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Instructio nn of 
effecto rr  T cel l program s 
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00 ja, natuurlijk! Dendritische cellen 
sporenn de ziektenverwekkers op 

enn verzamelen deze.... 

.. Vervolgens bepalen de 
dendritischee cellen aan de hand 

vann het type ziektenverwekker welke 
M:ool'' de T cellen nodig hebben 

omm deze te bestrijden ... 
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Introduction n 

Effecto rr  T cel l subset s 
Protectivee adaptive immunity against different classes of pathogens requires antigen 

(Ag)-specificc immune responses, each initiated and maintained by distinct subsets of effector 

CD4++ T helper (Th) cells, classified by different functional properties based on unique 

cytokinee profiles. Effector Th type-1 (Thl) cells produce high levels of interferon-/ (IFN-y) 

andd tumor necrosis factor-fi (TNF-(3). These cytokines are instrumental in cell-mediated 

immunityy against intracellular pathogens, such as viruses, intracellular (myco)bacteria or 

protozoa,, through the induction of anti-microbial activity in macrophages and the promotion 

off cytotoxic activity in natural killer (NK) cells and CD8+ cytotoxic T cells. Effector Th2 cells 

secretee high quantities of interleukin (IL)-4, IL-5, IL-9 and IL-13, crucial in the clearance of 

eukaryoticc multicellular parasites, such as intestinal helminths. These cytokines recruit and 

activatee eosinophils and mast cells and support immunoglobulin(Ig)-E isotype switching in B 

cells,, which is instrumental in the antigen-induced degranulation of mast cells and basophils. 

Duringg a majority of the immune responses moderate amounts of both type 1 and type 2 

cytokiness are produced that contribute to humoral immune responses against different 

extracellularr pathogens. The combined production of type 1 and type 2 cytokines supports 

isotypee switching to different antibody (Ab) (sub)classes in B cells (1,2). 

Recently,, a novel subset of effector CD4+ T cells has been described, the regulatory T 

cells,, which play a major role in the induction and maintenance of tolerance against self- or 

harmlesss foreign peptides, such as inhaled airborne particles or ingested foods (3). They are 

alsoo involved in the control of inflammatory responses, initiated by other effector cell 

subsets.. Regulatory T cells inhibit the proliferation and cytokine secretion of other immune 

cellss and thus help to prevent tissue damage to the host in otherwise ongoing inflammatory 

responses.. Regulatory T cells are a heterogeneous population harboring different subclasses, 

includingg naturally occurring and adaptive regulatory T cells. A first subclass contains the 

naturallyy occurring thymus-derived regulatory T cells, characterized by expression of CD25, 

CD38,, CD62L (L-selectin) and CD103, which are primarily associated with peripheral 

tolerancee to auto-antigens. In the literature these cells are referred to as the CD4+CD25+ T 

cells,, that suppress other immune cells in a cytokine-independent, contact-mediated fashion 

(4).. A second category is formed by the adaptive regulatory T cells, such as Th3 and Trl 

cells,, that produce high levels of transforming growth factor-^ (TGF-p) and IL-10, 

respectivelyy (5). These cytokines are typical homeostatic cytokines, that are produced during 

chronicc infection and dampen most types of immune responses (figure 1). 

Oncee formed, the above described effector CD4* T cell subsets have relative stable 

phenotypes,, due to distinct molecular characteristics. Detailed analyses of the different CD4" 

TT cell subsets revealed the expression of subset-specific transcription factors, i.e. T-box 

expressedd in T cells (T-bet) in polarized Thl cells (6), the zinc-finger transcription factor 

GATA33 in polarized Th2 cells (7) and the forkhead box transcription factor P3 (Foxp3) in the 
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naturallyy occurring CD4XD25* Treg cells (8). At present it is unknown whether Foxp3 or 

otherr putative decisive transcription factors are prominently expressed in the adaptive Treg 

celll subpopulations. These key transcription factors are crucial for the distinct CD4* T cell 

subsetss to exert their effector function, as forced expression of T-bet, GATA3 or Foxp3 

imposess the respective phenotype on T cells, either by inducing the expression of IFN-y or 

IL-44 or by enabling them to inhibit the proliferation of other T cells (8-12). In fact, these 

transcriptionn factors act as master regulators, initiating distinct transcriptional programs in 

activatedd naive Th cells, leading to functionally different CD4+ T cell subsets. These 

transcriptionall programs are stabilized by the simultaneous shut-down of other transcription 

programss supporting other differentiation pathways, e.g. the Thl program is stabilized by 

thee parallel inhibition of GATA3 and the shut-down of type 2 cytokine transcription by T-bet 

andd enforced by auto-induction of T-bet (6). Likewise, GATA3 suppresses the expression of 

thee receptor for IL-12 (a major Thl polarizing factor - discussed below), reducing IL-12 

signalingg and responsiveness, and also augments its own expression by auto-induction, 

therebyy stabilizing Th2 cell development (13,14). Similar stabilizing events may occur to 

reinforcee the Foxp3-induced suppressor phenotype, but so far, there is no literature to 

supportt this assumption. 

Immunee responses 

Cellularr immunity 

Humorall immunity 

Defensee against 

Controll of 
inflammation n 

Tolerance e 

'CD4+CD25-' ' 

Effectorr Th cell subsets 

Lymphh node 

thymus s 

T-be«« IFN-y 
TNF-fJ J 

OOIFN-y,, IL-5 
IL-13,, TNF-p 

V _ _ yy IL-13 
IL-4 4 

All. All. e/> > 9) 9) 

' " , , 
'%, , 

CTLA^? ? Ö Ö 
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Figur ee 1: Role of differen t effecto r T cell s in adaptiv e immu e responses . Effector Th cells 
developp from naive T helper (Th) cells after initiation of different transcription programs. Thl cells, 
inducedd by the transcription factor T-bet, are characterized by the expression of INFy and TNF-p, but 
nott IL-4, IL-5 or IL-13, and play a crucial role in cellular immune responses against intracellular micro-
organisms.. Th2 cells, induced by the transcription factor GATA-3, express high levels of IL-4, IL-5 and 
IL-13,, but no I FN-/ and are instrumental in the clearing of helminthic infections. ThO cells produce 
bothh type 1 and type 2 cytokines and contribute to humoral immune responses against extracellular 
bacteria.. Regulatory T (Treg) are either derived from thymus (CD4+CD25+ T cells; characterized by 
thee transcription factor Foxp3) and inhibit in a cell-contact dependent manner or are generated from 
peripherall CD4+ T cells or naive Th cells and produce high levels of IL-10 and/or TGFp, instrumental in 
theirr inhibitory function. Regulatory T cells are involved in the prevention of excessive immune 
pathologyy and the induction of peripheral tolerance. Effector T cells can also recognized under 
pathologicall conditions, i.e. Thl cells are associated with certain organ-specific auto-immune diseases, 
Th22 cells are demonstrated in allergic diseases and regulatory T cells have also been linked to immune 
evasion. . 

DCC as initiator s and designer s of primar y Th cel l response s 
Inn contrast to the CD4*CD25* T cells that directly appear to originate from the 

thymus,, effector Th cell subsets directed against different types of pathogens develop from a 

peripherall pool of uncommitted naive Th cell precursors governed by tightly controlled 

regulationn mechanisms. Naive Th cells cannot recognize pathogens by themselves, but need 

aa specialized class of antigen-presenting cells (APC), i.e. dendritic cells (DC), to process 

pathogenss and to present pathogen-derived peptides associated with major 

histocompatibilityy class II (MHCII) molecules. T cell activation is enrolled by triggering of the 

TCRR by cognate recognition of peptide/MHCII complexes expressed by dendritic cells (DC). 

Thee best-studied 'classical' CDllc+ (myeloid) DC normally reside in peripheral tissues as 

immaturee sentinel cells and at potential pathogen entry sites, such as mucosal and skin 

epithelia,, to patrol the environment for possible danger signals (15). Upon encounter of 

microbiall and/or inflammatory products, the immature DC become activated and upregulate 

chemokinee receptor (CCR)7, which allows them to migrate towards the draining lymph 

nodes,, where naive pathogen-specific Th cells are located (16). During migration, DC will 

undergoo a maturation process, which includes the loss of their endocytic capacity. 

Endocytosiss was functional at their site of origin for the uptake and processing of pathogens 

orr dying infected neighboring cells. Mature effector DC, instead, show high expression of 

pathogenicc peptide-loaded MHCII and costimulatory molecules, such as B7 family members 

andd CD40, rendering them ultimately qualified to stimulate naive Th cells and drive their 

developmentt into protective effector Th cells (15) (figure 1). 

Thee development of fully active effector Th cells, capable of expressing high levels of 

protectivee cytokines, thus requires an optimal presentation of pathogenic peptides (signal 1) 

pluss sufficient costimulation (signal 2). In the absence of proper costimulation, TCR-activated 

Thh cells become anergic, which may lead to tolerance induction. Inadequate or even total 

absencee of DC maturation results in intermediate or low expression levels of costimulatory 

molecules,, providing optimal conditions for tolerance induction (17). The nature of the 
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cytokinee response depends on Th cell polarizing signals (signal 3) (18). Mature DC can 

expresss a large array of distinct membrane-bound and soluble molecules that have distinct 

Thh cell polarizing effects. Sofar, several have been identified, including (i) the Thl polarizing 

moleculess IL-12, IL-18, IL-23, IL-27, type 1 interferons and membrane bound ICAM-1, (ii) 

thee Th2 polarizers monocytic chemotactic protein-1 (MCP-1)/CCL2 and cell-surface OX40L, 

andd (iii) the regulatory T cell polarizing molecule IL-10 and TGF-p (19) (figure 3). 

Regulatio nn of Th cel l polarizatio n by IL-12 and IL-4 
Amongg the individual forces that can drive polarized Thl and Th2 cell responses, the 

cytokiness IL-12 and IL-4 are probably the most powerful and dominant ones (20). These 

cytokiness upregulate T-bet and GATA3 in a signal transducer and activator of transcription 

(STAT)44 and STAT6-dependent manner, in turn enhancing Thl and Th2 cytokine gene 

transcription,, respectively (21). IL-4 is not produced by DC and the major source of IL-4 is 

probablyy the Th cell population itself (22,23). However, naive Th cells hardly produce IL-4 

andd must first undergo several cell divisions before sufficient amounts of IL-4 can be 

producedd that can act in an autocrine fashion and drive Th2 polarization (24,25). Other 

cytokiness produced by Th2 cells may function similarly and help in this respect. For example, 

IL-255 enhances expression of the Th2 cytokines IL-4, IL-5 and IL-13, thereby supporting Th2 

developmentt (26), while IL-21 inhibits IFN-y production in naive Th cells but no longer in 

polarizedd Thl cells (27). IL-21 thus counteracts the initiation of Thl development and 

facilitatess IL-4-induced Th2 development. As mentioned above, the bystander effect of these 

cytokiness can influence Th cell polarization in surrounding Th ceils only in a later stage of the 

primaryy response. Therefore, the influence of other factors present during the early stage of 

Thh cell activation are crucial to determine the initial levels of IL-4 and thus, the outcome of 

Thh cell polarization. 

IL-12,, produced by DC during the early phase of Th cell activation is probably the 

mostt crucial factor for Th2 development as well. If IL-12 production is low, the priming for 

IL-44 production in developing naive Th cells will not be blocked by T-bet, enabling IL-4 to act 

inn an autocrine- and paracrine fashion and to induce Th2 differentiation. Although various 

otherr molecules, have been identified that can influence the outcome of Th cell polarization 

(seee above), most of the soluble factors appear to act mainly via the regulation of IL-12 

productionn (discussed below), or by acting in synergy with IL-12, such as IL-18 and IL-27 

(28,29).. The physiological significance of surface molecules that have been described to 

promotee Thl- or Th2 cell development is less well established in vivo, e.g. OX40-OX40L 

interactionn (30,31), or is evident only under low cytokines conditions, such as ICAM-1 (32), 

leavingg IL-12, and possibly other IL-12 family members, as (one of) the key player(s) in Th 

celll development. It is therefore of fundamental importance to understand how IL-12 

productionn and IL-12 responsiveness are regulated. 
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IL-122 famil y and IL-12 famil y receptor s 
IL-122 is a heterodimeric cytokine composed of a 35-kDa light chain (p35) and a 40-

kDaa heavy chain (p40) (33). Recently, two related novel heterodimeric cytokines have been 

identified,, IL-23 and IL-27. IL-23 shares the p40 subunit with IL-12 which in IL-23 associates 

withh a unique pl9 subunit (34). IL-27 is formed by a dimer of p28 and Epstein-Barr virus-

inducedd gene 3 (EBI3), which is structurally related to p40 (29,35). The IL-12p40 subunit is 

producedd in large excess over bioactive IL-12 and IL-23 and can form inhibitory 

homodimers,, as has been observed in the mouse. IL-12p35, IL-23pl9 and IL-27p28 can only 

bee secreted when associated with IL-12p40 or EBI3, respectively. 

Thee IL-12 receptor (IL-12R) is composed of two chains: the IL-12R[U and the IL-

12R[i22 (36). IL-23 binds the IL-12Rpl chain if associated to a second receptor chain, the 

IL23RR (37). IL-27 binds to the T-cell cytokine receptor (TCCR), also known as WSX-1 and 

whichh has a strong homology to the IL-12Rp2 chain, and a second yet unidentified chain 

(29,38)) (figure 2). Ligand binding of the heterodimeric high-affinity IL-12R results in the 

activationn of Janus kinase (JAK)-STAT pathway of signal transduction, initiated by the 

phosphorylationn of JAK2 and TYK2. Subsequently, STAT1, STAT3, STAT4 and STAT5 are 

phosphorylatedd and activated, leading to their dimerization and migration to the nucleus, 

wheree transcription of IL-12 responsive genes is turned on, or off (39) (figure 2). The 

specificc cellular effects of IL-12 are mainly associated with the activation of STAT4, as 

indicatedd by the phenotype of STAT4-deficient mice, which is identical to that of p40-

deficientt mice and which show a decreased production of IFN-y (40,41). Although IL-23 

inducess the same JAK-STAT signaling molecules as IL-12, STAT3 seems to be the 

predominantt STAT protein being activated, rather than STAT4 (37). This may explain the 

overlapping,, but not identical activities of IL-12 and IL-23. IL-23 is less efficient than IL-12 in 

inducingg IFN-y production and Thl differentiation in naive Th cells, but, unlike IL-12, it is 

particularlyy efficient in supporting proliferation and IFN-y production in memory T cells (34). 

IL-23pl99 transgenic mice show a marked phenotype of multi-organ inflammation and 

prematuree death, indicating that pl9 shares the pro-inflammatory properties of IL-12 (42). 

TCCR/WSX-11 ligation leads to phosphorylation of JAK1 and STAT1, but not STAT3, STAT4 or 

STAT5.. IL-27 stimulation strongly supports proliferation and IFN-y production in naive Th 

cells,, particularly in synergy with IL-12 and IL-18, which may be explained by the 

upregulationn of T-bet and IL-12R|i2 expression (29,43). This is underlined by the phenotype 

off TCCR-deficient mice, that displayed greatly reduced IFN-y production under Thl-inducing 

conditions.. However, the IFN-y defect was limited to the primary response, since during 

secondaryy responses the T cells recovered the ability to produce IFN-y (44). Furthermore, 

thee TCCR-deficient mice show an increased susceptibility to the intracellular pathogens 

ListeriaListeria monocytogenes and Leishmania major (45). These results suggest that a functional 

IL-27RR on naive Th cells plays an important role in early Thl differentiation. 

