly234. 

SB203580-- -K K 

phosphatase e 

'I' ' 
MKK3/4/6 6 

+ + 

p38 8 

•I' ' 
-H 3 3 
4TF-2 2 

CM-1498 8 

BIRBB 7ï>« 

KB203580 0 

Figuree 1. Role of SB203580 in a proposed negative p38 MAPK feedback loop involving MAPK 
phosphatases. . 

Somee authors have suggested that p38 MAPK phosphorylation can be inhibited by pyridinyl 

imidazolee inhibitors such as SB20358057'235. However, it is generally accepted that SB203580 

bindss to the ATP-binding pocket of p38 MAPK, thus preventing phosphorylation of 

143 3 



ChapterChapter 10 

downstreamm targets including MAPKAPK-2 and ATF-2, but not interfering with 

phosphorylationn of p38 MAPK98,190-236"239. Thus, when using SB203580, measuring 

phosphorylationn status is not a suitable means of estimating the efficacy of inhibition, a kinase 

assayy is. Other MAPK inhibitors, such as BIRB 796 (chapters 3-5) and CNI-1493 (chapter 6) 

doo inhibit phosphorylation of the target kinase. BIRB 796 binds to an allosteric binding site of 

p388 MAPK, and prevent both its phosphorylation and its kinetic activity (figure l)118. The 

targett kinase of CNI-1493 is unknown; probably it is a fairly upstream MKK(K) , as it inhibits 

bothh p38 MAPK and JNK (figure 1). The observed inhibition of p38 MAPK phosphorylation 

byy a pyridinyl imidazole inhibitors such as SB203580, as mentioned above, is most likely due 

too the use of extraordinary high concentrations (up to 5QmM); above 10-15uM SB203580 was 

reportedd to inhibit other kinases than p38 MAPK58, inhibition of such a kinase (e.g. MKK3/6) 

mayy then be responsible for preventing proper phosphorylation of p38 MAPK. 

Modulationn of inflammation using MAPK inhibitors is very well feasible. As we described in 

chapterschapters 3-5, inhibition of p38 MAPK diminished virtually all experimentally-induced 

endotoxemia-relatedd inflammatory parameters. Furthermore, in patients with severe Crohn's 

diseasee MAPKs proved to be suitable therapeutic targets. However, not all our data are that 

clearr cut: inhibition of p38 MAPK in macrophages led to enhanced cytokine production, and 

micee suffering from TNBS colitis generally did worse upon inhibition of p38 MAPK. A 

strikingg observation, that could partially explain these data, is the apparent cell type-specific 

functionn of p38 MAPK. We observed that, in contrast to many other cell types, in 

macrophagess inhibition of p38 MAPK led to increased cytokine production (chapter 8). 

Furthermore,, CD3/CD28 stimulated caudal lymph node cells from SB 203580 treated TNBS-

instilledd mice showed increased TNFa production A cell type-specific MAPK function has 

alsoo been reported in mast cells217. An 'overactive' upstream MKK, due to an inhibitory effect 

off  SB203580 on a MKP (as described above), that activates a parallel MAPK pathway (e.g. 

p42/444 or JNK), could also account for this phenomenon. 

Inn a recent set of experiments (unpublished observations, van den Blink and ten Hove) we 

foundd further support for a cell type-specific role for MAPKs in inflammatory cells. Upon 

stimulationn of naive T cells (peripheral blood lymphocyte (PBL) fraction) with CD3/28 for 24 

hr,, TNFa release was efficiently reduced by SB203580 (up to 50% reduction). Strikingly, 

uponn stimulation of Thl cells (obtained by coculturing polarized dendritic cells type 1 with 
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peripherall  blood lymphocytes for 5 days) with CD3/28, SB203580 did not reduce TNFa 

productionn (Table 1). However, EL-10, a prototypical anti-inflammatory cytokine with 

protectivee properties in inflammatory disease such as Crohn's disease, was strongly reduced 

inn these cells. Specific inhibitors of JNK (SP600125 and D-JNKI) efficiently reduced 

CD3/28-inducedd TNFa production in these Thl cells. These results further suggest that p38 

