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Chapterr  1 
Generall  Introductio n 

Thee mammalian immune system harbours a wide array of cells and soluble factors that 
aree required for optimal protection against the diverse types of pathogens that invade 
thee body on a daily basis. The invasion of pathogen evokes a cascade of 
immunologicall  events, comprising the sequential activation of innate and adaptive 
immunity.. Innate immunity predominantly relies on the activity of phagocytic cells 
andd natural killer cells and various soluble factors, such as complement and 
interferons.. The cells of the innate immune system are activated by pathogens or their 
componentss via a limited number of rather non-specific receptors, pattern recognition 
receptorss (PRR), recognizing pathogen-associated patterns (PAMP). They respond by 
enhancedd intracellular killing of pathogens or by producing soluble mediators that 
activatee or lyse infected cells. At the same time selected innate immune cells, dendritic 
cellss (DC) alarm cells of the adaptive immune system. The function of the adaptive 
immunee system is to attack those pathogens that may have survived innate immunity. 
Thee response is based on the activation of T and B lymphocytes that specifically 
recognizee pathogen-specific protein structures. T cells are mainly active as helper and 
cytotoxicc cells against infected host cells and B cells are active against extracellular 
pathogenss by producing antibodies. In addition, induction of tolerance to self antigens 
playss an important role in the maintenance of homeostasis. DC thus form a bridge 
betweenn the innate and adaptive immune system [1]. They are of major significance 
forr the detection of pathogens and the subsequent induction and regulation of the 
adaptivee immune response. 

Humann DC subsets 
Progenitorss of DC originate from the bone marrow and migrate into the blood as an 
immaturee DC population. From the blood they emigrate into the tissues and form a 
networkk of interstitial DC. It has been proposed that DC can be generated along 
distinctt pathways and can arise from precursors of different lineages. At present, two 
DCC lineages have been identified which are the myeloid lineage and the plasmacytoid 
lineage.. Other cells that belong to the myeloid lineage include monocytes, 
macrophagess and granulocytes. 

Thee finding that CDllc+ CD14+ monocytes or CD34+ haematopoietic progenitor 
cellss can be differentiated in vitro into different subsets of DC has greatly improved 
ourr understanding of DC development and functions. Monocytes are able to 
differentiatee into immature DC under the influence of the cytokines GM-CSF and IL-4 
[2]]  and in the additional presence of TGF-fJ they give rise to cells that have 
characteristicss of Langerhans cells (LC) [3], the DC of epidermal skin. Alternatively, 
monocytess can give rise to macrophages when cultured with GM-CSF or M-CSF 
withoutt DL-4. 
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Thee physiological relevance of monocyte-derived DC, however, remains to be 
established.. Monocytes are highly versatile cells that play a crucial role in the 
maintenancee of immune homeostasis and circulate in the blood stream. It is generally 
believedd that they are able to cross the vascular endothelium and migrate to the 
peripherall  and mucosal tissues where they differentiate into different cell types. 
Indeed,, monocytes can be recruited to the site of infection to enhance the immune 
reponse.. Whether a monocyte becomes a macrophage or a DC may in part be 
influencedd by the endothelium. Recently, it has been demonstrated that monocytes that 
reversee transmigrate through a layer of endothelial cells, as would occur during entry 
intoo lymphatics, differentiate into DC, whereas the cells that remain in the tissues 
becomee macrophages [4,5]. 

Thee CD34+ hematopoietic progenitors can differentiate along two independent 
pathwayss in the presence of GM-CSF and TNF-a [6] [7]. The CD147CDla+ subset 
givess rise to cells with LC morphology and the CD14+/CDla" subset shows an 
intermediatee cell that can differentiate into interstitial (dermal) DC. Alternatively, both 
intermediatee subsets have the potential to differentiate into macrophages if re-cultured 
withh M-CSF, indicating the plasticity of the DC system [6]. 

Soo far, it is not exactly known how plasmacytoid DC can be generated in vitro from 
bonee marrow, but recently the CD4+/CDllc7CD123+ cell population, directly isolated 
fromm peripheral blood, has been identified as the plasmacytoid DC precursor. They do 
nott require GM-CSF but critically depend on IL-3 for survival in vitro [8, 9]. The 
physiologicall  function of the plasmacytoid DC as antigen-presenting cells is not 
entirelyy clear, up to now. 

DCC are located at different sites 
Myeloidd DC are present at very low numbers throughout the body and can be found 
bothh in lymphoid and non-lymphoid tissues. Since pathogens frequently enter the body 
viaa peripheral surfaces (e.g. the epithelial and connective tissues), immature DC are 
situatedd at these sites to constantly and efficiently take up and process information 
fromm the environment. LC represent the DC population found in the epidermis and 
thesee cells are in close contact with keratinocytes [10]. Furthermore, DC can be found 
inn the superficial epithelium of the gut, the urogenital tract, and the respiratory tract 
[11-13].. In the non-epithelial tissues such as the heart, lung and kidney the interstitial 
DCC are present and in the dermis the interstitial dermal DC can be found [14]. The T 
celll  zone interdigitating DC (IDC) can be found in spleen, thymus, tonsils, and lymph 
nodes.. However, to what extent these cells represent different subsets from the same 
lineagee or whether they differ in their stage of differentiation remains to be 
determined. . 

Thee DC that circulate in the blood are primarily bone-marrow precursors, immature 
DCC and possibly some migrating tissue-derived DC. They represent about 0.5-1% of 
thee leukocyte population in peripheral blood mononuclear cells [15]. 

Thee response of DC to pathogens or  inflammatory mediators 
Twoo distinct states of DC can be distinguished, defined as immature or sentinel DC 
andd mature or effector DC. This distinction is based on functional and phenotypical 
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Generall  Introduction 

differencess but also the site in the body where they operate. Sentinel DC arc located in 
thee peripheral tissues and are specialized in antigen capture and processing. In 
responsee to pathogens, or the inflammatory mediators they induce in host tissue 
(dangerr signals [16]), the cells are activated and will migrate to the lymphoid organs 
whilee undergoing maturation. Consequently, mature DC are mainly present within 
lymphoidd organs and are capable of presenting antigens and initiating specific immune 
responsess [1, 17]. 

AntigenAntigen sampling and uptake by DC 
DCC are able to efficiently use several different pathways for antigen capture such as 
macropinocytosis,, receptor-mediated uptake, or phagocytosis. Macropinocytosis is a 
nonselectivee form of uptake by which a relatively large volume of antigen-rich 
solutionn can be internalized and concentrated. Several Ca -dependent (C-type) lectin 
receptorss expressed on DC are involved in endocytosis of antigen, such as mannose 
receptorr (MR) [18], DEC-205 [19]. Terminal oligosaccharide residues such as 
mannose,, fucose, N-acetylglucosamine, or glucose are components of the membrane 
surfacee of bacteria, parasites, and yeasts whereas they are absent in vertebrates 
(reviewedd in [20]). Mannosylated antigens are efficiently internalized via mannose 
receptorr and colocalize with the MHC class II pathway for processing and presentation 
[18,, 21]. In general, endocytic lectin receptors on DC primarily mediate internalization 
off  antigen and do not necessarily trigger activation. 

Thee Fc receptors (e.g. FcyR, FceR) allow the uptake of immune complexes or 
opsonizedd particles by DC for presentation [22, 23]. Recently, it has also been shown 
thatt a certain DC subset expresses the Fc receptor for IgA and could endocytose 
antigenn via this receptor [24]. Phagocytosis of apoptotic cell fragments by DC via the 
scavengerr receptors CD36 and ctvf55 has been demonstrated [25]. Furthermore, 
complementt receptors have been found on DC but their function remains to be 
determined. . 

Recently,, the expression of Toll-lik e receptors (TLR) has been demonstrated on 
manyy cells including DC and monocytes/macrophages [26]. TLR belong to the pattern 
recognitionn receptors (PPR) recognizing pathogen-associated molecular patterns 
(PAMP)) of microorganisms. Triggering of TLR can lead to activation and nuclear 
translocationn of NFKB in DC. This family of DNA-binding transcription factors play a 
cruciall  role in the regulation of genes involved in the production of inflammatory 
mediatorss of a variety of cells, including DC, as well as the maturation of DC [27, 28]. 
Therefore,, TRL play an important role in linking innate and adaptive immunity [29]. 
Byy producing inflammatory mediators, DC contribute to innate immunity. It should be 
notedd that besides DC, monocytes and macrophages are also important in the defence 
againstt pathogens as innate cells. Macrophages efficiently phagocytose and eliminate 
pathogenn or pathogen-infected cells to limit the spread of infection and can produce 
solublee mediators that will recruit and activate other effector cells to the site of 
infection. . 
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Activation,Activation, migration, and maturation of DC 
Pathogenn entry stimulates in local tissue cells the release of a variety of soluble 
factors,, including chemokines that will attract new DC precursors to the site of 
infectionn and cytokines that are potently able to activate DC. Activation and 
maturationn of DC transforms them from highly endocytic into strong 
immunostimulatoryy cells. 

Numerouss factors induce DC maturation and migration. For instance, as discussed 
above,, DC can be directly activated by pathogens (e.g. bacteria, viruses) or pathogen-
derivedd components (e.g. LPS, DNA, dsRNA) [18, 30-32]. DC can also be activated 
byy the inflammatory mediators produced by host tissue cells in reaction to pathogen 
infection,, such as the pro-inflammatory cytokines TNF-a and IL-lf J [2, 33]. Recently, 
itt has been demonstrated that factors released by necrotic cells such as the heat shock 
proteinn (HSP) 60 and HSP 70 initiate DC activation [34, 35]. In addition, activation of 
DCC can be triggered upon ligation of CD40 on DC with its counterpart CD40L that is 
mainlyy expressed on activated T cells [36,37]. 

Immaturee DC express low levels of surface MHC class I and II products, and co-
stimulatoryy molecules such as CD40, CD80, and CD86. The MHC class II molecules 
aree synthesized continuously by immature DC but remain stored intracellularly in 
lysoo somes. The antigens that are constantly taken up by immature DC can be targeted 
too MHC class II-positive lysosomes but are not efficiently used to form MHC II-
peptidee complexes [38, 39]. Upon activation, the DC will greatly enhance the capacity 
too form functional MHC class II bound peptide complexes and these complexes will 
bee distributed from the intracellular compartment to the membrane where they remain 
stabilyy expressed for days [40]. In contrast, their capacity to take up antigens via 
macropinocytosiss or endocytosis is greatly diminished, as indicated by the reduction in 
MRR expression [18]. In parallel, the expression of MHC class I molecules (loaded with 
endogenouss cellular antigens), co-stimulatory molecules (e.g. CD80, CD86, CD40, 
andd probably CD83 [41] and adhesion molecules (e.g. CD54, CD58) involved in T cell 
activationn are all strongly increased. Maturing DC also change their expression profile 
off  chemokines and chemokine receptors which allows them to respond to chemokines 
thatt induce the migration to secondary lymphoid organs where they are able to initiate 
naivee T cell responses and provide B cell help [42]. 

Typee 1 and type 2 T helper  cell subsets 
Thee balance between CD4+ T helper (Th) cells that display Thl-type or Th2-type 
cytokinee profiles determines the effectiveness of immunity against a certain pathogen. 
TwoTwo important classes of immune responses can be distinguished: cellular immunity 
andd humoral immunity. The Thl-mediated response (cellular immunity) is important 
forr the elimination of intracellular pathogens including certain parasites, viruses, 
bacteria,, but also for the elimination of certain tumor cells. Effector Thl cells 
predominantlyy produce the cytokines IFN-y, and IL-2. Especially IFN-y is a potent 
activatorr of macrophages, cytotoxic T cells, and NK cells and enhances their cytotoxic 
activity.. On the other hand, a Th2-mediated response (humoral immunity) is critical 
forr the defence against most helminths but also to prevent antigen spreading. Th2 cells 
primarilyy secrete IL-4, IL-5 and IL-13 and these cytokines enhance survival, 
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proliferationn and IgG4 and IgE production by B cells, activate eosinophils and mast 
cellss and induce mucus production by epithelial lung cells [43, 44]. Importantly, the 
differencess in the T cell cytokine profiles correlate with the class-specific differences 
inn antibody profile [45]. 

Initiatio nn of naive Th cell responses by DC 
Naivee Th cells are uncommitted cells that upon leaving the thymus migrate via the 
bloodd stream into secondary lymphoid organs. The induction of naive Th cell 
responsess exclusively takes place in the secondary lymphoid organs and is initiated by 
DCC [46]. T cells recognize the antigenic peptide in the context of MHC molecules 
expressedd by the antigen-presenting cell (APC). This ensures the specificity of the 
responsee (signal 1). In addition, T cells need to establish contact with DC by forming 
ann immunological synapse where T cell receptor (TCR) and co-stimulatory molecules 
aree congregated in a central area surrounded by a ring of adhesion molecules [47]. 
Thesee important interactions include the co-stimulatory molecules CD28 on the T cell 
withh CD80/CD86 on the DC, CD40L with CD40, and the interaction of adhesion 
moleculess LFA-1 with ICAM respectively [48]. These co-stimulatory molecules 
determinee whether a T cell response will occur, and to what extent (signal 2). The 
antigen-specificc effector T cells acquire chemokine receptors that enable them to 
migratee to the site of infection and exert their actions either via the production of 
cytokinescytokines and subsequent activation of other immune cells or directly via binding to 
andd killin g of the infected cells. 

AA number of factors have been shown to affect the cytokine profile of naive Th 
cellss such as the route of antigen entry and the dose and type of antigen [49, 50]. 
Whereass a viral infection in the skin of mice biases the T cell cytokine profile and 
antibodyy response towards Thl, infection of the mucosa (e.g. gut, lung) primarily 
inducess a Th2-type response [50]. 

Theree is strong evidence that DC are the cells that transmit information to the T 
cellss about the nature of the pathogen, its pathogenicity and the character of the 
infectedd tissue [51]. In addition to signal 1 and signal 2, DC are also able to transmit a 
polarizingg signal to the T cells (signal 3) which determines die class of the immune 
responsee required for optimal elimination of that particular type of pathogen and to 
reducee the risk of local tissue damage to a minimum. This signal 3 can be mediated by 
solublee as well as membrane-bound molecules. 

DC-derivedd factors may influence Th development 
Inn response to infection, sentinel DC are able to secrete various cytokines (e.g. TNF-a, 
IL-1,, IL-6, IL-8, IL-12, IL-10, IL-15, IL-18, IL-23, type IIFN (IFN-a and IFN-p)), 
whichh may contribute to the local inflammatory response and subsequent onset of 
specificc immunity [52]. Several of these cytokines have been shown to influence the 
Thl/Th22 profile of the immune response when produced by the DC during T cell 
priming.. The roles of IL-12 and type I IFN will be discussed here in more detail. 
Furthermore,, the expression of membrane-bound molecules by DC such as 
CD80/CD866 [53, 54], ICAM-1 [55, 56], or OX40L [57, 58] have also been implicated 
inn regulating the type of immune response. Importantly, expression levels of these 
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moleculess by mature DC upon naive T cell priming strongly depend on the way the 
DCC were initially activated in the periphery at their sentinel stage. 

IL-12 IL-12 
Thee bioactive heterodimeric protein IL-12(p70) is comprised of two subunits, p35 and 
p40,, which are encoded by unrelated genes [59]. IL-12 is mainly produced by APC, 
amongg which DC are the most prominent producers. They produce IL-12 in response 
too various intraccellular bacteria (Listeria monocytogenes, Staphylococcus aureus, 
MycobacteriaeMycobacteriae ssp) [31, 60-62], viruses (influenza virus) [63], and intracellular 
parasitess (Toxoplasma gondii) [64] or their products (e.g. LPS, dsRNA, DNA) [30,63, 
65].. Production of IL-12 by mature DC is induced upon CD40/CD40L interaction with 
thee T cells in the draining lymph nodes [36]. 

IL-122 plays a critical role in the regulation of cellular immune responses by 
promotingg activity and growth of natural killer (NK) cells and T cells and by 
enhancingg IFN-y secretion in effector/memory Th cells [66]. Moreover, IL-12 has been 
demonstratedd to polarize the development of naive Th cells towards Thl -type cells that 
producee high levels of LFN-y [67, 68]. Mice lacking IL-12 or signal transducer and 
activatorr of transcription 4 (STAT4), the transcription factor involved in IL-12 
signaling,, showed strongly impaired Thl development in response to endosomal 
pathogens,, indicating the crucial involvement of IL-12 in Thl polarization [69, 70]. It 
iss important to note that IL-12-deficient mice developed normal Thl responses upon 
virall  infection, indicating the existence of other Thl-skewing factors [71]. 

Thee fact that IFN-y promotes IL-12 responsiveness in naive T cells [72] and 
stronglyy enhances LPS-induced IL-12 production by monocytes [73] and DC [31, 74] 
implicatess the existence of a positive feedback loop between these two cytokines. 

Severall  factors have been shown to suppress the production of IL-12 by DC, 
includingg IL-10, PGEz [75], steroids [76, 77], vitamin D3 [78], p2-agonists [79], 
choleraa toxin (CT) [80], and histamine [81]. However, pathogens may also interfere 
withh DC activation and even inhibit IL-12 production as a strategy to escape 
immunity.. For instance, the parasite Plasmodium falciparum [82] and viruses such as 
herpess simplex virus [83], vaccinia virus [84] and measles virus [85] inhibit DC 
maturationn and suppress IL-12 release. On the other hand, helminthic products are able 
too promote the induction of IL-12-inhibiting factors, such as prostanoids or IL-10 [86]. 
Thiss indicates that the levels of IL-12 produced by DC are subject to regulation and 
stronglyy depend on the inflammatory/activation signals that the sentinel DC received 
inn the periphery [51]. 

TypeHFN TypeHFN 
Typee IIFN, IFN-cc and IFN-P, are comprised of the products of multiple IFN-a genes 
andd a single IFN-p*  gene. These cytokines use a common heterodimeric receptor 
(IFNAR)) that is broadly expressed on most cells. Upon infection with viruses as well 
ass bacteria type I IFN are produced by most cell types, including DC, macrophages, 
fibroblasts,, NK cells, and T cells [87], Recently, it has been demonstrated that 
plasmacytoidd DC are able to secrete extremely high levels of type I IFN in response to 
virusess or bacteria [32, 88, 89]. 
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Typee IIFN have the potential to induce strong antiviral effect, to inhibit tumor growth, 
andd to mediate several immunomodulatory effects (e.g. upregulation of MHC class I 
molecules,, promotion of NK and cytotoxic T cell (CTL) activity) [87, 90]. They may 
contributee to the development of human Thl cells from naive T cells by directly 
activatingg STAT4 or increasing the expression of IL-12Rp* chain [91]. Paradoxically, 
theyy have also been demonstrated to directly inhibit the production of IL-12 by mature 
DCC and reduce Thl development [92]. 

Dendriti cc cell subsets (DC1/DC2) may influence Th development 
Thee class of the immune response may depend on the site in the body where the DC 
aree located and activated. For instance, lung- and gut-associated DC preferentially 
inducee Th2-biased responses while spleen-derived DC primarily induce Thl-
dominatedd responses [93, 94]. It has also been reported that the DC lineage itself can 
influencee the outcome of the immune response [95]. However, increasing evidence 
suggestss that the infection-associated signals delivered to sentinel DC during their 
maturationn alter the polarization of the T cell response, regardless of the lineage [51]. 

Exposuree to intracellular pathogens such as influenza virus or the presence of IFN-y 
duringg the maturation of DC results in the development of effector DC (DO) that are 
ablee to secrete high levels of IL-12 and/or type I IFN and induce Thl-type responses 
[30,, 96]. Exposure to helminths (filarial nematode-secreted product, helminthic 
protein)) induces effector DC (DC2) that are unable to produce IL-12 and promote the 
developmentt of IL-4-secreting (Th2) cells [97, 98]. In addition, immune mediators 
suchh as IL-10 and PGE2 can impair or bias DC maturation and DL-12 production also 
resultingg in the development of effector DC2 [99-101]. 

Disruptedd Thl/Th 2 balance in disease 
Efficientt clearance of a pathogen depends on the balance of cytokines produced by the 
antigen-specificc effector Thl and Th2 cells. In general, a mixture of Thl and Th2 cells 
iss induced in response to a given pathogen. Chronic activation of Thl cells, however, 
cann cause immunopathology and organ-specific autoimmune disease such as diabetes 
mellitus,, multiple sclerosis, inflammatory bowel disease and rheumatoid arthritis. 
Inappropriatee Th2-mediated responses may lead to the development of allergic 
disorderss such as asthma and atopic dermatitis [43,44, 102, 103]. 

MultipleMultiple sclerosis 
Multiplee sclerosis (MS) is an inflammatory disease in which the myelin of the central 
nervouss system is destroyed. Clinical expression of the disease is usually characterized 
byy an initial relapsing remitting course, with acute exacerbations followed by periods 
off  seeming quiescence. Over time, patients enter a phase of chronic infection and 
sufferr from severe neurological disorders such as disability. Sites of myelin loss, called 
plaques,, are typified by activated T cells and macrophages that destroy the myelin-
producingg oligodendrocytes. MS is thought to be a Thl-mediated autoimmune disease 
withh T cell clones specific for self antigens from myelin basic protein (MBP), 
proteolipidproteolipid protein (PLP), or myelin oligodendrocyte glycoprotein (MOG), that 
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primarilyy secrete IFN-y upon activation [104]. In addition, IL-12 has been implicated 
too be involved in the pathogenisis of the disease [105]. 

Therapeuticc agents such as, corticosteroids, type IIFN, and glatiramer acetate (GA, 
alsoo known as Copolymer-1, Copaxone), the latter being a random polymer of four 
aminoo acids, have been shown to reduce inflammation and lessen the frequency of MS 
attackss [106]. 

Therapeuticc agents affect the outcome of the immune response 
Severall  anti-inflammatory drugs dampen the immune response in a non-specific way. 
Forr instance, corticosteroids, cyclosporin A, and vitamin D3 are able to directly affect 
TT cell proliferation and inflammatory cytokine production. In addition, inhibitors of 
cAMP-specificc phophodiesterase 4 (PDE4) have strong anti-inflammatory effect on 
immunee cells such as eosinophils, T cells and monocytes [107, 108]. 

Manipulationn of the Thl to Th2 balance of the immune response in a more specific 
wayy has been considered to be a mechanism to alter a number of disease processes. 
Forr instance, the induction of Th2-type responses may reduce the pathogenic effect of 
Thll  responses in autoimmune-associated diseases [109-111]. GA treatment of MS 
patientss has been demonstrated to shift the balance from Thl- towards Th2-type 
cytokiness [112,113]. 

Sincee DC are the initiators of specific immunity the modulation of their T cell 
polarizingg capacity or inflammatory cytokine production may be a strategy to 
manipulatee the immune response and diminish disease severity. IL-12 has been 
implicatedd to play a role in chronic inflammatory responses, tissue destruction and 
possiblyy autoimmunity. Therefore, the modulation of IL-12 secretion by DC has been 
aa target for pharmacological intervention as it may reduce the induction of Thl-
mediatedd responses and pathology. Indeed, a number of therapeutic agents including 
glucocorticoidss [76, 77], vitamin D3 [78], type I IFN [92] and p2-agonists [79] have 
beenn shown to influence IL-12 production by DC and reduce Thl-mediated immune 
responses. . 

Scopee of this thesis 
Dendriticc cells are important for the recognition, uptake and subsequent appropriate 
initiationn of the immune response to an incoming pathogen. This thesis comprises 
somee basic studies on DC followed by studies on the mechanisms of the modulation of 
humann DC functions by therapeutic agents that are, or may be, applied in 
inflammatoryy diseases. 

Chapterr  2. It has been well described that monocytes differentiate into DC in vitro 
usingg the cytokines GM-CSF and IL-4. Monocytes are able to present antigen and 
inducee memory T cell proliferation but not as efficient and potent as DC. Therefore, 
wee questioned whether exposure of monocytes to GM-CSF alone, or in combination 
withh IL-4, would affect their T cell stimulatory potential. To this aim, we compared 
thee antigen-specific T cell stimulatory capacity of GM-CSF-treated monocytes with 
monocyte-derivedd DC. In addition, the cytokine profile of GM-CSF-treated monocytes 
wass analyzed as well as the cytokine profile of the antigen-specific T cells induced 
uponn co-culture with these cells. 
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Chapterr  3. At mucosal surfaces IgA is the main immunoglobulin to protect the 
bodyy from incoming pathogens. In addition, numerous DC are present to sample the 
mucosaa for incoming pathogens via mechanisms such as endocytosis or FcR-mediated 
uptake.. The aim was to investigate whether and how secretory IgA and dendritic cells 
interactt with each other since they both play important roles in mucosal immune 
responses.responses. Therefore, we analyzed the expression of the IgAR on both monocyte-
derivedd DC and CD34+-derived DC. In addition, we examined SIgA binding and 
uptakee by DC using flow cytometry but we also studied the ability of SIgA to induce 
DCC activation by determining the acquisition of maturation-associated markers and by 
measuringg the production of DC-derived cytokines. 

Chapterr  4. PDE4 specific inhibitors have been demonstrated to elevate cAMP 
levelss and inhibit proliferation and mediator release of several cells including T cells, 
monocytes,, and eosinophils. These compounds are considered potential targets for the 
treatmentt of Thl-mediated diseases. Here, we questioned whether PDE4 inhibitors 
affectt the inflammatory cytokine production and initiation of the specific immune 
responsee by DC. Therefore, the modulatory effect of phosphodiesterase 4 (PDE4) 
inhibitorss on DC functions such as cytokine secretion, T cell stimulatory capacity and 
thee induction of naive T cell responses was investigated. 

Chapterr  5. Type I IFN are currently used for the treatment of several diseases 
includingg the Thl-associated autoimmune disease MS. IL-12 is crucial for both innate 
andd adaptive immunity and has been implicated to play a role in the pathogenesis of 
MS.. Since DC produce this cytokine at different stages of maturation we questioned 
whetherr type I IFN affect the secretion of IL-12p70 by immature DC, that have a 
strongg inflammatory function in the periphery, and by mature DC, that have a crucial 
Thh polarizing function in the lymph nodes. In addition, we studied the CD40L-induced 
IL-122 production by DC that were exposed to type I IFN during maturation. 

Chapterr  6. The beneficial effects of GA in MS are thought to be mediated via T 
cellss (e.g. competition with MBP for binding to MBP-specific T cells) and resulted in 
ann increase of IL-4-producing cells and decrease of IFN-y-producing cells. It has not 
beenn addressed before whether the effects of GA on T cells are APC-dependent. 
Therefore,, we investigated whether GA affects the ability of DC to produce the Thl-
polarizingg cytokine IL-12 and other cytokines. Furthermore, we questioned whether 
thee production of Thl- and Th2-cytokines in naive Th cells is altered using DC that 
weree previously exposed to GA and compared this with the cytokine profile of naive T 
cellss primed in the presence of GA but absence of DC. 

Chapterr  7. The possible role for the interaction between DC and SIgA is discussed 
inn more detail. In addition, based on the studies described in chapter 4-6, we further 
discusss the immunomodulatory effects of therapeutic agents on DC functions and what 
implicationss this will have for the treatment of inflammatory diseases. 
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Chapterr 2 

Summary y 
Granulocyte-macrophagee colony-stimulating factor (GM-CSF) is widely used in 
combinationn with interleukin-4 (IL-4) to differentiate monocytes into potent T cell 
stimulatoryy cells, referred to as monocyte-derived dendritic cells (MoDC). These 
cytokiness further increased the stimulatory function of MoDC when present during 
theirr incubation with antigen, as determined by the proliferative response of an 
allergen-specificc T cell clone. Conversely, the incubation of freshly isolated 
monocytess with antigen in the presence of GM-CSF or GM-CSF and IL-4 strongly 
inhibitedd the specific stimulation of the T cells, as compared to monocytes pulsed in 
thee absence of cytokines. This suppression was partly due to the secretion of 
prostaglandinn E2 (PGE2) and IL-10 by GM-CSF treated monocytes, since the 
combinedd use of indomethacin and anti-IL-10 antibodies during GM-CSF incubation 
andd antigen pulsing restored T cell growth to about 65% of control levels. As 
confirmedd by culture supernatant transfer experiments, maximal inhibition of T cell 
stimulationn was also dependent on the direct contact between the T cells and GM-CSF 
treatedd monocytes during antigen-presentation. Collectively, these results imply that 
GM-CSFF can either inhibit or enhance the re-stimulation of primed T cells by antigen-
presentingg monocytes or MoDC, respectively. 