12 2 
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Inn contrast to Thl and ThO cells, polarized Th2 cells do not have a functional high-

affinityy IL-12R, as the IL-12Rp2, the signaling chain, is not expressed, leaving those cells 

unresponsivee to IL-12 (46,47). Indeed, allergen-specific Th2 cell clones (allergy is associated 

withh polarized allergen-specific Th2 cells, as discussed below) lack STAT4 phosphorylation 

andd IFN-y production in response to IL-12 (48). Expression of the IL-12R[32 chain is highly 

susceptiblee to regulation. IL-12, IL-18 and type 1 IFNs strongly upregulate, while IL-4, IL-10, 

prostaglandinn E2 (PGE2) and cholera toxin (CT) severely suppress its TCR-induced 

expressionn (39). Mouse iludies demonstrated that the reciprocal effects of the prototype 

regulatorss IL-4 and IL-12 on IL-12Rp2 expression are mediated by GATA3 and T-bet, 

respectively,, directly affecting IL-12R|i2 gene transcription. GATA3, induced by IL-4 and 

enhancedd by auto-induction, inhibits IL-12R(32 gene transcription (49), whereas T-bet, 

inducedd by IL-12 and also augmented by auto-induction, upregulates IL-12RJ32 gene 

transcriptionn (10). 

IL-1 2 2 IL-2 3 3 

IL-12R|11 1 

IL-2 7 7 
TCCR/WSX-l l 

LA LA 

II Immunogbbulii 
II domain 

nn L i Cytokine receptor 
^^ homology domain 

Fibronectin-like e 
domain n 

I I Fourr helix 
bundlee cytokine 

13 3 



Introduction n 

Figur ee 2: IL-12 famil y members . At present, the IL-12 family consists of three heterodimeric 
cytokines,, i.e. IL-12, IL-23 and IL-27. IL-12 is composed of the subunits p35 and p40, whereas IL-23 
iss formed by pl9 and p40, and IL-27 is compromised of p28 and EBI3. IL-12 binds to the IL-12R, 
composedd of the IL-12Rpl chain and the signaling chain, IL-12Rp2. IL-23 ligates to a receptor, 
consistingg of the IL-12Rpl chain and the IL-23R, whereas IL-27 binds to the IL-27R, composed of 
TCCRR (also known as WSX1) and an unknown receptor chain. Ligation of the different IL-12 family 
receptorss leads to the activation of JAK-STAT signaling cascades. IL-12 activates STAT1, STAT3, 
STAT44 and STAT5, with STAT4 being dominant for IL-12-specific cellular effects. IL-23 induces similar 
STATT molecules as IL-12, but here STAT3 seems to be the predominant one. IL-27 predominantly 
inducess the phosphorylation of JAK1 and ST ATI. 

Att present, it is unknown whether the expression of the receptor chains for IL-23 and 

IL-27,, or the molecules themselves, are subjected to regulation during Th cell polarization 

andd thereby can influence the susceptibility of activated naive Th cells for these cytokines 

andd thus the outcome in Th cell polarization. In contrast, it is obvious that IL-12 plays a 

dominantt role in IFN-y production and Thl development, and therefore suppressed 

expressionn of the IL-12Rp2 chain and consequently IL-12 unresponsiveness in polarized Th2 

cellss may be crucial for the stability of the Th2 phenotype and a key factor to its modulation. 

Regulatio nn of IL-12 productio n 
IL-122 is secreted by immature DC in response to stimulation by certain pathogens 

(e.g.. bacteria, viruses) or their products (e.g. LPS, DNA, dsRNA) (33) and is enhanced by 

IFN-vv (50). Also interaction with local effector Th cells will lead to IL-12 production via 

ligationn of CD40 on DC by CD40L on the activated Th cells. This IL-12 wiil contribute to local 

tissuee inflammation and induce or enhance IFN-y production by NK-cells or effector CD4+ T 

cellss (33). Mature DC in the draining lymph nodes have lost their susceptibility to microbial 

productss and only respond to CD40 ligation by the rapidly induced CD40L on the T cells they 

activate.. This CD40-CD40L interaction increases the production of IL-12 (51). 

IL-122 production is negatively regulated by IL-10 which blocks the transcription of both its 

subunitt encoding genes (52). Also TGF-p, type I interferons and vitamin D3 suppress IL-12 

productionn (33). Furthermore, ligand binding of G protein coupled receptors (GPCR), e.g, by 

PGE2,, histamine, cholera toxin, [^agonists and certain chemokines, like CCL2, CCL8, CCL7 

andd CCL13 (MCP1-MCP4), leads to a profound inhibition of IL-12 production in both 

immaturee and mature effector DC, mainly through the induction of cyclic AMP (53). Finally, 

alsoo ligand binding of certain non-GPCR can downregulate IL-12 production, e.g. CD46 by 

measless virus or C3b, CD47 by thrombospondin, or activation of Fc-receptors by immune 

complexess (33). In many conditions in which IL-12 production is inhibited, production of IL-

100 is increased. 

Onn top of these direct regulatory effects on IL-12 production, immature DC can also 

bee primed to produce high or low levels of IL-12, when restimulated as effector mature 

stagee (18). More importantly, the variable IL-12 or IL-10 producing capacity is one of the 

14 4 
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mainn features that influences the Th cell polarizing capacity of primed effector DC, and thus 

determiness whether they are committed to drive Thl, Th2 or regulatory T cell development. 

Basedd on this functional aspect, they may be designated DC1, DC2 and DCr, purely reflecting 

thee capacity to induce the development of Thl , Th2 or regulatory T cells, respectively. The 

naturee of the Th cell polarizing capacity of mature effector DC proved to be dictated by 

differentt microbial compounds during their initial activation as sentinel DC (54,55). Mature 

effectorr DC have a stable functional profile that can no longer be modified by pathogens and 

tissuee factors (55,56). It is therefore of crucial importance to understand how diverse 

pathogenss can prime DC for differences in their Th cell polarizing capacity. 

Microbia ll  primin g for differen t DC subset s 
Immaturee DC, residents of the peripheral tissues, are part of the innate immune 

system,, supported as well by other non-specific immune cells, such as macrophages and 

granulocytes.. These cells can identify pathogens by means of pattern recognition receptors 

(PRR),, a set of evolutionary conserved proteins (57). PRR directly recognize and bind 

conservedd microbial molecules, so called pathogen-associated molecular patterns (PAMP), 

manyy of which are shared by different classes of pathogens. Triggering of PRR can mediate 

opsonization,, endocytosis, activation of complement and coagulation cascades, activation of 

inflammatoryy cascades, and/or induction of apoptosis (58). Such PRR include Toll-like 

receptorss (TLR) (59,60), homologues of Drosophila Toll and 18-wheeler involved in innate 

immunee responses in flies, as well as C-type lectins, such as the mannose receptor (MR), 

DEC-2055 and DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN) (61). So far, ten TLR 

familyy members have been identified that bind to a wide variety of microbial compounds 

(Tablee 1). TLR are not only expressed by innate immune cells but also by various other 

residentt cells, including fibroblasts, epithelial cells and endothelial cells, underlining their 

importancee in innate immunity. Via this route of TLR ligation, pathogens not only affect DC 

directly,, but also via inflammatory mediators produced by surrounding tissue cells in 

responsee to their TLR activation. TLR ligation induces the activation of several downstream 

signalingg cascades that finally leads to the nuclear translocation of AP-1 and NF-KB family 

members,, which in turn promote the transcription of a variety of genes, including genes 

encodingg inflammatory products, such as IL-6 and TNF-u, and genes controlling DC 

maturationn (62). 

15 5 



Tablee 1: PRR (TLR and C-type lectins) and their ligands 
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PRRR name ligand 

TLRR TLR1 Tri-acyl lipopetides (bacteria, mycobacteria) 

TLR22 Lipoproteins/lipopeptides (a variety of pathogens) 

Peptidoglycann (gram-positive bacteria) 

Lipoteichoicc acid (gram-positive bacteria) 

Lipoarabinomannann (mycobacteria) 

Phenol-solublee modulin (Staphylococcus epidermeris) 

Glycoinositolphospholipidss (Trypanosoma Cruz/) 

Glycolipidss (Treponema maltophilum) 

Lyso-phosphatidylserinn {Schistosoma mansoni) 

Porinss (Neisseria) 

Zymosann (fungi) 

Atypicall LPS (Leptospira interrogans, Porphyromonasgingivalis) 

TLR33 Double-stranded RNA (virus) 

TLR44 LPS (gram-negative bacteria) 

Taxoll (plant) 

Fusionn protein (RSV) 

Envelopp proteins (MMTV) 

HSP600 (Chlamydia pneumoniae) 
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Accumulatingg data now underline that microbial exposure, e.g. via ligation of PRR, 

primess DC for functional maturation into effector DC with distinct Th cell polarizing capacities 

(figuree 3). So far, several microbial compounds ligating to distinct TLR or yet unknown PRR, 

havee been identified that prime DC to promote Thl development. For example, viruses and 

virall components that ligate to TLR3 (55,63) mycobacterial lipoproteins ligating to the 

hetereodimerr TLR1/TLR2 (64-66) and CpG-rich unmethylated DNA which binds to TLR9 

(67,68).. Other well-known examples, for which the involved PRR has not been identified yet, 

aree Toxoplasma gondii (69), that enhances IL-12 production substantially e.g. via the ligation 

off CCR5 by the release of cyclophilin-18 (70), pertussis toxin from Bordetella pertussis (55), 

thee yeast form of Candida albicans (71) and a secreted p60 protein from Listeria 

monocytogenesmonocytogenes (72). Although no PRR have been identified yet that directly prime DC for 

enhancedd Th2 development, several parasitic helminths have been reported to possess a 

strongg DC2 priming capacity, e.g. by virtue of a phosphorylcholine-containing glycoprotein, 

ES-622 in case of the filarial nematode Acanthocheilonema viteae (73) or by virtue of an IL-4-

inducingg principle of Schistosoma mansoni eggs (IPSE), present in soluble egg extract from 

SchistosomaSchistosoma mansoni(55,74-76). 

Thee capacity to induce regulatory T cells and tolerance via modulation of DC has 

initiallyy been described for anti-inflammatory drugs like corticosteroids or vitamin D3 (77-81). 

However,, it recently appeared that also several microorganisms can prime for the 

developmentt of regulatory T cells as a mechanism to induce protective memory responses 

andd to limit detrimental tissue damage in the host. However, it may also induce immune 

evasionn instead, beneficial for the survival of the invading pathogen. Regulatory T cell 

developmentt has been reported for e.g. mycobacteria, Plasmodium palcifarum, Toxoplasma 

gondii,gondii, Bordetella pertussis and Schistosoma mansoni. Different receptors are used by these 

pathogens,, i.e. P. falciparum infects erythrocytes and subsequently induces tolerogenic DC 

byy binding to CD36 (82), and T. gondii induces lipoxin A4, which downmodulates CCR5 

expression,, and thereby suppresses IL-12 responsiveness (83). Mycobacteria species use 

mannose-cappedd lipoarabinomannan (ManLam), which binds to the MR or to DC-SIGN. 

ManLAMM inhibits LPS-induced maturation and, instead, induces the production of the anti-

inflammatoryy cytokine IL-10 (84,85). Bordetella pertussis induces tolerogenic DC via 

filamentouss haemagglutinin (FHA) (PRR unknown) (86) and Schistosoma mansoni via lyso-

phosphatidylserinee (lyso-PS) that ligates to TLR2 (87) (Figure 3). The generation of 

regulatoryy T cells in the above described situations can be a smart trick of the pathogen to 

inducee immune evasion, and may be considered as a form of an aberrant T cell response 

thatt results in chronic infection (88). If so, this may result from a disturbed balance in 

adaptivee immunity, as regulatory T cells generally protect the host from excessive 

detrimentall inflammation or are involved in the induction of memory responses, that are 

protectivee to reinfection. 
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Figur ee 3: Microbia l primin g induce s differen t effecto r DC subsets . Immature DC reside as 
sentinelss in the peripheral tissues. Upon encounter of pathogens, pathogenic compounds or 
infammatoryy signals produced by the surrounding tissue in response to the pathogens, DC will 
becomee activated and migrate the the draining lymph nodes. During this migration the DC will 
undergoo a maturation process, upregulating their T cell stimulatory capacity, i.e. the expression of 
peptide-loadedd MHCII and costimulatory molecules. In the lymph nodes, DC will activate naive Th 
cellss and drive their development into different effector T cells based on the expression of distinct sets 
off polarizing molecules. DC selectively expressing IL-12 family members, IL-18, IFNu or ICAM-1 
inducee the differentiation of Thl cells (DC1), DC expressing MCP-1 (CCL2), OX-40L and no IL-12 
familyy members drive polarized Th2 cells (DC2) and DC expressing high levels of IL-10 in combination 
withh low levels of costimulatory molecules and probably unkown factors induce the differentiation of 
regulatoryy T (Treg) cells (DCr). The fate of effector DC is determined by the the signals they 
encounterr in the peripheral tissues during their immature phase. Ideally, intracellular micro-organisms 
orr tissue-derived IFN-y (so-called type 1 factors) induce the generation of DC1, helminths or tissue-
derivedd PGE2 (type 2 factors) drive the polarization of DC2, whereas certain microbial compounds, 
e.g.. lyso-PS from Schistosoma mansoni, FHA from Bordetella pertussis, ManLAM from mycobacteria, 
orr tissue-derived IL-10 and TGFp (tolerogenic factors) drive the development of DCr. Factors like LPS, 
IL-ipp or TNFu induce DC maturation, but do not influence their Th cell polarizing capacity (DCO). 

Aberrantt cytokine profiles 
Immunopathologicall conditions in humans are often associated with chronic and 

polarizedd T cell responses. As discussed above, regulatory T cells can be associated with 

generall local immune suppression that allow to maintain persisting chronic infections 

(discussedd above). Polarized T h l cell responses are implicated in organ-specific 
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autoimmunity,, such as multiple sclerosis, inflammatory bowel disease and type-1 diabetes, 

andd in graft-versus-host disease and rejection of solid organ transplants (89-91). Polarized 

Th22 cells directed against otherwise harmless inhaled or ingested proteins are associated 

withh allergic diseases, such as allergic asthma, atopic dermatitis or allergic rhinitis, 

characterizedd respectively by episodic wheezing and chest tightness, eczema or red and itchy 

eyess accompanied by frequent sneezing and a running nose (92-95). Exposure to allergens 

inn allergic patients triggers an immediate hypersensitivity reaction mediated by IgF 

crossiinkingg and degranulation of mast cells and basophils, followed by an eosinophil-

mediatedd late-phase hypersensitivity reaction within 6-24 hours. Both phases depend on 

effectorr activities executed by Th2-specific cytokines. For example, IL-4 and IL-13 support 

IgEE isotype-switching in B-cells (93). Furthermore, IL-13 induces the contraction of smooth 

musclee cells and boosts excessive production of mucus in the lungs, thereby contributing to 

airwayy hyperreactivity and airway remodeling in asthma (96). IL-5 promotes the maturation, 

recruitmentt and activation of eosinophils, which in turn will cause local tissue damage during 

thee late phase response (97). Finally, IL-9 can induce mast cell hyperplasia and also 

upregulatess mucus production, resulting in a profound contribution to local inflammatory 

responsess and airway hyperreactivity in asthma (98). 

Duringg the last few decades, there is an alarming increase in the incidence of allergic 

diseasess and organ-specific auto-immune diseases, such as type-1 diabetes and bowel 

diseases,, in young children in westernized countries (99,100). The cause of this exponential 

risee and putative strategies to put a hold to this process are subjects of hot debates at this 

moment. . 