MAPKK has a cell type specific role in cytokine production. The incapacity of SB203580 to 

reducee Thl TNFa production while EL-10 was reduced, may result in a net pro-inflammatory 

effect.. Indeed, these results may explain why inhibition of p38 MAPK resulted in 

deteriorationn of mice suffering from TNBS colitis, a Thl model for Crohn's disease (chapter 

7).. The strong anti-inflammatory properties of JNK inhibitors in CD3/28 stimulated Thl cells, 

furtherr support our notion that inhibition of JNK is responsible for the beneficial effect that 

wass observed in patients with Crohn's disease treated with CNI-1493 (chapter 6). 

stimulationstimulation (48hr) 

control l 
CD3/28 8 
CD3/28 8 
CD3/28 8 

stimulationstimulation (48hr) 

control l 
CD3/28 8 
CD3/28 8 
CD3/28 8 
CD3/28 8 

inhibitor inhibitor 

--
--
SB2035800 (lOuM) 
SP6001255 (lOuM) 

inhibitor inhibitor 

--
--
SB2035800 (lOuM) 
SP6001255 (lOuM) 
D-JNKII (20uM) 

naivee T cells 
TNFaa pg/ml (  SEM) 

5(0) ) 
5009(116) ) 
1614(61) ) 
1404(150) ) 

Thll cells 
TNFaa pg/ml (  SEM) IL-10 pg/ml (  SEM) 

286(21)) 36(4) 
19321(1437)) 390(43) 
18643(1172)) 20(0) 
10308(1279)) 20(0) 
62699 (2007) 105 (85) 

Tablee 1. Effect of p38 MAPK (SB203580) and JNK (SP600125, D-JNKI) inhibitors on 
naïvee T cell and Thl cytokine production. 

Mostt immunosuppressive drugs affect host defense; the increased risk of infectious diseases 

inn patients using (long-term) corticosteroids has been long recognized. More recently, an 

increasedd risk for tuberculosis was described in patients using anti-TNF antibodies240. 

MAPKss are pivotal mediators of the cell's immune response to a variety of pathogens. 

Immunomodulationn through inhibition of MAPKs may also have such an unwanted side-
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effect.. On the one hand, MAPKs are involved in the production of inflammatory cytokines, 

suchh as TNFa, that are important mediators of an adequate host response. On the other hand, 

inin vitro MAPKs are involved in mechanisms directly aimed at eliminating the pathogen, e.g. 

neutrophill  migration, phagocytosis and superoxide production12"15'23"25'29*30. The net effect of 

inhibitionn of MAPKs during an infectious disease, in vivo, may not be surprising: we find that 

bothh p38 MAPK and p42/44 MAPK are involved in the host response to 5. pneumoniae 

(chapter(chapter 8 and 9). 

Thiss thesis clearly shows that MAPKs are involved in inflammation in vivo. We observed that 

MAPKss are not only activated during systemic inflammation in humans, but also during a 

chronicc inflammatory disease. Furthermore, MAPKs seem to be a valid and powerful target 

forr new immunomodulatory interventions, although one should take into account that 

inhibitionn of MAPKs may have unwanted side-effects, as they have a pivotal role in the 

immunee response to infectious diseases. 
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Achtergrond d 

Hett menselijk lichaam staat continu bloot aan een grote verscheidenheid van mogelijk 

schadelijkee invloeden. Zo komen onze luchtwegen in aanraking met virussen, bacteriën en 

lichaamsvreemdee stoffen (uitlaatgassen, sigarettenrook), terwijl in onze darmen grote kolonies 

bacteriënn vreedzaam van onze spijsvertering meegenieten. Dit alles zonder dat wij er over het 

algemeenn iets van merken: ons afweersysteem reageert adequaat en slechts zelden worden wij 

ziek. . 

