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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 
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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 
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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 

' ' 
-H 3 3 
4TF-2 2 

CM-1498 8 

BIR BB 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 
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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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