Hygien ee hypothesi s 
Epidemiologicall studies have pointed to an inverse relationship between the risk to 

developp allergy and aspects such as family size or growing up in rural areas compared to 

industrializedd areas (101,102). These observations fit the earlier postulation of the hygiene 

hypothesiss by Strachan: 'early childhood infections inhibit the tendency to develop allergic 

disease'' (103). This hypothesis suggests that a westernized lifestyle with improved sanitation 

andd healthcare, including an elaborate vaccination program and improved general living 

standardss will increase the risk to develop allergic diseases in young children (figure 4). 

Duringg the last few years a defined role for several pathogens in this respect has been 

sought.. Matricardi and colleagues demonstrated an inverse relationship between the 

presencee of antibodies to hepatitis A virus, Toxoplasma gondii and Helicobacter pylori and 

variouss manifestations of allergic diseases in a cohort of Italian soldiers but also in a large 

generall population sample in the United States (104,105). This relationship was absent for 

severall airborne microbes, such as mumps, rubella, chickenpox, herpes simplex virus type 1 

andd cytomegalovirus. It has been proposed that these findings merely provide examples of 
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orofaecall and foodborne microorganisms, a consequence of intake of contaminated food and 

water,, or ingestion of unwashed raw vegetables, contaminated by traces of feaces of 

infectedd mammals or drinking of unpasteurized milk, and argue for a role of orofaecal 

microorganismss in general (106). Accordingly, it has been suggested already a long time ago 

thatt the complex interaction of the microbial world and the immune system in the 

gastrointestinall tract may be important for the relationship between infection and allergy 

(107).. Therefore, in addition to orofaecal and foodborne microorganisms, the endogenous 

commensall microflora also represents a wealth of stimuli for the developing immune system 

inn young children. This is underlined by several findings, including the demonstration of 

largee differences in colonization patterns between westernized and developing countries, 

suggestingg a larger diversity and higher turnover rate of colonized bacteria in children from 

developingg countries in comparison to children from westernized countries (108,109). 

Secondly,, marked differences were reported in the composition of the microflora of allergic 

versuss non-allergic children, i.e. lactobacilli and bifidobacteria are more prevalent in the 

gutfloraa of 2-year old non-allergic children, whereas Clostridia is more often found among 

allergicc children (110)111,112). Thirdly, intervention studies in which Bifidobacterium lactis 

orr Lactobacillus rhamnosus GG were supplemented to milk formulas, reduced either the 

prevalencee or the symptoms of atopic dermatitis in young children (113-115). Finally, the 

veryy low incidence of atopic diseases among children raised on farms and who spend much 

timee (more than 30 minutes per day) in the stables and/or who drank unpasteurized milk 

duringg early life (102). All together, these findings suggest that early exposure to particular 

microorganismss or compounds derived from them are crucial for an optimal stimulation and 

developmentt of the neonatal immune system and may prevent the development of allergy. 

Allergicc diseases 
Organ-specificc autoimmune diseases 
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Figur ee 4: Hygien e hypothesis . During the past few decades an alarming increase has been 
establishedd in the incidence of allergic diseases, such as atopic dermatitis and asthma, and organ-
specificc auto-immune diseases, like type I diabetes. Genetic changes in stable populations do not 
occurr in this time frame. It is therefore thought that the recent rise in the prevalence of allergic and 
auto-immunee diseases is primarily due to environmental changes. Epidemiological studies have 
pointedd to an inverse relationship between the risk to develop allergy or auto-immunity and growing 
upp in industrialized countries with a westernized lifestyle. The hygiene hypothesis states that 
decreasedd microbial exposure, due to improved sanitation and healthcare, smaller family size and 
changedd food patterns, influences the immune system early in life, increasing the risk to develop 
chronicc inflammatory hypersensitivity reactions, being immunological characteristics of allergy and 
auto-immunity. . 

Neonata ll  immun e syste m 

Thee immune system at birth is still immature and not efficient in several aspects, 

includingg cytotoxic and helper T cell activity (116), antibody production (117,118), antigen 

presentationn (119) and innate immunity (120). This is at least partly the result of reduced 

cytokinee production and a high proportion of naive T cells at birth. Evaluation of Th cell 

responsess of newborns in comparison to adults, indicated a predominance of Th2 cytokines 

inn neonatal cells, which is probably imposed by maternal factors in the amniotic fluid (121). 

Thiss Th2 bias of the mother during pregnancy helps to protect the fetus from cytotoxic 

effectss of Thl cytokines, such as IFN-y. As a consequence, the capacity of neonatal Th cells 

too produce IFN-y is markedly reduced (122-124), which is even more pronounced in children 

att risk to develop allergy (based on the parental history) (125-127). One of the 

characteristicss of postnatal maturation of the immune system is the delayed development of 

Thll functions. It normally takes 2 to 3 years to reach adult levels of IFN-y production. This 

correlatess well with the ontogony of the IL-12 producing capacity in early life (128). 

However,, in 2-year old atopic children, the postnatal maturation of the Thl function, 

includingg IFN-y production and IL-12 producing capacity, is retarded in comparison to non-

allergicc children (127-129). Instead, the strength of Th2 responses increases with time in 

thesee atopic children. Since allergen-specific Th cells can already be detected in cord blood 

(127),, probably as a consequence of in utero priming, it was initially thought that a swift and 

robustt development of Thl functions was necessary to counterbalance the existing neonatal 

Th22 cell responses in order to avoid the development of allergic diseases. However, recent 

developmentss suggest that this may not entirely be true. 

Counter-regulatio nn by IL-10-producin g regulator y T cell s 

Inn search for a plausible immunological foundation for the hygiene hypothesis, it was 

speculatedd that limited exposure to microorganisms, in particular microorganisms residing in 

thee gastrointestinal tract, results in insufficient stimulation of Thl cells, which therefore 

cannott counterbalance expanding neonatal Th2 cells and thus leads to a predisposition to 

developp allergic diseases (130). Paradoxically in this respect is the apparent protection 

againstt allergy provided for by helminth infections (131-133). Helminth infection, like allergy, 

iss characterized by Th2 polarized responses marked by the upregulation of IgE production 

andd eosinophilia (134). Therefore, helminth-related protection against allergy, as observed 
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bothh in mouse models and in humans, cannot be explained by the provision of the 

postulatedd absent T h l stimulus. Chronic parasitic infections are also characterized by T cell 

hyporesponsiveness,, i.e. poor antigen-specific proliferative T cell responses and reduced 

cytokinee production, but elevated IL-10 production, which is clearly involved in this 

immunosuppressionn (131,135-137). Furthermore, in vitro studies with lyso-PS derived from 

thee helminth 5. mansoni demonstrated that this component dominantly drives the 

developmentt of IL-10 producing regulatory T cells that inhibit the activity of other T cells 

(87).. Therefore, with respect to the hygiene hypothesis, it has been postulated that chronic 

(orr serial) infections or colonization with various microbial agents lead to the upregulation of 

IL-100 production, in particular to IL-10 producing regulatory T cells. These cells may not only 

bee implicated in the suppression of an underlying predisposition to develop allergy, but also 

thee predisposition to develop certain organ-specific auto-immune diseases, such as type-1 

diabetes.. This is suggested by several epidemiological studies, demonstrating similar 

associationss to factors that protect against organ-specific auto-immune diseases as was 

reportedd for protection against the development of allergic diseases (138-141) (figure 5). 

Autoantigens s 
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Figur ee 5: Counter-regulatio n by IL-10-producin g regulator y T cells . 
Regulatoryy T cells (Treg) inhibit the effector mechanisms of other immune cells, in particular that of 
otherr T cells, such as Thl and Th2 cells. Certain micro-organisms can induce the development of IL-
10-producingg regulatory T cells by modulating immature DC and prime for an enhanced capacity to 
drivee regulatory T cells development. This has been demonstrated for lyso-PS from S. mansoni, FHA 
fromm B. pertussis, mycobacterial ManLAM and others. In analogy with the hygiene hypothesis, it has 
beenn suggested that decreased exposure to certain micro-organisms may lead to decreased induction 
off potent regulatory T cells early in life, limiting counter-regulation of the effector functions of 
neonatall allergen-specific Th2 cells or self-antigen-specfic Thl cells. Epidemiological studies, mouse 
modelss and human clinical studies point towards certain probiotic gutflora bacteria, that may play an 
importantt role in tolerance induction to e.g. innocuous proteins. However, their role in priming of 
regulatoryy DC and development of regulatory T cells remains to be established. 
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AA crucial role for IL-10 and/or TGF-f]-mediated tolerance or suppression is further 

underlinedd by the biology of immune privileged organs, such as the eye-chamber, the lungs 

andd the gut, all heavily exposed to foreign antigens and microbial agents. In those organs 

thee non-responsiveness to harmless inhaled proteins or harmless microflora and food 

proteinss is probably maintained by IL-10 and/or TGF-p, as these organs are normally 

characterizedd by an IL-10 and/or TGF-p dominant environment. A recent report by Akbari 

andd colleagues demonstrated that the development of respiratory tolerance is strongly 

dependentt on IL-10-producing lung DC, that drive the development of IL-10-producing 

regulatoryy T cells (142). Furthermore, when allergen-specific regulatory T cells are 

engineeredd by these IL-10 producing lung DC, airway inflammation and airway 

hyperresponsivenesss are inhibited (143). Similar mechanisms may operate in the gut to 

inducee the development of oral tolerance against food proteins, instead of allergic reactions. 

Locallyy in the gut, high quantities of IL-10 are produced by resident T cells, DC, 

macrophagess and even epithelial cells, that may direct these processes (144-146). A putative 

rolee for the microflora in this respect is suggested by several observations. Firstly, the 

gutfloraa seems to be necessary for the development of oral tolerance, since it is difficult to 

achievee in germ-free animals (147). Moreover, the administration of endotoxin together with 

foodd antigens increases the tolerizing effect in the mouse models (148). Secondly, house-

dustt endotoxin concentrations proved to be inversely correlated with allergen sensitization in 

childrenn at high risk (149). Furthermore, IL-10 proved to be involved in these processes, 

sincee IL-10 knockout mice spontaneously develop inflammatory bowel disease in response to 

thee gutflora (150). However, regarding the concept of diminished counter-regulation by 

regulatoryy T cells, as an explanation for the hygiene hypothesis, it remains to be established 

whetherr certain gutflora bacteria are actively involved in the induction of regulatory T cells. 

Scopee of thi s thesi s 
Inn general, the studies in this thesis focus on the functional modulation of human 

CD4++ T cells, in particular Th2 cells that are causally related to allergic diseases, or naive 

precursorr T cells from which Th2 cells may develop during allergic diseases in young 

children.. The studies of effector Th2 cells responses concentrated on the role of the strong 

Thll polarizing factor IL-12 and the reduced responsiveness of Th2 cells to this factor. In the 

secondd part of the studies, the influence of microbial priming of dendritic cells to polarize 

naivee Th cells was investigated in the context of the hygiene hypothesis. 

Chapte rr  2 focuses on the stability of the phenotype of fully polarized Th2 cells and 

thee susceptibility of Th2 cells to the Thl driving cytokine IL-12. It was questioned whether 

thee lack of IL-12Rp2 chain could be restored on polarized Th2 cells and whether this has 

consequencess for their IL-12 responsiveness. If so, this could open the possibility for 

repolarizationn of the Th2 phenotype. However, it remains to be established whether reversal 

off the polarized Th2 phenotype may occur in vivo in a Th2-prone cytokine environment. 
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Therefore,, we explored the effects of the Th2-polarizing cytokine IL-4 on the IL-12-

producingg capacity of immature DC. The model system used to this aim in chapte r 3 

representss a scenario, in which effector T cells re-encounter the antigen in the peripheral 

tissuess at the initial antigen-entry site, this time presented by immature DC. Chapte r 4 

givess an overview of the characteristics of polarized Th2 cells and the repolarizing capacity of 

IL-12.. Furthermore, IL-12 promoting therapies to target (ongoing) allergic diseases are 

discussed. . 

Inn view of the above findings and in the context of the intriguing hygiene hypothesis, 

alternativee mechanisms were explored that can drive Thl responses in the absence of IL-12, 

ass newborns, with or without a high risk to develop allergic diseases, still have an 

undevelopedd IL-12 producing capacity and may need alternative mechanisms to drive early 

Thll responses. In chapte r 5 the development of Thl cells was investigated by means of 

thee ligation of LFA-1 on naive Th cells by ICAM-1 on DC. Furthermore, the relative strength 

off this T cell polarizing pathway was compared with the driving forces of IL-12 and IL-4. 

Thee hygiene hypothesis assumes that microbial exposure, e.g. to the commensal 

microflora,, may play a role in the reduction of the risk to develop allergic diseases and may 

influencee the development of polarized effector Th cell subsets. DC are the major cell types 

too determine the outcome of Th cell polarization and their Th cell polarizing capacity is 

influencedd by microbial priming. Therefore the study described in chapte r 6 investigated the 

primingg effects of general Gram-negative and Gram-positive gutflora bacteria on the 

Thl/Th22 cell polarizing capacity of DC.However, the concept that Thl development is desired 

too counterbalance neonatal Th2 cell responses is gradually overtaken by the idea that 

regulatoryy T cells, instead, may counterregulate neonatal Th2 cell responses. In support of 

thiss novel view, certain Gram-positive gutflora bacteria, so-called probiotics, rather than 

Gram-negativee gutflora bacteria have been reported to reduce either the onset or the 

symptomss of allergic diseases. Therefore, we next investigated whether DC could be 

modulatedd in vitro to obtain cells that drive regulatory T cell development. The study 

describedd in chapte r 7, such regulatory DC were generated by treatment with 

cordycepin(3'-deoxyadenosinee derived from the fungus Cordyceps) or with cholera toxin B (a 

toxinn subunit produced by the bacterium Vibrio choierae). Using these regulatory DC, we 

thenn explored the mechanism by which regulatory T cell development was accomplished. 

Extendingg these studies in Chapte r 8, we investigated the immunoregulatory capacity of a 

selectedd group of probiotic bacteria, i.e. Lactobacillus reuteri, Lactobacillus easel and 

LactobacillusLactobacillus plantarum, in comparison to the Gram-negative microflora bacterium 

EscherichiaEscherichia col/. In these experiments we also attempted to identify the pattern-recognition-

receptorss through which probiotic bacteria that may induce the regulatory DC phenotype. 
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Chapte rr  9 merges the findings of the last chapters and recent literature data into 

thee concept that, based on microbial or tissue-specific priming, different subsets of 

regulatoryy DC can emerge all driving the development of regulatory T cells in a more or less 

subset-specificc fashion. An overview is given of recently published findings on pathogen 

interactionss with DC, that result in the induction of regulatory T cell development. 
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IL-12-induce dd reversa l of huma n Th2 cell s 
iss  accompanie d by ful l restoratio n of IL-12 

responsivenes ss and loss of GATA-3 
expressio n n 

Hermelijnn H. Smits, Johanna G.I. van Rietschoten, Catharien M.U. Hilkens, Reis Sayilir, Frank 
Stiekema,, Martien L. Kapsenberg & Eddy A. Wierenga 

Abstrac t t 
IL-122 is a potent inducer of IFN-y production and drives the development of Thl cells. 
Humann polarised Th2 cells do not express the signalling p2-subunit of the IL-12R and 
thereforee do not signal in response to IL-12. The question was raised to what extent the loss 
off the IL-12R(32 chain in Th2 cells has bearing on the stability of the human Th2 phenotype. 
Inn the present report, we show that restimulation of human fully polarised Th2 cells in the 
presencee of IL-12 primes for a shift towards ThO/Thl phenotypes, accompanied by 
suppressionn of GATA-3 expression and induction of T-bet expression. These reversed cells 
aree further characterised by a marked IL-12Rfi2 chain expression and fully restored IL-12-
induciblee STAT4 activation. The IL-12-induced phenotypic shift proved to be stable as a 
subsequentt restimulation in the presence of IL-4 and in the absence of IL-12 could not undo 
thee accomplished changes. Identical results were obtained with cell from atopic patients, 
bothh with polyclonal Th2 cell lines and allergen-specific Th2 cell clones. These findings 
implicatee the possibility to restore IL-12 responsiveness in established Th2 cells of atopic 
patientss by stimulation in the presence of IL-12 and suggest that IL-12-promoting immuno-
therapyy can be beneficial for Th2-mediated immune disorders, targeting both naive and 
memoryy effector T cells. 
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Introductio n n 
Protectivee immunity against different types of pathogens requires polarised Th cells 

thatt secrete selective sets of cytokines (1,2). Thl cells secrete IFN-y, instrumental in celfufar 

immunee responses, whereas Th2 cells produce IL-4 that supports humoral immune 

responsess (3). Th cell polarisation is tightly controlled, as aberrant cytokine profiles are not 

protectivee and chronic uncontrolled Thl and Th2 cell responses may lead to auto-immune 

andd allergic diseases, respectively (4,5). Polarisation of naive Th cells into Thl or Th2 

effectorr cells is regulated by microenvironmental factors present during primary T cell 

stimulation.. Of key importance are IL-4, which promotes the development of Th2 cells (6,7), 

andd IL-12 which induces the production of IFN-y and drives the development of Thl cells 

(8,9). . 