Onzee afweer is in staat lichaamsvreemde indringers snel te herkennen. Dit doen onze 

afweercellenn vaak aan de hand van moleculen die zich bevinden op het oppervlak van 

bacteriën.. Een goed voorbeeld van zo'n molecuul is het Lipopolysaccharide (LPS) dat zich 

bevindtt op de E. coli, een bacterie die veel in de darm voorkomt. Ontstaat er bijvoorbeeld een 

E.Colii  infectie van de buikholte, omdat er door een ongeluk een gaatje in de darmwand is 

ontstaan,, dan zullen afweercellen in de buikholte het LPS onmiddellijk herkennen en het 

afweerapparaatt mobiliseren om de infectie te bestrijden. De al aanwezige afweercellen zullen 

trachtenn de bacterie direct te doden en ze maken stoffen aan om andere afweercellen op te 

roepenn en te activeren; de vaten in het buikvlies zullen zich verwijden zodat de vele 

afweercellenn makkelijk naar de plaats van infectie kunnen komen, de buik zal zeer pijnlijk 

zijnn en de patiënt zal koortsig worden. Kortom de buikholte is ontstoken (een peritonitis). 

Dezee reactie illustreert enkele essentiële begrippen in de afweer: 

1)1) Ontsteking (Eng: 'inflammation'): de algemene reactie van het lichaam op 

beschadiging.. Beschadiging kan zijn een muggenbeet of een gekneusde enkel, maar ook een 

infectiee van de buikholte of de longen. Deze algemene reactie omvat zwelling, roodheid, pijn 

enn warmte van het aangedane deel. De kenmerken van ontsteking waren reeds bekend in de 

Romeinsee oudheid: rubor, dolor, calor, tumor. Tegenwoordig scharen wij onder ontsteking 

ookk de reactie van het afweerapparaat op schade aan het lichaam; in dit proefschrift wordt met 

namee naar deze component van ontsteking gekeken. 

2)2) Aspecifieke afweer (Eng: 'Aspecific / Innate immunity): het onmiddellijk herkennen 

vann bacteriën aan de hand van bepaalde moleculen (b.v. LPS) door afweercellen. Deze 

afweercellen,, meestal een subset van onze witte bloedcellen (b.v. monocyten, macrofagen en 

granulocyten)) reageren op het herkennen van de lichaamsvreemde indringer met het 'opeten' 
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vann de bacterie (phagocytose) en het maken van boodschapstoffen (zgn. cytokinen) om andere 

afweercellenn te mobiliseren. 

Hett moge duidelijk zijn, dat er tijdens een ontsteking veel geregeld moet worden tussen 

afweercellenn onderling en in de cellen afzonderlijk. Een essentieel onderdeel van deze 

regulatiee zijn de verschillende signalen die ontstekingscellen elkaar zenden ter aansturing van 

dee ontsteking, een goed voorbeeld hiervan zijn cytokinen. Cytokinen zijn kleine eiwitten die 

wordenn gemaakt door ontstekingscellen zodat zij een bepaalde boodschap kunnen 

overbrengenn naar ander ontstekingscellen, bijvoorbeeld dat er ergens in het lichaam een 

infectiee is. Cytokinen kun je grofweg indelen in ontstekingsbevorderende cytokinen (Eng: 

pro-inflammatoryy cytokines: bijvoorbeeld TNFa en IL-1) ,ontstekingsremmende cytokines 

(Eng:: anti-inflammatory cytokines: bijvoorbeeld IL-10) en zgn. chemotactische cytokinen 

(Eng:: chemokines: b.v. IL-8 en GROa), betrokken bij het aanroepen van ontstekingscellen 

vann de ene naar de andere locatie. 

Ditt soort boodschappereiwitten of signalen wordt opgepikt door receptoren op het oppervlak 

vann andere ontstekingscellen. Afhankelijk van het gezonden signaal zal de ontstekingscel 

reagerenn met b.v. het maken van bacteriedodende eiwitten of door verplaatsing naar de 

infectiebron.. Ter effectuering van zo'n celrespons, dient het gezonden signaal van de 

celmembraann naar de celkern te worden vervoerd, waar immers bijvoorbeeld, het bacterie 

dodendee eiwit wordt gemaakt, dit proces wordt signaal transductie genoemd. Een familie van 

eiwittenn die cruciaal is gebleken bij de intracellulaire transductie van ontstekingssignalen, 

bestaatt uit de Mitogen Activated Protein Kinases (MAPKs). Deze MAPKs vormen paden in 

dee cel tussen membraan en kern en blijken betrokken te zijn bij vele ontstekingsprocessen. 