Introductio n n 
Granulocyte-macrophagee colony-stimulating factor (GM-CSF) stimulates growth and 
differentiationn of granulocyte and monocyte/macrophage precursor cells (reviewed in 
[1]).. It is also known to affect the function of mature myeloid cells by priming 
monocytess and neutrophils for enhanced adhesion [2], tumor cytotoxicity [3], or 
leukotrienee production [4]. However, in addition to stimulatory effects on myeloid 
cells,, previous reports showed that GM-CSF may also have suppressive effects via the 
inductionn of prostaglandin E2 (PGE2) synthesis. LPS and rFN-y-induced TNF-ct 
releasee by GM-CSF primed macrophages was inhibited due to GM-CSF-induced PGE2 
productionn [5], and PGE2 has been demonstrated to inhibit the pro-inflammatory 
activityy of monocytes/macrophages by decreasing the production of IL-12 [6] while 
augmentingg IL-10 release [7]. Pronounced inhibitory effects by EL-10 on 
monocytes/macrophagess have been reported (reviewed in [8]). In the presence of 
monocyte/macrophagee APC, hIL-10 inhibited not only cytokine synthesis [9], but also 
proliferationn of human T cells and T cell clones [10,11]. Moreover, PGE2 directly 
inhibitss T cell proliferation by decreasing the expression of both IL-2 and IL-2Ra 
chainn [12,13]. This may partly explain the observation that prostaglandins released by 
monocytess may mediate the suppression of T cell function in cancer patients [14,15] 
andd that CD14+ cells present in GM-CSF-mobilized peripheral blood stem cell 
productss can inhibit T cell function. 

GM-CSFF together with IL-4 promotes the differentiation of monocytes into 
dendriticc cells in vitro [16,17]. Monocyte-derived dendritic cells (MoDC) are amongst 
thee most potent stimulators of naive T cells but they are also superior as compared to 
otherr antigen-presenting cells (APC) at inducing antigen-specific recall responses of 
memoryy T cells. We wanted to investigate whether GM-CSF alone or in combination 
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withh IL-4 would also support a stronger APC function of monocytes as it does for 
MoDC.. As a model system, we used a human T cell clone (TCC) specific for die 
majorr protein of house dust mites, Der pi, in association with the HLA-DPw4 class II 
moleculee [18,19]. In this report, we show that GM-CSF alone or in combination with 
DL-44 drastically inhibits the capacity of allogeneic, HLA-DP-matched monocytes to 
inducee antigen-specific proliferation of the TCC if the cytokines were present during 
thee period of antigen-pulsing. The relevance of this finding for regulation of memory T 
cellss by different types of APC in chronic inflammation will be discussed. 

Material ss and Methods 
Reagents,Reagents, antibodies and cytokines 
Thee basal culture medium (CM) was RPMI 1640 that was further supplemented with 
NaHC033 (2 mg/ml), penicillin (50 |ig/ml), streptomycin (50 ug/ml), L-glutamine (2 
mM),, and 10% FCS (Gibco, Grand Island, NY). This culture was endotoxin free as 
determinedd by the Limulus amebocyte lysis assay (<10 pg/ml of endotoxin). 
Recombinantt human (rh) GM-CSF (specific activity 6xl06 U/mg), rhIL-4 (specific 
activityy 6xl06 U/mg), and rhIL-2 (specific activity 107 U/mg) were produced by and 
obtainedd from Novartis Pharma (Basel, Switzerland). In some experiments, GM-CSF 
obtainedd from R&D Systems (Minneapolis, MN) was used to confirm the specific 
biologicall  activity of the material produced by Novartis Pharma. The neutralizing anti-
IL-100 antibody (JES3-9D7) was purchased from Pharmingen (San Diego.CA). 
Lyophilyzedd protein extract of Dermatophagoides pteronyssinus (Dpt) was purchased 
fromm ARTU Biologicals (Lelystad, The Netherlands). The content of the major 
allergenn Der pi in the lot used was 18.5 fAg/mg of Dpt protein extract. Indomethacin 
wass obtained from Sigma (StLouis, MO). 

IsolationIsolation and culture of cells 
Thee human T helper cell clone CFTS 4:3.1 (TCC) was isolated from a skin punch 
biopsyy of a patient with atopic dermatitis as described previously [18,19]. It 
specificallyy recognizes the major allergen of house dust mite, Der pi, in association 
withh the MHC class II restriction molecule HLA-DPw4 [20]. The TCC was 
propagatedd by stimulating the T cells every 14-16 days via immobilized anti-CD3 
mAbb (Leu4, Becton Dickinson) or by presentation of Dpt antigen on irradiated 
autologouss EBV transformed B cells (EBV-B) in the presence of rhIL-2 and rhIL-4 
(500 U/ml each) as described [18]. 

Primaryy human monocytes were obtained by countercurrent elutriation [21] of 
leukapheresiss samples donated by healthy individuals. To obtain a higher purity of 
monocytes,, residual T cells and B cells were negatively depleted using magnetic beads 
covalentlyy coupled to anti-CD2 and anti-CD 19 mAb (Dynal Inc., Oslo, Norway) using 
aa magnetic bead-to-target cell ratio of 5/1. The resulting monocyte preparation 
containedd >95% CD14+ cells, as judged by flow cytometry and was further cultured in 
CMM in the absence or presence of different supplements as indicated in the text. 

Monocyte-derivedd dendritic cells (MoDC) were obtained by culturing purified 
humann monocytes at 8xl05 cells/ml in CM supplemented with rhGM-CSF (300 U/ml) 
andd rhIL-4 (120 U/ml). Cultures were fed every other day (days 2, 4 and 6) by 
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exchangingg half of the medium for fresh CM that had been supplemented with 
cytokines.. MoDC were harvested on day 7 of culture and frozen in liquid nitrogen for 
subsequentt use as APC in T cell proliferation assays. Cell viability was higher than 
90%% after thawing, as determined by trypan blue exclusion. 

Antigen-specificAntigen-specific lymphocyte proliferation assay 
Forr antigen-specific stimulation of the T cells, each type of APC was incubated in CM 
forr 16 to 20 h with Dpt (250 |Llg/ml for EBV-B and 50 Hg/ml for monocytes and 
MoDC)) or without antigen as negative control. Where indicated, rhGM-CSF (300 
U/ml),, rhIL-4 (120 U/ml), indomethacin (100ng/ml), or anti-IL-10 antibody (10(ig/ml) 
weree added during the preincubation of APC with antigen. For the determination of 
solublee mediators secreted by treated or untreated monocytes, cell-free culture 
supernatantss were harvested after 16-20 h. Subsequently, APC were irradiated (40 
Gy),, washed and added to the T cells that were used not earlier than 14-16 days after 
stimulationn with Dpt or plate-bound anti-CD3 to ascertain a resting state of the cells. 
Clonedd T cells (4xl04 cells/well) were mixed with autologous EBV-B (4xl04 

cells/well),, HLA-DPw4-matched human monocytes (4xl04 cells/well), or HLA-
DPw4-matchedd human MoDC (4xl03 cells/well) and further cultured in a volume of 
200(111 CM per well of 96-well round-bottomed plates (Corning Costar, Badhoevedorp, 
Thee Netherlands). Indomethacin (100ng/ml), rhGM-CSF (300 U/ml) or rhIL-2 (50 
U/ml)) were also present during the lymphocyte proliferation assay, where indicated. 
Att day 3, 1 (j.Ci of  3H-thymidine was added per well during the last 16h and 
incorporatedd radioactivity was quantitated by liquid scintillation counting. Results are 
expressedd as cpm  SD and represent the mean of triplicate cultures. 

PolyclonalPolyclonal stimulation ofCD4* T cells 
96-welll  round bottom plates were seeded with 2x105 monocytes for incubation in CM 
withh increasing amounts of GM-CSF in the presence or absence of indomethacin 
(100ng/ml).. After 16 h, monocytes were washed two times with CM in the microliter 
plates.. The monocytes were not irradiated. T cells were collected from high density 
fractionss of elutriations of the same PBMC donors as used for the preparation of 
monocytes.. lxlO8 T cells/ml were incubated with paramagnectic beads covalently 
coupledd to anti-CD4 monoclonal antibodies (CD4+ T cell isolation kit, Miltenyi 
Biotec,, Bergisch Gladbach, Germany) as described by the manufacturer. 
Subsequently,, lxlO5 purified CD4+ T cells were seeded into the wells that contained 
cytokine-treatedd or untreated monocytes or no APC as a control. T cell activation was 
inducedd by adding soluble anti-CD3 mAb (200 ng/ml, Pharmingen, San Diego, CA). 
Afterr 48 h of co-culture, the proliferative response of the T cells was assessed by 
addingg 1 uCi/well of  3H-thymidine for another 16 h. Results are expressed as cpm
SDD and represent the mean of quadruplicate cultures. 

Immunoassays Immunoassays 
Cell-freee supernatants were harvested at 20 h from cytokine treated or untreated 
monocytee cultures or at 24 h from the co-culture of the T cells and monocytes for the 
determinationn of prostaglandins and cytokines. PGE2 was determined with the 
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Immunoassayy kit from R&D (Abingdon, UK). The sensitivity of this assay was 36.2 
pg/ml.. Production of IL-10 was measured by cytokine specific ELISA from Predicta 
(Genzyme,, MA). The lower detection limit of this ELISA was 5 pg/ml. IL-lp \ TNF-oc, 
IL-6,, TGF-pl, TGF-f}2, and heterodimer IL-12 specific ELISA were obtained from 
R&DD Systems (Minneapolis, MN). The sensitivity of these assay kits was 1 pg/ml, 4.4 
pg/ml,, 0.7 pg/ml, 7 pg/ml, 7 pg/ml, 5 pg/ml respectively. 

Results s 
GM-CSFGM-CSF profoundly decreases the capacity of monocytes to induce antigen-specific 
growthgrowth of TCC 
Thee human house dust-mite specific T cell clone CFTS4:3.1 was used to assess the 
stimulatoryy capacity of different APC. Autologous, EBV-transformed B cells, HLA-
DPP matched, allogeneic MoDC or monocytes were pulsed with specific antigen and 
subsequentlyy added in varying numbers to cultures of resting 4:3.1 TCC. Consistent 
withh published data, MoDC were superior to monocytes or EBV-B cells in their 
capacityy to stimulate T cell proliferation over a wide range of APC/T cell ratios. As 
shownn in Fig. 1 and also indicated by results obtained in a series of similar 
experimentss (n=8), the proliferative response induced by monocytes when used at a 
1/11 ratio (4xl04 APC/well), was comparable with the degree of T cell proliferation 
stimulatedd by MoDC at a 1/10 ratio (4xl03 APC/well). Therefore, these numbers of 
APC/welll  were used in subsequent experiments to allow for a comparison between the 
relativee stimulatory capacity of MoDC and monocytes. 
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Figuree 1. MoDC are more potent stimulators of TCC than monocytes or autologous EBV-B cells. 
Differentt numbers of antigen-pulsed APC, autologous EBV-transformed B cells (B) or allogeneic 
MoDCC and monocytes (Mo) obtained from HLA-Dpw4 matched donors, were co-cultured with TCC 
(4x100 cells/well). The proliferative response was determined at day 3. The results represent the mean 
cpmm (  SEM) of three different experiments. Proliferation values of non-Dpt stimulated TCC have 
beenn subtracted. 
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MoDCC were generated in accordance with published protocols by culture of 
monocytess in media containing GM-CSF and IL-4 for seven days after which they are 
referredd to as immature dendritic cells based on their phenotype [16]. MoDC were 
subsequentlyy washed and pulsed with antigen in the presence or absence of freshly 
addedd GM-CSF or GM-CSF and IL-4 to address the influence of both cytokines on 
antigenn presentation and stimulatory capacity. As shown in Fig. 2, the proli ferative 
responsee of the specific T cell clone was slightly increased by adding fresh cytokines, 
particularlyy GM-CSF, to MoDC when pulsing with antigen. 
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Figuree 2. Treatment of monocytes, but not EBV-B cells or MoDC with GM-CSF during antigen-
pulsingg strongly inhibits antigen-specific stimulation of T cells. The TCC was stimulated by 
autologouss EBV-B cells (B), allogeneic monocytes (Mo) or MoDC that were matched for the 
expressionn of HLA-Dpw4 as restriction element. APC were incubated with antigen (Dpt) for 20h in 
presencee or absence of GM-CSF (300 U/ml) or with GM-CSF and IL-4 (300 U/ml and 120 U/ml, 
respectively).. Data represent the mean cpm (  SEM) of at least 4 independent experiments, except for 
GM-CSFF treated MoDC 2 experiments were performed. Proliferation values of non-Dpt stimulated 
TCCC have been subtracted. 

Thiss result led us to investigate the influence of these cytokines on the stimulatory 
capacityy of monocytes or autologous EBV-B cells. Unexpectedly, the proliferative 
responsee of the TCC was greatly diminished when antigen was presented by 
monocytess pulsed in the presence of GM-CSF and IL-4 as compared to monocytes 
pulsedd in the absence of either cytokine (Fig. 2). T cell growth stimulation was further 
decreasedd (90%) if GM-CSF alone was present during the incubation of monocytes 
withh antigen. As determined in GM-CSF titration experiments, the inhibition of TCC 
proliferationn reached a plateau when using 300 U/ml of GM-CSF, which therefore was 
thee concentration used in all subsequent experiments. This was also confirmed by 
usingg a commercial sample of GM-CSF (R&D Systems) in some of the titration 
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experimentss (data not shown). In contrast, the APC function of autologous EBV-B 
cellss was unaffected by GM-CSF  IL-4. 

GM-CSFGM-CSF treated monocytes secrete PGE2 and a variety of immunomodulatory 
cytokines cytokines 
GM-CSFF has been reported to induce the secretion of prostaglandins by monocytes 
[5,22,23].. Therefore, supernatants harvested after 20 h from monocyte cultures 
containingg GM-CSF or the combination of GM-CSF and IL-4 were assayed for the 
presencee of PGE2 by specific ELISA. As shown in Table 1, high levels of PGE2 were 
foundd in the supernatants of GM-CSF treated monocytes. The production of PGE2 was 
almostt completely suppressed when indomethacin was present during the incubation 
off  monocytes with GM-CSF. Interleukin-4 also inhibited GM-CSF induced PGE2 

productionn to about 90%. 
Sincee GM-CSF may also modulate or directly induce the secretion of other 

mediators,, the same supernatants were assayed for the presence of various cytokines. 
Ass can be seen in Table 1, IL-10, IL-lp \ TNF-ot, and EL-6 were produced by 
monocytess treated with GM-CSF regardless of whether indomethacin was present or 
not.. The addition of IL-4 reduced the production of IL-10 by about 40%, but it also 
inhibitedd the secretion of the potentially T cell stimulatory cytokines IL-lp \ TNF-ot, 
andd IL-6. After subtraction of values found in PCS containing medium (ca. 0.75 
ng/ml)) the levels detected for TGF-pl were always below 0.1 ng/ml and not 
significantlyy affected by GM-CSF. TGF-p2 or IL-12 could not be detected in 
supernatantss of GM-CSF treated monocytes. 

Tablee I . Effect of GM-CSF, DL-4, and indomethacin on cytokine production by 
monocytess 1} 

TGF-pl2)) PGE2 IL-10 IL-10 TNF-a O 

pg/mll  ng/ml 

Mediumm 254 0.3 1 <0.05 <0.05 <0.05 0.3+0.1 

GM-CSFF 40.5 41.0 9 4.7 7 14.1 5 7.5 8 218.6 3 

GM-CSF/indoo n.t. 0.3 1 5.0 1 15.6 0 5.7 2 277.3  10.9 

GM-CSF/IL-44 n.t. 3.5 6 2.9 3 3.8 5 0.6 2 80.1  12.2 

00 Freshly isolated monocytes (lxl06/ml) were stimulated with GM-CSF in the absence or presence of 
indomethacinn (indo) or with GM-CSF and IL-4. Data represent mean cytokine production (  SEM) of 
att least 4 independent experiments. 2> Values for TGF-JÏ1 found in serum containing medium were 
subtracted;; n.t.: not tested. 
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PGEPGE22 but not IL-10 is the major monocyte-derived soluble inhibitor of antigen-
specificspecific T cell proliferation 
Thee issue of whether PGE2 and/or IL-10 were directly responsible for T cell inhibition 
wass addressed in culture supernatant transfer experiments. Supernatants were 
harvestedd from cytokine treated or untreated monocytes and added to the co-culture of 
thee TCC with either antigen-pulsed monocytes, autologous B cells or MoDC. As 
shownn in Fig. 3, supernatants harvested from GM-CSF-treated monocytes were found 
too inhibit T cell clone proliferation regardless of the type of APC used for antigen-
presentation.. In contrast, supernatants harvested from untreated or GM-CSF and 
indomethacinn treated monocytes did not significantly affect T cell growth. This result 
suggestss that PGE2 is the major soluble factor secreted by GM-CSF-treated monocytes 
thatt negatively and directly affects allergen-specific T cell proliferation. 
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Figuree 3. Indomethacin relieves inhibition of T cell growth mediated by supernatant of GM-CSF 
treatedd monocytes. Human T cell clones (4xl04/well) were stimulated by antigen-pulsed EBV-B cells 
(4xl04/well),, monocytes (4xl04/well), or MoDC (4xl03/well) in a 1:1 mixture of culture medium and 
SNN of monocytes that were incubated for 20h in the absence (gray bars) or presence of either GM-CSF 
(blackk bars) or GM-CSF and indomethacin (hatched bars). The degree of T cell proliferation induced 
byy APC in the presence of SN of monocytes not treated with GM-CSF was set at 100% response and 
comparedd to the antigen-specific T cell proliferation induced by the relevant type of APC in the 
presencee of SN(GM-CSF) or SN(GM-CSF/indo). Data represent the mean (  SEM) of 3 independent 
experiments.. Proliferation values of non-Dpt stimulated TCC have been subtracted. 

Inn the next series of experiments we asked which of the mediators produced during 
thee co-culture of antigen-pulsed monocytes and T cell clone were actually responsible 
forr the inhibition of T cell proliferation. Therefore, culture supernatants were 
harvestedd 24 hours after addition of APC to the T cells and the content of IL-10 and 
PGE22 was determined by specific ELISA. As shown in Table 2, high PGE2 levels 
correlatedd with strong TCC suppression (13% growth response). On the other hand, 
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thee highest level of IL-10 was found in the supernatant of the medium control, e.g. T 
cellss stimulated by monocytes pulsed with antigen in the absence of cytokines. It is of 
notee that we still observed an inhibition of T cell growth as compared to the medium 
controll  although PGE2 synthesis was decreased by 90% or even 99% through inclusion 
off  indomethacin or IL-4, respectively, in combination with GM-CSF during antigen 
pulsingg of monocytes (Table 2). 

Thesee data indicated that (i) IL-10 did not mediate T cell growth inhibition directly 
andd (ii) GM-CSF plus IL-4 treated monocytes were able to inhibit T cell proliferation 
duringg co-culture although PGEj synthesis was reduced to background levels. 

Tablee II  Cytokine production during antigen-specific TCC stimulation by 
monocytes s 

Moo treatment: 

Medium m 

GM-CSF F 

GM-CSF/indo o 

GM-CSF/IL-4 4 

TCCC response 
(%) ) 

100 0 

13.0+1.9 9 

36.11 8 

32.66 4 

PGE2 2 

(ng/ml) ) 

0.55  0.2 

24.22 + 8.1 

2.33 4 

0.22 1 

IL-10 0 
(ng/ml) ) 

2.33 8 

0.66 1 

1.00 3 

1.00 3 

Priorr to co-culture with TCC (5x10s cells), monocytes (5xl05 cells) were incubated with Dpt in the 
absencee or presence of either GM-CSF or GM-CSF and indomethacin (indo) or TLA. Cell-free 
supernatantt was collected 24h after specific T cell stimulation. The percent of TCC response (  SEM) 
iss shown relative to that induced by antigen-pulsed non-treated monocytes. The levels of IL-10 and 
PGE22 are expressed as the mean (  SEM) of at least 3 independent experiments. 

TCCTCC proliferation is partially restored by indomethacin, anti-IL-10 antibody or 
exogenousexogenous IL-2 
Sincee previous reports demonstrated IL-10 to inhibit antigen presentation by 
mononuclearr cells, we tested whether the addition of neutralizing anti-IL-10 antibody 
alonee or in combination with indomethacin would restore the ability of monocytes to 
fullyy activate the TCC. As shown in Kg. 4, antigen-pulsing of monocytes in the 
presencee of GM-CSF and anti-IL-10 antibody slightly relieved inhibition of TCC 
proliferation.. This effect was comparable to that achieved by blocking PGE2 through 
thee addition of indomethacin. However, by combining anti-IL-10 antibody with 
indomethacinn at the time of monocyte incubation with antigen and GM-CSF, T cell 
proliferationn was restored to about two-thirds of the level that was stimulated by 
monocytess pulsed in the absence of GM-CSF. Moreover, if indomethacin was 
supplementedd to the co-culture of monocytes and T cells in order to block ongoing 
PGE22 synthesis, T cell growth was still inhibited by about 35% when compared to 
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controll  level of TCC proliferation induced by non-treated antigen-pulsed monocytes in 
thee presence of exogenous indomethacin. 

Onee of the most obvious reasons for reduced growth response would be the failure 
too synthesize sufficient IL-2, perhaps due to small quantities of PGE2 that were not 
detectedd in the ELISA. To exclude this possibility, excess amounts of IL-2 (50 U/ml) 
weree added at the start of the T cells stimulation assay. As shown in Fig. 4, GM-CSF 
orr GM-CSF and indomethacin treated, antigen-pulsed monocytes induced not more 
thann about half-maximal proliferation of the TCC when compared to the control level 
off  TCC proliferation induced by non treated antigen-pulsed monocytes in the presence 
off  exogenous IL-2. 

presen tt  durin g 
co-culture : : 

ind o o 

ind o o 

IL-2 2 

IL-2 2 

IL-2 2 

Moo treatment : 

mediu m m 

GM-CSF F 

GM-CSF// ind o 

GM-CSF/anti-IL-1 0 0 

GM-CSF// indo / anti-IL-1 0 

mediu m m 

GM-CSF// ind o 

mediu m m 

GM-CSF F 

GM-CSF// ind o 

Ag-specifi cc  TCC growt h respons e (%) 
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Figuree 4. TCC proliferation is partially restored by indomethacin, anti-IL-10 or exogenous IL-2. Prior 
too co-culture with TCC, monocytes were incubated with Dpt in culture medium that was further 
supplementedd with GM-CSF, indomethacin (indo), or anti-IL-10 antibody as indicated. Indomethacin 
orr IL-2 was also added to the co-culture of T cells and cytokine treated or non treated monocytes. 
Shownn is the percent of growth response of TCC relative to that induced by antigen-pulsed non treated 
monocytes.. Data represent mean (  SEM) of at least 4 experiments. Proliferation values of non-Dpt 
stimulatedd TCC have been subtracted. 

GM-CSFGM-CSF mediated inhibition of monocyte APC function is transient 
Generally,, GM-CSF is believed to convert monocytes into APC with enhanced T cell 
stimulatoryy function. Therefore we reasoned that the suppression of T cell growth by 
monocytess presenting antigen after their culture in the presence of GM-CSF should be 
transient.. To address this question, monocytes were treated for 1, 2, or 5 days, 
respectively,, with GM-CSF and were subsequently co-cultured with the TCC. The 
TCCC response induced by monocytes treated for 1 day with GM-CSF was inhibited, as 
shownn before (Fig. 5). However, monocytes treated for two days with GM-CSF 
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inducedd a TCC reponse comparable to the control level of TCC proliferation induced 
byy monocytes pulsed 1 day with antigen in the absence of cytokines. Monocytes 
treatedd for five days with GM-CSF were superior to non treated monocytes in their 
capacityy to stimulate T cell proliferation. 
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Figuree 5. Inhibitory effect by GM-CSF treated 
monocytess on TCC proliferation is transient. 
Monocytess were either pulsed 1 day with 
antigenn in the absence of cytokines, washed, 
andd used as APC or were incubated with GM-
CSFF for 1 day, 2 days, or 5 days respectively. 
Duringg the last day of cytokine treatment the 
mediumm was supplemented with Dpt. Different 
numberss of antigen-pulsed monocytes were co-
culturedd with TCC (4xl04cells/well). The 
proliferativee response was determined at day 3. 
Dataa represent the mean cpm (  SEM) of 4 
independentt experiments. 
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Figuree 6. GM-CSF dose-dependently de-
creasess monocyte accessory function for 
polyclonallyy stimulated autologous T cells. 
2x100 monocytes were seeded per 96-well and 
treatedd with increasing concentrations of GM-
CSFF in the absence (T) or in the presence of 
indomethacinn . After 16 h, they were 
washedd in CM and lxlO5 autologous CD4+ T 
cellss were added to each well followed by the 
additionn of soluble anti-CD3 mAb (200 ng/ml 
finalfinal concentration). The proliferation was 
determinedd at day 3. No proliferation was 
detectedd in wells that contained only 
monocytess or T cells (cpm <250). Results 
obtainedd in one of three similar experiments 
aree shown (means of cpm  SD). 

GM-CSFGM-CSF dose-dependently decreases the accessory function of monocytes for anti-
CD3CD3 activated autologous polyclonal CD4+ T cells 
Havingg demonstrated the reduced capacity of GM-CSF treated monocytes to stimulate 
thee antigen-specific proliferation of an HLA-DP matched T cell clone we asked 
whetherr the same phenomenon can be seen in a non-cognate model of T cell 
activation.. To address this question we have used highly purified CD4+ T cells that 
weree activated by soluble monoclonal anti-CD3 antibody in the presence of autologous 
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monocytess treated before with increasing doses of GM-CSF. Since PGE2 induced by 
GM-CSFF is likely to be one of the mediators responsible for inhibition of T cell 
proliferation,, we also included indomethacin during the incubation of the monocytes 
andd their co-culture with the T cells. The results of a representative experiment are 
shownn in Fig. 6. It is obvious that GM-CSF incubation of the monocytes prior to the 
additionn of T cells and anti-CD3 antibody dose-dependently decreases their accessory 
function.. The use of indomethacin both during the incubation of monocytes with GM-
CSFF and during the co-culture period partially restored the growth response of T cells 
culturedd in the presence of monocytes treated with higher doses of GM-CSF. 

Discussion n 
Inn this study, we have shown that GM-CSF mediated a strong inhibition (ca. 90%) of 
specificc memory T cell proliferation when present during the incubation of monocytes 
withh antigen. The strong suppressive effect of GM-CSF was slightly reversed by IL-4 
sincee the combination of both cytokines with antigen during APC pulsing still resulted 
inn about 70% inhibition of TCC proliferation. In contrast, a small stimulatory effect on 
TT cell growth was obtained if MoDC were pulsed with antigen in the presence of GM-
CSFF or GM-CSF and IL-4. Because both cytokines are widely used to promote the 
differentiationn of monocytes into potent antigen-presenting cells in vitro [16,17], a 
profoundd suppression of specific recall T cell responses as a result of treating 
monocytess with GM-CSF alone or in combination with IL-4 was not anticipated. 
Therefore,, we also investigated the stimulatory capacity of monocytes that were 
incubatedd with GM-CSF for two or five days. This experiment revealed that the 
inhibitionn of T cell growth by GM-CSF treated monocytes was transient. 

Ass demonstrated by others and in this study, GM-CSF can induce monocytes to 
secretee mediators that negatively affect T cell functions, particularly PGE2 and IL-10. 
Inn fact, PGE2 appeared to be the major soluble inhibitor, as shown by the transfer of 
supernatantss obtained from GM-CSF or GM-CSF and indomethacin treated monocytes 
too co-cultures of T cells and antigen-pulsed APC (EBV-B cells, MoDC or untreated 
monocytes).. Conversely, IL-10 did not seem to inhibit T cell growth directly because 
highh IL-10 levels were found in the supernatant of T cells co-cultured with untreated 
antigen-pulsedd monocytes (Table 2). The results shown here would be more consistent 
withh an indirect inhibition of antigen presentation via the release of IL-10 from GM-
CSFF treated monocytes. This is in line with a previous report showing IL-10 mediated 
inhibitionn of antigen-specific T cell proliferation only if monocytes but not if EBV 
transformedd B cells were used as APC [10]. Later it was shown that IL-10 decreased 
thee level of antigen/MHC class II complexes by reducing ability of monocytes to 
efficientlyy transport newly synthesized, peptide loaded MHC class II molecules to the 
plasmaa membrane [24]. Although the level of expression of HLA class II antigens or, 
moree specifically, HLA-DP molecules on monocytes was not decreased after 20 h of 
incubationn with GM-CSF (FACS data not shown), it still remains possible that IL-10 
secretedd during antigen pulsing caused a decrease of the fraction of HLA-DP 
moleculess that became successfully loaded with specific peptides. Consistent with this 
assumptionn is the partial restoration of T cell growth induced by monocytes treated 
withh GM-CSF in the presence of anti-IL-10 antibody. 
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Itt is noteworthy, that IL-2 added to the co-culture of the T cell clone and antigen-
pulsed,, GM-CSF treated monocytes failed to relieve growth inhibition to more than 
aboutt 50%. Even the combination of indomethacin and anti-IL-10 did not completely 
restoree the T cell response. Taken together, these data indicate a cell contact dependent 
inhibitionn by GM-CSF treated monocytes as opposed to insufficient co-stimulation. 
Thee latter was addressed by FACS analysis of the relative expression level of CD40, 
CD80,, and CD86 on monocytes treated with GM-CSF as compared to untreated 
monocytes.. We could not detect a significant modulation of the expression of these 
surfacee receptors (data not shown). 