TT cell responsiveness to IL-12 depends on the expression of the high-affinity IL-12 

receptorr (IL-12R), consisting of a fU and a \\2 subunit, of which mainly the latter is involved 

inn downstream signalling (10). This includes the activation of STAT4 (11,12), which is 

essentiall for Thl development, as demonstrated by the lack of Thl development in STAT4; -

deficientt mice (13). ThO and polarised Thl cells express the IL-12R|52 chain and it is well 

establishedd now that IL-12 itself is one of the key factors to upregulate the TCR-induced 

expressionn of the IL-12R{32 chain (14,15). In contrast, during Th2 cell development, T cells 

becomee fully unresponsive to IL-12 and consequently, neither produce IFN-y nor 

phosphorylatee STAT4 in response to IL-12 as first shown in the mouse (16-18). We have 

reportedd similar findings in human allergen-specific Th2 cell clones from atopic patients (19). 

Detailedd analyses by Rogge et al. (14,15) revealed that IL-4 is largely responsible for the 

suppressedd IL-12Rp2 expression in human Th2 cells. Mouse studies (20) suggest that the 

reciprocall effects of IL-4 and IL-12 on IL-12R[32 expression may, at least in part, be 

mediatedd via GATA-3, because this Th2-specific transcription factor inhibits IL-12R|}2 gene 

transcription,, while GATA-3 expression itself is increased by IL-4, but suppressed by IL-12. 

GATA-33 can also stabilise Th2 commitment via an IL-4 (STATG-)independent autoactivation-

loopp and therefore can act as a master switch in Th2 development (21). Recently, the Thl-

specificc T-box transcription factor T-bet has been described, that is upregulated by IL-12 and 

mayy be a counterplayer of GATA-3 (22). T-bet is crucial for Thl development, as it both 

activatess Thl-specific programs and suppresses Th2 programs, at least in the mouse. It 

remainss to be established whether this includes the regulation of the IL-12R(}2 chain. 

Severall studies in the mouse have shown that newly differentiated Thl and Th2 cells 

stilll have a flexible phenotype, but once polarisation is completed by repeated stimulation 

underr polarising conditions, this reversibility is lost (23;24). The stability of the fully polarised 

mousee Th2 phenotype has been associated with the loss of IL-12Rji2 expression and IL-12 

responsiveness.. In contrast, human Th2 cell populations, both newly generated and long-

termm memory Th2 cells, tend to be more susceptible to modulation. Although both human 
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andd mouse Th2 cells lack the IL-12Rp2 chain and, thus, IL-12 responsiveness, several 

reportss suggest the involvement of IL-12 in human Th2 cell reversal into IFN-y-producing 

phenotypess (25-27). Therefore, intriguing questions are to which extent regulation of IL-

12R\M12R\M expression contributes to initial Th2 polarisation and whether the loss of IL-12R[i2 

expressionn by Th2 cells has bearing on the stability of the fully polarised human Th2 

phenotype. . 

Too address these questions, we have monitored the effect of IL-12 during initial 

polarisationn and during restimulation of fully polarised human Th2 cell lines. We show that 

onlyy one restimulation in the presence of IL-12 is sufficient to prime established Th2 cells for 

reversall towards cells with a ThO/Thl cytokine profile, a considerable IL-12R|i2 expression 

andd restored IL-12 signalling. Reversal of the human Th2 phenotype is accompanied by the 

losss of GATA-3 and increased expression of T-bet, suggesting a decisive change at the 

molecularr level. The reverted phenotype is stable, as a subsequent restimulation in the 

presencee of IL-4 can not undo the accomplished changes. As this Th2 reversal could equally 

welll be induced in Th2 cells of atopic origin, the present findings suggest that IL-12-based 

immuno-therapyy of Th2-mediated immune disorders can be beneficial by targeting both 

naivee and effector Th2 cells. 

Material ss  & Method s 
Antibodiess and cytokines 

Mousee mAbs to human CD3 (CLB-T3/3) and CD28 (CLB-CD28/1) were obtained from 

CLBB (Amsterdam, The Netherlands). Rat mAbs to human IL-12R01 (2B10) and IL-12R[32 

(2B6)) were gifts from Dr. D.H. Preskey (Hofmann-La Roche, Nutley, NJ). Neutralising mouse 

mAbb to human IL-4 (5B5) was a gift from Dr. T.C.T.M. van der Pouw Kraan (CLB) (36). 

Neutralisingg rabbit IgG to human IL-12 was a gift from Dr. P.H. van der Meide (U-cytech, 

Utrecht,, The Netherlands). Human rIL-4 (sp. act. lxlO8 U/mg) was obtained from Pharma 

Biotechnologyy (PBH; Hannover, Germany). Human rIL-12 (sp. act. 1,7x10s U/mg) was a gift 

fromm Dr. M.K. Gately (Hofmann-La Roche). 

TT cell isolation and stimulation 
PBMCC from healthy individuals were isolated by density gradient centrifugation on 

Lymphoprepp (Nycomed, Torshov, Norway), and thereafter CD45RA+ CD45RO- naive CD4+ 

Thh cells were isolated to high purity (>98% as assessed by flow cytometry) through one-

stepp high-affinity negative selection columns (R&D Systems, Abingdon, U.K.), according to 

thee manufacturer's instructions. Purified naive Th cells were stimulated in 96-well culture 

platess (lxlO5 cells/well; Costar, Cambridge, MA) with immobilised CD3 mAb (1 ug/ml) and 

solublee CD28 mAb (2 ug/ml) (37) and cultured for 10 days in the presence of rIL-4 (1000 

U/ml)) to accomplish Th2 polarisation. After 10, 20 and 30 days, three consecutive mitogenic 

restimulationss were performed under further Th2-polarising conditions, as described (38) 
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withh PHA (10 pg/ml; Difco, Detroit, MI), 3000 rad irradiated feeder cells, rIL-4 (1000 U/ml) 

andd neutralising anti-IL-12 (10 pg/ml). 

HDM-specificc Th2 clones were generated, as described previously (19), by limiting 

dilutionn from the peripheral blood of atopic dermatitis patients. 

Alll cultures were performed in Iscove's modified Dulbecco's medium (IMDM; Bio-

Whittaker,, Walkersville, MD), supplemented with 5% pooled, C-inactivated normal human 

serumm (Bio-Whittaker), gentamycin (80 pg/ml; Duchefa, Haarlem, The Netherlands) and rlL-

22 (10 U/ml; Chiron, Emeryville, CA). 

Cytometri cc  sortin g of livin g singl e IL-4-secretin g cell s 
IL-44 and I FN-/ production in living cells was determined by a secretion assay for 

cytometricc sorting, using the method described by Oeyang et al. (21). Briefly, cells were 

stimulatedd with phorbol 12-myristate 13-acetate (PMA; 10 ng/ml; Sigma, St. Louis, MA) and 

ionomycinn (1 pg/ml; Sigma) for 3 hrs. Thereafter, cells were labelled for 5 min at C with 

twoo bi-specific antibody conjugates, consisting of an anti-CD45 mAb coupled to an anti-IL-4 

mAbb or anti-IFN-y mAb (Miltenyi Biotec, Bergisch Gladbach, Germany). Then, cells were 

transferredd to C medium at 10s cells/ml and permitted to secrete cytokines for 15 min. 

Thee captured IL-4 or IFN-y was detected by staining with a second mAb, i.e. PE-conjugated 

anti-IL-44 or Fitc-cojugated anti-IFN-y (both from Miltenyi Biotec) for 10 min at . The IL-4" 
h,ghh and IL-4'tow Th2 cells were sorted separately by a FACSVantage SE (Becton Dickinson, 

Mountainn View, CA). 

Cytokin ee productio n analsi s 
Cytokinee production was determined by intracellular staining, using the method 

describedd by Jung et al. (39). Briefly, cells were stimulated for 6 hrs with PMA (10 ng/ml) 

andd ionomycin (1 pg/ml; Sigma), the last 5 hrs in the presence of Brefeldin A (10 pg/ml). 

Thereafter,, cells were fixed with 4% paraformaldehyde (Merck, Darmstadt, Germany), 

permeabilisedd with 0.5% saponin (ICN Biochemicals; Cleveland, OH), stained with anti-

humann IFN-v-FITC (Becton Dickinson) and anti-human IL-4-PE (Becton Dickinson) and 

analysedd with a FACScan flow cytometer (Becton Dickinson). 

Secretedd IL-4 and IFN-y in supernatants of 20 hrs anti-CD3/anti-CD28 or HDM-

stimulatedd T cells were measured by ELISA, as described (37). 

GATA- 33 immunohistochemistr y 

Att day 4, T cells were stimulated with PMA (10 ng/ml; Sigma) and ionomycin (1 

pg/ml;; Sigma). At 0 and 5 hrs, cytospins were made (Cytospin 2, Shandon, Pittsburgh, PA), 

cellss were fixed with aceton ) and after blocking incubated with anti-human GATA-3 (1 

ng/ml,, HG3-31, Santa-Cruz Biotechnology, Santa Cruz, CA) for 30 min at . Thereafter, 

slidess were incubated with a FITC-conjugated goat anti-mouse IgG, (Jackson 
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ImmunoResearchh Laboratories, West Grove, PA) for 30 min at . Slides were analysed 

withh a fluorescence microscope (Leica, Wetzlar, Germany) coupled to a CCD camera. 

Electrophoreti cc  mobilit y shif t assa y (EMSA) 

Too analyse IL-12-inducible STAT4 activation, whole-cell protein extracts were 

preparedd from 107 T cells that, at day 7, were either or not exposed to IL-12 (100 U/ml) for 

11 h, as described previously (19). The final protein concentration was estimated by Bradford 

microcissayy (Bio-Rad, Munich, Germany). 

Alll DNA binding reactions were performed for 30 min at rT with 10 u.g total cell 

proteinn extract under conditions as described previously (19), using [y32P]ATP-labelled 

dsDNAA oligonucleotides. Supershift experiments were performed with affinity-purified rabbit 

anti-mousee STAT4 (C-20, Santa Cruz Biotechnology) or an isotype control Ab during the last 

200 min of the binding reaction. 

Oligonucleotide s s 

dsDNAA oligonucleotides (Biosource, Nivelles, Belgium) used in EMSA analysis: FcyRI 

(5'-AGCATGTTTCAAGGATTTGAGATGTATTTCCCAGAAAAG-3'),, corresponding to the IFN-y 

responsee region in the human FcyRI gene promoter (40), which can bind various STAT family 

members,, including STAT4 and the Herpes simplex virus SP-1 containing oligonucleotide (5'-

CCGGCCCCGCCCATCCCCGGCCCCGCCCATCC-3).. The oligonucleotides were [y32P]-ATP 

labelledd by T4 polynucleotide kinase (Roche Diagnostics, Mannheim, Germany). 

FACS-analysi ss  of IL-12 R expressio n 

IL-12Rpll and p2 protein expression was analysed at day 4. T cells were incubated 

withh 2B10 (2.5 ug/ml) or 2B6 (1 ug/ml) or a rat IgG2a isotype control for 30 min on ice. 

Affinity-purifiedd biotin-labelled rabbit anti-rat IgG (Zymed Laboratories Inc., San Fransisco, 

CA)) was used as secondary antibody, followed by FITC-conjugated streptavidin (Jackson 

ImmunoResearchh Laboratories, Inc., West Grove, PA). Cells were analysed with a FACScan 

floww cytometer (Becton Dickinson). 

Real-t im ee quantitativ e RT-PCR analyse s o f GATA- 3 and T-be t expressio n 

Forr quantitative analysis of GATA-3 and T-bet mRNA expression, 105 T cells were 

stimulatedd under polarising conditions and lysed for total RNA extraction at day 2 using a 

NucleoSpinn RNA Isolation Kit (Macherey-Nagel, Duren, Germany). First strand cDNA was 

synthesisedd from total RNA using a cDNA-synthesis kit (MBI Fermentas, St Leon-Rot, 

Germany).. For GATA-3, T-bet and [^-microglobulin (f}2m) transcripts real-time quantitative 

PCRR was performed in a LightCycler (Roche Diagnostics) based on specific primers and 

generall fluorescence detection with SYBR Green. The primer sequences were the following: 

5'' p2m primer, CCAGCAGAGAATGGAAAGTC; 3' p2m primer, GATGCTGCTTACATGTCTCG (Tm 
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;; 5' GATA-3 primer, CTACGGAAACTCGGTCAGG; 3' GATA-3 primer, 

CTGGTACTTGAGGCACTCTTT (Tm ; 5' T-bet primer, CCCCAAGGAATTGACAGTTG; 3' T-

bett primer, GGGAAACTAAAGCTCACAAAC (Tm ; resulting in the amplification of PCR 

productss of 391 bp ((32m), 372 bp (GATA3) and 317 bp (T-bet). All reactions were 

performedd using the LightCycler DNA master SYBR Green I PCR-kit (Roche Diagnostics). A 

bulkk cDNA of stimulated human T cells was used as a standard and normalisation to |?2m 

wass performed for each sample. 

Results s 
H u m a nn po lar ise d T h 2 cell s a r e suscep t ib l e t o I L - 1 2 - i n d u c e d reversa l 

Restimulationn of fully polarised polyclonal Th2 cell lines in the presence of IL-12 

inducess a Th2 cytokine profile but primes for cell populations that upon the next 

restimulationn consist of IL-4/IFN-y double-producers and IFN-y single-producers, as observed 

byy intracellular FACS staining (fig. 1A). This data is in line with the reduced IL-4 and 

increasedd IFN-y secretion, as measured in supernatants of parallel anti-CD3/anti-CD28 

stimulatedd T cells (data not shown). Upon restimulation in the presence of IL-12, GATA-3 

mRNAA expression was markedly reduced, whereas T-bet mRNA levels were strongly 

enhancedd (fig. IB), resulting in a complete reversal of the GATA-3/T-bet mRNA expression 

ratio,, similar to Th l cells (data not shown). Furthermore, immunohistochemical analyses 

indicatedd the loss of GATA-3 protein both from the cytoplasm and the nuclei. In contrast, in 

IL-4-- or neutrally-treated Th2 cells, GATA-3 protein was maintained (fig. 1C). 