Inn de complexe regulering en aansturing van ontstekingscellen kan ook van alles misgaan. 

Omm vaak onduidelijke redenen wordt het afweerapparaat overactief zonder dat er een 

duidelijkee infectie of andere bekende beschadiging is, en ontstaat er een ontsteking. Bij het 

voortdurenn van zo'n ontsteking ontstaat uiteindelijk schade aan het eigen lichaam. Bekende 

voorbeeldenn van dit soort ontstekingsziekten zijn de ziekten van Crohn en reumatoïde artritis, 

waarbijj  respectievelijk de darmen en de gewrichten te lijden hebben onder langdurige 

ontstekingsprocessen.. In dit soort gevallen is het wenselijk de ontsteking te remmen met 

medicijnenn zoals bijvoorbeeld corticosteroïden. Deze aanpak kent echter vele bijwerkingen en 

iss vaak niet in staat de ziekte afdoende te behandelen. 
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Nuu wordt gedacht dat het remmen van de signaal transductie paden die zijn betrokken bij 

ontstekingg (de MAPK-paden) wel eens een sterk ontstekingsdempend effect zou kunnen 

hebben.. Onderzoek hiernaar zou uiteindelijk kunnen leiden tot de ontwikkeling van nieuwe 

ontstekingsremmendee medicijnen. Proeven die een ontstekingssituatie nabootsen in 

gekweektee cellen (in vitro), geven inderdaad aan dat MAPK-remmers een 

ontstekingreducerendee werking hebben. Groot nadeel van dit soort proeven is echter dat niet 

duidelijkk is of zij relevant zijn voor de menselijke situatie (in vivo): over de rol en functie van 

MAPKss bij mensen is tot nog toe niets bekend. 

Doell van dit proefschrift 

Doell  van dit proefschrift was dan ook om uit te zoeken of: 

11 MAPKs betrokken zijn bij ontsteking in mensen, 

22 Het remmen van MAPKs ontsteking remt in mensen, 

33 Het remmen van MAPKs een veilige en effectieve therapie is bij het behandelen 

vann een ontstekingsziekte, in dit geval de ziekte van Crohn. 

Verderr bekeken wij de invloed van MAPKs op de afweer tegen longontsteking in een speciaal 

muizenmodell  daarvoor. 

Resultaten n 

Inn dit proefschrift beschrijven wij, voor het eerst, dat MAPKs inderdaad een rol spelen tijdens 

ontstekingg in mensen. Hiervoor gebruikten wij het zgn. humane endotoxin model. Dit model 

bootstt systemische (d.w.z. door het hele lichaam) ontsteking na door middel van het 

intraveneuss inspuiten van het eerder genoemde LPS (=endotoxine). Door het inspuiten van dit 

dodee eiwitbestanddeel van de membraan van de E.Coli bacterie wordt gedurende enkele uren 

dee afweer sterk geactiveerd. De typische ontstekingsreactie die hierop ontstaat, gaat gepaard 

mett koorts, malaise, en misselijkheid bij vrijwilligers, maar ook met o.a. verhoogde cytokine-

enn chemokineniveaus in hun bloed. Dit model is bij uitstek geschikt om ontsteking en 

mogelijkee onstekingsremmers te bestuderen bij mensen. Wij zagen dat in de witte bloedcellen 

vann vrijwilligers, die wij verzamelden na het inspuiten van LPS bij hen, twee van de drie 

belangrijkstee MAPK-paden, te weten p38 MAPK en p42/44 MAPK, geactiveerd werden, 
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vergelekenn met de witte bloedcellen die werden verkregen voor het inspuiten van LPS in de 

vrijwilligers.. Activiteit van het derde MAPK-pad, JNK, werd niet genieten in deze situatie. 

Inhibitiee van p38 MAPK, door middel van een nieuwe remmer, reduceerde de met dit model 

geassocieerdee ontstekingsparameters (o.a. inflammatoire cytokinen TNFoc en IL-6, 

chemokiness en hun receptoren en activatie markers van witte bloedcellen) in sterke mate. 