Severall  reports describe GM-CSF induced immune suppressor cells that resemble 
immaturee cells of the monocyte lineage [14,15,25]. Recently, CD14+ monocytes 
presentt in mobilized stem cell products have been reported to inhibit T cell function 
onlyy via cell-cell contact [26]. At least in part, this is consistent with the results 
obtainedd in this study since the inhibition seen in co-culture experiments was always 
farr more pronounced than the suppression obtained in supernatant transfer 
experiments.. Soluble factors like PGE2 and IL-10 are known as general inhibitors of 
naivee T cell proliferation. This led us to investigate the GM-CSF mediated reduction 
off  monocyte accessory function in a non-cognate stimulation system. As shown in 
Fig.6,, GM-CSF dose-dependently decreased the capacity of purified monocytes to 
supportt the polyclonal proliferation of autologous T cells activated by soluble anti-
CD33 mAb. As seen in the cognate situation, the accessory function was partially 
restoredd by addition of indomethacin during monocyte incubation and T cell co-
culture. . 

Recentlyy Kalinski et al. [27] showed that PGE2 facilitates the cytokine-induced final 
maturationn of MoDC and that these PGF^-matured MoDC could bias the 
differentiationn of naive Th cells toward Th2 due to their greatly diminished capacity to 
secretee bioactive DL-12. These data together with the results shown in the present study 
wouldd imply that monocytes infiltrating an inflammatory environment, for example 
thee synovial joints in rheumatoid arthritis, where GM-CSF is abundantly expressed 
[28,29],, are activated to secrete nigh levels of PGE2 and thereby influence not only the 
finall  maturation process of MoDC but also contribute to the direct inhibition of Thl 
celll  proliferation and an anti-inflammatory effect via immune deviation from a Thl 
intoo a Th2 dominated response. 
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Chapterr 3 

Summary y 
Immaturee dendritic cells (DC) reside in peripheral tissues, where they pick up and 
processs incoming pathogens via scavenger receptors or Fc receptors such as FcyR and 
FceR.. At mucosal surfaces IgA is the main immunoglobulin to protect the body from 
incomingg pathogens. In addition, DC are present in high numbers at these sites. We 
detectedd expression of FcaR (CD89) on the CD14+ population of CD34+ progenitor-
derivedd DC and on monocyte-derived DC (MoDC). However, CD89 expression was 
stronglyy decreased upon differentiation from monocyte to DC. We found only minimal 
bindingg of serum IgA to MoDC but strong binding of secretory IgA (SIgA). The SIgA 
bindingg to MoDC could not be blocked by anti-CD89 blocking antibodies. DC 
efficientlyy internalized SIgA, but not serum IgA, and uptake of SIgA could be blocked 
byy specific sugars or partially by Ab reactive with mannose receptor (MR). 
Importantly,, binding and uptake of SIgA was not accompanied by signs of DC 
maturation,, such as increased expression of CD86 and CD83 or induction of cytokine 
secretion.. These data indicate that SIgA can interact with DC not via CD89 but via 
carbohydrate-recognizingg receptors like MR and suggest that uptake of SlgA-
containingg immune complexes by immature DC may be a mechanism to modulate 
mucosall  immune responses. 

Introductio n n 
Mucosall  tissues are heavily populated with cells of the immune system, including 
dendriticc cells (DC) (1,2). In their immature state, DC are very efficient in antigen 
capturee and can use several pathways such as macropinocytosis or phagocytosis of 
viruses,, bacteria (3, 4), apoptotic and necrotic cell fragments (5, 6), as well as 
intracellularr parasites (7, 8). In addition, C-type lectin receptors (mannose receptor, 
DEC-205)) (9-11) or Fc receptors such as Fey receptor types I (CD64) and II (CD32) 
(12-14),, and FceR type I (15,16) are able to mediate endocytosis of immune 
complexess (IC) or opsonized particles for antigen-presentation in DCs. This event of 
antigenn uptake, is thought to induce activation, migration and maturation of the DC 
andd represents the first critical step in the immune response. Dendritic cells of mucosal 
surfacess have been described to pick up antigen and migrate out of mucosal tissues to 
drainingg lymph nodes for antigen-presentation to T cells (17). However, recent studies 
showw that immature DC migrate constitutively from peripheral tissues in the absence 
off  any antigenic or inflammatory stimuli (18). 

AA prominent feature of immune responses at mucosal sites is the synthesis of IgA. 
IgAA is mainly expressed in two distinct forms: serum IgA being predominantly 
monomelic,, and secretory IgA (SIgA) in external fluids, which consists of dimeric IgA 
containingg a joining J chain and secretory component as a result of the transcytosis 
processs (19, 20). SIgA is considered the first line of defence to protect the body 
againstt incoming pathogens. Since responses against commensal bacterial flora and 
dietaryy antigens are harmful, SIgA is proposed as a non- or even anti-inflammatory 
antibodyy (21-24). In contrast, serum IgA was shown to initiate effector functions like 
complementt activation, respiratory burst activity, or phagocytosis (19, 25). 
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BindingBinding and uptake of SIgA by DC without activation 

Interactionn of IgA with FcR for IgA (FcctR) are considered to play an important role in 
thee protection against infections. The first and best characterized specific receptor for 
IgAA in humans is the FcaRI (CD89). The expression of human FcocRI has been found 
onn monocytes, macrophages, granulocytes and eosinophils (20,26,27). However, littl e 
informationn exists concerning the CD89 expression on DC populations of myeloid 
origin.. Myeloid DC have been characterized and in vitro cultures of DC from 
peripherall  blood monocytes and CD34+ selected cells have been established (28, 29). 
Inn this study we investigated how CD89 expression is regulated during DC 
developmentt and studied whether DC can bind and take up IgA. 

Wee detected low levels of CD89 expression on a distinct population of CD34+-
derivedd DC and on monocyte-derived DC (MoDC). Binding of SIgA to DC was 
superiorr to binding of serum IgA and could not be inhibited by anti-CD89 blocking 
antibodies.. Interestingly, uptake of SIgA was not accompanied by DC maturation. 
Uptakee of SIgA by DC was highly efficient and could be blocked by specific sugars or 
partiallyy by Abs reactive with mannose receptor (MR). These data indicate that SIgA 
cann interact with DC not via CD89 but via carbohydrate-recognizing receptors such as 
MR. . 

Material ss and Methods 
Biochemicals Biochemicals 
Alexaa Fluor™ 488 protein labeling kit was obtained from Molecular Probes Inc. 
(Leiden,, the Netherlands). Conjugation of different proteins with Alexa was done 
accordingg to protocol supplied by the manufacturer. BSA Fraction V, FTTC-conjugated 
BSA,, FITC-labeled mannosylated BSA, mannan derived from Saccharomyces 
cerevisiae,cerevisiae, the monosaccharides D-galactose, D-glucose, L-fucose, N-
acetylglucosaminee and human secretory IgA were purchased from Sigma (St. Louis, 
MA) .. Human serum IgA was obtained from ICN Pharmaceuticals (Aurora, OH). 

IsolationIsolation and culture of MoDC and CD3tf-derived DC 
PBMCss were isolated by density gradient centrifugation of buffy coats from healthy 
donorss using Lymphoprep (Nycomed, Oslo, Norway) and were cryopreserved in liquid 
nitrogen.. Mononuclear cells were thawed and used immediately for immunomagnetic 
selectionn with Monocyte Isolation Kit (Miltenyi Biotech, France). Isolation of 
monocytess was performed as described by manufacturer. Purified cells were typically 
>95%% CD14+ as determined by flow cytometry. 

Too obtain MoDC, monocytes (6xl05 cells/well) were cultured in RPMI 1640 
Glutamax-II  medium containing kanamycin (100u.g/ml) and 10% PCS (Life 
Technologies,, Cergy, France) and supplemented with 500 U/ml rhGM-CSF and 250 
U/mll  rhIL-4 (both cytokines were purchased from R&D Systems, Minneapolis, MN). 
Inn most experiments, except where noted, MoDC were harvested for use in assays 
afterr 5 to 7 days in culture. Analysis by flow cytometry revealed that preparations 
consistedd of a homogeneous population of CDla+, CD14|0W/", CD83low/, mannose 
receptorr (MR)+ , HLA-DR+ expressing cells. This surface marker profile is 
characteristicc of immature DC which are thought to efficiently take up and process 
exogenouss Ags. 
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CD34++ hematopoietic progenitor cells were isolated from umbilical cord blood 
sampless and used in cultures to generate immature DC as described before (28). In 
brief,, CD34+ cells were isolated from mononuclear fractions through positive selection 
usingg anti-CD34-coated microbeads and Midi-Macs separation columns (both from 
Miltenyii  Biotec GmBH, Bergish Gladbach, Germany). After cryopreservation, cells 
weree cultured in RPMI 1640 containing 10% heat-inactivated FCS, 10 mM Hepes, 2 
mMM L-glutamine, 50 DM 2-mercaptoethanol and Pen/Strep supplemented with GM-
CSFF (100 ng/ml, Schering-Plough Research Institute, Kenilworth, NJ), SCF (25 ng/ml, 
R&D,, Abington, UK), TNF-a (2.5 ng/ml R&D) and 5% AB+ pooled human serum. 
Forr FACS analysis, cells were collected after 6 days of culture. 

Thee CD89-expressing cell line U937 (ATCC nr. CRL-1593.2) (30) was cultured in 
RPMII  1640 medium supplemented with 10% FCS. 

AntibodiesAntibodies and flow cytometry 
Cellss were incubated for 30 minutes at 4°C in FACS buffer 
(PBS/0.5%BSA/0.02%azide)) with a series of FTTC- or PE-conjugated mAbs 
recognizingg human antigens. The following mAbs were used for immunofluorescent 
staining:: CDla (T6), MR (3.29B1.10), CD83 (HB15a), CD14 (My4) (all obtained 
fromm Coulter/hnmunotech, France), CD86 (FUN-1) and CD89 (A59) (both obtained 
fromm Pharmingen,San Diego, CA). The CD89 mAbs A59 and 7D7 were both shown to 
reactt with the membrane-proximal extracellular (EC)2 domain, whereas the blocking 
mAbb 2D 11 was shown to react with the EC1 domain of FcaRI (31). Monoclonal Ab 
reactivee with mannose receptor (clone 19) for flow cytometry and inhibition studies of 
IgAA binding was purchased from Pharmingen. After washing, the cells were analyzed 
byy flow cytometry (Coulter EPICS XL, Coulter Electronic, Miami, FL or FACScan, 
BecktonDickinson,, San Jose, CA). Cells were electronically gated according to light 
scatterr properties in order to exclude cell debris. Data analysis was performed by 
WinMDII  software. 

BindingBinding and detection of IgA 
Too examine IgA binding, 5xl04 DC were incubated in FACS buffer with IgA (250 
fig/ml)) for 1 hour at 4°C. After washing, cells were incubated for 1 hour with PE-
labeledd F(ab')2 fragments of goat-anti-human IgA antibody (Southern Biotechnology, 
Birmingham,, AL). The stained cells were analyzed by flow cytometry. To define the 
specificityy of the binding of IgA to CD89, blocking studies were performed using the 
anti-CD899 blocking mAb 2D11. Briefly, 2D11 mAb or an isotype-matched irrelevant 
controll  mAb was added to the cells and incubated at 4°C. After 15 minutes, IgA was 
addedd and the cells were stained and analyzed for IgA binding by FACS as described 
above. . 

QuantitativeQuantitative analysis ofligand uptake by cells 
Cellss were harvested and resuspended in RPMI 1640 medium (without serum) 
containingg 0.5% BSA. Alexa-labeled ligands or FITC-conjugated ligands (1 (J.g/ml) 
weree diluted in RPMI medium, then added to 5xl04 cells, followed by 1 hour 
incubationn at either 37°C or 4°C (negative control), as previously described (32). For 
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bindingg inhibition studies mAbs or saccharides were added at the onset of incubation. 
Uptakee was stopped by extensively washing the cells in ice cold medium before 
examinationn by flow cytometry. 

ActivationActivation of DC for cytokine production and phenotypical analysis 
Immaturee DC were harvested, washed extensively, and stimulated with SIgA cross-
linkedd with F(ab')2 goat anti-human IgA (Southern Biotechnology, Birminghm,AL) or 
LPSS (lug/ml) and IFN-y (103 U/ml). After 20h, cells were harvested and CD86 and 
CD833 expression were assessed by flow cytometry. At the same time, cell-free 
supernatantss were collected and stored at -20°C before determination of IL-12p70, IL-
6,, and IL-10 levels by ELISA (Opt EIA™ Pharmingen, San Diego, CA). The 
sensitivityy of IL-12p70, DL-6, and IL-10 detection was 10 pg/ml. 

RNARNA isolation and RT-PCR analysis 
Forr PCR analysis, total RNA was isolated using RNAzol (Campro, Veenendaal, the 
Netherlands),, a method based on the guanidium chloride isolation according to 
manufacturer'' s instructions. Quantity aiupurity of RNA preparations were determined 
byy measuring the OD at 260 and 280 nm. Fixed amounts of total cellular RNA (1 (ig) 
weree reverse transcribed into cDNA by oligo-dT priming, using M-MLV reverse 
transcriptasee (Gibco/Life Technologies). The amplification of cDNA by PCR was 
performedd using the following CD89 specific primer sets: forward 5'-
gaggattcaggcacaggaag-3',, reverse 5'-tctctcctggcatcaacacc-3' (product 370 bp) and 
forwardd 5'-ccatgcctttcatatetgcc-3', reverse 5'-gttgtaccaaccgtagcacc-3' (product 515 
bp),, and the p-actin primer set: forward 5'-ctacaatgagctgcgtgtgg-3\ reverse 5'-
aaggaaggctggaagagtgc-3'' (product 527 bp). PCR amplification was performed under 
standardd conditions (50 mM KC1, 10 raM Tris-HCl pH 8.4, 2 mM MgC12,0.06 mg/ml 
BSA,, 0.25 mM dNTP's, 25 pmol of each primer and 1 U of Taq polymerase; Perkin 
Elmer,, Norwal, CO) by 35 cycles of the following scheme: 1.5 min 95 °C, 2.5 min 60 
°C,, 1.5 min 72 °C, followed by 10 min of primer extension at 72 °C. PCR products 
weree analyzed on a 1% agarose gel containing ethidium bromide. Final results were 
registeredd using the Eagle eye (Stratagene, San Diego, CA). 

Results s 
ExpressionExpression ofCD89 on DC derived from CD34*precursor cells 
Att day 6, CD34+-derived cells cultured in the presence of GM-CSF and TNF-a 
expressedd low but significant levels of CD89 (Fig. 1A). With two different mAbs 
againstt CD89 a similar expression was found. It has been shown that CD34+ 

hematopoieticc progenitor cells differentiate along two distinct DC pathways based on 
thee reciprocal expression of CDla or CD14 antigens (33). To better characterize CD89 
expressionn on the two CD34+-derived DC populations a triple staining was performed 
allowingg specific analysis of both CD14+/CDla" and CD147CDla+ expressing cells. 
Interestingly,, the CDla+ precursors expressed lower levels of CD89 compared to the 
CD14++ precursors (Fig. IB). Expression remained low until the stage of fully 
differentiatedd DC was reached at day 12 of culture (data not shown). The CD14+-
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precursorss have features of dermal DC and blood DC (33) and are likely linked to the 
monocyticc lineage. 

CD899 (7D7) CD89(2D11) ) 

B B 

CD1a-FITC C 

CD89-TRI I 

CD14+CD1a-- DC 

k k 
CD89-TRI I 

CD14CD1a++ DC 

Figuree 1. Expression of CD89 on CD34+-derived dendritic cells. A, CD34+ precursor cells were 
isolatedd from cord blood and cultured in GM-CSF plus TNF-a as described in Materials and Methods. 
Att day 6 of culture, cells were analyzed for CD89 expression using two different monoclonal 
antibodiess as indicated. Specific staining (thin line) is compared to an overlay of isotype matched 
controll  antibody (bold line). B, Dendritic cells derived from CD34+ precursors develop along two 
independentt pathways as shown by CD14 and CDla double staining. At day 6 of culture, CD89 
expressionn on these subpopulations of DC was analyzed by triple staining (thin line) compared with 
controll  antibody (bold line). 

ExpressionExpression ofCD89 on CD14*-derived dendritic cells 
Wee investigated regulation of CD89 expression during monocyte-derived DC 
differentiation.. High expression of CD89 was detected on monocytes at the onset (day 
0)0) of DC culture and on the U937 cell line used as a positive control (Fig. 2A). 
However,, CD89 expression was strongly downregulated upon differentiation to MoDC 
(Fig.. 2A). Kinetic experiment showed that the strongest decrease at the protein level 
wass found between day 2 and day 6 of DC development (Fig. 2B). 

Reversee transcription (RT)-PCR analysis showed a similar decrease in CD89 
mRNAA expression during DC development (Fig. 3). Comparable results were found 
withh two different primer pairs, resulting in the expected size of PCR products, 
excludingg alternative splicing or contamination of chromosomal DNA. RT-PCR of the 
myeloidd cell line U937 was used as a positive control. 
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Figuree 2. Expression of CD89 is strongly downregulated during MoDC generation but still detectable 
whenn cells reach dendritic cell stage. A, Expression of CD89 was analyzed on U937 cells, MoDC day 
00 and MoDC day 8. B, During MoDC generation the expression of CD89 was analyzed by flow 
cytometry.. This result represents mean fluorescence intensity  SD of 4 different donors. 
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Figuree 3. PCR analysis of CD89 
expressionn during development from 
monocytee to MoDC. Total RNA was 
isolatedd from monocytes before and 
duringg culture in GM-CSF plus IL-4 
att indicated time points. Total RNA 
wass reverse transcribed, and PCR 
forr CD89 and P-actin were 
performedd using specific primer 
sets.. Shown is the ethidium bromide 
stainingg of PCR products analyzed 
onn a 1 % agarose gel. 
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SIgASIgA binds to MoDC but the binding is not mediated via CD89 
Thee IgA binding potential of MoDC was analyzed by flow cytometry. The cell line 
U9377 was taken along as a positive control. Incubation of U937 cells or MoDC with 
serumm IgA revealed high binding of serum IgA to U937 cells but minimal binding to 
MoDCC (Fig. 4A), which is compatible with higher CD89 expression on U937 cells as 
comparedd to MoDC (Fig. 2A). We next studied SIgA binding to U937 cells or MoDC. 
Inn this case, SIgA showed better binding to MoDC than to U937 cells (Fig. 4A). To 
determinee whether the binding of SIgA to MoDC was mediated by CD89, cells were 
exposedd to SIgA in the presence and absence of the anti-CD89 blocking mAb 2D11 
andd subsequently assessed for binding of IgA. The anti-CD89 blocking mAb 2D11 did 
nott reduce the binding of SIgA to MoDC, suggesting the involvement of another 
receptorr (Fig. 4B). Binding of serum IgA to U937 cells could nearly completely be 
blockedd by the 2D11 mAb (Fig. 4B). No inhibition was found with an isotype-matched 
controll  antibody. 
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Figuree 4. Secretory IgA binding to MoDC can not be inhibited by functional blocking anti-CD89 Ab. 
MoDCC (left panel) or U937 cells (right panel) were incubated with serum IgA or SIgA (A). 
Subsequently,, cells were washed and stained with goat anti-human IgA F(ab')2-PE conjugate (bold 
line).. Cells incubated with only the secondary reagent served as negative control (thin line). B, Prior to 
incubationn with SIgA for MoDC or serum IgA for U937 cells, the cells were incubated with control 
mAbb (thin line) or anti-CD89 blocking mAb 2D11 (bold line). Subsequently, cells were washed and 
stainedd with goat anti-human IgA F(ab')2-PE conjugate. The dotted lines indicate mean staining 
obtainedd with cells incubated with only the secondary reagent. Fluorescence was analyzed by flow 
cytometry. . 
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HumanHuman dendritic cells efficiently internalize SIgA 
Too study the fate of SIgA bound to MoDC we analyzed the uptake of IgA by immature 
MoDC.. The cells were incubated with Alexa-labeled ligands at either 37°C or 4°C, as 
describedd previously (33). Uptake of SIgA by MoDC after incubation for 1 h at 37°C 
wass more efficient than using the same concentration of serum IgA (Fig. 5A). 
Labelingg occurred only at 37°C, and not at 4°C, suggesting that the ligand is 
internalizedd by MoDC at 37°C. No labeling was found after incubation of U937 cells 
(Fig.. 5B) or EBV-transformed B cells (data not shown) with either SIgA or serum IgA 
forr 1 h at 37°C. 

Figuree 5. Secretory 
IgAA is efficiently 
takenn up by MoDC 
butt not by U937 cells. 
Dendriticc cells (A) or 
U9377 cells (B) were 
incubatedd with Alexa-
labeledd SIgA or 
serumm IgA at either 
37°CC (black bars) or 
4°CC (hatched bars) 
forr 1 h. Cells were 

00 50 100 150 200 250 0 50 100 150 200 250 then analyzed by flow 
cytometry.. One rep-

Uptakee (Mean Fluorescence Intensity) resentative experi-
mentt out of four is 
shown. . 

UptakeUptake of SIgA can be inhibited by some monosaccharides and Abs against 
mannosemannose receptor 
Sincee the secretory component (SC) in SIgA is abundantly glycosylated (19), we 
hypothesizedd that a receptor with lectin-like properties may be required for binding 
andd internalization of SIgA. To further characterize the interaction of SIgA with DC, 
Alexa-labeledd uptake of SIgA and BSA was measured in the presence of 100 mM 
monosaccharidess (Fig. 6). Uptake of SIgA was blocked by mannose (Man) and fucose 
(Fuc),, and to a lesser extent by N-acetylglucosamine (NAcGlc). Galactose (Gal) was 
unablee to inhibit uptake of SIgA. None of the monosaccharides were able to inhibit the 
uptakee of BSA, which is in line with the fact that DC take up BSA via fluid phase 
endocytosis. . 

Thee pattern of inhibition of SIgA internalization is consistent with uptake being 
mediatedd by mannose receptor (MR), as shown previously (34). High expression of 
MRR could be detected on immature MoDC, as has been described in previous studies 
(9),, whereas U937 cells completely lack surface expression of MR (Fig. 7A). 
Internalizationn of SIgA by MoDC in the presence of 10 u.g/ml blocking Ab against 
MRR was only partially inhibited (Fig. 7B). Percentage of inhibition of SIgA uptake by 

serumm IgA 

SIgA A 
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MoDCC did not change using blocking MR Abs at higher concentration (data not 
shown).. The anti-CD89 blocking mAb 2D 11 did not reduce SIgA uptake by MoDC 
(Fig.. 7B), which is in line with binding studies depicted in Fig. 4. 
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Figuree 6. Uptake of Secretory IgA by MoDC can be blocked by saccharides that bind to mannose 
receptor.. Dendritic cells were incubated at 37°C for 1 h with either Alexa-conjugated SIgA (black 
bars)) or Alexa-labeled BSA (white bars) in the presence of the indicated monosaccharides (lOOmM) or 
mediumm alone. Internalized conjugate was detected as in Fig. 5. Percentage of uptake is expressed 
relativee to uptake in the absence of competitors. One representative experiment out of four is shown. 
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Figuree 7. Internalization of SIgA by 
MoDCC is influenced by blocking Abs 
againstt mannose receptor. A, U937 cells 
andd MoDC were analyzed by flow 
cytometryy for MR expression. Bold line 
histogramm shows specific Ab staining; 
thinn line histogram shows control. B, 
Dendriticc cells were incubated at 37°C 
forr 1 h with Alexa-conjugated SIgA in 
thee presence of the indicated blocking 
Abss or medium alone. Percentage of 
uptakee is expressed relative to uptake in 
thee absence of blocking Abs. One 
representativee experiment out of three is 
shown. . 
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BindingBinding and uptake of SIgA does not induce dendritic cell activation or maturation 
Wee next investigated whether internalization of SIgA by DC would induce DC 
activationn and maturation, as described for serum IgA (35). Cross-linking of SIgA 
failedd to activate DC as the expression of CD86 did not change (Fig. 8A) and CD83 
wass not induced (data not shown). As a positive control, DC incubated with LPS plus 
IFN-yy showed increased CD83 and CD86 expression (Fig. 8A). In addition, we 
examinedd whether preincubation of DC with SIgA-complexes could induce DC to 
producee cytokines. No increased production of IL-10, IL-12p70, or IL-6 by DC could 
bee detected after SIgA cross-linking, while LPS plus IFN-y induced strong IL-12p70 
andd IL-6 and low IL-10 production by the same DC (Fig. 8B). 

mediu mm SIgA complexe s LPS + IFN-y 

vfvf io'  W 
\A \A 

10'' 10' W 1? 18' 

CD866 expressio n 

B B 

mediu m m 

SIgAA complexe s 

LPSS + IFN-y 

00 2 4 6 0 20 40 0 200 400 
IL-6(ng/ml )) IL-10 (pg/ml ) IL-12(pg/ml ) 

Figuree 8. SIgA complexes do not induce CD86 up-regulation or cytokine production by MoDC. A, 
Cellss were analyzed by flow cytometry for CD86 expression after 20h of culture upon exposure to 
mediumm (left histogram), SIgA complexes (middle histogram), and LPS plus IFN-y (right histogram). 
Boldd line histograms depict specific Ab staining; thin line histograms depict control. B, Culture 
supernatantss of MoDC described above were collected and assayed for IL-6, IL-10, and IL-12p70 
usingg specific ELISA. Dotted line indicates detection limit of ELISA for EL-10 and IL-12p70 
respectively.. < Indicates below detection limit. One representative experiment out of three is shown. 

Discussion n 
Thee most abundant isotype of antibody in secretions is SIgA and its role in the 
mucosall  immune system is very important. It provides an immune barrier to keep 
exogenouss substances, like microbial pathogens, from penetrating the mucosae. In 
orderr to keep homeostasis IgA should not trigger inappropriate inflammation. In the 
presentt study, we show for the first time that SIgA binds to DC, which play a crucial 
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rolee in the immune system (36). In addition, we show that SIgA is efficiently taken up 
byy DC and that this internalization is primarily mediated via mannose receptor without 
inducingg DC maturation. 

AA better understanding of IgA-mediated mucosal immunity requires insights into 
thee interaction between IgA and receptors present at mucosal surfaces. A number of 
differentt cell types have been previously shown to bind IgA, but only one receptor, 
specificc for IgA, has been cloned. The expression of FcotRI (CD89) seems to be 
largelyy restricted to cells of the myeloid lineage (20, 26, 27). In the present study, we 
showw low levels of CD89 expression on MoDC and the CD14+-expressing 
subpopulationn of CD34+-derived DC but we could not detect CD89 expression on the 
CDla++ subpopulation of CD34+-derived DC that resemble Langerhans cells. Our data 
aree in line with recent in vitro studies that showed CD89 expression on a 
subpopulationn of MoDC resembling dermal DC but absence of CD89 on monocyte-
derivedd Langerhans cell-type DC (35). In addition, in vivo studies on frozen skin 
sectionss showed presence of CD89 on dermal DC but no staining of CD89 on 
Langerhanss cells (35). 

Too further investigate the interaction of IgA with DC we concentrated on MoDC 
becausee they represent a more homogeneous cell population and they can be obtained 
moree easily. Our data suggest that CD89 on MoDC is not involved in SIgA binding 
becausee this binding could not be inhibited by the functional blocking CD89 Ab 2D11. 
Thee fact that SIgA bound to MoDC suggests that another receptor for IgA exists on 
MoDCC next to CD89. We found higher binding of SIgA to MoDC than serum IgA, 
whichh might implicate either a stronger affinity of SIgA for the receptor, higher levels 
off  cell surface expression of the receptor or higher specificity of the receptor for SIgA. 

Interestingly,, MoDC efficiently internalized SIgA and this uptake could be partially 
inhibitedd by ligands known to interact with MR. Lack of complete inhibition indicates 
thatt secondary mechanisms for uptake of SIgA may be involved, like 
macropinocytosiss or another receptor. As MR is highly efficient in uptake and 
recyclingg we cannot rule out the possibility that the blocking Ab itself is internalized 
ass well. The complete lack of SIgA uptake by U937 cells might be explained by the 
factt that they do not express MR or that the cells miss the internalization machinery 
thatt DC do have. 