Figur ee 1: IL-12 revert s 
polarise dd Th2 cells . Th2 cells 
weree generated from naive 
peripherall blood Th cells by 
threee consecutive stimulations, 
inn the presence of rIL-4 (1000 
U/ml).. Thereafter, cells were 
restimulatedd either under 
neutrall conditions, further Th2-
polarisingg conditions, or the 
opposite,, Thl conditions. A. 
Afterr 10 days, IFN-y and IL-4 
productionss per cell were 
examinedd by intracellular FACS-
stainingg following a 6 h 
PMA/ionomycinn stimulation in 
thee presence of Brefeldin A. 
Thee data shown here are 
representativee for three control 
individualss tested. 
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B.. After 48 h, GATA-3 and T-
bett mRNA expression were 
determinedd by real-time 
quantitativee PCR analysis, 
normalisedd to p2m-transcripts 
inn the same sample and 
expressedd as percentage of the 
neutrall condition, set at 100 %. 
Thee data are presented as 
meann  SEM from three 
separatee control individuals. C. 
Afterr 4 days, the cells were 
harvested,, washed and 
stimulatedd with PMA/ionomycin. 
Afterr 0 h and 5 h cytospins 
weree made and stained for 
GATA-33 protein. 

IL-12Rp>22 expressio n and IL -1 2 signallin g are restore d durin g IL -12 -

induce dd reversa l of polarise d effecto r Th 2 cells . 

Ass polarised Th2 cells do not express detectable levels of IL-12R02 protein, the 

questionn was raised whether IL-12-induced reversal of Th2 cells into Thl/ThO cells was 

associatedd with restoration of IL-12 responsiveness. To address this question, IL-12Rp2 

proteinn expression and IL-12-inducible STAT4 activation were monitored during restimulation 

eitherr under neutral conditions, further Th2-polarising conditions, or opposite, Thl-driving 

conditions.. Restimulation in IL-4 kept the cells fully IL-12R|S2 negative (fig. 2A; left) and IL-

12-unresponsivee (fig. 2B, lanes 1 and 2). However, neutral restimulation induced some IL-

12R[322 chain expression (fig. 2A; middle), and this expression was enhanced by IL-12 to 

levelss similar to those in Thl cells (fig. 2A; right). Accordingly, IL-12-inducible STAT4 

activationn was restored (fig. 2B; lanes 3 and 4). IL-12R|!1 chain expression was unchanged 

duringg all culture conditions. 
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Figur ee 2: IL-12 restore s IL-12R(i 2 expressio n and IL-12-inducibl e STAT4 activatio n in 
polarise dd Th2 cells . Th2 cells were generated and stimulated as described in the legend to figure 1. 
A.. On day 4, expression of IL-12R|!1 and IL-12R(i2 protein were examined by FACS-analysis. The 
dottedd lines represent the matched isotype control, the thin solid lines IL-12R|31 expression and the 
thickk solid lines IL-12R|t2 expression. The relative changes in Mean Fluorescence Intensity (AMFI) for 
IL-12RfSll and IL-12Rp2 expression are displayed in the histograms. B. On day 7, cells were washed 
andd either (4-) or not (-) exposed to IL-12 (100 U/ml) for lh , after which whole-cell protein extracts 
weree prepared and tested by EMSA for STAT4 binding to a dsDNA oligonucleotide (FcyRI) containing a 
STAT44 binding-site. Arrow 1 indicates the IL-12-inducible STAT4-DNA-complex, of which the 
specificityy is confirmed by the supershift with anti-STAT4 (C-20) in lane 5 (arrow 2) but not with an 
isotype-controll Ab (lane 6 and 7). To test for equal loading and specificity of IL-12-induced DNA-
binding,, the samples in lane 1 through 5 were analysed for binding at an SP-1 binding-site (arrow 3). 
Thee data (A and B) shown are representative for three control individuals tested. 

Stabl ee reversa l of th e huma n Th2 phenotype . 

Thee IL-12-induced phenotypic shift proved to be stable. A subsequent restimulation 

inn the presence or absence of IL-4 could not undo the accomplished changes (fig. 3A). An 

additionall restimulation in the presence of IL-12 further enhanced repolarisation towards the 

T h ll phenotype (fig. 3A). The stable character of the Th2 reversal was further underlined by 

thee lack of re-appearance of the Th2-specific transcription factor GATA-3 (fig. 3B) and the 

unreducedd T-bet mRNA levels (data not shown) after IL-4 treatment. 
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t == 0 h 

t == 5 h 

Figur ee 3: Stable reversa l of 
humann Th2 cells . Reversed Th2 
cells,, generated as described in the 
legendd to figure 1, were subjected to 
ann additional restimulation under 
neutrall conditions or in the presence 
off either rIL-4 (1000 U/ml) or rIL-12 
(1000 U/ml). A. At day 10, IL-4 and 
IFN-;; productions per cell were 
measuredd by intracellular FACS-
stainingg following stimulation with 
PMA/ionomycin.. The data shown are 
representativee for three control 
individualss tested. B. At day 4, cells 
weree analysed for GATA-3 protein as 
describedd in the legend to figure 1C. 

IL - 44 doe s no t suppres s establishe d IL-12Rp 2 expression . 

IL-44 is largely responsible for the loss of IL-12RT32 chain expression in developing Th2 

cells.. However, the question remains whether IL-4 can abolish IL-12R(32 chain expression in 

revertedd memory Th2 cells, once the IL-12RB2 expression is restored. Therefore, IL-12R 

expressionn was monitored during restimulation of the reverted T cells with restored IL-12RJS2 

expressionn (fig. 2A). These expression levels remained unaffected by neutral restimulation 

(fig.. 4A; middle), but were even further increased by restimulation in IL-12 (fig. 4A; right). 

Inn contrast to in naive T cells but as in Thl cells (data not shown), IL-4 did not suppress IL-

12Rp22 chain expression in the reverted Th2 cells (fig. 4A; left). IL-12Rp2 protein and mRNA 

levelss remained unaltered, as did IL-12-inducible STAT4 activation (fig. 4B). IL-12Rpi chain 

expressionn was unchanged during ail culture conditions. 
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Figuree 4: IL-4 does not abolish restored IL-12 responsiveness in reverted Th2 cells. 
Revertedd Th cells, prepared as described in the legend to figure 1, were restimulated under neutral 
conditions,, or in the presence of either rIL-4 (1000 U/ml) or rIL-12 (100 U/ml). A. On day 4 IL-12R|31 
andd IL-12R(32 protein expression were measured by FACS-analysis. The dotted lines represent the 
matchedd isotype control, the thin solid lines IL-12Rpl expression and the thick solid lines IL-12R|i2 
expression.. The .\MFI values for IL-12RJU and IL-12R[i2 expression are displayed in the histograms. 
B.. On day 7, IL-12-inducible STAT4 activation was analysed as described in the legend to fig. 2B. 
Arroww 1 indicates the IL-12-inducible STAT4-DNA-complex, of which the specificity is confirmed by the 
supershiftt with anti-STAT4 (C-20) in lanes 5 and 10 (arrow 2). The data (A and B) shown are 
representativee for three control individuals tested. 

Compariso nn of high - and low-IL-4-producin g Th 2 cells . 

Intracellularr FACS experiments with polyclonal Th2 cell lines (Fig.1) normally yield a 

substantiall proportion of non-cytokine producing cells, despite the robust PMA/ionomycin 

stimulation.. It might be argued that the IL-12-induced reversal of the Th2 phenotype in the 

totall population is actually due to selective outgrowth of residual uncommitted Th cells in 

thiss non-cytokine producing sub-population, once released from Th2 pressure. To examine 

thiss possibility, we stimulated three-fold polarised polyclonal Th2 cells and separated the 

high-- and low-IL-4-secreting Th2 cells by cell sorting (Fig.5A), as described (21). In the 

subsequentt restimulation, both subpopulations showed an identical distribution of ll_-4~h'sh 

andd IL-4~|0W cytokine profiles without IFN-y (Fig.5B, left) and, when exposed to IL-12, a 

similarr extent of phenotype reversal (Fig.5B, right), not different from the unsorted 

populationn (Fig.lA). These findings suggest incomplete stimulation of the whole population, 

ratherr than heterogeneity within the Th2 phenotype and give no indication of more 

pronouncedd IL-12-induced Th2 reversal in the sorted ll_-4~low population. 
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Figur ee 5: Compariso n of IL-4" hig h and IL-4"' 0™ Th2 cells . Th2 cells, prepared as described in the 
legendd to figure 1, were stimulated with PMA/ionomycin for 3 h. Cells were washed and labelled with 
bi-specificc antibodies, consisting of an anti-CD45-antibody coupled to anti-IL-4 or anti-IFN-y. Cells 
weree transferred to C medium and allowed to secrete cytokines for 15 min. Thereafter, the cells 
weree labelled with PE-conjugated anti-IL-4 and FITC-conjugated anti-IFN-y. A. After labelling, the live 
Th22 cells were analysed and sorted based on either high or low IL-4 secretion. After sorting, the cells 
weree analysed again to check the purity of the sorted population. Several controls for the live 
secretionn assay were included: C medium, not allowing the T cells to secrete cytokines; rIL-4 (1000 
U/ml)) to reassure the presence of a proper matrix of the bi-specific antibody against CD45 and IL-4; 
rIFN-yy (1000 U/ml) to visualise the presence of a matrix of the bi-specific antibody against CD45 and 
IFN-y.. B. Both iL-4"hl9h and IL-4"l0W secreting Th2 cells were cultured for 10 days after the sorting 
procedure.. Thereafter, the cells were restimulated under neutral, further polarising or Thl-driving 
conditions.. After 10 days, IL-4 and IFN-y levels per cell were measured by intracellular FACS-staining 
followingg stimulation with PMA/ionomycin. 

IL -1 22 restore s IL-12R(32 chai n expressio n and IFN-y productio n in 

polyclona ll  Th 2 cell s and allergen-specifi c Th 2 cel l clone s fro m atopi c 

patients . . 

Allergicc diseases are mediated by Th2 responses. We therefore tested whether IL-12-

inducedd Th2 reversal can be induced also in Th2 cells of atopic patients. Polyclonal Th2 cell 

liness of atopic and non-atopic individuals showed identical IL-12-induced phenotype reversal 

(figg 6A, panel 1) and restoration of IL-12Rp2 expression (fig. 6B, panel 1). Even in allergen-

specificc Th2 cell clones from atopic patients, IFN-y production (fig. 6A) and IL-12RP2 chain 

expressionn (fig. 6B) were restored by IL-12. Restored expression levels were similar to those 

onn T h l cell clones (fig 6B, panel 6). Moreover, supernatants of parallel cultures of anti-

CD3/CD28-- or HDM-stimulated cells revealed increased IFN-y and reduced IL-4 secretion 

(Tablee 1). As may be expected from the above findings, both the T cell lines and the 

allergen-specificc Th2 cell clones showed restored IL-12-induced STAT4 activation after 

restimulationn in the presence of IL-12 (data not shown). The data presented are 
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representativee for larger panels of similar Th.2 cell lines and clones from different atopic 

donorss (19). 
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Figur ee 6: IL-12 restore s IFN- productio n and IL-12R|12 chai n expressio n in polyclona l 
Th22 cel l line s and allergen-specifi c Th2 cel l clone s fro m allergi c patients . HDM-specific Th2 
celll clones were generated from atopic patients, as described (19). The M. /ep/ae-specific Thl cell 
clonee L70 is from a tuberculoid leprosy patient. The cells were restimulated in the presence of either 
rIL-44 (1000 U/ml) or rIL-12 (100 U/ml). A. On day 10, I FN-/ and IL-4 productions per cell were 
measuredd by intracellular FACS-staining following a 6 h PMA/ionomycin 
stimulationn in the presence of Brefeldin A. B. On day 4, IL-12R|il and IL-12Rp2 protein expression 
weree determined by FACS-analysis. The dotted lines represent the matched isotype control, the thin 
solidd lines IL-12R|(1 expression and the thick solid lines IL-12R|i2 expression. The AMFI values for IL-
12R[UU and IL-12Rp2 expression are displayed in the histograms. 
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Tablee 1: IL-12 reduce s IL-4 productio n and increase s IFN- productio n in HDM-
specifi cc  Th2 cel l clone s of atopi c patients . 

IL-4(ng/ml) a a 

IFN-7 (pg/ml ) ) 

TCC C 

L700 (Thl) 

Th.22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

L700 (Thl) 

Th22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

L700 (Thl) 

Th.22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

L700 (Thl) 

Th22 cell line 

DDH3 3 

RDC78 8 

RDC41 1 

DHH30 0 

restimulatio n n 
with b b 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

HDM M 

HDM M 

HDM M 

HDM M 

HDM M 

HDM M 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

anti-CD3/28 8 

HDM M 

HDM M 

HDM M 

HDM M 

HDM M 

HDM M 

neutra l l 

<< 0.1 

11.55  0.3 

2.88  0.4 

3.22  0.2 

3.66 4 

4.11 3 

N.D. . 

N.D. . 

1.99 3 

2.22 2 

2.33 4 

2.66  0.3 

11.00  0.1 

<< 0.1 

<< 0.1 

<< 0.1 

<< 0.1 

<< 0.1 

N.D. . 

N.D. . 

<< 0.1 

<< 0.1 

<< 0.1 

<< 0.1 

++ IL-12 

<< 0.1 

0.44  0.1 

0.99 + 0.1 

1.11  0.2 

1.33 3 

1.44  0.3 

N.D. . 

N.D. . 

0.55 1 

0.66  0.1 

0.88  0.2 

0.88  0.2 

16.00  1.3 

2.44  0.3 

2.11  0.3 

1.99  0.2 

1.22  0.2 

1.00  0.2 

N.D. . 

N.D. . 

1.44 2 

1.22 1 

0.77  0.2 

0.77  0.1 
aa Total IL-4 and IFN-y secretion was measured by ELISA in supernatants of 20 h stimulated T cells. 

HH cells were restimulated in the presence or absence of IL-12. After 10 days of culture, Th cells were 
subsequentlyy restimulated either with anti-CD3/28 or with HDM, presented by irradiated autologous 
monocytess (1:1). 
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Discussio n n 
Wee report here that the human Th2 phenotype is unstable and can readily be 

revertedd by restimulation in the presence of IL-12, which leads to ThO/Thl phenotypes with 

stablyy restored IL-12Rp2 expression and IL-12 signalling. This phenotypic shift includes the 

losss of expression of the Th2-specific transcription factor GATA-3 and markedly increased 

expressionn of the Thl-specific transcription factor T-bet, further underlining the phenotypic 

change.. Results obtained with Th2 cells from atopic patients, both polyclonal Th2 cell lines 

andd allergen-specific Th2 cell clones were similar, suggesting the possibility to modulate 

ongoingg aliergic Th2 responses by IL-12-promoting immuno-therapy. 

Bothh in mice and humans, polarised Th2 cells do not express a functional IL-12R and, 

thus,, lack IL-12 responsiveness. However, in contrast to in the mouse, in humans this 

phenomenonn does not prevent IL-12-mediated reversal of Th2 cells (25-27). The apparent 

paradoxx of how IL-12 is able to promote the expression of its own receptor on IL-12 

unresponsivee Th2 cells, is probably explained by the transient nature of the suppression of 

thee IL-12R(32 chain. Indeed, TCR-restimulation alone, without exogenous polarising factors, 

inducedd low but detectable IL-12Rp2 chain protein expression in polarised Th2 cells, even in 

thee presence of the endogenous Th2-derived IL-4. Although this minimal expression did not 

alloww for detectable STAT4 activation and IFN-y production, it apparently was sufficient to 

enablee IL-12 to transmit signals to further enhance transcription of the IL-12Rp2 gene. IL-12 

withoutt TCR-triggering was not capable of restoring IL-12R(32 chain expression in Th2 cells, 

ass shown before by Rogge et al. (14;15), indicating the necessity of the co-ordinated action 

off TCR-triggering and IL-12 for restoration of IL-12 responsiveness and reversal of the Th2 

phenotype. . 