Inn biopten (kleine stukje weefsel) die wij verkregen uit de dikke darm van patiënten met de 

ziektee van Crohn, vonden wij verhoogde MAPK-activiteit in diverse ontstekingscellen. Dit 

suggereertt dat MAPKs betrokken zijn bij deze ziekte. In een klinische trial waarin twaalf 

patiëntenn met matige tot ernstige ziekte van Crohn werden behandeld met CNI-1493, een 

MAPKK remmer, bleek deze behandeling klinische verbetering en heling van darmzweren te 

induceren.. In biopten, verkregen na behandeling met CNI-1493, bleken met name de activiteit 

vann het MAPK-subtype JNK en de hoeveelheid van het ontstekingcytokine TNFa geremd. 

Inhibitiee van het MAPK-subtype p38 in een muizenmodel voor de ziekte van Crohn had geen 

voordeligg effect. 

Tott slot bekeken wij het effect van MAPK-remming op de immunologische respons tegen een 

infectieziekte,, namenlijk longontsteking veroorzaakt door de S. Pneumoniae bacterie (de 

pneumokok).. In gekweekte cellen vonden wij dat in de meeste gevallen MAPK remming de 

immunologischee respons (in dit geval de cytokine productie) tegen bacteriële componenten 

vermindert,, maar dat MAPK-remming, celtype- en conditieafhankelijk, ook tot een vergroting 

vann inflammatoire cytokineproductie kan leiden. In muizenmodellen voor pneumokokken 

longontstekingg bleek dat zowel p38 MAPK als p42/44 MAPK belangrijk is voor een normale 

afweer:: remming van deze MAPKs had een negatief effect op de bacteriële klaring. 

Conclusie e 

MAPKss lijken dus een belangrijke rol te spelen bij ontsteking in vivo en therapeutische 

interventiee in MAPK-paden is veelbelovend voor de behandeling van chronische 

ontstekingsziekten.. Het lijk t daarbij verstandig in gedachte te houden dat MAPK-remming de 

afweerr tegen infectieziekten nadelig kan beïnvloeden. 
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Dankwoord d 



Samenvatting Samenvatting 

Bedankt! ! 
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Achtergrond Achtergrond 

Hett je bekwamen in het uitoefenen van de wetenschap voelt vaak aan als een solitaire 

bezigheid.. Niets is echter minder waar. Als arts ben je slecht toegesneden op het doen van 

(basaal)) wetenschappelijk onderzoek, en ik schat in dat ik er zo'n 20 jaar over gedaan zou 

hebbenn als ik alles alleen had moeten doen. Niet alleen advies en directe hulp zijn belangrijk 

bijj  het doen van experimenten en schrijven van artikelen, goede begeleiding is onontbeerlijk. 

Onderzoekk doen bij het lab van de experimentele inwendige geneeskunde was dankzij de hulp 

vann velen een mooie ervaring. Dit deel van mijn proefschrift wil ik graag wijden aan mijn 

mentoren,, collega's en anderen die mij hebben bijgestaan. 

Methoden Methoden 

Dankk wordt gezegd volgens de gebruikelijke 'name-dropping' methode. Eventuele uitvallers 

wordenn bij deze ondervangen met het zgn. paraplubedankje: eenieder die heeft bijgedragen 

aann dit proefschrift, op welke wijze dan ook, en die ik verzuim persoonlijk te noemen, dank ik 

hartelijk! ! 

Resultaten Resultaten 

Succesvoll  onderzoek door een beginnend onderzoeker hangt af van vele factoren zoals 

bijvoorbeeldd aanwezige expertise en ondersteuning, faciliteiten, enig geluk en geld. Samen 

werkenn met inspirerende en enthousiasmerende mensen is voor mij echter altijd de kritische 

factorr geweest. De prijs mijzelf gelukkig tot onderzoeker te zijn opgeleid onder leiding van een 

drietall  bevlogen mentoren. Dr Maikel Peppelenbosch, ji j bent een waarlijk unieke 

wetenschapper,, die scherpe ingevingen paart aan een onorthodoxe houding ten opzichte van 

hett beoefenen van de wetenschap. Het stellen van grenzen zit niet in jouw taakomschrijving 

vann copromotor; alles is bij jou mogelijk en dat leidt vaak tot prachtige dingen, en 