Recentlyy several new C-type lectins, like DC immunoreceptor (DCIR), Langerin, 
DC-specificc ICAM-3 grabbing non-integrin (DC-SIGN), DC-associated C-type lectin-
22 (Dectin-2), and C-type lectin receptor 1 (CLEC-1) have been described to be 
specificallyy expressed by DC (reviewed in 37). Interestingly, DCIR has the capacity to 
bindd glycosylated ligands and DC-SIGN and Langerin display mannose-binding 
capacity.. Whether these C-type lectin receptors play a role in SIgA binding and uptake 
byy DC needs further investigation. 

Itt has been shown that Fc receptors such as Fey receptor types I (CD64) and II 
(CD32)) (12-14), FceR type I (15, 16), and FcotR type I (35) are able to mediate 
endocytosiss of immune complexes for antigen-presentation by DCs. This 
internalizationn process leads to activation that further allows migration and final 
maturationn of the DC. No cross-linking of SIgA was needed for internalization into 
MoDCC in our studies. In addition, we could not induce upregulation of co-stimulatory 
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molecules,, like CD86 or CD83, nor induce MoDC to secrete cytokines after SIgA 
cross-linkingg with goat anti-human IgA, suggesting that uptake of SIgA did not lead to 
maturationn of DC. 

Recentt studies showed that uptake of glycosylated antigen was mediated by 
mannosee receptor and that the glycosylated form of the antigen failed to prime Th cells 
(38).. It could be possible that uptake of the heavily glycosylated SIgA by DC in our 
studiess may in a similar way be transported to the T cell areas, where the SIgA-bound 
antigenn could be presented without induction of maturation of the DC. Previous 
studiess showed that the use of immature DC results in antigen-specific inhibition of 
effectorr T cell functions or induction of IL-10-producing CD4+ T cells after repetitive 
stimulationn with immature DC (39,40). In addition, a subpopulation of DC was shown 
too transport apoptotic intestinal epithelial cells and migrate constitutively to T cell 
areass of mesenteric lymph nodes in the absence of any antigenic or inflammatory 
stimulii  (18). These immature DC containing self-Ag were suggested to play a role in 
inducingg and maintaining peripheral self-tolerance. 

Thee in vivo relevance of our findings remains to be established. It is not clear how 
inn vitro generated DC are related to in vivo populations of DC. There is evidence 
however,, mat CD14+ cells can differentiate into DC in vivo (41) and can even be 
recruitedd into mucosal tissues, particularly under inflammatory conditions (2, 42). In 
addition,, expression of MR by DC populations in situ has been controversial and needs 
furtherr investigation (43, 44). Although SIgA and mucosal DC seem to be present in 
differentt body compartments and occurence of trace levels of SIgA in the circulation is 
nott a regular finding in healthy individuals (45), transepithelial transport of SIgA via 
MM cells (46) or retrograde transport via vesicles (47), suggests that SIgA could interact 
withh DC at mucosal surfaces. Moreover, mucosal DC can open tight junctions between 
epitheliall  cells and send their dendrites outside the epithelium to sample the gut lumen 
(48). . 

Inn conclusion, we have shown that immature DC can very efficiently take up SIgA 
independentt of CD89 but via a C-type lectin pathway, without the induction of DC 
maturationn or activation. Therefore, we hypothesize that SIgA not only plays an anti-
inflammatoryy role by adhering to microbes in the intestinal lumen but may also 
modulatee mucosal immune responses. 
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Summary y 
Inhibitorss of cAMP-specific phosphodiesterase 4 (PDE4) have been shown to inhibit 
inflammatoryy mediator release and T cell proliferation and are considered candidate 
therapiess for Thl-mediated diseases. However, littl e is known about how PDE4 
inhibitorss influence dendritic cells (DC), the cells responsible for priming of naive Th 
cells.. Therefore, we investigated the PDE profile of monocyte-derived DC and 
whetherr PDE4 inhibitors modulate DC cytokine production and T cell polarizing 
capacity.. We mainly found cAMP-specific PDE4 enzymatic activity in both immature 
andd mature DC. In contrast to monocytes that mainly express PDE4B, we found that 
PDE4AA is the predominant PDE4 subtype present in DC. Immature DC showed 
reducedd ability to produce IL-12p70 and TNF-oc upon LPS or CD40L stimulation in 
thee presence of PDE4 inhibitors, whereas cytokine production upon CD40L 
stimulationn of fully mature DC in the presence of PDE4 inhibitors was not affected. 
Exposuree to PDE4 inhibitors for 2 days during DC maturation did not influence T cell 
stimulatoryy capacity or acquisition of a mature phenotype, but increased the expression 
off  the chemokine receptor CXCR4. Furthermore, DC matured in the presence of PDE4 
inhibitorss showed reduced capacity to produce IL-12p70 and TNF-a upon subsequent 
CD40LL stimulation. Using these PDE4 inhibitor-matured DC to stimulate naive T cells 
resultedd in a reduction of IFN-7 producing (Thl) cells. These findings indicate that 
PDE44 inhibitors can affect T cell responses by acting at the DC level and may increase 
ourr understanding of the therapeutic implication of PDE4 inhibitors for Thl-mediated 
disorders. . 

Introductio n n 
Inn the immune system, cAMP signaling pathways are important for the control of a 
widee range of cellular functions, including mediator release and proliferation. The 
levell  of the second messenger cAMP is tightly regulated at the level of synthesis (1) 
andd hydrolysis. Phosphodiesterases (PDE) are the critical enzymes responsible for the 
degradationn of cAMP and/or cGMP. Based on genetic, biochemical, and 
pharmacologicall  data PDE enzymes have been classified into 11 distinct families (2, 
3).. Immune and inflammatory cells predominantly express PDE4 followed by PDE3, 
andd to a lesser extent PDE7 family members (3, 4). The PDE4 family, the main 
contributorr to cAMP hydrolysis, is encoded by four distinct genes (PDE4A, -B, -C, -
D)) and comprises 15 or more PDE4 isoforms. 

Sincee an increase in cAMP has been shown to inhibit inflammatory and 
immunologicall  processes, the PDE families have been proposed as targets for 
therapeuticc intervention in pathologies such as allergies and autoimmune diseases (5). 
PDE44 specific inhibitors, such as Rolipram and Arifl o (6), have been demonstrated to 
elevatee cAMP levels and inhibit proliferation, cytokine production and mediator 
releasee of several cells including T cells, monocytes, and eosinophils (reviewed in 
Refs.. 4 and 7). However, littl e is known about how PDE4 inhibitors influence the 
inflammatoryy response or initiation of the specific immune response at the level of 
dendriticc cells (DC). 
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DCC are professional antigen-presenting cells (APC) that play a crucial role in the 
primaryy immune response because of their unique ability to activate naive Th cells 
(ThN)) (8). Immature DC in the peripheral tissues efficiently capture and process 
invadingg pathogens and this induces their activation and migration to the draining 
lymphh nodes. DC activation and maturation can be initiated by several factors, such as 
bacteriaa or their products (e.g. LPS), tissue-derived inflammatory cytokines (e.g. IL-
lp\\ TNF-a or the interaction between CD40 on the DC and CD40L on activated Th 
celll  (9-11). In addition, LPS and CD40L can trigger secretion of IL-12 and other 
inflammatoryy cytokines such as TNF-a by DC (10, 12). IL-12 plays a central role in 
thee induction of IFN-Y production by Th cells and natural killer (NK) cells, enhances 
NK.. cell cytotoxicity, and promotes the development of cytotoxic T cells (reviewed in 
Ref.. 13). Due to their capacity to secrete IL-12, DC are implicated in the initiation of 
Thl-mediatedd cellular immune responses. However, prolonged IL-12 production may 
leadd to chronic inflammation and damage to the host. Rheumatoid arthritis (RA) and 
multiplee sclerosis (MS) are examples of deregulated immune responses. 

Previouss studies have shown that modulation of DC-derived IL-12 strongly 
influencess the outcome of the immune response. Pharmacological agents such as (52-
agonistss (14), and glucocorticoids (15) can modulate inflammatory cytokine 
productionn and immune activation of T cells via their direct effect on DC. In the 
presentt study, we characterized the PDE profile of DC generated in vitro from 
monocytes.. In addition, we examined whether the PDE4 inhibitors Rolipram and 
Arifl oo influenced DC phenotype and immune functions such as cytokine production, 
stimulationn of T cell proliferation and the capacity of these DC to polarize ThN. We 
showw predominant cAMP hydrolyzing activity of PDE4 in DC. PDE4-specific 
inhibitorss reduced IL-12p70 and TNF-a production but did not influence the T cell 
stimulatoryy capacity of DC. Moreover, PDE4 inhibitor-treated DC showed reduced 
capacityy to stimulate IFN-y production by activated ThN. This indicates that PDE4 
inhibitorss via their anti-inflammatory action on DC can modulate the outcome of T 
celll  responses. 

Material ss and Methods 
CytokinesCytokines and Reagents 
Thee PDE inhibitors Rolipram [4-(3-cyclopentyloxy-4-methoxy-phenyl)-2-(lH)-
pyrrolidone],, Arifl o (SB207499 [c-4-cyano-4-(3-cyclopentyloxy-4-methoxyphenyl)-r-
1-cyclohexanecarboxylicc acid] and SKF 95654 (4,5-düiydro-6-[4-(l,4-dihydro-4-
oxopyridin-l-yl)phenyl]5-methyl-3(2H)) pyradazinone) were synthesized by Pfizer 
GRD,, Fresnes Laboratories, Chemistry Department, Fresnes, France, and vinpocetine 
(Eburnamenine-14-carboxylicc acid ethyl ester) was obtained from Sigma. All PDE 
inhibitorss were kept as stock solutions in DMSO (Sigma) at -20°C and diluted into 
completee medium just before use. DMSO was included as vehicle control at the 
appropriatee dilution (1:1000 at least) in all experiments. N6-2'-0-dibutyryl-cAMP (db-
cAMP,, Sigma) was kept as a 100 mM stock solution at -20°C, and diluted into 
completee medium just before use. rhGM-CSF (specific activity (SA) 1.5xl07 U/mg), 
rIL-44 (SA 2.9xl07 U/mg), rhIFN-Y (SA 2xl07 U/mg), rhIL-ip (SA 2x108 U/mg) and 
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rhTNF-aa (SA 1.1x108 U/mg) were purchased from R&D Systems (Oxon, U.K.). LPS 
(S.(S. enteritidis) was obtained from Sigma. 

InIn vitro generation of dendritic cells from peripheral blood monocytes 
Monocytess were purified from PBMC by negative selection using a monocyte 
isolationn kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The monocyte fraction 
(95-98%CD14+)) was then processed for in vitro culture in RPMI-1640 (Life 
Technologies,, Paisley, U.K) containing 10 % FCS, 1% nonessential amino acids, 1% 
sodiumm pyruvate, 100 ug/ml kanamycin (all from Life Technologies, Paisley, U.K.) 
andd supplemented with rhGM-CSF (500 U/ml) and rhIL-4 (250 U/ml). At day 3, the 
mediumm including the supplements were refreshed. In some experiments, monocyte-
derivedd DC were prepared by Percoll gradient centrifugation followed by culture of 
adherentt cells as previously described (15). In both protocols, similar preparations of 
immaturee CDla+CD14 DC were obtained at day 6 as evaluated by phenotypic 
analysis. . 

InductionInduction of maturation of DC in the presence or absence ofPDE4 inhibitors 
Att day 6, the maturation of CDla+ DC was induced by a 2-day exposure to either LPS 
alonee (250 ng/ml) or a combination of the cytokines rhIL-lp (10 ng/ml) and rhTNF-a 
(255 ng/ml). For phenotypic analysis and MLR experiments, DC maturation was 
inducedd by LPS (lug/ml) in the presence of IFN-y (103 U/ml). In addition, maturation 
wass induced in the absence (vehicle DMSO) or presence of PDE4 inhibitors (10 jiM of 
Rolipramm or Ariflo , unless stated otherwise). 

InductionInduction of cytokine secretion by DC 
Immaturee DC (at day 6) or mature DC (day 8) were harvested, washed extensively, 
andd 2xl04 cells/well were stimulated with CD40L-transfected J558 cell line (2x104 

cells/well)) in 96-well flat bottom culture plates (Costar, Cambridge, MA). J558 
myelomaa cells transfected with CD40L and the mock-transfected J558 were a 
generouss gift of Dr. E. Padovan (Basel, Switzerland). In some experiments, cytokine 
productionn was also evaluated after stimulating immature DC with LPS (lug/ml) and 
IFN-yy (103 U/ml). Supernatants were harvested after 24 h and stored at -20°C until 
determinationn of IL-12p70 and TNF-a levels by ELISA. Measurement of IL-12p70 
andd TNF-a levels in culture supernatants were performed using Opt EIA™ human FL-
12p700 and TNF-a antibody sets (PharMingen, San Diego, CA). The detection limit for 
bothh IL-12p70 and TNF-a is 10 pg/ml. 

AnalysisAnalysis of expression of cell surface molecules by flow cytometry 
Thee mouse mAbs against the following human molecules were used: CD4 (OKT4, 
Orthoo Diagnostic Systems, Beerse, Belgium), CD45RO (UCHL-1, a gift from 
Dr.P.Beverly,, London, UK). CDla-PE (SFCI19ThylA8), CD14-FTTC (RM052), 
CD83-FITCC (HB15a), Mannose Receptor-PE (3.29B1.10), CD45RA (2H4), isotype 
controlss IgGl-FTTC and -PE (679.1Mc7), IgG2a-FITC and -PE (U7.27), IgG2b-FTTC 
(MOPC-195)) were all obtained from Beekman Coulter (Fullerton, CA). CD3-PE 
(UCHT1),, CD40-FTTC (5C3), CD80-PE (L307.4), CD86-FTTC (FUN-1), HLA-DR-
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FITCC (L243), CXCR4-PE (12G5) were obtained from BD PharMingen (San Diego, 
CA). . 

MixedMixed lymphocyte reaction (MLR) 
Att day 6, immature DC were induced to mature for 48 h with either LPS and LFN-y or 
IL-1J55 and TNF-a in the presence of PDE4 inhibitors or vehicle DMSO and were then 
extensivelyy washed. Graded doses of differently matured DC (up to 104 cells/well) 
weree plated in 96-well round-bottom culture plates and were used as stimulators for 
allogeneicc human T cells (105 cells/well) isolated from peripheral blood leukocytes 
usingg the Pan T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). This 
methodd yielded highly purified (>99%) CD3+ T cells as assessed by flow cytometry. 
Fivee days later, proliferation of T cells was determined by incorporation of [3H] 
thymidinee (luCi/well, Amersham Pharmacia Biotec, Littl e Chalfort, England) during 
thee last 18 h of culture. Plates were harvested using a Cell Harvester 96 Mach III 
(Tomtec,, Hamden, CT), counted with a p-counter (1450 Microbeta Trilux, EG&G 
Wallac,, Evry, France) and results are expressed as cpm  SD of triplicate cultures. 

IsolationIsolation of CD4* CD45RA+ CD45RCT naive Th cells, co-cultures with DC, and 
inductioninduction of memory-type cytokines in Th cells 
Naivee T cells (ThN) were isolated from peripheral blood leukocytes with the negative 
selectionn human CD4+/CD45RO column kit (R&D Systems Europe, Oxon, U.K.). 
Thiss method yielded highly purified (>98%) CD4+ CD45RA+ CD45RO T cells as 
assessedd by flow cytometry. DC that had been matured for 2 days with rhIL-lp and 
TNF-aa either in the absence or presence of PDE4 inhibitors, were extensively washed 
too remove any residual factors. ThN (20.000 cells/well) were co-cultured in 96-well 
flat-bottomm culture plates with 10.000 DC/well in the presence of 1 ng/ml 
StaphylococcusStaphylococcus aureus enterotoxin B (SEB, Sigma). After 5 days of co-culture, IL-2 
(100 U/ml; Cetus, Emeryville, CA) was added and the cultures were further expanded 
forr another 9 days. On day 14, resting memory T cells were harvested, washed, and re-
stimulatedd for 6 h with 10 ng/ml PMA, 1 ug/ml ionomycin and 10 ug/ml Brefeldin A 
(alll  obtained from Sigma). Cells were fixed with 4% paraformaldehyde (Sigma), 
permeabilizedd with PBS containing BSA (1%) and saponin (0.5%), stained with FTTC-
labeledd anti-IFN-Y and PE-labeled anti-IL-4 mAb (Becton Dickinson), and analyzed on 
aa FACScan (Becton Dickinson). 

PDEPDE enzymatic activity assay 
Cellss were homogenized and sonicated and PDE activities were assayed using a 
modificationn of the method described previously (16). Briefly, 10 jul of cell lysate 
supernatantt and either DMSO or 3 mM of the respective PDE1, PDE3 and PDE4 
inhibitorss (vinpocetine (17), SKF 95654 (Ref. 18), and Rolipram) was diluted in a 96-
welll  plate to a final volume of 200 ul containing the assay buffer (40 mM Tris-HCL, 
pHH 8, 0.5 mM MgCl2, 4 mM p-mercaptoethanol, lOnM [3H] cAMP and 1 uM cAMP. 
Afterr 1 hour, the reaction was stopped by the addition of luM [14C] AMP in TFA 
(0.5%).. Membrane-bottom microtiter plates (Silent monitor, Nalgen Nunc) filled with 
500 mg alumina were equilibrated with 0.1 M TES-NaOH, pH 8.0. The reaction 
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mixturess were then applied to the columns. The non-hydrolysed cAMP was eluted 
withh 3 ml equilibration buffer. The [3H] cAMP and [14C] AMP were then eluted with 2 
mMM NaOH directly into scintillation vials containing alkali-compatible scintillant 
(Ultimaa gold, Packard). The separated [3H] cAMP was background-corrected for 
recoveryy using the separated and non-separated [14C] values and expressed as a 
fractionn of the total [3H] cAMP to give the amount of the substrate hydrolysed. The 
activityy of each isoenzyme was defined as the difference in activity with/without PDE 
inhibitor. . 

ReverseReverse transcription and PCR amplification 
Totall  RNA was purified using the RNeasy Midi kit (Qiagen S.A., Courtaboeuf, 
France)) according to the manufacturer's instructions. cDNA was generated from 1 ug 
totall  RNA using the 1st strand cDNA synthesis kit for RT-PCR (AMV) from Roche 
Molecularr Biochemicals (Meylan, France) and was directly amplified by PCR after the 
additionn of specific primers and Taq DNA polymerase (Roche Molecular 
Biochemicals).. Oligonucleotide primers were as follows: PDE4A (L20965), 5'-
TCGGAGCTGGCGCTCATGTA-3'' and 5'-GGCAGTGTGCTTGTCACACAT-3', 
definingg a 441-bp product; PDE4B (L20966), 5'-AGCTCATGACCCAGATAAGTG-
3'' aril 5' -GCAGCGTGCAGGCTGTTGTGA-3', defining a 328-bp product; PDE4C 
(L20968),, 5'-CGCTCAGATAGCGACTATGAA-3' aid 5 '-
TCCGCTTGAACTTGTTGGAGG-3',, defining a 352 -bp product; PDE4D (L20970), 
5'-GGCCTCCAACAAGTTTAAAA-3'' arri 5'-ACCAGACAACTCTGCTATTCT-3', 
definingg a 340-bp product. All the PDE subtype PCR fragments corresponded to 
conservedd regions derived from the gene of each PDE subtype and the primers were 
ablee to detect all the members of the same subtype family. The number of PCR cycles 
wass optimised to be in the exponential phase of the reaction and a constitutive marker, 
humann glyceraldehyde 3-phosphate dehydrogenase (G3PDH) was included using a 
commerciallyy available primer set defining a 452-bp product (Clontech Laboratories, 
Paloo Alto, CA). For each RNA sample, controls lacking reverse transcriptase were 
includedd in the PCR reactions. Reactions were performed with an initial holding step 
att 94°C for 120s, followed by 94°C for 60s, 60°C for 120s, 72°C for 120s during 32 
cycless and a final holding step at 72°C for 5 min. PCR products along with m.w. 
markerr (SmartLadder SF, Eurogentec, Angers, France) were analyzed on a 1.4% 
agarosee gel containing ethidium bromide. 

Results s 
ComparisonComparison of PDE profiles of monocyte-derived DC and monocytes 
Thee total cAMP hydrolyzing activity of different cellular preparations was measured 
inn the absence or presence of PDE1, PDE3 and PDE4 inhibitors to compare the PDE 
activityy profile of both monocytes and monocyte-derived DC from the same donor. 
Monocytess were either frozen for later PDE activity determination or cultured with 
GM-CSFF and IL-4 to generate DC. Immature DC were either frozen at day 6 for PDE 
activityy measurement or induced to mature for 24 h with LPS. PDE activity was 
determinedd in parallel in all cell types and the results obtained are shown in Fig. 1. We 
foundd that PDE4 represents the major cAMP hydrolyzing activity in monocytes, 
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immaturee DC and mature DC. PDE4 activity, as estimated using the PDE4-specific 
inhibitorr Rolipram, accounted for up to 55% of the total cAMP hydrolyzing activity 
andd this proportion was not modified following activation of the DC. In addition, as 
identifiedd by the use of specific inhibitors, enzymatic activities for PDE1 and PDE3 
weree found in monocytes and to a somewhat lesser extent in DC. It is important to 
notee that DC showed minor increased activity of a non-PDEl, -PDE3, -PDE4 
isoenzymee when compared with monocytes. 

Monocyte ss Immatur e DC Matur e DC 

Figuree 1. PDE activity profile of monocytes, immature DC and LPS-matured DC. At different time-
ointss of culture (day 0, 6 and 7 respectively), cells were harvested and PDE activities were determined 
inn cell lysates in the presence or absence of specific PDE inhibitors as described in Materials and 
Methods.. The data are expressed as mean percentage  SD of total cAMP hydrolyzing activity of 4-8 
preparationss from different donors. 

Too further examine the nature of the PDE4 activity, mRNA expression of the different 
PDE44 subtypes (PDE4A, B, C and D) was determined in monocytes and immature 
DC.. RT-PCR was done in parallel on cellular preparations obtained from four to five 
humann donors. As depicted in Fig. 2, PDE4B is the major PDE4 subtype found in 
restingg monocytes followed by PDE4A and PDE4D, whereas PDE4C could not be 
detected.. Interestingly, a different expression pattern of the PDE4 subtypes was 
observedd in DC compared to monocytes (Fig. 2). PDE4A was the most abundant 
subtypee found in DC, while PDE4B and PDE4D were less expressed and PDE4C was 
nott detectable at all. 

InhibitoryInhibitory effect ofPDE4 inhibitors on cytokine secretion by immature DC 
Sincee we found that PDE4 was the main PDE enzymatic activity present in DC, we 
studiedd whether PDE4-specific inhibitors could affect cytokine production by 
immaturee DC. We first compared the effect of the PDE4 specific inhibitor Rolipram 
withh the cAMP analogue db-cAMP, which is able to block all cAMP-specific PDE 
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families,, on IL-12p70 and TNF-oc production by immature DC. As shown in Fig. 3, 
stimulationn of immature DC with LPS and IFN-y in the presence of increasing 
concentrationss of Rolipram resulted in a dose-dependent inhibition of IL-12p70 and 
TNF-aa production. 
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Figuree 2. RT-PCR of 
differentt subtypes of 
PDE44 expressed in 
monocytess and immature 
DC.. Total RNA (1 ug) 
isolatedd from monocytes 
andd DC was subjected to 
reversee transcription. 
Expressionn of mRNA for 
thee different subtypes of 
PDE44 were determined by 
PCRR for both cell types 
usingg specific primer sets, 
ass described in Material 
andd Methods. Shown is 
thee ethidium bromide 
stainingg of PCR products 
analyzedd on an agarose 
gel.. The data have been 
obtainedd from different 
donorss (1-5). 
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Figuree 3. Effect of the PDE4 inhibitor Rolipram and db-cAMP on cytokine production by immature 
DC.. Immature DC were incubated with graded doses of PDE4 inhibitor (Rolipram) or cAMP elevating 
agentt db-cAMP for 1 h before stimulation with LPS and IFN-y. Results are expressed as the mean 
TNF-aa (open circle) and IL-12p70 (closed circle) concentration of triplicate cultures in 24 h 
supernatantss from one representative experiment of four. SD < 10% (not shown). 
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Highh concentrations (10-100 u\M) of db-cAMP almost completely abrogated secretion 
off  IL-12p70 and TNF-a (inhibition 83-94%; Fig. 3 and Table 1). 

Thee strongest inhibition of DC cytokine production was obtained in the presence of 
thee highest non-cytotoxic dose of 10 uM PDE4 inhibitors. Therefore, we used this 
dosee for further experiments. As depicted in Table 1, the PDE4-specific inhibitor 
Arifl oo showed similar inhibitory effect on DC cytokine secretion when compared with 
Rolipram.. The down-regulation of IL-12p70 production by PDE4 inhibitors was more 
pronouncedd when DC were stimulated with CD40L-transfected cells (inhibition 68-
70%)) instead of LPS and IFN-y (inhibition 37-46%). The inhibition of TNF-a 
productionn by both PDE4 inhibitors ranged between 48-62% and was comparable 
usingg both modes of activation. 

Tablee I. PDE4 inhibitors reduce inflammatory cytokine production by immature DC 

%% inhibition 
C C 

Compoundsaa Stimulation b IL-12p70 TNF-a nd 

Rolipramm 37  17 48 0 7 
Arifl oo LPS + IFN-Y 46 3 60 5 5 
db-cAMPP 84 2 94  5 6 
Rolipramm 68  17 51  15 ÏÖ 
Arifl oo J558-CD40L 70 3 62 3 6 
db-cAMPP 83 4 84 4 9 

aa Immature DC were pre-incubated for lh with vehicle, PDE4 inhibitors (Rolipram, Ariflo) or db-
cAMP. . 
bb Subsequently, DC were stimulated with CD40L-transfected J558 cells or a combination of LPS and 
EFN-Y--
cc Cytokine concentrations in 24 h supernatants were determined by ELISA. Results are expressed as 
meann percentage inhibition (  SD) calculated as compared to the vehicle control and obtained from 
severall  donors. 
n== number of experiments. 

PresencePresence of PDE4 inhibitors during maturation of DC does not affect the 
acquisitionacquisition of a mature phenotype but enhances CXCR4 expression 
Wee studied whether the presence of PDE4 inhibitors during DC maturation could 
affectt the expression of markers associated with DC maturation. Immature DC were 
inducedd to mature with LPS and IFN-y either in the absence or presence of the PDE4 
inhibitorss Rolipram or Ariflo . The exposure of DC to PDE4 inhibitors did not 
influencee the upregulation of surface expression of CD83, HLA-DR, CD40, CD80, 
andd CD86 respectively, neither was down-regulation of MR expression affected when 
comparedd with vehicle-treated control cells (Fig. 4). However, PDE4 inhibitors 
inducedd upregulation of cell surface expression of CXCR4 on DC when compared 
withh control cells. Similar results were obtained when TNF-a and IL-l p were used to 
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inducee DC maturation (data not shown), suggesting that the effect of PDE4 inhibitors 
onn DC does not critically depend on the activation condition in the microenvironment. 

CD833 CD40 CD80 CD86 HLA-DR MR CXCR4 

.. , 6 | 11 I ,43 i 20 I 130 32 2 

,, 6 | 15 48 i 24 i 145 30 15 11 LlilililAklk — 
66 . 14 50 , 25 164 25 17 

iLlLllilLlikk --
Fluorescenc ee Intensit y 

Figuree 4. Surface phenotype of DC activated in the presence of PDE4 inhibitors. Immature DC were 
incubatedd with 10 uM of PDE4 inhibitors (Rolipram or Ariflo ) or vehicle for lh before LPS and TPN-y 
weree added. After 24 h, cells were collected for FACS analysis using a panel of DC markers. Open 
histogramss depict specific Ab staining and filled histograms depict isotype-matched control Abs. The 
numberss in the right corner of each histogram indicates the mean fluorescence intensity value. Data 
shownn are from one representative experiment out of four performed. 

PDE4PDE4 inhibitors do not influence T cell stimulatory capacity of DC when present 
duringduring DC maturation 
Next,, we questioned whether the ability of DC to activate the proliferative response of 
TT cells was modified by PDE4 inhibitors. DC were induced to mature either by LPS 
andd IFN-Y or a combination of the maturation factors (MF) IL-i p and TNF-cc in the 
presencee of PDE4 inhibitors and were subsequently used as APC to stimulate 
allogeneicc T cells. PDE4 inhibitor-matured DC were as effective as vehicle-matured 
DCC in inducing T cell proliferation (Fig. 5). This indicates that DC matured in the 
presencee of PDE4 inhibitors retained their capacity to stimulate T cells. 