Severall studies have shown that IL-4 suppresses IL-12Rf}2 chain expression in 

humann Th2 cells while developing from naive T cells (14;15). Our data are in line with this 

observation,, but further indicate (i) that the effect of IL-4 is transient, and (ii) that once the 

IL-12Rp22 chain is expressed on effector Th cells, IL-4 is no longer able to shutdown its 

expressionn completely. These findings suggest that the effect of IL-4 on IL-12R|32 expression 

iss most pronounced during primary stimulation and can be maintained only in continuous 

Th22 polarising conditions, i.e. in the absence of IL-12. Likewise, also the polarising capacity 

off IL-4 is most pronounced during primary stimulation, as the IL-12-induced Th2 reversal 

intoo ThO/Thl cells could not by overruled by a subsequent stimulation in the presence of IL-

4.. In agreement with this, IL-4 was also unable to undo the reduced GATA-3/T-bet-

expressionn ratio in reverted Th2 cells, as IL-4-induced re-appearance of GATA-3 protein 

expressionn could not be visualised and T-bet mRNA levels did not drop in the presence of IL-

4.. Th2 polarisation and maintenance require a high GATA-3/T-bet ratio. Therefore, the high 

levelss of T-bet and lack of GATA-3 expression might explain the stable reversal of Th2 cells 

byy IL-12. This is further underlined by mouse data, showing that retroviral transfection of T-
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bett into polarised Th.2 cells induced high levels of IFN-y production and redirection of the 

Th22 phenotype, indicating the key role of this transcription factor in this respect (22). 

Despitee the three consecutive cycles of Th2-polarisation and the complete absence of 

IFINyy upon PMA/ionomycin stimulation of the resulting Th2 start population, one might argue 

thatt the observed IL-12-induced reversal of the Th2 phenotype actually reflects the selective 

outgrowthh of residual unpolarised T cells, e.g., in the persistent population of non-cytokine 

producingg cells we always observe in all experiments. However, comparison of sorted IL-4" 
h'9handd IL-4"'0W cells showed identical distributions of cytokine profiles, giving no indication of 

moree pronounced IL-12-inducible Th2 reversibility in the sorted IL-4low cells. We interpret 

thee continuous reoccurrence of the non-cytokine producing cells in each restimulation cycle 

ass the result of incomplete stimulation of the whole population, rather than in terms of 

heterogeneityy or incomplete polarisation of the Th2 start population. Even more, because 

similarr cytokine patterns were obtained with Th2 cell clones. Nevertheless, with the current 

technologyy we cannot distinguish whether the IFNy-single producing cells after IL-12 

treatmentt would have been lL-4~high or IL-4"10VV cells if stimulated without IL-12. Therefore, 

basedd on the present data, it cannot be concluded that IL-12 can completely repolarise Th2 

cellss into Thl cells. What does stand firm is that IL-12 induces full and stable reversal of 

establishedd Th2 cell lines into ThO cell lines. It thus appears that human Th2 cells are far less 

stablee than their mouse equivalents, as has been suggested before (25). Studies with IL-

12Rp22 transgenic mice (28) or ectopic IL-12Rp2 gene expression in developing and 

committedd mouse Th2 cells (29) showed that restoration of IL-12 responsiveness could not 

inducee Th2 repolarisation. Programmed alterations in cytokine gene expression in 

differentiatingg Thl and Th2 cells are regulated by structural changes in the chromatin (30). 

Ass chromatin remodelling accomplishes a permanent change in the accessibility of cytokine 

genee loci, this might explain the stable character of mouse Thl and Th2 cells. Similar 

experimentss with human Th cells have not been reported yet, but interspecies differences 

mayy explain the less stable Th2 phenotype in the human. 

Whenn comparing polyclonal Th2 cell lines from atopic and non-atopic origin, identical 

resultss were obtained with respect to the functional and phenotypic Th2 reversal, including 

IL-12R|i22 chain expression. The frequently restimulated Th2 cell clones from the atopic 

patientss seemed to be somewhat less susceptible to IL-12-induced repolarisation than the 

newlyy differentiated Th2 cell lines, but this probably reflects the more mature state of the 

clonee cells, rather than their atopic origin, as an additional restimulation in IL-12 further 

enhancedd the reversal, also in the Th2 cell clones. Moreover, even the frequent 

restimulationss in Th2 polarising conditions, could not prevent IL-12-induced IFN-y production 

andd the phenotype shift of allergen-specific Th2 cell clones. Consequently, these findings 

raisee the question of whether the loss of IL-12R02 chain expression on human polarised Th2 

cells,, as develop in atopic diseases, really contributes to the persistence of the Th2 response 
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orr should be regarded as an early but transient Th2 cell feature, important mainly for initial 

polarisationn of naive T cells. Our data suggest that microenvironmental conditions, rather 

thann intrinsic T cell features determine the level of IL-12Rp2 expression, both in atopic and 

non-atopicc Th cells. Maintenance of Th2-mediated responses in atopic disease more likely 

resultss from reduced IL-12 production, as seen in atopic patients (31), therefore not allowing 

forr reversal of Th2 cells in vivo. 

Severall mouse studies have already reported beneficial effects of local IL-12 (gene) 

deliveryy or IL-12 promoting substances, reducing the local Th2 cytokine production and 

airwayy hyperresponsiveness (32-35). The findings reported in this study imply that an IL-12-

promotingg therapeutic approach might be beneficial for human Th2-mediated immune 

disorders,, as well, since both naive T cells and completely polarised effector Th2 cells can be 

targetedd to depolarise into ThO phenotypes. 
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CHAPTERR 3 

IL-44 is a mediato r of IL-12p7 0 inductio n by 
huma nn Th2 cells : reversa l of polarize d Th2 

phenotyp ee by dendriti c cell s 

Pawee Kalinski, Hermelijn H. Smits, Joost H.N. Schuitemaker, Pedro L. Vieira, Marco van Eijk, 
Estherr C. de Jong, Eddy A. Wierenga & Martien L. Kapsenberg 

Abstrac t t 
IL-122 is a key inducer of Th 1-associated inflammatory responses, protective against 
intracellularr infections and cancer, but also involved in autoimmune tissue destruction. We 
reportt that human Th2 cells interacting with monocyte-derived dendritic ceils (DC) effectively 
inducee bioactive IL-12p70 and revert to ThO/Thl phenotype. In contrast, the interaction with B 
cellss preserves polarized Th2 phenotype. The induction of IL-12p70 in Th2 cell - DC cocultures 
iss prevented by IL-4 neutralizing mAb, indicating that IL-4 acts as a Th2 cell-specific cofactor of 
IL-12p700 induction. Like IFN-v, IL-4 strongly enhances production of bioactive IL-12p70 
heterodimerr in CD40L-stimulated DC and macrophages and synergizes with IFN-y at low 
concentrationss of both cytokines. However, in contrast to IFN-D, IL-4 inhibits the CD40L-
inducedd production of inactive IL-12p40 and the production of either form of IL-12 induced by 
LPS,, which may explain the view of IL-4 as an IL-12 inhibitor. The presently described ability of 
IL-44 to act as a cofactor of Th cell-mediated IL-12p70 induction may allow Th2 cells to support 
cell-mediatedd immunity in chronic inflammatory states, including cancer, autoimmunity, and 
atopicc dermatitis. 
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Introductio n n 
Selectionn of immune effector mechanisms that are most appropriate for the type of 

invadingg pathogen and the type of affected tissue is orchestrated by polarized Thl and Th2 

cells.. Thl cells promote cellular immunity, protecting against intracellular infections and 

cancerr but carrying the risk of autoimmune damage to host's tissues. Th2 cells promote 

humorall responses, highly effective against extracellular pathogens. While interleukin-4 (IL-

4),, a Th2- and mast-cell product, is a major factor driving the differentiation of naive Th cells 

intoo the Th2 subset, IL-12, produced by several types of APC including dendritic cells (DC), is 

aa key Thl-driving cytokine (1). Induction of the bioactive IL-12p70 heterodimer (composed 

off p35 and p40 subunits) during DC - Th cell interaction depends on triggering of CD40 by 

CD40LL (CD40L; CD154), present on activated Th cells, but high-level IL-12p70 production 

requiress an additional costimulatory signal that can be provided by IFN-y (2), a product of 

Thll cells, CD8+ T cells and NK cells. 

Primaryy polarization of Th cells occurs already at the moment of their priming in the 

lymphh nodes (3). Although DC are the only APC type involved in priming of naive Th cells, 

alsoo other APC types, e.g., B cells, are involved in regulating the cytokine profiles of Th cell 

responsess (4,5). This indicates the importance of post-priming events in the modulation of 

cytokinee profiles in committed Th cells, which mechanism is not completely clarified yet. 

Comparedd to their mouse counterparts, human Th2 cells are more flexible and 

susceptiblee to the reversal of their polarized cytokine profiles by exogenous IL-12 (6), 

suggestingg the possibility of their therapeutic re-modulation, e.g., in Th2-mediated disorders. 

However,, since committed Th2 cells are deficient in IFN-y production and produce 

endogenouss Th2-driving factors, e.g. IL-4, that were shown to suppress IL-12 production 

(7-9),, it remains unclear whether and in which conditions such a reversal can also occur in 

physiologicc situations. Here we show that although, in accordance with previous studies, IL-4 

iss an inhibitor of LPS-induced IL-12 production (7,9) and an inhibitor of CD40L-induced 

productionn of inactive IL-12p40 subunit (8), it is a potent enhancer of the production of 

bioactivee IL-12p70 heterodimer in DC and macrophages, allowing human Th2 cells to 

efficientlyy induce IL-12p70. 

Material ss  & Method s 
Polarize dd T h l and Th 2 cell s 

Generationn of polarized Th cell populations was performed in IMDM supplemented 

withh 5% normal human serum (Bio-Whittaker, Walkersville, MD), gentamycin (80 ug/ml; 

Duchefa,, Haarlem, The Netherlands) and rIL-2 (10 U/ml; Chiron, Emeryville, CA). CD45RA* 

naivee CD4+ Th cells were isolated (purity >98%) from PBMC of healthy donors using 

negativee selection columns (R&D Systems Europe Ltd., Abingdon, U.K.). Th cells were 

stimulatedd with immobilized CD3 mAb (1 ug/ml; CLB-T3/3, CLB, Amsterdam, The 

Netherlands)) and soluble CD28 mAb (2 ug/ml; CLB-CD28/1, CLB) and cultured for 10 days in 
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thee presence of either rIL-4 (1000 U/ml; PBH, Hannover, Germany), for Th2-polarizing 

conditions,, or rIL-12 (100 U/ml; a gift from Dr. M. K. Gately, Roche, Nutley, NJ) and 

neutralizingg anti-IL-4 (1 ug/ml; CLB-IL-4/6 (5B5), CLB), for Thl polarizing conditions. House 

dustt mite-specific Th2 clone (RDC41), isolated from peripheral blood of an atopic patient and 

selectedd on the basis of its strongly pronounced deficit in IL-12 responsiveness and a total 

inabilityy to produce I FN-/, was described previously (10). 

DCC and macrophage s 

Too obtain immature DC, monocytes (5 xlO5 cells/ml) were cultured for 6 days in 24-

welll plates (Costar) in IMDM with 10% FCS (Hyclone) and gentamycin (80 ug/ml; Duchefa) 

supplementedd with rhuGM-CSF (500 U/ml; a gift of Schering-Plough, Uden, The 

Netherlands)) and rhuIL-4 (250 U/ml; PBH), as described (2,11). At day 6, the cultures 

consistedd of uniformly HLA-DR*, CD83", CD40hgh immature DC, without detectable CD3+ 

cells.. Over 90% of the cells expressed high levels of CDla. Macrophages were obtained in 

parallell GM-CSF-supplemented cultures that did not contain IL-4, as described (2). They 

showedd CD14 expression, lack of CDla, lower levels of CD80, CD86, and CD40 expression, in 

accordancee with previous report (2). Cell-surface phenotype was analyzed by flow cytometry, 

afterr labelling of cells with appropriate mAb, as described (2,11). 

BB cell s 

Peripherall blood B cells were isolated using the StemSep™ antibody enrichment 

cocktaill (StemCell Technologies Inc., Vancouver, Canada) for human B cells in combination 

withh StemSep™ magnetic colloid, accordingly to the manufacturer's instructions. Isolated B 

cellss (>95% positive for CD20, CD3 < 1%, CD14 <1%, CD16 < 1%) were cultured overnight 

beforee irradiation (2500 Gy) and co-culture with Th cells. 

APC-Thh cel l coculture s 

Att day 12 after priming in either Thl- or Th2-driving conditions, Th cells were 

harvested,, washed, and cocultured (10s cells per well) with DC (2xl04) or B cells (6 x 104) in 

thee presence of SEB (lng/ml; Serva, Heidelberg, Germany) in a final volume of 0.2 ml, as 

describedd (2,11). When indicated, rhuIL-12 (100 U/ml), was added at the beginning of the 

cocultures.. To test the impact of the interaction of Th2 cells with different APC populations 

uponn their subsequent cytokine profile, such differentially restimulated Th2 cells were 

expandedd for additional 8 days before their tertiary stimulation with PMA/ionomycin. To 

comparee the IL-12p70-inducing capacity of Thl and Th2 cells, they were cocultured (105 

cellss per well in 0.2 ml) for 48 hours with DC (2xl04) or B cells (6 x 104) in the presence of 

SEB.. To study the induction of IL-12p70 by a totally IFN-y-deficient Th2 clone (RDC41, 

ref.10),, a model was used where DC presented a stimulatory mouse anti-human CD3 mAb 

(IgG2a)) via FcyR (12). Some cultures contained 1 ug/ml of IL-4-neutralizing mAb (CLB-IL-
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4/6)) or control irrelevant mouse IgGl (DL-5, a gift from of Dr P. H. van der Meide, BPRC, 

Rijswijk,, The Netherlands), as indicated. 

Thh cell-independen t DC stimulatio n 

DCC were washed and stimulated (2 x 104 cells in 200 ml ) with one of the following 

stimuli:: CD40L-transfected J558 plasmocytoma cells (J558-CD40L, 5 x 10* cells per well; a 

giftt of Dr P. Lane, Birmingham, UK), which were previously shown to induce IL-12p70 in an 

IFN-y-independentt way (13), soluble recombinant CD40 ligand trimer (sCD40L,l mg/ml; a 

giftt of Dr E. K. Thomas, Immunex Corp., Seattle, WA), known to require IFN-y to induce 

high-levell IL-12p70 production, in analogy to CD40L expressed on Th cells (2,11), or with 

LPSS (250 ng/ml; Difco). RhuIFN-y (a gift of Dr P. H. van der Meide, BPRC,) or rhuIL-4 were 

addedd to the cultures, as indicated. 

Cytokin ee measurement s 

Analysiss of Th cell cytokine production at a single cell basis was performed after 6 

hourr stimulation with PMA (10 ng/ml, Sigma) and ionomycine (1 mg/ml; Sigma,) in the 

presencee of Brefeldin A (10 ug/ml; Sigma). The cells were fixed with 2% paraformaldehyde, 

permeabilizedd with 0.5% saponine (Sigma), and labeled with FITC-coupled IFN-y mAb 

(Bectonn Dickinson) and PE-coupled IL-4 mAb (Becton Dickinson).The cells were evaluated by 

FACScann (Becton Dickinson). IL-12 p70 ELISA (sensitivity, 3 pg/ml (9)) was performed with 

usee of p70-specific mAb 20C2 (a gift from Dr. M. K. Gately, Hoffmann-La Roche, Nutley, NJ) 

andd p40-specific C8.6 mAb (a gift from Dr G. Trinchieri, The Wistar Institute, Philadelphia, 

PA).. IL-12p40-, IFN-y-, and IL-4-specific ELISAs were described before (2,9,11). 