wonderbaarlijkk genoeg slechts zelden tot ongelukken. Je hebt me veel geleerd en mijn horizon 

verbreedt.. Dr Tom van der Poll, samen met Maikel vorm ji j het Yin en Yang van mijn 

promotieteam.. Je enthousiasme voor de wetenschap is zeer aanstekelijk, je ideeenbron 

onuitputtelijkk en vaak ook nog praktisch uitvoerbaar. Dank voor je inzet voor mijn 

proefschrift.. Prof. dr Sander van Deventer, je overbrugt schijnbaar moeiteloos de kloof tussen 
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bench-- en bedside, daarin ben je me tot voorbeeld. Je maakt veel mogelijk voor arts-

onderzoekers,, waarvoor dank. 

Eenn dankwoord mondt nog wel eens uit in een verkapte klaagzang over het promotietraject; 

"ikk zou het niet hebben gehaald/er onderdoor zijn gegaan zonder de hulp van., etc". 

Onderzoekk doen is echter meestal erg leuk. Niet in de minste plaats door het samen werken 

mett collega onderzoekers. In de afgelopen jaren heb ik ongelofelijk veel plezier gehad samen 

mett mijn medeonderzoekers. Samen met Gijs en James voelde ik mij afwisselend de drie 

jongee woudlopers of de drie musketiers, afhankelijk van het geboekte resultaat aan de bench. 

Congressenn waren memorabel met jullie, m.n. in Keystone werd wetenschap bedreven op 

zeldzamee hoogte. Ik ben vereerd dat julli e mij als paranimf terzijde willen staan tijdens mijn 

verdediging,, en verheug mij julli e beide in Amsterdam te blijven zien. Medevolgelingen van 

Maikel:: Henri V (biologie: 1'art pour 1'art?), Sander, Tom, Jan, Carina (van bakvis naar 

scientist!),, Inge H, Linda, Walter, Jantien, Sylvia, student Sanne: bij elkaar een bijzonder 

verzameling,, ik heb erg met julli e en soms om julli e moeten lachen. Bedankt voor julli e 

gezelligheidd en hulp. Judith, m'n partner-in-crime (bijna echt) in endotoxine studies, samen 

zullenn we de brave Hendrik van de bodem proberen te houden. Tessa, het is ongelofelijk 

hoeveell  bizarre uitkomsten wij kregen bij onze proeven: het experimenteren was vaak 

hilarisch,, de resultaten regelmatig om te huilen. De zal ons gezamenlijk gepipeteer missen. 

David,, dank voor CCLB- en IT support! Mede- en oud AIO's: Jaklien (a.k.a. Evil Computer 

Eye),, Bibi, Bas, Petra, Anita, Henri B, Piet, Sylvia, Dirkje, Fanny, Dariuzs, Peppie, Nicolle: 

bedanktt voor de goede tijd. Ook hulde aan de (mede) VAO-oprichters en commissieleden: de 

VAOO is dood; lang leve de VAO! Daan Hommes, altijd in voor grootse plannen, ik ga nooit 

meerr met je squashen, maar blijf vast wel onderzoek met je doen. Ook de dames van de IBD-

poli,, veel dank! 

Angelique,, Esther, Inge P, Jennie, de Patricia's, Hella, Monique, Joost, Ingvild en Adri: dank 

voorr julli e steun en gezelligheid. Dr. Joseph B. Gurman and Mr. Steele Hill , SOHO EIT 

Consortium,, NASA Goddard Space Right Center, are gratefully acknowledged for providing 

thee cover picture of the sun. Graag bedank ik ook mijn jaargenoten voor het kritisch 

becommentariërenn van mijn onderzoek (lees:"het hartelijk lachen om het onderwerp van mijn 

proefschriftt tijdens de borrel") 
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Lievee ouders en schoonouders, hartelijk dank voor julli e voortdurende steun. Lieve Irene en 

Liselotte,, schatten van mijn hart, zonder julli e was dit zinloos geweest. 

Conclusie Conclusie 

Hett moge duidelijk zijn dat ik velen zeer dankbaar ben: bedankt! 

Amsterdam,, 15 juli 2002. 
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