PDE4PDE4 inhibitors modulate the ability of maturing DC to produce inflammatory 
cytokinescytokines but do no longer influence fully mature DC 
Itt has previously been demonstrated that the levels of DC-derived IL-12 are 
determinedd during dendritic cell maturation and are resistant to further modulation (19, 
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20).. Therefore, we studied whether the cytokine producing capacity of DC matured in 
thee presence of PDE4 inhibitors would be affected. In addition, we questioned whether 
DCC matured in the absence of PDE4 inhibitors would be resistant to subsequent 
CD40LL activation in the presence of PDE4 inhibitors. 

DCC + LPS / IFN-y + Vehicl e 

DCC + LPS / IFN-Y + Rolipra m 

DC+LPS/IFN-77 +Arifl o 

1022 103 104 

DCC numbe r / well 

DCC + MF + Vehicl e 

DCC + MF + Rolipra m 

DCC + MF + Ari f lo 

101 1 1022 103 104 

DCC number/wel l 

105 5 

Figuree 5. Presence of 
PDE44 inhibitors during 
DCC maturation does not 
affectt their capacity to 
stimulatee allogeneic T 
cells.. Immature DC 
weree induced to mature 
withh LPS and IFN-y (A) 
orr maturation factors 
(MF)) IL-i p and TNF-cc 
(B)) in the presence of 
PDE44 inhibitors Ro-
lipramm (O), Arifl o , 
orr vehicle (T). After 48 
hours,, cells were 
extensivelyy washed and 
usedd as APC to stim-
ulatee purified human T 
cellss from a different 
donor.. Proliferation was 
measuredd after 5 days of 
co-culture.. Data shown 
inn cpm  SD are from 
onee representative expe-
rimentriment out of four 
performed. . 

Ass depicted in Fig. 6A, DC matured with MF in the presence of PDE4 inhibitors 
showedd a reduced capacity to produce IL-12p70 and TNF-oc (between 40-60% 
inhibition)) upon subsequent stimulation with CD40L-transfected cells in the absence 
off  PDE4 inhibitors. Although both Rolipram and Arifl o modulate the cytokine 
producingg capacity of maturing DC, they did not directly affect cytokine production of 
DCC that completed the process of maturation (Fig. 6B). Comparable results were 
obtainedd with LPS-matured DC (data not shown). 

PDE4PDE4 inhibitors present during DC maturation modulate DC polarizing capacity 
Ass DC matured in the presence of PDE4 inhibitors showed a reduced capacity to 
producee IL-12p70 upon subsequent CD40L stimulation, we tested whether ThN 
primingg by these DC would be affected. Purified naive CD4+ CD45RA+ T cells were 
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stimulatedd with SEB presented by different populations of MF-matured DC obtained 
inn the absence (vehicle) or presence of PDE4 inhibitors. Priming of ThN by the PDE4 
inhibitor-maturedd DC modified the Thl/Th2 balance and resulted in a decrease of IFN-
YY producing (Thl) cells when compared with T cells primed by mature control DC 
(Fig.. 7). Similar reduction of Thl-type producers was observed with DC matured in 
thee presence of LPS and PDE4 inhibitors (data not shown). 

DCC maturatio n 

AA MF +Vehicl e 

MFF + Arifl o 

MFF + Rolipra m 

DCC stimulatio n IL-12p70 (pg/ml ) TNF-aa (ng/ml ) 

CD40L L 

00 50 100 150 200 250 0 1 2 3 

CD40LL + Vehicl e 

CD40LL + Arifl o 

CD40LL + Rolipra m 

Figuree 6. PDE4 inhibitors reduce the ability of maturing DC, but not of fully mature DC, to secrete 
cytokiness upon subsequent CD40L triggering. A) At day 6, DC were induced to mature with 
maturationn factors (MF) IL-l p and TNF-a in the presence of 10 uM PDE4 inhibitors or vehicle. After 
488 h differentially matured DC were washed to remove residual factors, and stimulated with CD40L-
transfectedd J558 cells. B) At day 6, DC were matured with MF. After 48 h, DC were washed and 
stimulatedd with CD40L-transfected J558 cells in the presence of 10 uM PDE4 inhibitors or vehicle. In 
alll  cases, cytokine concentrations in 24 h supernatants were determined by ELISA. Results, expressed 
ass the mean cytokine production  SD, are from one representative experiment out of three performed. 

Discussion n 
Thee present study shows predominant cAMP-hydrolyzing activity of the PDE4 family 
inn DC. The PDE4 specific inhibitors Rolipram and Arifl o suppressed the production of 
IL-12p700 and TNF-a by immature DC. In contrast, they did not influence the cytokine 
producingg capacity of fully mature DC. DC exposed to PDE4 inhibitors during 
maturationn showed a reduced ability to produce IL-12p70 and TNF-a but were not 
affectedd in their expression of maturation markers and co-stimulatory molecules nor in 
theirr ability to stimulate the proliferation of Th cells. However, priming of naive Th 
cellss by PDE4 inhibitor-exposed DC reduced the development of effector Th cells 
expressingg the Thl-type cytokine IFN-y. These data indicate that PDE4 inhibitors 
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exertt anti-inflammatory effects on DC which may influence the outcome of the 
immunee response. 

Wee predominantly found enzymatic activities of PDE4 followed by PDE3 and 
PDE11 in monocytes, immature DC and mature DC, in accordance with the PDE 
profilee previously described for monocytes and other immune cells (3, 21-23). The 
onlyy published study so far that examined PDE activities in DC reported a strong 
increasee in PDE3 activity and a concomitant decrease in PDE4 activity during 
differentiationn of monocytes to DC. However, the inhibitory pattern of the selective 
PDEE inhibitors did not reflect the observed PDE profile, since the PDE4 inhibitor was 
shownn to decrease the TNF-oc production by their DC whereas the PDE3 inhibitor did 
nott (21). Although we do not have an explanation for the observed differences in PDE 
profilee in our study and theirs, we show at the same dose of PDE4 inhibitor a similar 
inhibitionn of TNF-oc production by DC. 

DCC + MF + Vehicl e DCC + MF + Rolipra m DCC + MF + Arifl o 

IL-4 4 

IFN-Y Y 

Figuree 7. DC exposed to PDE4 inhibitors during maturation reduce the development of IFN-y-
expressingg effector Th cells. At day 6, DC were induced to mature with maturation factors (MF) IL-i p 
andd TNF-a in the presence of 10 uM PDE4 inhibitors or vehicle. After 48 h, differentially matured 
DCC were washed to remove residual factors, pulsed with SEB and used for naive T cell stimulation. 
Restingg memory Th cells were restimulated on day 14 with PMA and ionomycin and analyzed for 
intracellularr cytokines (IFN-y and IL-4) by flow cytometry. Percentages of positive cells are indicated 
inn the quadrants. Data shown are from one representative experiment out of three performed. 

Heree we demonstrate in DC, high expression levels of the PDE4A subtype mRNA, 
lowerr levels of PDE4B and PDE4D subtype mRNAs, while PDE4C mRNA was 
lacking.. These findings differ from what has been described so far for monocytes and 
otherr immune cells that showed predominant mRNA expression of the PDE4B 
subtypee followed by A and D (22, 24-26). Because PDE4 isoenzyme is widely 
expressedd in many leukocytes and tissues, PDE4-selective inhibitors may produce 
undesiredd side effects (3, 4). One of the approaches to reduce these side effects is to 
developp subtype-specific inhibitors. As immature monocyte-derived DC mainly 
expresss the PDE4A subtype, it will be interesting to investigate whether different 
subsetssubsets of DC in vivo will show a similar pattern of PDE4 subtype expression. 
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Theree have been numerous reports describing the anti-inflammatory properties of 
PDE44 inhibitors in both in vivo and in vitro settings (reviewed in Refs. 3, 4, and 7). 
Thee inhibition of the cytokines TNF-a and IFN-y appears to be critical for the anti-
inflammatoryy effect of these potential therapeutic agents. Several studies demonstrated 
thatt PDE4 inhibitors suppress TNF-a release by monocytes or macrophages 
stimulatedd in vitro (22, 27-30). Recently, similar findings were also observed for 
monocyte-derivedd DC (21). Our data extend these earlier observations and show that 
PDE44 inhibitors not only reduce TNF-a production but also affect the secretion of the 
Thl-skewingg cytokine IL-12 by human DC. In animal models for collagen-induced 
arthritiss (30) and diabetes (31), the PDE4 inhibitor Rolipram inhibited IL-12 
productionn by in vitro stimulated murine macrophages. Furthermore, Rolipram was 
shownn to inhibit superantigen-mediated IL-12 production by human peripheral blood 
mononuclearr cells (PBMC) (32). The efficacy of Rolipram to inhibit IL-12 production 
hass been confirmed in vivo in different animal models (31, 33). Here we demonstrate 
thatt Rolipram and Arifl o exert an inhibitory effect on bioactive IL-12 production by 
humann immature DC. In addition, we show that PDE4 inhibitors affect cytokine 
productionn of maturing DC but not of DC that have completed the process of final 
maturation.. This suggests that PDE4 inhibitors, when present in the lymph nodes, do 
nott have much effect but strongly influence DC function when present at the site of 
DCC activation. 

Itt has been proposed that the inhibitory effect of Rolipram on murine TNF-a and 
IL-122 production was partially mediated via up-regulation of IL-10 (34, 35), but other 
reportss showed that it was independent of IL-10 (33). In our system, the suppressive 
effectt of PDE4 inhibitors on IL-12 and TNF-a production was probably not mediated 
byy IL-10, as the low levels of IL-10 produced by these DC were not affected. 
Moreover,, a neutralizing anti-IL-10 monoclonal antibody was unable to reverse the 
inhibitoryy effect of Rolipram, Arifl o or db-cAMP on LPS-induced BL-12 production by 
immaturee DC (data not shown). Our data are in line with other reports on cAMP-
elevatingg agents, such as PGE2 and histamine, which showed that inhibition of IL-12 
productionn was independent of IL-10 (36, 37). 

Interestingly,, low intracellular cAMP levels have been found for patients with MS 
(38)) and RA (39). The exact mechanism of cAMP-induced inhibition of IL-12 and 
TNF-aa production is not yet known but it has been proposed that reduced activation of 
NFKBB by cAMP-mediated enhancement of the transcription and synthesis of the 
inhibitorr of NFKB, IKB , is involved (40). Because the human IL-12p40 promotor 
containss a NFKB site (41, 42) and NFKB is involved in the positive regulation of TNF-
aa gene transcription (43) it could be speculated that PDE4 inhibitors down-regulate 
NFKBB activity in DC. Recently, PDE4 inhibitors were suggested to regulate 
phosphorylationn of cAMP responsive element binding (CREB) proteins in monocytic 
cellss (44). Since the human IL-12p40 promotor contains a CRE-like motif (42) this 
mayy be another possible explanation for the cAMP-induced inhibition of IL-12 
production. . 

Wee show that PDE4 inhibitors decrease inflammatory cytokine production by DC 
butt we never observed a complete inhibition of TNF-a and IL-12 production. It has 
beenn reported previously that PDE3 inhibitors potentiate the inhibitory effects of 
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PDE44 inhibitors and when used in combination, these two compounds strongly inhibit 
TNF-aa production by DC (21) or T cell proliferation and cytokine production (45). 
Wee are thus currently investigating the effects of the combination of PDE3 and PDE4 
inhibitorss on DC function. Preliminary results indicate that PDE3 inhibitors show no 
effectt on cytokine production on their own, but we observed complete abrogation of 
CD40L-inducedd TNF-a and IL-12 production by DC when we simultaneously used 
PDE44 and PDE3 inhibitors (data not shown). This suggests that PDE4 and PDE3 are 
thee main PDE enzymes involved in the regulation of DC cytokine production. It is 
importantt to note that PDE4 inhibitors had littl e or no effect on the production of other 
pro-inflammatoryy cytokines such as IL-6 and IL-lp*  by DC (data not shown) and this 
observationn fits with previous reports (reviewed in Ref. 3). 

Evenn though PDE4 inhibitors reduce DC cytokine production, our data show that 
presencee of PDE4 inhibitors during the maturation of DC did not alter expression of 
CD83,, MHC class II molecule HLA-DR, co-stimulatory molecules, or MR. In 
addition,, the capacity to take up Ag by immature DC, either via endocytosis or MR-
mediated,, was not affected by the treatment of immature DC with PDE4 inhibitors 
(dataa not shown). However, exposure of DC to PDE4 inhibitors during maturation 
inducedd up-regulation of the chemokine receptor CXCR4. Previously, a similar effect 
onn CXCR4 expression was reported for cholera toxin (CT)-exposed DC and this effect 
wass partially explained by the ability of CT to increase intracellular cAMP levels (46). 
Indeed,, we observed that the cAMP elevating agents db-cAMP and PGE2, similarly to 
PDE44 inhibitors, induced up-regulation of CXCR4 on DC (C. Moulon unpublished 
observation).. Moreover, this receptor was functional on DC as it fluxed Ca2+ in 
responsee to its ligand SDF-1 (data not shown). This may indicate that PDE4 inhibitor-
treatedd DC become more responsive to chemotactic stimuli that are important for their 
migrationn towards secondary lymphoid organs (47). 

Inn accordance with the unaffected expression of HLA-DR and co-stimulatory 
moleculess on DC matured in the presence of PDE4 inhibitors, we observed that the 
capacityy to stimulate Th cell proliferation by these cells was not influenced. This is in 
linee with previous report that showed that suppression of T cell proliferation by PDE4 
inhibitorss was not mediated via pretreatment of APC with PDE4 inhibitors but rather 
viaa their direct effect on T cells (48). Indeed, several other reports describe direct 
inhibitoryy effect on T cells by PDE4 inhibitors (26, 45). In contrast, others showed 
reducedd ability of PDE4 inhibitor-treated DC to stimulate antigen-specific T cell 
proliferationn (21). However, in that study PDE4 inhibitors were probably acting 
directlyy on the T cells as the drug was present during co-culture of DC and T cells. 

Histamine,, PGE2, |32-agonists and CT inhibit IL-12 production by DC and the 
developmentt of Thl cells, by increasing intracellular cAMP (14, 19, 46, 49). We now 
showw similar results for PDE4 inhibitors as they inhibited the IL-12-producing 
capacityy of DC and reduced the development of BFN-Y-producing (Thl) cells. Since 
DC,, via their production of IL-12, may contribute to the pathology of Thl-mediated 
diseases,, it is tempting to speculate that in such situations PDE4 inhibitory effects on 
IL-122 production by DC may be beneficial. Previously, PDE4 inhibitors have been 
shownn to be effective in animal models for autoimmune diseases such as RA and MS 
(50,, 51). Recently, Rolipram was shown to reduce the number of TNF-a- and IFN-y-
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secretingg cells of patients with MS (52). In addition, a non-selective PDE inhibitor was 
evaluatedd in patients with MS and was found to inhibit IL-12 production by PBMC but 
moree importantly six out of eight patients reported improved motor skills and less 
fatiguee (53). 

Inn conclusion, we show that PDE4 inhibitors via their reducing effect on IL-12 
productionn by DC can diminish Thl responses in vitro. This suggests that in vivo 
PDE44 inhibitors could amplify their anti-inflammatory effect on T cells by not only 
actingg directly at T cells but also at the DC level. This may increase our understanding 
off  the therapeutic potential of PDE4 inhibitors for Thl-mediated diseases. 
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Summary y 
Thee type I IFN, IFN-a and IFN-fi are approved for the treatment of a variety of 
diseasess such as chronic viral infections, some types of cancer and the autoimmune 
diseasee multiple sclerosis (MS). Type I IFN have the potential to induce strong 
antivirall  effect, to enhance NK and CTL cytotoxicity, to promote IFN-y responses and 
too inhibit tumor growth. In MS, the proinflammatory cytokines IL-12 and IFN-y have 
beenn proposed to contribute to the pathogenesis of the disease. Although type I IFN 
aree thought to inhibit these proinflammatory mediators, the exact mechanism is poorly 
understood.. Since dendritic cells (DC) are recognized as the major producers of IL-
12p700 and may promote the development of IFN-y-producing Thl cells, we 
investigatedd the direct effect of type I IFN on DC cytokine production at different 
stagess of maturation. We demonstrate that type I IFN enhance IL-12p70 production by 
immaturee DC but inhibit IL-12p70 production by mature DC. Importantly, type I IFN 
stronglyy counteracted the IL-12-enhancing effect of IFN-y on DC irrespective of their 
maturationn status. Exposure of DC to type I IFN during maturation does not affect 
theirr mature phenotype or cytokine profile in response to subsequent CD40 ligand 
triggering.. The finding that type I IFN differentially modulate the IL-12-producing 
capacityy of DC depending on the activation status of the cells and their cross-
regulatoryy effect on IFN-y may reduce inflammatory processes and therefore be 
therapeuticallyy effective in MS. 

Introductio n n 
Typee I IFN, IFN-a and IFN-p are presently used for the treatment of several chronic 
virall  infections, some types of cancer and multiple sclerosis (MS) [1-3]. They play an 
essentiall  role in antiviral innate immunity, exhibit anti-proliferative effects [4] and 
havee been shown to mediate a variety of immunomodulatory effects such as 
upregulationn of MHC class I molecules and activation of NK and CTL cell functions 
[5].. Type I IFN may be beneficial in chronic viral infections and tumors because they 
exhibitt antiviral activity, enhance NK and CTL cytotoxicity, increase IFN-y (Thl) 
responsess and/or inhibit tumor growth [6-9]. However, the mechanism(s) of action of 
thesee agents in MS are poorly understood [10]. It has been proposed that MS is an 
autoimmunee disease in which IFN-y producing Thl cells are associated with 
aggravationn of symptoms [11]. In addition, EL-12 is thought to play a role in disease 
progression.. Therefore, inhibition of EL-12 production has been suggested to 
amelioratee the disease [12]. 

Thee cytokines DFN-y and IL-12 play an important role in the innate and adaptive 
immunee response. IL-12 is mainly produced by antigen-presenting cells (APC), 
includingg dendritic cells (DC), and can be induced by a variety of stimuli, such as 
bacteria,, viruses and CD40L expressed on activated T cells [13-15]. BL-12 promotes 
thee generation of Th 1 responses through the stimulation of EFN-y production by naive 
Thh cells [16]. The fact that IFN-y can strongly enhance EL-12 production by APC [17] 
indicatess the existence of a positive feedback circuit between these two cytokines. 
Bothh IL-12 and BFN-y enhance CTL and NK cytotoxicity. They can, however, be 
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harmfull  by augmenting acute, pathological inflammatory processes, if deregulated 
[18]. . 

DCC are highly specialized APC that recognize pathogens and activate innate 
immunityy by secreting inflammatory mediators but they are also crucial for the 
inductionn of acquired immune responses [19], Specific immune responses are initiated 
byy the activation of maturation of sentinel DC in the periphery and can be induced by 
pathogenss (viruses, bacteria) or their products (e.g. LPS). Alternatively, these DC can 
bee activated by tissue-derived factors (e.g. the combination of TNF-a and IL-lp) 
producedd in response to pathogens or by CD40L on activated Th cells [13,14,20,21]. 
Subsequently,, maturing DC migrate to the draining lymph nodes, where they interact 
withh naive Th cells and initiate primary immune responses [19]. The levels of IL-12 
thatt are secreted upon the interaction of CD40 on the mature DC with the induced 
CD40LL on activated naive Th cells strongly influences the outcome of the immune 
response. . 

Itt has been demonstrated that type I IFN are able to mimic IL-12 through the 
promotionn of IFN-y production by NK cells, CD8+ T cells as well as human CD4+ T 
cellss [22-25], Furthermore, type I IFN that are produced by DC upon viral infection 
promotee Thl type responses [14]. Alternatively, they have been shown to inhibit IL-12 
secretionn by human mature DC and consequently reduce the development of Thl cells 
[26]. . 

IL-122 has been implicated to play a role in the pathogenesis of MS and DC produce 
thiss cytokine at different stages of maturation. Therefore, we questioned whether type I 
IFNN affect the secretion of IL-12p70 by immature DC, that have a strong inflammatory 
functionn in the periphery, and by mature DC, that have a crucial Th-polarizing 
functionn in the lymph nodes. In addition, we studied the IL-12-producing capacity of 
DCC that were exposed to type I IFN during maturation. 

Inn the present study we show that type I IFN increase IL-12 production by immature 
DCC but inhibit IL-12 production by mature DC. In addition, the presence of type I IFN 
duringg DC maturation does not affect the IL-12-producing capacity of these cells upon 
subsequentt CD40L stimulation. Interestingly, type I IFN strongly counteract the IL-
12-enhancingg effect of IFN-y regardless of the maturation status of the DC. These 
inhibitoryy activities of type I IFN on DC may reduce immunopathology in MS. 

Results s 
TypeType I IFN enhance IL-12p70 production by immature DC 
Sincee immature DC reside in peripheral tissues, the site at which type I IFN are 
appliedd subcutaneous for treatment [27], we examined the effects of type I IFN on the 
capacityy of immature DC to produce IL-12p70. To this aim, we stimulated immature 
DCC with LPS or CD40L-transfected cells in the presence of increasing concentrations 
off  type I IFN. The presence of either IFN-a or IFN-p during LPS stimulation of 
immaturee DC dose-dependently enhanced IL-12p70 production (Fig. 1A). The level of 
IL-12p700 production was approximately seven fold increased in the presence of the 
highestt dose of IFN-a (p<0.01) and about four fold increased in the presence of the 
highestt dose of IFN-p (p<0.01). Similar effects were observed when immature DC 
weree stimulated with CD40L-transfected cells in the additional presence of type I IFN 
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(Fig.. IB). The level of IL-12p70 production increased approximately three fold in the 
presencee of either IFN-a or IFN-P (p<0.01). Type I IFN enhanced the production of 
thee inflammatory cytokine TNF-oc to a similar extent but they did not affect the 
productionn of IL-6 by immature DC (data not shown). 
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Figuree 1. Type I IFN enhance IL-12p70 production by immature DC. Immature DC were stimulated 
withh (A) LPS or (B) CD40L-transfected J558 cells in the absence or presence of indicated 
concentrationss of either IFN-a (left side panels) or IFN-P (right side panels). IL-12p70 concentration 
inn 24h supernatants was determined by ELISA. Results, expressed as mean  SD of triplicate cultures, 
aree representative of three independent experiments. Data were analyzed for statistical significance 
usingg ANOVA followed by Dunnett's multiple comparisons test. *, p < 0.05; ** , p < 0.01; *** , p < 
0.001. . 

TypeType I IFN counteract the IL-12-enhancing effect of IFN-yon immature DC during 
stimulation stimulation 
Thee presence of IFN-y during LPS or CD40L activation of DC has been described to 
furtherr enhance the levels of IL-12p70 production [17]. Therefore, we investigated 
whetherr IFN-y would synergize with type I IFN to enhance the IL-12p70 production 
byy immature DC. Surprisingly, in contrast to their enhancing effect on LPS- and 
CD40L-stimulatedd DC, both IFN-a as well as IFN-P interfered with the enhancing 
effectt of IFN-y on LPS- and CD40L-induced IL-12p70 production by immature DC 
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(Fig.. 2). The production of IL-12p70 was significantly reduced at the highest dose of 
typee I IFN (p<0.01) and decreased with approximately 33% when DC were stimulated 
withh LPS in the presence of IFN-y and approximately 50% when DC were stimulated 
withh CD40L in the presence of IFN-y. 
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Figuree 2. Type I IFN counteract the IL-12p70-enhancing effect of IFN-y on immature DC. DC were 
stimulatedd with (A) LPS or (B) CD40L-transfected J558 cells in the presence of IFN-y (103U/ml) and 
inn the absence or presence of indicated concentrations of either IFN-a (left side panels) or IFN-p (right 
sidee panels). IL-12p70 concentration in 24h supernatants was determined by ELISA. Results, 
expressedd as mean  SD of triplicate cultures, are representative of three independent experiments. 
Dataa were analyzed for statistical significance using ANOVA followed by Dunnett's multiple 
comparisonss test. *, p<0.05; ** , p < 0.01; *** , p < 0.001. 

ExposureExposure of maturing DC to type I IFN does not affect their capacity to acquire a 
maturemature phenotype or to produce IL-12p70 upon subsequent CD40L-dependent 
activation activation 
Uponn activation in the periphery, DC will migrate to the draining lymph nodes while 
undergoingundergoing maturation [19]. This process of DC maturation involves the induction of 
CD833 expression and upregulation of co-stimulatory molecules, such as CD86. We 
questionedd whether the presence of type I IFN during maturation of DC influenced the 
acquisitionn of a mature phenotype. Therefore, DC were induced to mature by LPS 
eitherr in the absence or presence of type I IFN. Type I IFN did not influence the 
capacityy of DC to mature into effector DC as determined by the upregulation of CD83 
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orr CD86 expression when compared with control DC (Fig. 3A). Moreover, in contrast 
too the direct effects observed on immature DC, type IIFN did not significantly affect 
thee ability of maturing DC to produce IL-12p70 or TNF-a upon subsequent 
stimulationn with CD40L-transfected cells (Fig. 3B). 
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Figuree 3. Exposure of DC to type I IFN during maturation does not affect their acquisition of a mature 
phenotypee or cytokine production in response to subsequent CD40L-dependent activation. DC were 
inducedd to mature with LPS in the absence or presence of either IFN-a or fFN-fS. After 48h, 
differentlyy matured DC were harvested and washed to remove residual factors and (A) the expression 
off  CD86 and CD83 were determined by FACS analysis. Results are representative of three 
independentt experiments. Dotted line indicates irrelevant control mAb. (B) Differently matured DC 
weree stimulated with CD40L-transfected J558 cells. Results are expressed as the mean percentage IL-
12p700 and TNF-a concentration of triplicate cultures in 24h supernatants of three independent 
experiments.. LPS plus type I IFN matured DC are compared to LPS matured DC (100%  SD). Data 
weree analyzed for statistical significance using ANOVA followed by Dunnett's multiple comparisons 
test.. *, p < 0.05; ** , p < 0.01; *** , p < 0.001. 
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TypeType I IFN inhibit the IL-12-enhancing effect of IFN-y on maturing DC 
Sincee type I IFN interfered with the IFN-y-induced increase in IL-12p70 production by 
immaturee DC, we next examined whether the presence of IFN-y during CD40L 
stimulationn of type I IFN-matured DC would affect their IL-12p70 production. Indeed, 
DCC matured in the presence of type I IFN showed reduced IL-12p70 production, 
comparedd to control DC, when IFN-y was present during their subsequent CD40L 
stimulationn (Fig. 4). Presence of IFN-a or IFN-|3 during DC maturation resulted in a 
significantt inhibition of IL-12 production by 50% and 36%, respectively (p<0.01). In 
contrast,, type I IFN did not significantly influence the ability of maturing DC to 
producee TNF-rx upon subsequent stimulation with CD40L-transfected cells in the 
presencee of IFN-y when compared with control DC (Fig. 4), suggesting a selective role 
forr type I IFN in the regulation of DC cytokine production. 
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Figuree 4. Exposure of DC to type I IFN during maturation reduces their ability to produce IL-12p70 in 
responsee to subsequent CD40L plus IFN-y-dependent activation. DC were induced to mature with LPS 
inn the absence or presence of either IFN-a or IFN-p\ After 48h, cells were harvested, washed and 
stimulatedd with CD40L-transfected J558 cells in the presence of IFN-y (103 U/ml). Results are 
expressedd as described in Fig. 3. 

TypeType I IFN inhibit CD40L-induced IL-12p70 production by mature DC and 
counteractcounteract the priming effect of IFN-y 
Ass it has previously been demonstrated that IFN-P reduced the CD40L-induced IL-
12p400 production by mature DC [28], we examined whether bioactive IL-12p70 
productionn by LPS-matured DC stimulated with CD40L-transfected cells in the 
presencee of either IFN-a or EFN-fj would be affected. Mature DC significantly reduced 
theirr capacity to produce IL-12p70 upon subsequent CD40L stimulation in the 
presencee of type I IFN (inhibition approximately 40%; p<0.01; Fig. 5A). Levels of IL-
12p700 were even more profoundly inhibited by type I IFN when IFN-y was present 
duringg CD40L stimulation of mature DC (inhibition approximately 82%; p<0 OF Fig 
5B). . 
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Discussion n 
Inn the present study we demonstrate that the effect of type IIFN on the production of 
thee immunoregulatory cytokine IL-12p70 by DC is strongly dependent on the 
maturationn stage of the cells. Importantly, irrespective of the DC maturation stage, we 
showw that the enhancing effect of IFN-y on IL-12 production by DC is strongly 
counteractedd by type I IFN. 