Result ss  and Discussio n 
Reversa ll  of polarize d phenotyp e in DC-restimulate d Th2 cell s does not 

requir ee exogenou s IL-12 . 
Primingg of human naive Th cells in the presence of IL-4 yielded strongly polarized 

humann Th2 cells, that produced IL-4 but not the Thl- type cytokine IFN-y (Fig. la, left). 

Althoughh B cells and DC are both efficient APC for memory Th cells, the restimulation by 

thesee distinct APC populations yielded different outcomes for the cytokine profiles of such 

committedd Th2 cells. Th2 cells restimulated by B cells preserved their polarized Th2 cytokine 

profiles,, as evidenced by their selective production of IL-4 but not IFN-y after a subsequent, 

tertiaryy stimulation (Fig. la, top, Fig. lb). The presence of exogenous IL-12p70 during the 

B-cell-mediatedd restimulation of Th2 cells shifted their cytokine profiles, resulting in 

ThO/Thl-typee cells, producing IFN-y upon subsequent stimulation. These findings are in line 

withh the previous observations that human Th2-polarized cells are more flexible than their 

mousee counterparts and can revert to ThO/Thl-like cells in response to exogenous IL-12 (6), 

becomingg resistant to IL-12 only in a fraction of terminally polarized clones (10). The 

mechanismm of reversal of Th2 phenotype within polarized Th cell population and the 
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definitionn of the point-of-no-return for individual Th2-biased human cells need further 

analysiss at clonal level. 

Unexpectedly,, the restimulation of Th2 cells by DC led to the similar reversal of 

polarizedd Th2 phenotype, already in the absence of any exogenous IL-12p70 (Fig. l a , 

bottom,, Fig. l b ) , indicating the intrinsic tendency of Th2 cells to revert to ThO/Thl-type cells 

followingg the interaction with DC. The addition of exogenous IL-12p70 to DC-restimulated 

Th22 cell cultures did not have any additional effect (Fig. i a , bottom-right). 

100 0 

75 5 

tertiaryy Simulation: 
CD33 and CD28 mAb 

JJ ml) added 
duringg 2™ stimulation 

X.X. 50 

 25 

byBcellss by DC 
restimulation n 

IFN-y y 

Figur ee 1: Loss of polarize d Th2 phenotyp e as a resul t of th e interactio n of newl y 
committe dd Th2 cell s wit h DC bu t no t wit h B cells . (A) Th2 cells (left panel), obtained by priming 
off naive Th cells in Th2-driving conditions (see M&M) were restimulated by SEB-coupled B cells or DC. 
RhuIL-122 was added to some cultures, as indicated. After additional 8 days, such differentially 
restimulatedd Th2 cells were all stimulated with the combination of PMA and ionomycine to analyze 
theirr ability to produce IL-4 and IFN-g at a single cell level. Data from one experiment of three that all 
gavee similar results. (B) Acquisition of the ability to secrete high levels of IFN-g by DC-restimulated 
Th22 cells. Polarized Th2 cells were restimulated by SEB-coupled B cells or DC. After additional 8 days, 
thee production of IFN-g was induced in such differentially restimulated Th2 cells by the combination of 
CD33 and CD28 mAb. The supernatants were harvested after 24 hours. 

Th 22 cell s effectivel y induc e IL -12p7 0 productio n in an IL-4-dependen t 

mechanism . . 

Thee above findings suggested a possibility that endogenous IL-12p70 production was 

inducedd during Th2 cell - DC interaction. Indeed, cocultures of Th2 cells with DC (but not 

withh B cells) resulted in the production of surprisingly similar amounts of IL-12p70 as the DC 

-- T h l cocultures (Fig. 2a). This was accompanied by the onset of IFN-v production in Th2 -

DCC cocultures visible already within 48 hours (not shown). To test whether the IL-12-

inducingg capacity is also present in Th2 cells devoid of any residual ability to produce IFN-y, 

wee used an IL-12-unresponsive Th2 clone generated from an atopic patient (RDC41), that 

wass totally deficient in IFN-y production (10). In contrast to naive Th cells that induce only 

tracee amounts of IL-12p70, due to their low IFN-y production (2), RDC41 clone proved itself 

ass an efficient IL-12p70 inducer (Fig. 2b), despite the fact that it selectively produced high 

IL-44 levels during the stimulation with CD3 and CD28 mAb (1.2  0,09 ng/ml) and during 
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thee interaction with DC (2.81  0,04 ng/ml) but not any detectable IFN-y (<70 pg/ml) both 

afterr the CD3/CD28 mAb stimulation and during the 48 hour interaction with DC. This 

suggestedd that a) the ability of human Th2 cells to induce IL-12 is not restricted to the 

situationss when their IL-4 production is low, as proposed before (15), but is a standard 

phenomenon,, and b) that human Th2 cells utilize a separate, different from IFN-y, 

costimulatoryy mechanism that provides them with the ability to induce IL-12p70 production. 

Inn support of this possibility, neutralization of IL-4 in Th2 cell - DC cocultures, resulted not in 

ann enhancement but in a profound suppression of IL-12p70 production (Fig. 2b), indicating 

thatt IL-4 produced during the Th2-cell-DC interaction acts as Th2-cell-specific costimulatory 

factorr for the induction of IL-12p70, instead of being an IL-12 inhibitor. The key role of IL-4 

inn the induction of IL-12p70 production by Th2 cells signifies that this ability is intrinsic to 

polarizedd Th2 phenotype. 

Thll (donor A) 

Thl(donorr B) 

Th22 (donor A) 

Th22 (donor B) ? 

Figur ee 2: 
IL-44 mediate s th e 
inductio nn of high-leve l 
IL-12p7 00 productio n in 
DCC interactin g wit h Th2 
cells .. (A) Both Thl and 
Th22 cells are potent 
inducerss of IL-12p70. Thl 
andd Th2 cells were 
preparedd by priming of 
naivee Th cells in Thl- or 
Th2-drivingg conditions. Thl 
orr Th2 cells from two 
differentt donors (see the 
insett for the levels of IL-4 
andd IFN-y production after 
thee CD3/CD28-mediated 
stimulation)) were 
coculturedd with SEB-
coupledd DC or B cells. 
Culturee supernatants were harvested after 48 
hours.. Similar data were obtained in two 
additionall experiments, each utilizing Th cells 
fromm separate single donors. (B) Induction of 
IL-12p700 by Th2 cells depends on IL-4. 
Polarizedd Th2 cells were co-cultured with SEB-
coupledd DC. RDC41, an IL-12-unresponsive 
Th22 clone of atopic origin (see ref.10) was 
coculturedd with DC presenting stimulatory CD3 
mAbb (24). Some cultures contained IL-4-
neutralizingg mAb or control irrelevant IgGl 
(bothh 1 pg/ml), as indicated. Supernatants 
weree harvested after 48 hours. Data is shown 
ass mean ) of triplicate cultures. Similar 
resultss were obtained with Th2 cell lines from 
twoo other donors. 
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IL- 44 enhance s of IL -12p7 0 productio n in CD40L-stimulate d DC and 

macrophages ::  synergis m wit h IFN- . 

Too confirm this unexpected activity of IL-4 in a more simple model, DC were 

stimulatedd with CD40L-transfected J558 cells (J558-CD40L), that are known to induce 

substantiall IL-12p70 production already in the absence of any additional factors (13). 

Indeed,, also in this model IL-4 dose-dependently increased the production of bioactive IL-

12p70,, with a similar efficacy as IFN-y (Fig. 3a). However, while the IL-12 p70-enhancing 

activityy of IFN-/ was accompanied by the enhancement of an overall IL-12p40 production 

(mostlyy composing an inactive p40-p40 homodimer (1)), the elevation of IL-12p70 

productionn by IL-4 was accompanied by a dose-dependent suppression of p40 production. 

Thiss reciprocal regulation of the two IL-12 subunits by IL-4 indicates that IL-12p40 is a poor 

markerr of bioactive IL-12 production. In contrast to IL-12p70 heterodimer, the p40 

homodimer,, produced in huge excess over IL-12p70, lacks the biological activity of IL-12 and 

cann act as a competitive IL-12 inhibitor (1). 

Thee IL-12-enhancing activity of IL-4 is not a phenomenon restricted to monocyte-

derivedd DC. It was also observed in monocyte-dehved macrophages (Fig. 3b), that show 

lowerr CD40 expression than DC ((2), current data not shown) and lower overall levels of IL-

12p700 product R :er CD40L triggering. In addition, IL-4 showed a synergism with IFN-g in 

costimulatingg L-12p70 production in J558-CD40L-stimulated macrophages at low, 

perhapss more physiological, concentrations of these cytokines (F\g.3c-top). A similar 

synergismm between low concentrations of IL-4 and IFN-g could be observed in DC, especially 

afterr their stimulation with sCD40L (F\g.3c-bottom), that provides a weaker IL-12-inducing 

signal,, compared to J558-CD40L (2,11). A requirement for both IL-4 and IFN-g in the 

optimall induction of IL-12p70 production may explain the surprising observation that IL-4 

knock-outt mice show a deficit of some Thl functions (see below), reversible upon exogenous 

IL-44 treatment (16). 
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Figur ee 3: IL-4 is a poten t enhance r 
off  IL-12p7 0 productio n in CD40L-
stimulate dd DC and macrophages . 
(A)) IL-4 enhances the production of IL-
122 p70 in CD40L-stimulated DC, but 
inhibitss the production of p40 subunit 
off IL-12. DC were stimulated by J558-
CD40LL in the presence of increasing 
concentrationss of either IL-4 or IFN-y. 
Thee supernatants were harvested after 
244 hours, and analyzed for the contents 
off IL-12p70 and p40. The data are 
shownn as means D of triplicate 
culturess from a representative 
experimentt of four. (B) IL-4 enhances 
thee IL-12p70 production in monocyte-
derivedd macrophages. Macrophages 
(seee M&M) or DC were stimulated by 
J558-CD40L,, in the absence or the 
presencee of IL-4 or IFN-g (both at 1000 
U/ml),, as indicated. The supernatants 
weree harvested after 24 hours. Results 
fromm a representative experiment of 
four.. (C) Synergism between low 
concentrationss of IL-4 and IFN-y in 
inducingg high-level IL-12p70 production 
inn CD40L-stimulated DC and 
macrophages.. Monocyte-derived 
macrophagess or DC were stimulated 
withh J558-CD40L or SCD40L, as 
indicated,, in the presence of either low 
orr high concentrations of either IL-4 or 
IFN-yy or their combination. The 
supernatantss were harvested after 
24hours.. The data are shown as means 

DD of triplicate cultures from a 
representativee experiment of three. 
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Despitee strongly upregulating the CD40L-induced IL-12p70 production, IL-4 

significantlyy inhibited the LPS-induced production of IL-12p70 (Fig. 4, p<0.01), in accordance 

withh previous reports (7,9). This differential regulatory effect upon the IL-12p70 production 

inducedd either by CD40 ligation or by bacterial products, together with the ability of IL-4 to 

inhibitt the CD40L-induced production of the inactive p40 subunit of IL-12 (see Fig.3a, and 

ref.. 8), may explain the current view of IL-4 as an inhibitor of IL-12 production. 

luuuu Figur e 4: IL-4 inhibit s the LPS-
induce dd IL-12p70 production . DC were 

:pp stimulated with LPS for 24 hours in the 
 -g, presence of either IL-4 or IFN-y (both at 

-SS 1000U/ml). The data, shown as means 
99 D of triplicate cultures, represents one 

100 g- experiment of three that all gave similar 
^^ results. 

1 1 

Concludingg remarks 
Inn contrast to the view of IL-4 as an inhibitor of IL-12 production, the present 

findingss show that IL-4 acts as a Th2-specific coinducer of the production of bioactive IL-

12p70,, resulting in an intrinsic tendency of human Th2 cells to revert to IFN-y-producing 

ThO/Thll phenotype upon the interaction with DC. They suggest that an initial commitment 

off lymph node-based naive Th cells to the Th2 subset results in a flexible population of 

effectorr cells, the functions of which remain under control of distinct APC populations 

encounteredd in peripheral tissues. This feature may allow Th2 cells to induce different 

effectorr mechanisms of immunity depending on the requirements met in distinct locations. 

Thee interaction with IL-12-deficient B cells can result in helper signals for Ig production but 

alsoo in a preservation, or an enhancement, of the polarized Th2 phenotype. The 

maintenancee of polarized Th2 cytokine profiles can also occur when Th2 cells meet other 

APCC populations in the tissues rich in IL-12-suppressing factors, e.g. IL-10, TGF-p, or 

prostaglandinn E2, like the mucosa of the airways and the alimentary tract, or tumor tissues. 

DCC isolated from the airways and from the gut-associated lymphoid tissues have been 

recentlyy shown to be IL-12 deficient (17,18). Repetitive (re)stimulations in such conditions 

mayy allow Th2 cells to proceed to the stage of IL-12 resistant Th2 cells, a phenotype 

observedd in a small fraction of human Th cells in atopic disease (10). 

Inn contrast to the above situation, migration of Th2-polarized cells to the tissues 

whichh can accommodate the potentially dangerous Thl responses and which allow for local 

IL-122 production, such as the skin, can result in encountering APC that are able to produce 

IL-122 in response to CD40L- and IL-4-mediated signals. This can allow Th2 cells to 

effectivelyy contribute to the local inflammatory-type responses, by abandoning their Th2-
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polarizedd phenotype and supporting the IL-12- and IFN-g-dependent mechanisms of cellular 

immunity. . 

Suchh a differential control of Th2 cell function by distinct tissues and APC types may 

possiblyy be observed in pathological conditions in atopic dermatitis. Allergen-specific Th2 

cellss efficiently support IgE production in atopic individuals, consistent with the absence of 

IFN-gg (that suppresses IgE production (19)) during their interaction with B cells. In contrast, 

activationn of allergen-specific Th2 cells in the skin results in a not completely understood 

phenomenonn of an early wave of Th2-type cytokine production, followed by the late-phase 

off IL-12 and IFN-g production (20). The presently described IL-4-mediated IL-12 induction 

byy infiltrating Th2 cells and their resulting repolarization may explain the mechanism of this 

process. . 

Althoughh mouse Th2 cells, that (in contrast to their human counterparts (6)) typically 

producee high levels of IL-10, can suppress IL-12p70 production (21), the classical view of IL-

44 and IL-10 as two equivalent Th2 cell-derived IL-12 inhibitors may need reevaluation also in 

thee mouse system. Although earlier studies (22) showed a partial inhibitory effect of IL-4 

uponn the IL-12 production induced in DC by CD40 mAb, recent data obtained in a more 

physiologicall model of OVA-specific TCR-transgenic animals (21) indicated that mouse IL-4, 

inn contrast to IL-10, lacks the IL-12p70 suppressing activity, while another mouse study 

showedd the ability of IL-4 to enhance IL-12 production (23). 