Typee I IFN enhanced IL-12p70 production by immature DC stimulated with LPS or 
CD40L.. This is in line with previous reports that showed an additive effect of type I 
IFNN on SAC-induced IL-12p70 secretion by either monocytes or PBMC [29,30]. Our 
dataa suggest that type I IFN treatment may affect the production of inflammatory 
mediatorss by sentinel DC located at the site of injection. Indeed, in vivo administration 
off  type I IFN to patients with MS transiently increases the number of IFN-y-secreting 
cellss [31]. Therefore, it is tempting to speculate that the temporal increase in IFN-y-
producingg cells in treated patients may be due to the enhanced IL-12p70 production by 
immaturee DC upon type I IFN treatment. 
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Figuree 5. Type I IFN inhibit IL-12p70 production by mature DC. DC matured for 48h with LPS were 
harvested,, washed to remove residual factors and stimulated with CD40L-transfected cells in the 
presencee or absence of IFN-y and either IFN-a or IFN-p\ IL-12p70 concentration in 24h supernatants 
wass determined by ELISA. Results, expressed as the mean + SD of triplicate cultures, are 
representativee of three experiments. Data were analyzed for statistical significance using ANOVA 
followedd by Dunnett's multiple comparisons test. *, p < 0.05; ** , p < 0.01; *** , p < 0.001. 

Furthermore,, we demonstrate that the presence of type I IFN during the induction of 
maturationn of DC did not affect their ability to upregulate maturation-associated 
markerss such as CD83 and CD86. Our data appear to be in contrast with other studies 
[32]]  that showed that type I IFN inhibit DC maturation, which may be explained by 
differencess in culture systems since their DC were exposed to type I IFN during 
generationn and not maturation. In addition, the presence of type I IFN during DC 
maturationn does not influence the subsequent CD40L-induced IL-12p70 and TNF-cc 
productionn by these cells. This indicates that the capacity of mature DC to secrete IL-
122 upon subsequent interaction with naive Th cells is not affected by the presence of 
typee I IFN at the time of induction of DC maturation. Indeed, priming of naive Th cells 
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withh DC exposed to type I IFN during maturation induced a balance between Thl and 
Th22 cells similar to the response induced by LPS-matured DC (data not shown). 

Inn contrast to their effects on immature DC, type I IFN directly inhibit CD40L-
inducedd IL-12p70 production by mature DC. These data extent earlier observations on 
thee inhibitory effect of type I IFN on IL-12p40 production by mature DC [28] and 
suggestss that the expression of the bioactive EL-12p70 protein and the IL-12p40 
subunitt is not differentially regulated by type I IFN, in contrast to other mediators such 
ass IL-4 and PGE2 [33,34], that have been demonstrated to differentially affect the two 
subunitss of IL-12. The finding that type I IFN inhibit mature DC-derived IL-12p70, 
thee biologically active form that can trigger immune responses, may explain the 
reducedd development of Thl-producing cells observed by others [28]. 

Wee demonstrate that type I IFN interfered with the enhancing effect of IFN-y on the 
inductionn of IL-12p70 by DC, independent of the maturation stage of the cells. 
Althoughh IFN-y and type I DFN share a number of properties and have similar effects 
onn various cell types, including macrophages and NK cells as well as Th cells, type I 
IFNN were shown to interfere with the IFN-y-regulated expression of MHC molecules, 
mannosee receptors, release of H202, and killing of tumor cells [35-37]. Here we show 
thatt type I IFN- and IFN-y-mediated signaling pathways are also cross-regulated in 
DC.. As DC matured in the presence of type I IFN showed reduced responsiveness to 
IFN-y-mediatedd signals we hypothesized that type I IFNs may affect the expression of 
IFN-yRR (CD 119) on DC. Indeed, we found reduced levels of IFN-yR expression on 
DCC that were exposed to type I IFN during maturation compared to control DC (data 
nott shown). However, immature DC and mature DC also showed reduced 
responsivenesss to rFN-y-mediated signals upon direct exposure to type I IFN while 
IFN-yRR expression on these cells was not affected, suggesting other possible 
mechanism(s)) underlying the inhibitory effects of type I IFN on IFN-y. 

Itt has been reported that the signaling routes of both IFN-a/p and IFN-y partially 
overlapp [38]. Both types of IFNs activate intracellular protein tyrosine kinase of the 
Jakk family, leading to the phosphorylation and activation of Stat transcription factors. 
Thee Statl protein is required for signaling from both type I and type n IFN [38]. It is 
temptingg to speculate mat the observed antagonistic effect in our DC may involve 
competitionn for transcription factors shared by both cytokines. Alternatively, it could 
bee hypothesized that type I IFN induce an alteration in the phosphorylation status of 
Statll  that may affect its association with other transcription factors and/or its 
transcriptionall  activity. 

Typee I IFN treatment of MS reduces the number of relapses and delays disease 
progression,, but the actual mechanism of action of these agents has been elusive thus 
farr [10]. It is well established that IFN-y provokes disease activity [39] and that 
relapsess of MS are associated wkh increases in IFN-y-secreting cells [11]. Moreover, 
IL-122 may be associated with disease activity in MS and therefore, inhibition of these 
inflammatoryy cytokines could be beneficial [12]. Indeed, it has been demonstrated that 
neutralizationn of IL-12 prevented the development of EAE whereas addition of IL-12 
increasedd severity of the disease [40]. 

Typee I IFN have been demonstrated to induce IL-10 production by T cells in vitro 
[26]]  and enhanced levels of EL-10 have been shown in vivo after treatment with type I 
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IFNN in MS patients [41]. Since IL-10 negatively regulates EL-12 production [42] this 
mayy be a mechanism of type I IFN to reduce pathology of MS. However, studies with 
eitherr mature DC or monocytes suggested that the type I IFN-mediated inhibition of 
IL-122 production was independent of EL-10 [26,43] as the use of anti-EL-10 antibodies 
didd not prevent the inhibition of IL-12. In our system the production of IL-10 by 
maturee DC was not detectable neither could secretion of IL-10 be induced upon 
exposuree to type I IFN (data not shown), suggesting that IL-10 is not involved in the 
typee I IFN-mediated suppression of BL-12. 

Ourr data imply that type I EFN provide a negative feedback mechanism to prevent 
sustainedd IL-12 production by immature tissue-type DC when locally produced IFN-y 
levelss by bystander cells increases. Moreover, the reduced ability of mature DC to 
respondd to EFN-y-mediated signals suggests that the outcome of the Th response 
inducedd by mature DC upon interaction with naive T cells strongly depends on the 
ratioratio of type I and type II IFN present during priming. Therefore, inhibition of the 
positivee feedback loop between EL-12 and IFN-y by using type I IFN may be very 
beneficiall  for the course of die disease in MS patients. 

Inn conclusion, this study demonstrates that type I IFN inhibit the DL-12-producing 
capacityy of DC depending on the maturation status of the cells and negatively regulate 
mee Thl cytokine EFN-y, which may limit immunopathology in MS. 

Material ss and Methods 
Cytokines,Cytokines, Ags, and reagents 
Recombinantt human (rh)GM-CSF (specific activity (SA) l.llxlO 7 U/mg) and rhIFN-P 
(Betaseron)) were a gift of Schering-Plough (Uden, The Netherlands). rhDFN-a (2b) 
(SAA 3xl08 U/mg) was obtained from Preprotech (Heerhugowaard, the Netherlands). 
rhIL-44 (SA lxlO8 U/mg) was obtained from Pharma Biotechnologie Hannover 
(Hannover,, Germany). rhEFN-y (SA 8xl07 U/mg) was a gift of Dr. P. H. van der 
Meidee (Biomedical Primate Research Center, Rijswijk, The Netherlands). 
Superantigenn Staphylococcus aureus enterotoxin B (SEB) was obtained from Sigma 
(St.. Louis, MA). LPS was obtained from Difco (Detroit, MI). 

InIn vitro generation of dendritic cells from peripheral blood monocytes 
Venouss blood from healthy donors was collected by venipuncture in sodium-heparin 
containingg tubes (VT100H; Venoject, Terumo Europe, Leuven, Belgium). PBMC 
weree isolated by density centrifugation with Lymphoprep (Nycomed, Torshov, 
Norway).. Subsequently, PBMC were centrifuged on a Percoll (Pharmacia, Uppsala, 
Sweden)) gradient consisting of three density layers (1.076, 1.059 and 1.045 g/ml). The 
lightlight density fraction floating on the middle layer, which contained predominantly 
monocytes,, was seeded in 24-weii culture plates (Costar, Cambridge, MA) at a density 
off  5xl05 cells/well. Nonadherent cells were removed after 1 hour of incubation at 37°C 
andd adherent cells were cultured in Iscove's modified Dulbecco's medium (Life 
Technologies,, Paisley, U.K.) containing gentamycin (86 |0.g/ml; Duchefa, Haarlem, 
Thee Netherlands), 1% FCS (Hyclone, Logan, UT) supplemented with GM-CSF (500 
U/ml)) and EL-4 (250 U/ml) to obtain DC as described previously [21]. At day 3, the 
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media,, including the supplements, were refreshed. At day 6, CDla*CD14~ immature 
DCC were obtained. 

ActivationActivation of immature DC in the presence of type I IFN 
Att day 6, immature CDla+ DC (2xl04 cells/well) were stimulated in 96-well flat-
bottomm culture plates (Costar) in Iscove's modified Dulbecco's medium containing 
10%% FCS in a final volume of 200 pi. The following stimuli were used: LPS (250 
ng/ml)) and CD40L-transfected J558 cells (a gift of Dr. P. Lane, University of 
Birmingham,, Binriingham, U.K.; 2 x 104 cells/well). Stimulation was performed in the 
absencee or presence of IFN-y and either IFN-a or IFN-(5 (103 U/ml, unless stated 
otherwise).. Supernatants were harvested after 24 h and stored at -20°C until 
determinationn of cytokines. 

InductionInduction of maturation of DC in the presence of type I IFN and their subsequent 
activationactivation for cytokine production 
Att day 6, CDla+ DC were induced to mature with LPS in the absence or presence of 
eitherr IFN-a or IFN-|5 (103 U/ml, unless stated otherwise). After 2 days, the cells were 
harvested,, washed thoroughly, counted and the viability was determined. A difference 
inn viability between type I IFN-treated and untreated DC was not observed in any of 
thee experiments. DC (2xl04cells/200uJ) were stimulated with CD40L-transfected J558 
cellss (2 x 104 cells/well) in the absence or presence of IFN-y (103 U/ml). Supernatants 
weree harvested after 24 h and stored at -20°C until determination of cytokines. 

InductionInduction of cytokine secretion by mature DC in the presence of type 1 IFN 
Att day 8, LPS- matured DC were harvested, washed extensively and 2 x 104 cells/well 
weree stimulated with CD40L-transfected J558 cells (2 x 104 cells/well) in the absence 
orr in the presence of IFN-y and either IFN-a or IPN-p*  (103 U/ml, unless stated 
otherwise).. Supernatants were harvested after 24h and stored at -20°C until 
determinationn of cytokines. 

CytokineCytokine measurements 
Measurementss of IL-12p70 and IL-10 levels in culture supernatants were performed 
byy a specific solid-phase sandwich ELISA as described previously [17]. Measurements 
off  TNF-a levels were performed by ELISA using pairs of specific mAbs and 
recombinantt cytokine standards obtained from BioSource International (Camarillo, 
CA).. The limits of detection of these ELISA are as follows: IL-10, 25 pg/ml; IL-
12p70,, 3 pg/ml; and TNF-a, 20 pg/ml. 

AnalysisAnalysis of expression of cell surface molecules by flow cytometry 
Thee mouse anti-human mAbs against the following molecules were used: CD 14 and 
CD866 (BD Pharmingen, San Jose, CA), CD83 (HB15; Immunotech, Maseille, France), 
CDD 119 (IFN-yR alpha-chain; Instruchemie, Hilversum, the Netherlands), followed by 
FTTC-conjugatedd goat anti-mouse mAb (Jackson hnmunoresearch Laboratories, West 
Grove,, PA). 
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StatisticalStatistical analysis 
Dataa were analyzed for statistical significance (In Stat, version 2.02, Graph-Pad, San 
diego,, CA) using ANOVA followed by Dunnett's multiple comparisons test. *, p < 
0.05;; ** , p < 0.01; *** , p < 0.001. 
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Summary y 
GlatiramerGlatiramer acetate (GA, copolymer-1, Copaxone®) suppresses the induction of 
experimentall  autoimmune encephalomyelitis and reduces the relapse frequency in 
relapsing-remittingg multiple sclerosis. Although it has become clear that GA induces 
protectivee (degenerate) Th2/IL-10 responses, its precise mode of action remains 
elusive.. Since the cytokine profile of Th cells is often regulated by dendritic cells 
(DC),, we studied the modulatory effects of GA on the T cell regulatory function of 
humann DC. This study shows the novel selective inhibitory effect of GA on the 
productionn of DC-derived inflammatory mediators without affecting DC maturation or 
DCC immunostimulatory potential. DC exposed to GA have an impaired capacity to 
secretee the major Thl-polarizing factor IL-12p70 in response to LPS and CD40 ligand 
triggering.. DC exposed to GA induce effector IL-4-secreting Th2 cells and enhanced 
levelss of the anti-inflammatory cytokine IL-10. The anti-inflammatory effect of GA is 
mediatedd via DC as GA does not affect the polarization patterns of naive Th cells 
activatedd in an antigen-presenting cell (APC)-free system. Together, these results 
reveall  that APC are essential for the GA-mediated shift in the Th cell profiles and 
indicatee that DC are a prime target for the immunomodulatory effects of GA. 

Introductio n n 
Dendriticc cells (DC) make up a family of highly specialized cells that upon activation 
byy pathogens or their products mature into professional antigen-presenting cells 
(APC).. Immature sentinel DC sample peripheral tissues (e.g. skin, lung and gut 
epithelia)) for incoming pathogen-derived antigens. Thus activated, they mature and 
migratee through the lymphatics towards secondary lymphoid organs. During 
maturation,, DC lose their capacity to internalize and process antigens, but upregulate 
theirr costimulatory molecules (e.g. CD80, CD86, and CD40) to become potent 
immunogenicc APC for naive CD4+ Th cells (1). In the T cell areas of lymphoid 
organs,, mature effector DC not only present pathogen-derived peptides to T cells, but 
alsoo adapt the class of immune response to the type of invading pathogen by driving 
thee development of protective effector Th cell subsets. For instance, DC that have been 
activatedd by intracellular pathogens or their compounds, commit CD4+ Th cells to 
becomee protective IFN-7-producing effector Thl cells. Alternatively, helminths or 
certainn extracellular pathogens induce DC that drive the development of protective IL-
4-,, IL-5-, IL-13-producing effector Th2 cells. While chronic activation of Thl cells 
cann cause immunopathology and organ-specific autoimmune disease, Th2 cells can 
mediatee allergic and atopic disease (2-5). 

Ann important DC-derived factor driving Thl responses is bioactive IL-12p70 (2, 3). 
IL-12p700 can be secreted by sentinel DC in response to several pathogens (bacteria, 
viruses)) or to pathogen-derived products (LPS, DNA, dsRNA) (6-10). During the 
primingg of naive Th cells in the lymphoid organs, however, the secretion of IL-12p70 
iss induced upon interaction between CD40 on the DC and the rapidly induced CD40 
ligandd (CD40L, CD154) on the activated Th cell (6, 9,11,12). The levels of IL-12p70 
productionn upon this CD40L-dependent activation are subject to regulation, reflecting 
thee type of pathogen that activated the DC at its sentinel stage in the peripheral tissue 

92 2 



Glatiramerr acetate induces type 2-polarized DC 

concernedd (4, 5). We and others have shown that, in addition to the type of pathogen, 
immunee mediators and drugs may also determine the levels of IL-12 produced by 
CD40L-activatedd mature DC. For instance, the immune mediators PGE2, histamine, 
andd IL-10, and the anti-inflammatory drugs glucocorticoids and pVagonists all prime 
DCC for reduced IL-12p70 production upon CD40L-dependent activation, thus, 
resultingg in DC with enhanced Th2-promoting capacity (13-19). This has important 
implicationss for the design of therapeutic strategies aiming at counteracting Thl-
associatedd immune pathologies. 

Glatiramerr acetate (GA, also known as copolymer-1, Cop-1, Copaxone®) is a 
syntheticc random polymer of the amino acids L-alanine, L-glutamate, L-lysine, and L-
tyrosinee (20). GA was shown to suppress the induction of experimental autoimmune 
encephalomyelitiss (EAE) in response to the encephalytogenic antigens myelin basic 
proteinn (MBP), proteolipid protein (21) and myelin oligodendrocyte glycoprotein (20-
22).. More recently, GA was also shown to inhibit type II collagen-reactive T cells in 
vitroo (23) and to prevent graft-vs-host disease (24, 25) and transplant rejection (26). 
Thee potential of GA as a therapeutic agent in multiple sclerosis (MS) has been further 
substantiatedd by the reduction of relapse frequency in relapsing-remitting MS patients, 
andd by the reduced appearance of new lesions in gadolinium-enhanced magnetic 
resonancee imaging (27-30). 

Itt is generally accepted that the tfierapeutic effects of GA are due to its 
immunomodulatoryy effects on T cells (for a review see ref. 31). GA has been shown to 
bindd promiscuously to class II MHC molecules (32-34), thus competing with MBP-
derivedd peptides for the MBP-specific T cell receptor (TCR) (35-37). Interestingly, 
GAA induces a Thl to Th2 shift accompanied by the production of the anti-
inflammatoryy cytokine IL-10 both in vitro and in vivo (34, 38-44). Hitherto, the actual 
mechanismm underlying the induction of these protective Th cell responses remains 
elusive.. Since the cytokine profile of Th cells is often regulated by DC, we have 
studiedd the modulatory effects of GA on the T cell regulatory function of human DC. 

Heree we show that GA exerts its anti-inflammatory action on DC by potently 
inhibitingg the production of the major Thl-polarizing factor IL-12p70 and of the 
proinflammatoryy cytokines TNF-a and DL-8 in response to inflammatory signals. 
Moreover,, although GA does not phenotypically affect the maturation of DC, exposure 
off  DC to GA during their maturation results in a stably reduced IL-12p70-producing 
capacityy in response to subsequent activation by the T cell-derived signal CD40L. This 
resultss in the polarization of precursor naive Th cells into effector IL-4-producing Th2 
cellss and is accompanied by the enhanced secretion of the anti-inflammatory cytokine 
IL-10. . 

Material ss and Methods 
Reagents Reagents 
Humann recombinant (r)GM-CSF (sp. act 1.1 lxl07 U/mg) was a gift of Schering-
Ploughh (Uden, The Netherlands). Human rlFN-y (sp. act. 8xl07 U/mg) was a gift of 
Dr.. P. H. van der Meide (U-CyTech, Utrecht, The Netherlands). Human rIL-2 was 
obtainedd from Cerus Corporation (Emeryville, CA). Human rIL-4 (sp. act lxlO8 

U/mg)) was obtained from Pharma Biotechnologie Hannover (Hannover, Germany). 
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EscherichiaEscherichia cotf-derived LPS was obtained form Difco (Detroit, MI) and used at an 
optimall  concentration of 100 ng/ml. Superantigen Staphylococcus aureus enterotoxin 
BB (SEB) was obtained form Sigma (St. Louis, MO) and used at a final concentration of 
100 pg/ml. Water soluble GA (COP-1, Sigma) was used at the final concentrations of 1, 
3,, and 10 ng/ml based on pilot experiments. Mouse anti-human CD3 mAb (CLB-T3/3) 
andd mouse anti-human CD28 mAb (CLB-CD28/1) were obtained from the Central 
Laboratoryy of the Netherlands Red Cross Blood Transfusion Service (CLB, 
Amsterdam,, The Netherlands) and used at final concentrations of 1 (lg/ml and 2 
(ig/ml,, respectively. 

GenerationGeneration of immature DC from peripheral blood monocytes, induction of DC 
cytokinecytokine production, and induction of DC maturation 
Immaturee CDla+CD14" DC were generated from peripheral blood monocytes cultured 
inn Iscove's modified Dulbecco's medium (IMDM; Li fe Technologies, Paisley, U.K.) 
containingg gentamycin (86 ng/ml; Duchefa, Haarlem, The Netherlands) and 1% FCS 
(Hyclone,, Logan, UT), GM-CSF (500 U/ml) and IL ^ (250 U/ml) (6). At d 6 immature 
DCC (2x104 cells/well) were stimulated with LPS in either the absence or the presence 
off  IFN-y (103 U/ml) in 96-well flat-bottom culture plates (Costar, Cambridge, MA) in 
IMDMM containing 10% FCS in a final volume of 200 pi. GA (1, 3, or 10 ng/ml) was 
addedd either alone or simultaneously with LPS + IFN-y. Supematants were harvested 
afterr 20 h. Alternatively at d 6, immature DC were induced to mature by a 2-day 
exposuree to LPS (100 ng/ml) in the absence or in the additional presence of GA (1,3 
orr 10 |Xg/ml). All subsequent tests were performed after harvesting the cells at d 8 and 
afterr extensive washing (four times in 10 ml of culture medium) to remove residual 
factors.. Mature DC (2xl04 cells/well) were stimulated with the CD40L-transfected 
J5588 cell line (2xl04 cells; a gift of Dr. P. Lane, University of Birmingham, 
Birmingham,, U.K.) stimulated in 96-well flat-bottom culture plates (Costar) in IMDM 
containingg 10% FCS in a final volume of 200 |il. Supematants were harvested after 20 
h.. The levels of IL-12p70, IL-6, IL-8, IL-10, and TNF-oc were measured by ELISA 
(seee below). 

IsolationIsolation of naive CD4¥CD45RA+CD45RGT Th cells 
Naivee CD4+CD45RA+CD45RO" Th cells were isolated from peripheral blood 
leukocytes,, with the negative selection human CD47CD45RCT column kit (R&D 
Systems,, Minneapolis, MN). This method yielded highly purified naive Th cells as 
assessedd by flow cytometry (>98% CD4+CD45RA+CD45RO~, <1% CD14+, <1% 
CD20+,, data not shown). 

APC-dependentAPC-dependent and APC-independent priming of cytokines production in maturing 
ThTh cells 
Naivee Th cells (2xl04 cells) were cocultured in 96-well flat-bottom culture plates 
(Costar)) with autologous mature DC (5xl03 cells) in IMDM containing 10% FCS in 
thee presence of SEB (10 pg/ml) in a final volume of 200 jil . Prior to the coculture, DC 
weree induced to mature by exposure to LPS in either the absence or the presence of 
GAA (1, 3, or 10 (Ag/ml). Alternatively, naive Th cells (lxlO5 cells/200 |xl) were 
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stimulatedd in the absence of DC with anti-CD3 and anti-CD28 mAbs in the absence or 
thee presence of GA (1, 3, or 10 ug/ml) in 96-well flat-bottom culture plates in IMDM 
containingg 10% FCS. Both in the APC-dependent and in the APC-independent 
activationn protocols, IL-2 (10 U/ml) was added on d 5 and the cultures were further 
expandedd for another 9 d. On d 14 resting memory Th cells were harvested, washed 
andd restimulated with PMA and ionomycin in the presence of brefeldin A to detect the 
intracellularr production of IL-4 and EFN-y. Alternatively, at d 14 resting Th cells were 
restimulatedd with anti-CD3 and anti-CD28 mAbs (13) and the concentrations of EL-10 
inn 72 h supernatants were determined by ELISA (see below). 

InductionInduction and measurement of proliferative response in naive Th cells 
Naivee Th cells (2.5xl04 cells/200u;l) were cocultured in 96-well flat-bottom culture 
platess (Costar) with increasing numbers of allogeneic DC (101 to 104). Cell 
proliferationn was assessed by measuring the incorporation of [3H]-TdR 
(Radiochemicall  Centre, Amersham, Littl e Chalfont, U.K.) by liquid scintillation 
spectroscopyy after a pulse with 13 KBq/well during the last 16 h of a 7-d culture. 

EvaluationEvaluation of cytokine production at the single cell level 
Too evaluate intracellular cytokine expression, d 14 resting Th cells were harvested, 
washedd and restimulated with PMA (10 ng/ml, Sigma) and ionomycin (1 jig/ml, Sigma) 
forr 6 h, the last 5 h in the additional presence of brefeldin A (10 Jlg/ml, Sigma). 
Thereafter,, the cells were washed in PBS, fixed for 15 min at room temperature in PBS 
containingg 2% paraformaldehyde and stained in permeabilization buffer (PBS containing 
0.5%% saponin, 1% BSA, and 0.05% NaN3) with FTTC-labeled mouse anti-human EFN-y 
(IgG2b)) and PE-labeled mouse anti-human IL-4 (IgGl), or the respective isotype-
matchedd controls (all from BD Pharmingen, San Diego, CA). Subsequently, the cells 
weree washed, suspended in PBS containing 1% BSA and 0.05% NaN3, and analyzed by 
floww cytometry. Data were analyzed using WinMDI software (freely available at 
http://facs.. scripps.edu/). 

EvaluationEvaluation of cytokine production by ELISA 
Determinationn of EL-12p70 concentrations in culture supernatants was performed by 
specificc solid-phase sandwich ELISA as described previously (6). Pairs of specific 
mAbss and recombinant cytokine standards were obtained from BioSource 
Internationall  (Camarillo, CA) for the determination of EL-6, EL-8, and TNF-ot, and 
fromm BD Pharmingen for the determination of IL-10. The detection limits of these 
ELISAA are as follows: EL-6, 20 pg/ml; EL-8, 30 pg/ml; EL-10, 25 pg/ml; EL-12p70, 3 
pg/ml;; and TNF-a, 20 pg/ml. 

StatisticalStatistical analysis 
Dataa were analyzed for statistical significance with the GraphPad InStat® software 
(versionn 3.00; GraphPad InStat, Inc., San Diego, CA) using ANOVA followed by 
Dunnett'ss multiple comparisons test. A P value of <0.05 was considered as the level of 
significance. . 
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Results s 
GAGA is a selective inhibitor of cytokine production by tissue-type sentinel DC 
Sincee GA is therapeutically applied s.c. we first addressed the question of whether GA 
influencess the sentinel function of tissue-type DC. To this aim, immature DC were 
activatedd by exposure to LPS either in the absence or in the presence of increasing 
dosess of GA. Figure 1 depicts the regulatory effect of GA on the production of several 
DC-derivedd inflammatory mediators. The secretion of the Thl-polarizing cytokine IL-
12p700 was clearly inhibited by the presence of GA in a dose-dependent manner. 
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Figuree 1. GA is a selective inhibitor of cytokine production by immature DC. Day 6 immature DC 
weree stimulated with LPS in the absence or the presence of the indicated concentrations of GA. The 
concentrationss of IL-12p70 (induced in the presence of IFN-y), IL-6, IL-8, and TNF-oc in 20 h 
supernatantss were evaluated by ELISA. Results, expressed as mean  SD of triplicate cultures are 
fromm one experiment representative of six. Data were analyzed for statistical significance using 
ANOVAA followed by Dunnett's multiple comparisons test. *  P<0.05, *P<0.01. 

Similarly,, although to a lesser extent, GA reduced the secretion of the chemoattractant 
IL-88 and of the proinflammatory cytokine TNF-cc. In contrast, IL-6 secretion was 
hardlyy affected in the range of GA doses tested, suggesting a selective role for GA in 
thee regulation of DC cytokine production. The production of IL-10 by the DC was not 
detectablee in any condition. In the absence of LPS, GA by itself did not induce DC 
cytokinee production (data not shown). 
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EffectorEffector DC matured in the presence of GA have a reduced IL-12p70-producing 
capacitycapacity but not an impaired immunostimulatory capacity 
Wee and others have shown previously that certain immune mediators and anti-
inflammatoryy drugs that inhibit IL-12p70 production in sentinel DC, also prime 
maturingg DC for a stable effector phenotype with a reduced capacity to secrete IL-
12p700 in response to subsequent CD40L-dependent activation (13-19). To study 
whetherr GA exerts a similar effect, DC were matured by exposure to LPS during 48 h 
inn the absence or the presence of increasing doses of GA. Subsequently, DC were 
thoroughlyy washed in order to remove residual factors, and stimulated with CD40L-
transfectedd J558 cells. Figure 2 shows that maturation of DC in the presence of GA 
resultedd in a dose-dependent reduction of their capacity to secrete IL-12p70 in 
responsee to subsequent activation by CD40L. A comparable effect was observed for 
TNF-aa while IL-8 secretion was inhibited to a much lesser extent. In contrast, IL-6 
productionn was hardly affected, again suggesting that GA selectively regulates DC 
function. . 
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Figuree 2. DC exposed to GA during their maturation have a reduced IL-12p70-producing capacity 
uponn subsequent CD40L-dependent activation. Day 6 immature DC were induced to mature by a two-
dayy exposure to LPS in the absence or the presence of the indicated concentrations of GA. After 48 h, 
att d 8, matured DC were washed thoroughly to remove residual factors. DC were then stimulated with 
thee CD40L-transfected J558 cell line and 20 h supernatants were collected for cytokine measurement 
byy ELISA. Results, expressed as mean cytokine concentration  SD of triplicate cultures are from one 
experimentt representative of ten. Data were analyzed for statistical significance using ANOVA 
followedd by Dunnett's multiple comparisons test. * /><0.05, #/><0.01. 
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Thee production of IL-10 by the DC was not detectable in any condition. Similar results 
weree obtained when DC maturation was induced by the combination of IL-l p and 
TNF-aa instead of LPS (data not shown), suggesting that the effect of GA does not 
criticallyy depend on microenvironmental conditions. 

Maturation-associatedd phenotypical changes are characterized by the upregulation 
off  class IIMHC, the costimulatory molecules CD40, CD80, CD86 and the acquisition 
off  the mature DC marker CD83. DC matured with LPS (or with IL-lpVTNF-oc) 
acquiredd these mature phenotype markers irrespective of the presence of GA (data not 
shown).. Mature DC are the exclusive effector APC for lymph node-based naive Th 
cellss and consequently for the initiation of specific immune responses (1). Therefore, 
wee addressed the question of whether exposure of maturing DC to GA affects their 
immunostimulatoryy capacity towards naive Th cells, by testing the capacity of GA-
treatedd DC to induce proliferation of allogeneic naive Th cells. Figure 3 shows that 
exposuree of DC to GA during maturation, did not impair their immunostimulatory 
potentiall  as judged by the similar proliferation rates of naive Th cells in response to 
DCC exposed to increasing doses of GA. These results are in line with the unaffected 
acquisitionn of the mature phenotype. Together, these data suggest that GA instructs 
DCC to become genuine effector APC, but these cells have a stably reduced capacity to 
producee IL-12p70. 

Figuree 3. DC exposed to GA are not 
impairedd in their capacity to activate 
naivee Th cell proliferation. DC were 
maturedd with LPS in the absence (O) or 
thee presence of increasing doses of GA 
(11 (ig/ml, ; 3 (ig/ml, ; or 10 ug/ml). 
Afterr extensive washing, increasing 
numberss of DC were used to stimulate 
2.5xl044 allogeneic naive Th cells. The 
proliferativee response was determined at 
dd 7 of coculture by [3H]-TdR incor-
poration.. Results, expressed as mean cpm 

 SD of triplicate cultures are from one 
experimentt representative of four. 

DCDC matured in the presence of GA induce Th2 cells accompanied by high levels of 
IL-10 IL-10 
Thee levels of DC-derived IL-12p70 play a major role in Thl polarization (2, 3). 
Hence,, we studied to what extent the exposure of DC to GA hampers the early 
commitmentt of naive Th cells to become Thl cells. To this aim, effector DC were 
generatedd by maturation with LPS in the absence or the presence of increasing doses 
off  GA. After 48 h the cells were thoroughly washed and used to stimulate naive Th 
cellss with SEB. The polarization of effector Th cells was evaluated by determining the 
productionn ratios of signature Thl (IFN-y) to Th2 (IL-4) cytokines at the single cell 
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level.. Figure 4A shows that DC that were matured in the presence of increasing doses 
off  GA promoted the development of IL-4-producing effector Th cells and inhibited 
thee generation of IFN-y-producing Th cells. 
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Figuree 4. DC exposed to GA during maturation induce the development of IL-4-secreting Th2 cells 
withh elevated IL-10-secreting capacity. DC matured as described in the legend to figure 2 were used 
too stimulate naive Th cells with SEB. (A) On d 14, the quiescent Th cells were restimulated with PMA 
andd ionomycin for 6 h, the last 5 h in the presence of brefeldin A, to detect the intracellular production of 
IL-44 and IFN-y. Results are mean percentage of positive cells  SD of three independent experiments 
representativee of seven. (B) Alternatively, the quiescent Th cells were restimulated with anti-CD3 and 
anti-CD288 mAbs and the concentrations of secreted IL-10 in 72 h supernatants were determined by 
ELISA.. Results, expressed as mean IL-10 concentration  SD of triplicate cultures are from one 
experimentt representative of five. Data were analyzed for statistical significance using ANOVA 
followedd by Dunnett's multiple comparisons test. *P<0.01. 

Thee dose-dependent shift in the ratio of IFN-y-producing cells to IL-4-producing cells 
positivelyy correlated with the dose-dependent inhibitory effect of GA on the IL-
12p70-producingg capacity of DC, and indicates that GA modulates DC-derived IL-
12p700 to control the polarization profiles of inflammatory Th cells. We subsequently 
evaluatedd whether this Th2 shift is accompanied by the induction of IL-10-producing 
Thh cells. Figure 4B shows that exposure of DC to GA during maturation resulted in the 
generationn of Th cells with a strongly enhanced capacity to secrete the anti-
inflammatoryy cytokine IL-10. Together, these results indicate that GA modulates the 
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APCC function of DC to induce anti-inflammatory Th cells producing IL-4 and/or IL-
10. . 

Too further investigate to what extent this anti-inflammatory effect of GA depends 
uponn an APC, naive Th cells were activated in an APC-free system with mAbs 
directedd against CD3 and CD28 in the absence or the presence of increasing doses of 
GA.. The obtained resting effector Th cells were restimulated and evaluated for their 
productionn of IFN-y and IL-4 at the single cell level by flow cytometry. Figure 5 
showss that in the absence of APC, GA was unable to affect the balance between Thl 
andd Th2 cells, indicating that DC are critical for the GA-mediated shift in the Th cell 
profile. . 
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Figuree 5. GA does not affect naive Th cell polarization in the absence of APC. Naive Th cells were 
activatedd with anti-CD3 and anti-CD28 mAbs in the absence or the presence of increasing doses of 
GA.. The cells were allowed to expand until they reached the resting state. On d 14, the quiescent Th 
cellss were restimulated and analyzed for intracellular IL-4 and IFN-y production as described in the 
legendd to figure 4A. Results are mean percentage of positive cells  SD of three independent 
experiments. . 

Discussion n 
Thee present study shows for the first time that GA induces anti-inflammatory Th cell 
responsess by modulating the APC function of DC and not by direct effects on the Th 
cells.. GA selectively inhibits the production of DC-derived inflammatory mediators 
withoutt affecting DC maturation and the DC immunostimulatory potential. DC 
exposedd to GA have an impaired capacity to secrete the major Thl-polarizing cytokine 
IL-12p70,, resulting in the induction of a population with an increased frequency of 
effectorr IL-4-secreting Th2 cells accompanied by enhanced secretion of the anti-
inflammatoryy cytokine IL-10. 

Itt is generally accepted that GA exerts its effects by modulating T cell function 
(reviewedd in ref. 31). With respect to the binding of GA to immune cells, in vitro 
experimentss have shown that GA binds promiscuously to class II MHC (32-34) 
therebyy competing with MBP-derived peptides for the MBP-specific TCR (35-37). 
Thiss is an implausible setting in vivo. GA is rapidly degraded into small peptides (45) 
andd it is unlikely that 20 mg of GA administered s.c. would be able of exerting TCR 
antagonismm by displacing relevant auto-antigens in both the CNS and the immune 
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systemm (46). GA is well tolerated and s.c. application seldomly results in skin reactions 
(28).. However, there are indications of immune activation in vivo that suggest the 
activee participation of APC in mediating the effects of GA. A recent study reported 
lymphadenopathyy in 30% of MS patients following GA administration (47). Moreover, 
aa recent report supports our observations that the anti-inflammatory effects of GA are 
mediatedd via the APC. Wiesemann and coworkers (48) showed that GA induces IL-5 
andd IL-13 production in naive Th cells only if the cells are activated in the presence of 
CD14++ cells. This effect is dependent on antigen-presentation as demonstrated by TCR 
blockingg antibodies. It is noteworthy that GA induces a Thl to Th2 shift accompanied 
byy the production of the anti-inflammatory cytokine IL-10 both in vitro and in vivo 
(34,, 38-44). It is well established that the cytokine profile of Th cells is often regulated 
byy DC. Hitherto, there is no information regarding the effects of GA on Langerhans 
cellss and on other populations of skin DC. The data reported here point out that DC are 
criticallyy involved in the mechanisms underlying the immunomodulatory effects of 
GAA on Th cells, a possibility that was not considered before. In addition to the direct 
inhibitoryy effect of GA on the secretion of inflammatory cytokines, especially IL-
12p700 production by immature DC in response to LPS, GA primes maturing DC for 
deficientt IL-12p70 production in response to subsequent CD40 triggering. The levels 
off  IL-12p70 secreted by the DC are of key importance in determining the class of the 
primaryy immune response (2, 3). By inhibiting the IL-12p70-producing capacity of 
DC,, GA suppresses the development of Thl-associated profiles. The 
immunostimulatoryy potential of DC primed by GA is not compromised, probably 
becausee GA does not affect their maturation status. Interestingly, the Th cells that 
developp in response to the GA-primed DC secrete enhanced levels of IL-10. It is well 
establishedd that at low IL-12p70 levels, autocrine IL-4 production boosts the 
developmentt of Th2 cells (2, 3). In contrast, the nature of the signal(s) driving the 
inductionn of high-level IL-10-secreting cells in low IL-12p70 conditions is unknkown. 
Inn experiments using neutralizing anti-IL-10 mAb during the activation of naive Th 
cellss by these DC, the acquisition of the high-level IL-10-producing capacity was not 
preventedd (data not shown). The putative role for other candidate molecules 
responsiblee for the induction of high-level IL-10-producing T cells, such as the 
glucocorticoid-inducedd TNFR family-related protein GITR and its ligand (49), needs 
furtherr investigation. 

Thee actual molecular mechanisms by which GA affects the production of immune 
mediatorss by DC and consequently directs the generation of anti-inflammatory Th 
cellss remains elusive. Recently, it was described that GA inhibits the IL-1-dependent 
activationn of NF-KB in astroglial cells (50). Indeed, the NF-KB family of transcription 
factorss is involved in the regulation of activation of DC and of cytokine production in 
myelomonocyticc cells (1,51, 52). In this respect, NF-KB family member RelA and the 
inhibitorr of NF-KB (IKB ) (52) may be targets for the GA regulatory effect. We have 
preliminaryy evidence suggesting that activation of DC in the presence of GA results in 
reducedd translocation of RelA to the nucleus with retention of RelA in the cytoplasmic 
compartmentt (unpublished results). Whether this effect of GA on RelA is mediated 
throughh IKB is not yet clear. These issues are currently under investigation. 
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Wee have shown here that DC are pivotal for transmitting the anti-inflammatory effects 
off  GA to Th cells, a mechanism that has not been described before to explain the 
effectss of GA. To the best of our knowledge, the data presented here disclose the 
mechanismss underlying the generation of protective Th2/IL-10 responses described in 
EAEE models and in MS patients as a result of GA treatment. In conclusion, our data 
allowss proposing the use of GA not only in MS but also in other immunopathologies 
inn which the reduction of inflammation is essential for the regression of disease. 
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Chapterr  7 
Generall  Discussion 

PARTI I 
AA possible role for  SIgA in the regulation of mucosal immunity 

TheThe interaction between SIgA and DC at mucosal surfaces 
Thee heavily glycosylated SIgA is the most abundant Ig isotype present at mucosal 
surfacess and is believed to be involved in the defence against incoming pathogens as 
welll  as in the prevention of responses against dietary and commensal antigens by 
adheringg to microbes in the intestinal lumen, thus inhibiting them to penetrate die 
mucosaee [1]. Another line of defence at mucosal surfaces is provided by DC that are 
presentt throughout the mucosal tissues (e.g. lamina propria, peyers patches, gut 
epithelium,, respiratory tract) [2-6]. DC have the capacity to open tight junctions 
betweenn epithelial cells and send their dendrites outside the epithelium to capture 
proteinss in the gut lumen [7]. Moreover, it has been reported that DC present in the 
subendotheliall  dome of the peyers patches can capture antigens transported through 
specializedd epithelial cells, called M cells [8]. In addition, M cells may also provide 
thee transepithelial transport of SIgA [9]. These data are in line with the observation 
thatt immature DC can bind and take up SIgA (Chapter 3), and suggest that SIgA at 
mucosall  surfaces may have another function in addition to simple neutralization of 
pathogenicc organisms. There is evidence that IgA-mediated mucosal uptake of 
antigenss can result in mucosal immune responses [10]. On the other hand, SIgA may 
bee directed against autoantigens or commensal microorganisms [11,12], against which 
responsess may be harmful. Since binding and uptake of SIgA by immature DC is not 
accompaniedd by DC maturation (Chapter 3), it is tempting to speculate that SlgA-
mediatedd antigen uptake may result in tolerance, in view of the current dogma stating 
thatt mature DC are immunogenic while immature DC are tolerogenic. 

Thee concept that immature DC are tolerogenic is based on both in vitro and in vivo 
studies,, although the mechanisms underlying the tolerance induction may vary. Human 
immaturee DC induce in vitro T cell anergy [13], whereas neoantigen-pulsed immature 
DCC injected in vivo induce IL-10-producing T (regulatory) cells [14]. In contrast, 
peptide-pulsedd mature human DC induce a strong immune response [15]. 

Severall  studies indicate that DC continuously capture nonpathogenic environmental 
proteinss that are present in high amounts within our respiratory and digestive tract, 
suchh as commensal organisms or dietary proteins. In spite of the absence of migration-
inducingg signals, these DC spontaneously migrate and transport these proteins to the 
drainingg lymph nodes for presentation to T cells [16-19]. Although spontaneous 
maturationn of migratory airway-derived mouse DC has been reported [17], it is 
reasonablee to assume that there are gradual differences in DC maturation, depending 
onn the environmental signals, and that part of the spontaneous migratory DC are 

105 5 



Chapterr 7 

immaturee or partially mature. Indeed, it has been reported that circulating immature 
DCC can traffic through tissues and pick up apoptotic cells, a high source of self-
antigenss [20, 21], which may not necessarily induce DC maturation [22, 23]. 
Moreover,, a subpopulation of intestinal DC with weak T cell stimulatory potential has 
beenn reported to spontaneously migrate in the absence of inflammatory stimuli to the T 
celll  areas of mesenteric lymph nodes. Interestingly, these cells are loaded with 
apoptoticc bodies derived from intestinal epithelial cells [24]. 

Takenn together these findings underscore the concept that, in the absence of 
inflammationn (under steady-state conditions), immature DC efficiently capture and 
processs self and dietary proteins or non-pathogenic organisms resulting in tolerance, 
mediatedd by T cell deletion or by the induction of anergic or regulatory T cells. Upon 
infectionn however, mature DC induce a specific T cell response against the pathogen. 
Inn that case, the self-antigens and harmless environmental antigens that are presented 
byy the DC along with the pathogen are likely to be ignored as a consequence of T 
regulatoryy cells previously generated that prevent autoimmunity and chronic infection. 

PossiblePossible role for C-type lectin receptors in tolerance induction 
DCC express various endocytic receptors including lectins such as MR and DEC-205 as 
welll  as FcR, that can capture antigens and deliver them to processing compartments 
[25,, 26]. Recently, it has been demonstrated that MR ligation mediates negative 
intracellularr signals, resulting in inhibition of IL-12 secretion by DC [27]. In addition, 
engagementt of BDCA-2, which is a C-type lectin II expressed on the plasmacytoid DC 
subset,, inhibits IFN-oc production [28]. These observations implicate a more 
fundamentall  and diverse role for lectin receptors in the immune response besides their 
antigen-capturingg function. An inhibitory role of endocytic receptors is further 
supportedd by experiments showing that mice immunized with mannosylated 
proteolipidd protein (PLP), which is probably taken up via MR, and not mice 
immunizedd with non-mannosylated PLP, develop tolerance to PLP in an EAE model 
[29].. Furthermore, mice injected with hen egg lysozyme (HEL) fused to anti-DEC-205 
antibodies,, to specifically target the antigen to DC expressing DEC-205, developed 
antigen-specificc tolerance to HEL. Peripheral tolerance in these mice, however, could 
bee converted to immunity when the anti-DEC205/HEL antibody was given together 
withh a DC maturation stimulus [30]. The binding and uptake of SIgA-bound antigens 
byy immature DC is primarily mediated via C-type lectin receptors (Chapter 3). 
Preliminaryy data suggest that engagement of MR by SIgA mediates an inhibitory 
signall  to DC, as the LPS-induced secretion of inflammatory cytokines could partially 
bee inhibited in several donors (own unpublished observation), which is in line with 
previouss observations [27]. Therefore, it can be hypothesized that lectin-dependent 
uptakee of SIgA-bound antigens by DC may partially prevent their maturation and that 
thee antigen is transported by these DC to the T cell areas of the draining lymph nodes 
andd presented in a tolerogenic fashion. 
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PARTT 2 
Therapeuticc modulation of the immunoregulatory function of dendriti c 

cellss as a mechanism to reduce inflammator y responses 

Thee Thl/Th2 polarizing function of DC can be affected directly by pathogens or 
indirectlyy by factors produced by cells of pathogen-infected tissues. In addition, 
pharmacologicall  agents can modulate this DC function. Since this modulation of DC 
mayy have a clinical application in treating certain types of tumors or disease states 
withh excessive Thl responses (e.g. autoimmune disease, acute graft-versus-host 
disease)) or Th2 responses (e.g. allergic diseases), great efforts have been made to 
exploree the DC-derived factors that regulate Thl/Th2 cell development. 

Thee cytokine IL-12, which is mainly produced by DC, plays a crucial role in cell-
mediatedd immunity and is probably one of the most significant Thl-skewing factors 
[31,, 32]. It has been demonstrated that the levels of IL-12 produced by DC are subject 
too regulation by inflammatory mediators as well as therapeutic agents [33, 34]. In the 
nextt paragraphs the current knowledge on the modulation of DC function by 
therapeuticc agents used for the treatment of inflammatory disorders will be discussed. 

TheThe role of DC in autoimmune disease 
Autoreactivee T cells are deleted by negative selection in the thymus, but some may 
escapee this process and respond to organ-specific self-antigens in the periphery [35, 
36].. As their activation may lead to autoimmune disease, these autoreactive T cells are 
subjectt to peripheral regulation [37]. DC are thought to initiate not only protective 
immunityy against pathogens by inducing antigen-specific Th cells but also tolerance to 
self-antigenss by deleting or anergizing autoreactive T cells or inducing regulatory T 
cellss [38]. However, the induction or maintenance of tolerance to self-antigens may be 
cross-regulatedd by ongoing inflammation. The onset of some autoimmune diseases has 
beenn associated with both bacterial and viral infections [39, 40]. In addition, cross-
reactivityy between self- and pathogen-derived antigens (molecular mimicry) has been 
describedd in autoimmune diseases such as insulin-dependent diabetes mellitus (IDDM) 
andd MS [41,42]. 

Ass the activation of autoreactive T cells requires presentation of self-antigens by 
Thll  -driving APC, DC probably play a role in the pathogenesis of autoimmune disease. 
Indeed,, it has been hypothesized that persistent inflammation may lead to tissue 
destructionn and prolonged presentation of self-antigens by DC. This may lead to 
persistentt stimulation of autoreactive T cells and autoimmune disease [43, 44], In 
humans,, DC can be found in the synovial fluid of patients with RA [45] and in 
autoimmunee lesions of psoriasis [46]. Also MS is associated with high numbers of 
circulatingg DC producing inflammatory mediators [47]. The finding that IFN-oc-
secretingg plasmacytoid DC accumulate in cutaneous lupus erythematosus lesions 
suggestss that they may play a role in the pathogenesis of systemic lupus erythematosus 
(SLE)) [48]. Recently, it has been demonstrated that the exposure of monocytes to the 
serumm of patients with SLE resulted in enhanced development of cells with DC 
morphologyy [49]. In nonobese diabetic (NOD) mice the first cells that infiltrate the 
targett organ are DC and these cells are able to present autoantigen in the draining 
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lymphh node [50]. Furthermore, transfer of DC that are pulsed in vitro with MBP-
derivedd peptides induce severe EAE in mice [51]. 

Thee cytokine IL-12, which is mainly produced by DC, has been associated with the 
inductionn of pathology in several models of organ-specific autoimmune disease, 
includingg EAE [52], experimental colitis [53], IDDM [54], glomerulonephritis [55], 
andd arthritis [56]. Also increased levels of IL-12 in the serum as well as the 
cerebrospinall  fluid have been found in patients with MS [57, 58]. 

Therefore,, the modulation of IL-12 secretion by DC has been a target for 
pharmacologicall  intervention in autoimmune diseases as it may reduce the induction 
andd prolongation of Thl-mediated responses and pathology. Indeed, it has been 
demonstratedd that neutralization of IL-12 prevented the development of EAE whereas 
additionn of IL-12 increased severity of the disease [59]. Furthermore, administration of 
antibodiess to IL-12 could inhibit diabetes mellitus or colitis in mice [53, 60]. The 
therapeuticc agent vitamin D3 has been demonstrated to prevent Thl-mediated 
autoimmunee diseases in animal models for EAE, SLE, and type I diabetes [61-63]. 
Thiss inhibition of Thl development upon vitamin D3 treatment is thought to be 
primarilyy mediated via the reduction of IL-12 secretion by APC [64, 65]. 

ModulationModulation of DC Junction by therapeutic agents 
Variouss therapeutic agents have been described with a nonselective anti-inflammatory 
andd immunosuppressive function in the treatment of inflammatory disorders, such as 
autoimmunee and allergic diseases. Recently, it has been demonstrated that, in addition 
too their direct inhibitory effect on Th cells, these agents also suppress IL-12 secretion 
byy DC and thus affect the outcome of the immune response (e.g. glucocorticoids [66, 
67],, vitamin D3 [65], and p2-agonists [68]). So far, the modulatory effects of PDE4 
inhibitorss (Chapter 4), type I IFN (Chapter 5, [69]), and GA (Chapter 6) on DC 
functionn have not been described in detail. Therefore, we will put these findings into 
perspectivee with previous observations. 

PDE4PDE4 inhibitors 
PDE44 is the main enzyme responsible for the degradation of cAMP and is 
predominantlyy expressed by immune cells (e.g. T cell, APC, mast cells, eosinophils). 
Thiss implies that the use of a specific inhibitor of PDE4 will not be limited to a certain 
celll  type. Indeed, the elevation of intracellular cAMP levels by PDE4 inhibitors has 
beenn reported to inhibit the function of a broad spectrum of immune cells including 
Thll  and Th2 cells, DC, monocytes/macrophages, mast cells, and eosinophils (Chapter 
4,, [70-72]). Therefore, these agents have been implicated to be effective in both 
autoimmunee as well as allergic diseases. 

PDE44 inhibitors have been demonstrated to suppress proliferation and cytokine 
productionn of both Thl and Th2 cells [73, 74]. Although it has been reported that they 
preferentiallyy inhibit proinflammatory cytokines in Thl-mediated autoimmune 
diseasess such as IFN-Y and TNF-a [75-78], the opposite has also been found, namely 
preferentiall  inhibition of Th2 responses in atopic individuals [73, 79, 80]. However, in 
allergicc diseases the inhibitory effects of PDE4 inhibitors on the ability of mast cells 
andd eosinophils to produce mediators and to relax the bronchial muscles, may play a 

108 8 



Generall  Discussion 

moree important role to reduce disease severity than their inhibitory action on T cells 
[70,71]. . 

Itt has been demonstrated that PDE4 inhibitors strongly reduce the production of the 
proinflammatoryy cytokine TNF-a by DC, monocytes, and macrophages (Chapter 4, 
[81,, 82]). Furthermore, selective inhibition of PDE enzymes suppresses IL-12 and 
TNF-aa in various animal models of autoimmune disease and even reduces Thl 
activityy [83-86], which may be explained by their anti-inflammatory effect on DC 
(Chapterr 4). These data are in accord with the observation that PDE4 inhibitor 
treatmentt reduces the number of TNF-a- and IFN-y-secreting cells in patients with MS 
[87].. Furthermore, treatment with inhibitors of PDE enzymes suppresses the 
productionn of IL-12 and six out of eight patients with MS reported improved motor 
skillss and less fatigue [76]. Taken together, these data suggest that PDE4 inhibitors are 
potentiall  therapeutic agents for the treatment of Thl-associated diseases. It is likely 
thatt PDE4 inhibitors dampen inflammatory responses through prevention of the 
productionn of inflammatory cytokines (TNF-a, IL-12) by APC, resulting in a reduced 
inductionn of Thl responses, while they simultaneously act directly on T cells reducing 
theirr proliferation and production of inflammatory cytokines (IFN-y, TNF-a). 

TypeType IIFNs 
Despitee the fact that type IIFN treatment has been shown to reduce the frequency of 
relapsess and clinical exacerbations in patients with MS, the mechanism of action 
remainss elusive [88, 89]. It has been reported that type I EFN treatment enhances the 
secretionn of IL-10 and reduces the frequency of IFN-y-secreting T cells in vivo [90-
93].. This is in line with the observation that type I IFN inhibit IL-12 secretion by DC 
andd thus reduce the development of IFN-y-secreting (Thl) cells (Chapter 5, [69]). 
Evenn though IL-10 is a negative regulator of IL-12 production [94], this cytokine is 
probablyy not involved in the type I IFN-mediated inhibition of IL-12 production by 
DCC [69, 95], but may exert its anti-inflammatory effects via other mechanisms. For 
instance,, IL-10 may reduce inflammatory cytokine production by autoreactive T cells 
orr affect the antigen-presenting capacity of APC [96]. It has been demonstrated that 
typee I IFN interfere with IFN-y-induced upregulation of MHC class II expression on 
humann glioma cells [97]. Importantly, type I IFN interfere with the IL-12-enhancing 
effectt of IFN-y on DC independent of the maturation stage of the cells via a still 
unknownn mechanism (Chapter 5). This indicates that the type I IFN-mediated 
inhibitionn of the positive feedback loop between IL-12 and IFN-y may be beneficial 
forr the course of the disease in MS patients. Besides their inhibitory effects on DC 
function,, other inhibitory mechanisms may be involved in the clinical efficacy of type 
II  IFN therapy in MS. For instance, type I IFN may affect the migratory potential of T 
cellss to inflammatory sites by inhibiting matrix metalloproteinases (MMP) and VLA-4 
expressionn [98-100] and inhibit Th cell proliferation [91,101]. 

Itt has been reported that mature DC become resistant to further modulation by 
immunomodulatoryy molecules such as IL-10 or PGE2 [102] as well as pathogenic 
compoundss [103, 104]. In addition, PDE4 inhibitors are unable to modulate mature 
DCC function (Chapter 4). This implicates that upon arrival in the lymph nodes the 
acquiredd cytokine profile of the effector DC is stable and allows them to adequately 
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polarizee the antigen-specific Th cell response in relation to the conditions of the 
infectedd and/or inflamed tissue. This is supported by the finding that within one lymph 
nodee multiple antigen-specific T cells with distinct cytokine profiles can be detected 
[105].. In contrast with these observations is the finding that mature DC are highly 
susceptiblee to type I IFN-mediated inhibition of IL-12 production (Chapter 5, [69]). In 
addition,, it has been demonstrated that mature DC are still sensitive to IFN-y-mediated 
signalling,, even though to a much lesser extent than immature DC [104]. These data 
implicatee that under certain conditions mature DC can be sensitive to modulation. 

GlatiramerGlatiramer acetate 
Thee therapeutic agent GA has been reported to induce a shift in the balance from Thl 
towardss Th2 cells [106, 107] and to reduce the relapse frequency in relapsing-
remittingg MS patients [108]. Recently, GA was also shown to prevent murine graft-vs-
hostt disease [109, 110] and transplant rejection [111], indicating its potential 
therapeuticc use in several other inflammatory diseases. 

Thee beneficial effects of GA may be explained by their ability to promiscuously 
bindd to class IIMH C on APC [112] and thereby directly competing with MBP-derived 
peptidess for the MBP-specific TCR [113, 114]. There are several indications, however, 
suggestingg that this antigen-nonspecific mechanism of action may not be the major 
basiss of the therapeutic effects of GA in vivo. First, it is highly unlikely that GA 
reachess the site (e.g. CNS) where it could compete with autoantigens for binding since 
itt is rapidly degraded into free amino acids and small oligopeptides after subcutaneous 
administrationn [115]. However, there are indications that APC interact with GA at the 
sitee of application and actively participate in mediating the effects of GA, as will be 
discussedd below. Second, the fact that GA can act as a TCR antagonist exclusively 
againstt the MBP 82-100 peptide, but not MBP 1-11 or peptide from other protein, such 
ass PLP 139-151 [114], is puzzling since its protective effects have been shown in EAE 
inducedd by various autoantigens [116-118]. Third, GA has been demonstrated to 
inducee anergy in a MBP-specific T cell clone in the absence of MBP suggesting that 
specificc TCR engagement takes place and that competition with MBP is not required 
forr GA to be effective [119]. Fourth, although the stereoisomer of GA has been 
demonstratedd to bind as effectively as GA to MHC class II [110], it failed to suppress 
EAEE [120]. Overall these data indicate that merely competition for MHC binding is 
nott sufficient to explain the beneficial effects of GA. 

Thee observation that GA impairs the ability of DC to produce cytokines such as 
bioactivee IL-12 and TNF-cc (Chapter 6) support the hypothesis that GA induces anti-
inflammatoryy Th cell responses by modulating the APC function of DC. Furthermore, 
GAA reduced inflammatory cytokine production by cells from whole blood indicating 
itss anti-inflammatory effects on other APC besides DC (own unpublished 
observations).. Moreover, DC matured in the presence of GA polarize naive Th cells 
intoo effector IL-4-producing Th2 cells and this is accompanied by the enhanced 
secretionn of the anti-inflammatory cytokine IL-10 (Chapter 6). These observations are 
inn line with both in vitro and in vivo studies showing that GA induces a Thl to Th2 
shiftt accompanied by the production of IL-10 [106, 107, 121, 122]. Therefore, it can 
bee speculated that GA modulates the APC function of sentinel DC that carry GA to the 
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drainingg lymph nodes and present it to GA-reactive T cells, which then migrate across 
thee blood brain barrier to the site of infection [121]. In the CNS they may cross-react 
withh myelin antigens and release anti-inflammatory (Th2-type) cytokines and induce 
bystanderr suppression of Thl-type cytokine production by autoreactive T cells [123, 
124].. Whether these GA-reactive T cells possess so-called regulatory functions, as has 
beenn described for CD25+ CD4+ Th cells, needs to be elucidated. 

ConcludingConcluding remarks 
Itt has become increasingly clear that DC play a decisive role in the outcome of the 
immunee response. They are able to recognize, process and present pathogen and 
subsequentlyy initiate naive Th cell responses, driving them into distinct classes of 
effectorr cells. In addition, DC have a strong inflammatory function in the periphery 
andd are potent activators of memory T cell responses. The identification of the factors 
thatt modulate DC function and the way these cells subsequently promote Thl or Th2 
responsee can contribute to the design of novel therapeutic strategies. 

Variouss therapeutic agents have been developed for the treatment of inflammatory 
disorders,, such as autoimmune and allergic diseases. These anti-inflammatory and 
immunosuppressivee agents have been described to nonselectively inhibit inflammatory 
processes.. They have been shown to directly inhibit Th cell proliferation and reduce 
thee inflammatory cytokine production by Th cells, monocytes and macrophages. 
Recently,, it has become clear that therapeutic agents are also able to modulate DC 
functionn and thus affect the outcome of the immune response. The data discussed here 
indicatee that several therapeutic agents including PDE4 inhibitors, type IIFN, and GA, 
aree able to inhibit the IL-12-producing capacity of DC and, consequently, reduce the 
inductionn of Thl-mediated responses. These data improve our understanding of the 
mechanismss underlying the anti-inflammatory effects of therapeutic agents. 

AA critical step for the onset of specific immunity to pathogen is the activation of DC 
andd their switch from an antigen-sampling mode into a T cell-stimulatory mode. 
However,, how do DC decide to induce a tolerogenic or immunogenic reaction to a 
certainn antigen? This decision may depend on the type of DC that presents the antigen, 
thee maturation status of the DC which depends on the conditions (steady-state versus 
inflammation)) under which the antigen is taken up (via lectin-like receptors?) and 
presented,, or the character of the antigen. Finding the factors that regulate the balance 
betweenn tolerance and immunity by DC are considered to be of utmost importance for 
thee design of therapeutic strategies. The targeting of antigens to immature DC and 
theirr uptake via lectin-like receptors may be used as a novel strategy to dampen the 
autoimmunee response. 
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Efficientt clearance of a certain type of pathogen depends on the induction of the 
appropriatee class of antigen-specific immunity, which can be mediated by type 1 and 
typee 2 CD4+ Th cells (Thl and Th2 cells), each with distinct functions relating to their 
uniquee cytokine profiles. Thl cells mainly produce fFN-y, which promotes cell-
mediatedd immunity against intracellular pathogens, whereas Th2 cells predominantly 
producee DL-4, DL-5, and EL-13, which are critical for IgE-mediated responses against 
helminthss and other extracellular pathogens. Since it is not well understood how 
protectivee immunity is established against different types of pathogens and what 
factorss determine the onset of (autoimmune) disease, great efforts have been made to 
unravell  the signals involved in naive Th cell activation and polarization towards Thl-
and/orr Th2-type cytokine producing effector cells. DC are highly specialized APC 
linkingg innate and adaptive immunity. Data are emerging that DC play a central role in 
thee induction and regulation of Th cell responses. Therefore, it is important to 
investigatee the factors that influence the immunoregulatory function of DC. 

InIn the first part of this thesis a few basic aspects of DC were investigated, such as 
thee antigen-specific T cell stimulatory capacity of DC and their ability to bind and take 
upp mucosal IgA. Subsequent studies, described in the second part of this thesis, were 
focussedd on how therapeutic agents, such as PDE4 inhibitors, type I IFN, and GA, 
modulatee the cytokine production and T cell polarizing capacity of DC. 

InIn Chapter  2 we addressed the question whether priming of monocytes with GM-
CSFF alone, or in combination with DL-4, would affect their APC function, since these 
cytokiness have been described to promote the development of DC with strong 
stimulatoryy potential. We found that priming of freshly isolated monocytes with 
antigenn in the presence of GM-CSF, or GM-CSF and EL-4, strongly inhibited the 
specificc stimulation of the T cells, as compared to monocytes pulsed in the absence of 
cytokines.. This suppression was partially due to the secretion of PGE2 and IL-10 by 
GM-CSF-exposedd monocytes, since the combined use of indomethacin and anti-EL-lO 
antibodiess during GM-CSF incubation and antigen pulsing partially restored T cell 
growth.. As confirmed by culture supernatant transfer experiments, maximal inhibition 
off  T cell stimulation was also dependent on the direct contact between the T cells and 
GM-CSF-exposedd monocytes during antigen-presentation. This implies that GM-CSF 
mayy affect the T cell stimulatory potential of monocytes via the induction of soluble as 
welll  as membrane-bound inhibitory factors, which is in sharp contrast to its effects on 
DCC function. 

Inn Chapter  3 we investigated how the expression of the FcotRI (CD89) is regulated 
duringg DC development and studied whether and how DC interact with mucosal IgA 
Wee show that the levels of FcaRI are strongly decreased upon differentiation from 
monocytee to DC. We found only minimal binding of serum IgA to monocyte-derived 
DCC but strong binding of secretory IgA (SIgA). The SIgA binding to DC could not be 
blockedd by anti-CD89 blocking antibodies. DC efficiently internalized SIgA, but not 
serumm IgA, and uptake of SIgA could be blocked by specific sugars or partially by Ab 
reactivee with mannose receptor (MR). Importantly, binding and uptake of SIgA was 
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nott accompanied by signs of DC maturation, such as increased expression of CD86 
andd CD83 or induction of cytokine secretion. This indicates that at mucosal surfaces 
DCC may interact with mucosal IgA via a C-type lectin receptor-dependent pathway 
andd that this may be a mechanism to modulate the immune response. 

Inn Chapter  4 we first investigated the PDE profile of monocyte-derived DC and 
foundd predominant enzymatic activity of PDE4. Subsequently, the modulatory effect 
off  PDE4-specific inhibitors on DC functions such as cytokine secretion and T cell 
stimulatoryy and polarizing capacity was investigated. We show that PDE4 inhibitors 
directlyy reduce IL-12 and TNF-oc secretion by immature DC in response to LPS and 
CD40L-dependentt activation, whereas PDE4 inhibitors did not directly affect cytokine 
productionn by CD40L-activated mature DC. Induction of DC maturation in the 
presencee of PDE4 inhibitors did not influence their T cell stimulatory capacity or 
acquisitionn of a mature phenotype. However, the ability of PDE4 inhibitor-matured 
DCC to produce IL-12p70 and TNF-a is impaired and consequently they show a 
reducedd capacity to initiate the development of IFN-y producing (Thl) cells. This 
indicatess that, in addition to their direct inhibitory effect on T cells, PDE4 inhibitors 
mayy also reduce inflammatory Thl responses via modulation of DC. 

Inn Chapter  5 the effects of type IIFN on DC at different stages of maturation were 
studied.. Here we show that type I IFN directly increase the IL-12 production by 
immaturee DC but inhibit the IL-12 production by mature DC in response to CD40L-
dependentt activation. The presence of type I IFN during DC maturation does not affect 
thee IL-12-producing capacity of these cells upon subsequent CD40L activation. 
Regardlesss of the maturation stage of the DC we found that type I IFN strongly 
counteractedd the IL-12-enhancing effect of IFN-y. This indicates that type I IFN affect 
DC-derivedd IL-12 depending on the maturation stage of the cells and inhibit the 
positivee circuit between IL-12 and IFN-y, which may be beneficial to reduce 
inflammatoryy processes. 

Inn Chapter  6 we studied the modulatory effects of glatiramer acetate (GA) on the T 
celll  regulatory function of DC and addressed the question whether the effect of GA on 
Thh cells is antigen-presenting cell (APC)-dependent. We demonstrate that DC exposed 
too GA show an impaired capacity to secrete IL-12 and other inflammatory cytokines in 
responsee to LPS and CD40L-dependent activation. DC exposed to GA reduce the 
developmentt of IFN-y-producing Thl cells while promoting the induction of Out-
producingg Th2 cells which is accompanied by enhanced levels of IL-10. The anti-
inflammatoryy effect of GA is mediated via DC as GA does not affect the cytokine 
profiless of naive Th cells activated in an APC-free system. This indicates that the Th 
polarizingg effects described for GA in MS are mediated via DC. 

InIn Chapter  7 we propose that SIgA at mucosal surfaces interacts with DC via C-
typee lectin receptors and that this may be a mechanism to induce tolerance. 
Furthermore,, we discuss the finding that therapeutic agents are able to suppress IL-12 
secretionn by DC and thus reduce the induction of inflammatory Thl-type responses. 
Thesee findings indicate that, next to their nonspecific anti-inflammatory effect on 
monocytes/macrophagess and Th cells, these agents additionally dampen inflammatory 
responsess by acting at the level of DC. 
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Onss lichaam is voor haar verdediging uitgerust met een 'leger' van vele soorten cellen, 
diee verschillende ziekteverwekkers (virussen, bacteriën, en wormen) op een efficiënte 
manierr op kunnen ruimen indien ze binnendringen. Dit afweersysteem of 
immuunsysteemm is erop getraind om 'lichaamseigen' van 'lich aamsvreemd' te 
onderscheidenn en onderneemt normaal gesproken alleen iets als ziekteverwekkers als 
'vreemd'herkendd worden. Helaas werkt dit niet altijd optimaal en kunnen ook 'foute* 
reactiess ontstaan die gericht zijn tegen cellen van ons eigen lichaam, zoals bij een 
auto-immuunn ziekte. 

Hett 'immuun-leger' bestaat voornamelijk uit onze witte bloedcellen die ieder 
eenn specifieke rol spelen in de afweer. Zo zijn de B cellen heel erg belangrijk voor de 
productiee van antistoffen tegen lichaamsvreemde eiwitstructuren op ziekteverwekkers 
(antigenen).. Doordat deze antistoffen kunnen binden aan het antigeen, wordt het 
gevaarr weggevangen (geneutraliseerd) of zodanig 'gemarkeerd' dat bepaalde cellen 
hett makkelijk kunnen 'opeten' (fagocyterende cellen) en opruimen. Dit 
verdedigingsmechanismee werkt voornamelijk tegen ziekteverwekkers die zich buiten 
onzee cellen ophouden, 'extra'cellulaire ziekteverwekkers genaamd (bijv. wormen en 
bepaaldee bacteriën). Andere ziekteverwekkers dringen echter liever onze cellen binnen 
enn verstoppen zich dus 'intracellulair (bijv. virussen en sommige bacteriën), waardoor 
eenn andere manier van opsporing en eliminatie vereist is. 

Doordatt alle cellen constant op de buitenkant laten zien welke 'eigen' eiwitten 
err binnenin de cel aangemaakt worden kan een geïnfecteerde cel herkend worden als 
hett vreemd eiwit (antigeen) presenteert op daarvoor speciale presenteerblaadjes (MHC 
moleculen).. Deze 'antigeenpresenterende' functie is van belang om specifieke T cellen 
tee activeren die ervoor zorgen dat de geïnfecteerde cellen en dus de ziekteverwekker 
opgeruimdd kan worden. De T cellen zijn onder te verdelen in 'afweerdivisies*  met 
verschillendee specifieke taken. De T cellen die in staat zijn om geïnfecteerde cellen of 
abnormalee cellen (zoals kankercellen) te doden heten cytotoxische T cellen (Tc). De T 
cellenn die de B cellen, fagocyterende cellen en Tc helpen bij het op gang brengen van 
dee afweerreactie tegen een bepaalde ziekteverwekker worden T helper (Th) cellen 
genoemd.. Deze Th cellen produceren signaalstoffen die, afhankelijk van hun 
samenstelling,, als boodschapper fungeren voor een bepaald type afweerreactie 
(grofwegg verdeeld in type 1 (Tnl) en type 2 (Th2) reacties). 

Dee zogenaamde Thl cellen produceren signaalstoffen die van belang zijn voor 
dee afweer tegen intracellulaire ziekteverwekkers en kankercellen. Vooral het Thl-type 
signaalstoff  interferon-y (IPN-y) is in staat om Tc en fagocyterende cellen te activeren. 
Th22 cellen produceren voornamelijk signaalstoffen die een rol spelen bij de afweer 
tegenn extracellulaire ziekteverwekkers. Deze Th2-type signaalstoffen zijn o.a. van 
belangg voor de activatie, groei en antistof productie van B cellen. Er wordt 
verondersteldd dat indien een infectie aanhoudt en daardoor Thl cellen constant 
geactiveerdd worden, er weefselschade kan optreden en zelfs een reactie tegen 
lichaamseigenn eiwitten (auto-immuun ziekte) kan ontstaan. Een continue activatie van 
Th22 cellen wordt ook wel geassocieerd met het ontstaan van allergische ziekten. 
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Onrijpee T cellen bevinden zich voornamelijk in de lymfeklieren en kunnen zich 
naa activatie ontwikkelen in Thl of Th2 cellen. Vervolgens migreren de rijpe Th cellen 
naarr de plaats van infectie om daar hun werk te doen. Ziekteverwekkers dringen vooral 
binnenn via de huid en via de longen en darmen en komen dus normaliter niet direct in 
aanrakingg met onrijpe T cellen. Lange tijd was het niet duidelijk hoe onrijpe T cellen 
informatiee kregen over het type ziekteverwekker en de mate van infectie en welke 
factorenn het type van de afweerreactie beïnvloeden (Thl/Th2). Inmiddels is duidelijk 
datdat er aan het hoofd van het leger een soort boodschappercellen genaamd dendritische 
cellenn (DC) staan die een centrale rol spelen bij het aanzetten en reguleren van 
immunologischee reacties. 

DCC zijn vooral te vinden op plaatsen waar pathogeen het lichaam kan 
binnendringenn (dus in de huid, long, en darm). Als DC in aanraking komen met een 
ziekteverwekkerr ondergaan ze een rijpingsproces. Daarbij vertonen DC in eerste 
instantiee een verhoogde capaciteit om ziekteverwekkers op te nemen. Direct daarna 
gaatt deze eigenschap verloren, migreren de DC naar de lokale lymfeklieren en kunnen 
zee onrijpe T cellen activeren met antigenen afkomstig van de ziekteverwekker. 
Bovendienn kunnen deze DC verschillende signaalstoffen produceren die aan de onrijpe 
TT cellen doorgeven dat ze zich moeten ontwikkelen tot Thl of Th2 cellen. Een 
belangrijkee signaalstof die de DC produceren is interleukine-12 (IL-12), dat een sterke 
Thll  afweerreactie aan kan zetten. 

Err is aangetoond dat verschillende factoren, zoals bepaalde signaalstoffen en 
farmacologischee middelen, de productie van IL-12 door DC kunnen moduleren en dat 
ditt gevolgen heeft voor het type afweerreactie (Thl/Th2) dat wordt aangezet door de 
DC.. Daarom wordt er door velen onderzocht hoe DC te manipuleren zijn zodat ze 
gebruiktt kunnen worden voor de behandeling van verschillende ziektebeelden. De 
manipulatiee van DC in type 1 DC, die veel IL-12 produceren en Thl reacties 
aanzetten,, zou voordelig kunnen zijn om kanker te bestrijden. De manipulatie van DC 
inn type 2 DC, die geen IL-12 produceren en Th2 reacties aanzetten, zou voordelig 
kunnenn zijn om de weefselschade en ontstekingsreacties veroorzaakt door auto-
reactievee Thl cellen te remmen. 

Dee therapeutische middelen type I interferonen (IFN-a en IFN-p) en 
Glatirameerr acetaat (GA) worden beiden gebruikt voor de behandeling van patiënten 
mett multipele sclerose (MS). Dit is een auto-immuun ziekte waarbij je je eigen 
myelineschedee (die de zenuwen isoleert van en naar de hersenen) afbreekt, met als 
gevolgg dat je dus o.a. verlammingsverschijnselen kan krijgen. Het farmacologische 
middell  dat het enzym phosphodiesterase 4 (PDE4), wat in bijna alle witte bloedcellen 
voorkomt,, remt is ontwikkeld om patiënten met astma te behandelen maar eventueel 
ookk auto-immuun patiënten. 

Hoewell  het bekend is dat veel therapeutische middelen die toegediend worden 
omm ontstekingen en auto-immuun ziekten te remmen de activiteit van Th cellen direct 
beïnvloeden,, is nog niet veel bekend over hun werking op DC. Het voornaamste doel 
vann mijn promotieonderzoek was om een beter inzicht te krijgen in de modulerende 
werkingg van de hierboven genoemde therapeutische middelen (PDE4 remmers, type I 
IFN,, en GA) op humane dendritische cellen (hoofdstuk 3-5). Uit deze studies kan 
geconcludeerdd worden dat ieder therapeutisch middel, weliswaar elk via een ander 
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mechanisme,, de productie van 'ontstekings'signaalstoffen, waaronder IL-12, en 
daardoorr de Th 1-sturende functie van DC kon remmen. Dit toont aan dat 
ontstekingsremmerss de immuunreactie ook kunnen beïnvloeden via hun effecten op 
DCC en geven een beter inzicht in de ontstekingsremmende werking van deze middelen 
inn auto-immuun ziekten. 
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Thee induction of a H -promotion is only feasible after  the interaction with 
variouss environmental factors 

TheThe Journal of Incredibly Grateful Memories and Thanks Vol 26:4 (1996-2002) 

Summary y 
Thee never ending PhD story of H2 has finally come to an end! When; did it all begin? 
Firstt of all with 'the making of H2' by my parents of course. However, this story really 
startedd in 1996 with Paul who got an offer from Geert Mudde (desperately seeking 
Dutchh PhD students) to join him at Sandoz (later Novartis) in Vienna, Austria. Paul 
wass very interested but did not want to go alone (as if! ) and Geert arranged an 
intervieww for me with Frank Kalthoff at the Department of Immunology. The project 
wass quite risky but I took the chance (and switched after 1 Yz years to a new project). 
Inn the corridors of Novartis I met Nathalie and many many more wonderful people mat 
taughtt me how to enjoy the good Viennese life (Sturm, Heurige, Schnaps, 
Christkindlmarkt,, Sushi, etc.). In 1999 there was the opportunity to join Geert and 
Geraldd at Jouveinal/Parke-Davis (later Pfizer) in Fresnes, France. The idea was to 
continuee there with my PhD under the supervision of Corinne Moulon and in the 
meantimee set up the Immunology Department (we started with 2 empty labs!). Again a 
'switchh of projects' took place and we started a fruitful collaboration with Cees van 
Kooten.. Thanks to my nice colleagues I got familiar with the 'French way' of thinking 
andd living (wonderful food + wine combinations, cultural Paris and surroundings etc.). 
However,, due to reorganization plans it was only possible to stay for one year in 
France.. Luckily, contacts were made with Marden Kapsenberg in Amsterdam who 
wass willing to supervise me so I could continue (and finally finish) my PhD. In 2000 I 
returnedd to the Netherlands and started to work in a lab full of 'DC experts' and good 
runningg DC assays. During these 2 years I had the advantage to learn a lot and meet 
manyy nice and 'willing to help me' people, especially 'southern Europeans'. 
Inn conclusion, it is possible to finish a PhD of which the work was done in 3 different 
laboratoriess and countries on various DC projects, but only with the help of many 
people! ! 

-Thee end-

References s 
Paul.. Mijn HP-tje, je bent geweldig! Wij heuren bij mekaor. Jij overtuigde me elke 
keerr weer dat het wel ging lukken en daar ben ik je meer dan dankbaar voor. We 
hebbenn al zoveel mooie dingen samen beleefd en zitten sinds een jaar 'voor altijd' aan 
mekaarr vast (of nog maar 41jr ?) dus nog zeeën van tijd om doktertje te spelen. Luv 
ya! ! 

Lievee pa, ma, en Niels. Wie had gedacht bij dat engeltje in de vijvers van Versailles 
datt het zon doc(h)ter zou worden? Bedankt voor julli e liefde, vertrouwen en steun. 
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Mett julli e 'als je maar gelukkig bent' principe valt een hoop te bereiken! En Niels, je 
bentt en blijf t mijn liefste bwoewtje. Ongelofelijk dat we beiden eindelijk klaar zijn met 
'studeren'.. No no man I thank U man! 

Schoonouders,, schone zus 'Mac', mijn overige familieleden. Jullie allemaal kei-
bedanktt voor je interesse, steun en veul meer. 

Geert,, Liesbeth, Sander, Jeroen. Wat een goede tijden waren dat in Wenen en in Parijs! 
Dee ben heel blij Geert dat je ervoor zorgde dat ik naar Wenen kon komen, dat je me 
steundee als ik weer eens gefrustreerd binnen kwam lopen en dat je het plan stimuleerde 
omm mijn monocyten en DC bij jouw T cel klonen te stoppen. Verder wil ik ook Lies 
bedankenn voor de gezelligheid en de etentjes. Ik zal het niet vergeten. 

Frank,, Johanna. Dear Frank, thank you for your supervision the first 3 years. I know in 
thee beginning we had a tough time to set up the DC assays and to get cord blood 
material,, but I learned a lot in your lab. One of the things I will never forget is the look 
onn your face that time that I made coffee for you with PBS instead of H20 (sorry!!). 
Alsoo without the kind help of Johanna (vielen Dank!) I could not have made it 

Nafti,, Stoffl, Stanzl. Liebe Nafti, du warst immer da ftir mich und hast 'uns Auslander' 
dass geftihl gegeben immer wilkommen und 'da Ham' zu sein. Ihr seit weit weg aber 
trotzdemm fUr immer in meinem Hertz. Danke für die Super 'Weiland' Zeit, Grill festen, 
Musik-abendenn in Chicken-village, Wander und Schi abenteuer, usw. BussiU 

Vielenn Dank: Monique (kei-bedankt!), Jutta, Adi&Andrea, Eva&Markus, Sissi, 
Hatchi+Familien,, Gerard+familie, English-clan (especially Jacs, Ed, and Ceri) und 
anderee Leute von Novartis die mich untersttttzt haben. 

Gerald,, Maris, Nadia. Bedankt voor julli e 'wereldse' vriendschap. Het begon al in 
Wenenn met vele geweldige momenten samen en vervolgens konden we vaak als 'gast 
aann tafel' aanschuiven in Villebon voor culinaire hoogs tandjes en goede (soms zelfs 
wetenschappelijke)) gesprekken. Helaas zijn julli e als echte wereldburgers naar UK 
gegaann en wij terug naar dat kikkerlandje, maar ik verlies julli e niet uit het oog! 

Ceess van Kooten. Heel erg bedankt voor je wetenschappelijke input en samenwerking. 
Hett heeft een mooi resultaat opgeleverd niet waar? 

Corinnee et Anne-Christine. Ma chère ('super(be)viseur1) Co et Anne. Vm so very very 
'appy.. OR? C'est incroyable ce truc! Miss Hélène et les filles! Merci beaucoup pour 
tous.. Je vous embrasse. We will visit you in la Suisse don't worry. 

II  would also like to thank the rest of the people from Pfizer who contributed to this 
diesiss (and also for the 'pots' and the good times in Pare de Sceaux). 
Mijnn lieve vrienden en vriendinnen wil ik hartelijk bedanken voor hun luisterend oor, 
hunn interesse, de fijne afleidingsmanoeuvres in tijden van wanhoop, hun bezoekjes aan 
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onss in het buitenland, de gezelligheid en opbeurende woorden. Vooral heb ik veel 
'girl-power'' mogen ontvangen van Diane, Jans, Jacky, Ink, Annick, Moniqueske, de 
BECcers,, en vele andere lieve meiden (ja ook jij!) . 

Bedanktt lieve 'roomies' oh oh oh Cristina (en ook nog mijn paranimf!! Obrigada 
queridaa linda etc.), Sjaan, 'Kirstie', en (heel eventjes maar) 'Hermie' voor julli e 
collegialiteitt en vriendschap, het incasseren van mijn harde lach en frustratie-
uitspattingenn en voor alle wetenschappelijke maar ook sociale input. Door julli e was 
hethet een errug plezierige laatste 2 jaar. 

Martienn en Esther wil ik heel erg bedanken voor hun enorme inzet om mijn PhD tot 
eenn goed einde te brengen en de wel zeer afwisselende begeleiding (eerst was het 
Martien,, toen werd het Esther, toen weer Martien en toen allebei). Ik heb veel geleerd! 

Dee rest van de collega's van de afdeling Celbiologie & Histologie (Anna, Eddy, Björn 
etc.. etc.) en het AMC die hebben bijgedragen aan mijn proefschrift bedank ik voor 
wetenschappelijkee discussies, (experimentele) hulp, en gezelligheden tijdens borrels en 
etentjes.. Vooral Trees met de 'gouden vingertjes' wil ik bedanken voor haar hulp. Ook 
Jann (de man die alles kan) heel erg bedankt voor ongelofelijk veel dingetjes die je voor 
mee hebt gedaan! 

Caroo Pedro (met groene P), 'allochtoontje', my paranimf( -o-mania). You may be 'born 
inn the wrong country' but I'm happy you came to Amsterdam for a PhD. Thank you 
forr your friendship (work can become pleasure), your scientific enthusiasm, help, and 
muchh more (111 never forget)! Let's stay superficial. 

Dikkee zoen, 

« « 
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Heleenn Heijstek, de schrijfster van dit proefschrift, werd geboren op 22 juli 1970 in 
Haarlem.. Na het behalen van haar HAVO diploma aan de Bracbant HAVO in Boxtel 
stroomdee ze door naar het VWO. Nadat ze haar VWO diploma behaalde aan het Jacob 
Roelandss Lyceum in Boxtel, begon zij in 1989 met de studie Medische Biologie aan 
dee Universiteit Utrecht. Zij voerde een hoofdvak uit bij de vakgroep Immunologie van 
hett Utrechts Medisch Centrum onder begeleiding van dr. A. Bloem. Haar bijvak 
doorliepp ze bij het Hubrecht Laboratorium, Nederlands Instituut voor 
Ontwikkelingsbiologiee in Utrecht, onder begeleiding van M. Verheijen en dr. B. 
Defize,, waarna zij in 1996 haar doctoraal examen behaalde. In februari van dat jaar 
begonn ze als wetenschappelijk onderzoeker bij Sandoz (later Novartis) op de afdeling 
Immunologiee in Wenen (Oostenrijk), onder begeleiding van dr. F. KaKhoff en dr. G. 
Mudde,, aan haar promotieonderzoek. In januari 1999 vervolgde zij haar 
promotieonderzoekk bij Jouveinal/Parke-Davis (later Pfizer) op de afdeling 
Immunologiee in Fresnes (Frankrijk) onder begeleiding van dr. C. Moulon en dr. G. 
Mudde.. In februari 2000 vervolgde zij haar promotieonderzoek bij de vakgroep 
Celbiologiee en Histologie van de Universiteit van Amsterdam in het Academisch 
Medischh Centrum onder begeleiding van dr. E. de Jong en prof. dr. M. Kapsenberg. De 
resultatenn van het onderzoek dat in deze periode(s) verricht werd, staan beschreven in 
ditt proefschrift. 
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