Inn accordance with a possible role of murine IL-4 as an IL-12p70 inducer, Schuier et 

al.. (16) have recently shown that IL-4-knock-out mice have impaired tumor immunity, 

associatedd with an impaired development of tumor-specific CTL responses, reduced 

productionn of IFN-g and reduced levels of tumor-reactive IgG2a, the hallmarks of impaired 

Thl-celll function. This deficit was reversible upon the administration of exogenous IL-4, but 

thee link between IL-4 deficiency and the observed phenotype remains to be established. IL-

4-deficientt mouse also show an impaired resistance to Candida albicans (24) associated with 

impairedd production of IFN-y and reduced levels of IL-12. Although the administration of rlL-

44 corrected these deficits and primed neutrophils for increased IL-12 production, it needs to 

bee established if IL-4 can also contribute to the induction of IL-12 during the interaction of 

APCC with C. a/bicans-spec\f\c T cells, since IL-4 was shown ineffective upon peritoneal 

macrophagess (24). Similarly, it remains to be tested whether the IL-4-mediated induction of 

IL-122 plays a role in the paradoxical ability of some Th2 cells to promote autoimmune 

destructionn of own tissues (25,26), and whether it contributes to the recently described 

abilityy of IL-4 to enhance the production of endogenous IFN-y in CD40L-stimulated DC (27). 

Thee presently-described flexibility of Th2 cells and their functional dependence on 

distinctt APC types underline the importance of the post-priming check-points controlling the 
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qualityy of the immune response and suggest additional possibilities of therapeutic induction 

off T h l responses in Th2-associated diseases. 
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CHAPTERR 4 

Howw to deal wit h polarize d Th2 cells : 
explorin gg the Achilles 1 heel . 

Hermelijnn H. Smits, Catharien M.U. Hilkens, Pawel Kalinski, Martien L. Kapsenberg & Eddy A. 

Wierenga. . 

Abstrac t t 

Thee central effector cells in the pathogenesis of atopic allergic diseases are Th2 cells, that 
displayy an aberrant cytokine profile, dominated by type 2 cytokines. Initial reports from 
mousee studies indicated that established and committed Th2 cells are stable and 
unsusceptiblee to modulation. However, there is a growing awareness that in humans, 
establishedd effector Th2 cells are more flexible and can be reverted to predominant Thl 
phenotypes.. In fact, the Thl-driving cytokine IL-12 is the crucial factor in this respect. IL-12 
iss mainly produced by dendritic cells (DC), that can be primed for high or low IL-12 
production,, dependent on inflammatory and/or microbial signals they encounter during their 
residencee in the peripheral tissues. Accordingly, both the regulation of and the priming for 
IL-122 production in DC form ideal targets for therapeutic intervention. The development of 
neww therapies for atopic allergy now focuses on local IL-12-promoting substances to target 
bothh the development of new Th2 cells and the persistent population of established allergen-
specificc Th2 cells. 
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Introductio n n 
Atopicc allergic disorders, like allergic asthma, allergic rhinitis and atopic dermatitis, 

aree characterized by inflammatory responses to normally harmless antigens, accompanied by 

locall tissue infiltration with mast cells, eosinophils and T helper (Th) lymphocytes (1). The 

immunologicall hallmark of this response is the predominant generation of type 2 T helper 

(Th2)) cells and the consequent production of the type 2 cytokines interleukin (IL)-4, IL-5, IL-

99 and IL-13, but not the Thl cytokine interferon-/ (IFN-y) (2). The type 2 cytokines are 

directlyy involved in the effector phase of atopic allergy. For example, high levels of IL-4 

and/orr IL-13 will induce IgE production in B cells. Allergen-specific IgE is essential for the 

immediatee hypersensitivity response, leading to mast cell degranulation and histamine 

releasee (1). Furthermore, IL-13 also contributes to airway hyperreactivity in asthma by the 

inductionn of smooth muscle cell contraction and mucus overproduction, and to the chronic 

stagee of asthma, by promoting airway remodeling (3). The inflammatory late-phase reaction 

inn allergic rhinitis and asthma is associated with high expression of IL-5 (4). This cytokine 

promotess the maturation, recruitment and activation of eosinophils, which in turn will cause 

locall tissue damage. Finally, IL-9 participates in local inflammatory responses and airway 

hyperreactivityy in asthma by the induction of mast cell hyperplasia and mucus 

overproductionn (5;6). Since aberrant Th2 cytokine production is central to the manifestations 

off allergic diseases, important issues are how these polarized Th2 cells can develop and 

whetherr this polarized phenotype, once established in atopic allergic individuals, is 

susceptiblee to modulation. Here we will summarize the data on the cellular and molecular 

mechanismss that control Th2 differentiation and discuss the unstable feature of this 

phenotype.. Subsequently we will discuss possibilities for therapy based on modulation of the 

Th.22 cytokine profile. 

Generatio nn of Th2 cells : Thl/Th 2 paradig m 
Memoryy Th cells can be divided into different subsets, based on distinct functional 

propertiess which are conferred by the cytokines they secrete. In addition to cytokines that 

Thll and Th2 cells produce in common, such as GM-CSF and IL-3, Thl cells produce IFN-y, 

instrumentall in cell-mediated immunity against intracellular pathogens, and Th2 cells 

producee IL-4, IL-5, IL-9 and IL-13, and drive humoral immune responses against 

extracellularr pathogens (7;8). Polarized Thl and Th2 cells may develop from naive precursor 

Thh cells during activation in the lymph nodes. Th cell activation is initiated by T cell receptor 

(TCR)) triggering by antigen-derived peptides presented in the context of MHC-II molecules 

expressedd by antigen presenting cells (APC). Naive Th cells respond only to specialized APC, 

i.e.. dendritic cells (DC), that express high levels of costimulatory molecules (reviewed in 9). 

DCC reside in peripheral tissues as immature sentinel cells, sampling the environment for 

possiblee 'danger'-signals. At this stage, immature DC are extremely well equipped for antigen 

uptakee and processing, but are poor stimulators of naive Th cells (10). Exposure to microbial 
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and/orr inflammatory products induces the maturation of the DC and the cells will migrate to 

thee draining lymph nodes loaded with antigen (11). During this process, the DC lose their 

antigenn uptake capacity, but strongly upregulate their expression of costimulatory molecules, 

makingg the cells qualified to activate naive Th cells and drive their development into 

memory/effectorr Th cells (reviewed in 9). Upon activation by DC, naive Th cells may develop 

intoo either Thl or Th2 cells, directed by various soluble or membrane-bound molecules 

presentt in the microenvironment (12). Most prominent in this respect are the cytokines IL-12 

andd IL-4, that drive Thl- and Th2 ceil development, respectively (13). IL-4 initiates the Th2-

specificc transcription program, by the phosphorylation of signal transducer and activator of 

transcriptionn (STAT)6, and thereby increasing the expression of the Th2-specific transcription 

factorr GATA-3 (14). GATA-3 opens the IL-4/IL-13 locus and enhances transcription of these 

Th22 cytokine genes (15). IL-12, instead, induces Thl cell development by the STAT4-

dependentt upregulation of the Thl-specific transcription factor T-bet, which opens the IFN-y 

locuss and allows for transcription of the IFN-y gene. This Thl program is stabilized by the 

parallell inhibition of GATA-3 by STAT4 (16) and the shut down of type 2 cytokine gene 

transcriptionn by T-bet (17). Likewise, GATA-3 suppresses IL-12 responsiveness (discussed 

below),, thereby stabilizing the IL-4-induced Th2 development (18). Thus, it can be 

concludedd that IL-12 and IL-4 not only drive selective Thl- or Th2 cell development, but 

also,, counteract the opposite programs, both with a central role for the subset-specific 

transcriptionn factors GATA-3 and T-bet (figure 1). Based on this knowledge, it is important to 

evaluatee what cell types produce IL-12 or IL-4 and under which circumstances. Although IL-

44 can be produced by various cell types, including mast cells and eosinophils, the major 

sourcee of IL-4 is probably the Th cell population itself (19;20). However, naive Th cells must 

firstt undergo several cell divisions to be able to produce IL-4 and upon primary stimulation 

doo not produce sufficient amounts of IL-4 to contribute to Th2 polarization in an autocrine 

fashionn (21;22). Therefore the level of IL-4 production is highly subject to regulation by 

factorss that are present in the early stage of Th cell activation. During primary response the 

mostt crucial factor in this respect is IL-12, produced by DC (23). The IL-12 producing 

capacityy of mature DC in the lymph nodes is pre-established in their tissue of origin and is 

stronglyy influenced by tissue-environmental factors, such as pathogens, during their initial 

activationn as immature DC. Upon maturation, the capacity to produce IL-12 is imprinted and 

iss not susceptible to modulation anymore (24). If IL-12 production is low, the priming for 

highh IL-4 production in the developing naive Th cells will not be blocked by STAT4 and T-

bet.. Upon subsequent stimulation, IL-4 can act in an auto- and paracrine fashion and 

stronglyy drive Th2 development. 

Variouss other soluble or membrane-bound molecules, in part derived of DC, have 

beenn identified that can contribute to Th cell polarization (25). However, for most of the 

solublee factors it is evident that their influence on Th cell development is mediated mainly via 

thee regulation of IL-12 production. Furthermore, the physiological significance of most 
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surfacee molecules that have been described to promote Thl- or Th2 cell development is less 

welll established or function only under low cytokines conditions, leaving IL-12 as one of the 

keyy players in Th cell development. The importance of IL-12 and its receptor as determining 

factorr in Th cell polarization is further underlined in various studies in mice and humans 

usingg models for infectious diseases, auto-immunity or allergy (26;27). It is therefore 

fundamentall to understand how IL-12 production and IL-12 responsiveness is regulated. 

IL-122 responsivenes s is subjec t to extensiv e regulatio n 
Thh cell responsiveness to IL-12 depends on the expression of the high affinity IL-12 

receptorr (IL-12R), which is composed of two subunits, referred to as p i and \\2 (28;29). 

Thee IL-12Rp2 chain in particular is the major signaling chain, as the intracellular domain 

containss three tyrosine residues, that, upon phosphorylation by JAK2, can act as docking 

sitess for STAT4 (28). The IL-12R|32 chain is not expressed on naive Th cells, but is rapidly 

inducedd to moderate levels after antigen stimulation (30). The initial TCR-induced expression 

off the IL-12R|̂ 2 chain is strongly upregulated and perpetuated by IL-12 itself. In the absence 

off IL-12, the TCR-induced \\2 chain expression is not further boosted and becomes hardly 

detectablee within a few days after stimulation. Re-exposure of quiescent Thl cells to IL-12 

threee weeks after stimulation leads to a rapid increase of IL-12Rp7 expression, even in the 

absencee of TCR-triggering, underlining the importance of IL-12 for the upregulation and 

maintenancee of its own receptor (31). In contrast, during Th2 development from naive Th 

cells,, IL-12R|]2 expression is suppressed by IL-4, leading to IL-12 unresponsive Th2 cells 

(30;32).. Indeed, both Th2 cell lines (30;33) and allergen-specific Th2 cell clones (34) lack 

STAT44 phosphorylation and IFN-y production in response to IL-12. Mouse studies (17; 18) 

demonstratedd that the reciprocal effects of IL-4 and IL-12 on IL-12R|}2 expression are 

mediatedd by GATA-3 and T-bet, respectively. GATA-3, induced by IL-4 and augmented by 

auto-inductionn (15), inhibits IL-12RP2 gene transcription, whereas T-bet, induced by IL-12 

andd also augmented by auto-induction (17), upregulates IL-12R^2 gene expression (figure 

1).. Several other molecules have been described to affect IL-12Rp>2 chain expression. Type I 

interferonss (</. and |3) (30;35) and to a lesser extent IL-18 (36), enhance the IL-12R[i2 

expression,, whereas IL-10 (37;38), transforming growth factor |5 (TGFp1) (37;38), PGE2 (39), 

Choleraa toxin (CT) (40) and dexamethasone (DEX) (39) all suppress IL-12R(i2 expression. 

Althoughh for some of these factors the mechanism of action is well studied, the physiological 

relevancee of these alternative regulatory mechanisms is not always entirely clear. 

Thee in vitro data on IL-12Rp2 expression in Thl and Th2 cells is supported by in vivo 

studiess of human Thl- or Th2-mediated diseases. IL-12R(̂ 2 protein expression could hardly 

bee detected on lung T cells of allergic asthma patients (31) and the in situ IL-12R|S2 mRNA 

expressionn was even further downregulated on broncho-alveolar lavage (BAL) T cells after 

allergenn challenge (41). In contrast, lung T cells isolated from patients suffering from Thl-

mediatedd lung diseases, such as tuberculosis (37) or sarcoidosis (31), expressed high levels 
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off both IL-12Rp2 and IFN-y. Given the dominant role of IL-12 in IFN-y production and Thl 

development,, the question is to what extent the loss of IL-12R|52 expression on polarized 

Th22 cells has bearing on the stability or sensitivity to modulation of the phenotype. 
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Stabilityy of established Th2 cells 
Severall studies in the mouse have shown that the phenotype of early and newly 

committedd Thl and Th2 cells is not stable. Only once polarization is completed by repeated 

stimulationn under polarizing conditions, Thl and Th2 cells are resistant to reversal (42;43). 

Mousee Th2 cells, in particular, rapidly become stably resistant to IL-12-mediated signaling by 

thee IL-4-induced loss of the IL-12RB2 chain. In contrast, human Th2 populations, both newly 

generatedd and long-term memory Th2 cells, remain susceptible to modulation. Paradoxically, 

althoughh human Th2 cells lack expression of the signaling IL-12RB2 subunit, several reports 

havee suggested the involvement of IL-12 in the reversal of Th2 cells to IFN-y-producing 

phenotypess (41;44-46). We have recently shown that IL-12-induced Th2 reversal is 

characterizedd by stably restored IL-12R|12 expression, IL-12-induced signaling and IFN-y 

production,, concomitant with increased T-bet expression and strongly decreased GATA-3 

expressionn (33). The paradox of how IL-12 is able to promote the expression of its own 

receptorr on IL-12-unresponsive Th2 cells, can probably be explained by the transient nature 

off the suppression of the IL-12RB2 chain. Indeed, TCR-stimulation alone, in the absence of 

IL-4,, re-induced low levels of IL-12Rp2 expression, that in turn allowed IL-12 to signal and 

upregulatee its own receptor (33). Without TCR-triggering, IL-12 was not capable of restoring 

IL-12RB22 chain expression in Th2 cells, indicating the need for TCR-triggering for basal 

productionn (31). Once accomplished, the Th2 reversal was stable, and a subsequent 

exposuree to IL-4 was unabie to undo the reversal, leaving IFN-y production (45) and the 

reducedd GATA-3/T-bet ratio unchanged (33). The stable character of phenotype reversal in 

humann IL-12-treated Th2 cells may be explained by the high and unaffected level of T-bet 
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expressionn upon restimulation in IL-4 (33). That T-bet can function as a masterswitch for 

Thll development is underlined by mouse studies with retrovirally transfected T-bet into 

polarizedd Th2 cells, demonstrating a full redirection of the polarized phenotype, including 

highh levels of IFN-y production, expression of the IL-12Rp2 subunit and suppression of the 

Th22 cytokines IL-4 and IL-5 (16; 17). However, when instead of T-bet expression, IL-12 

responsivenesss was restored in developing or committed mouse Th2 cells, either by 

transgenicc (47) or by ectopic IL-12R[̂ 2 expression (48), stimulation in the presence of IL-12 

couldd not revert established mouse Th2 cells. Only when endogenous IL-4 was blocked in 

thesee experiments, a substantial production of IFN-y production was found. A possible 

explanationn for the discrepancies between (1) mouse and human Th2 cell reversibility and 

(2)) the effects of ectopic T-bet and ectopic IL-12R{32 expression in mouse Th2 cells may find 

itss basis in differences in the regulation of T-bet expression. In the mouse, T-bet expression 

iss strongly inhibited by IL-4 (17), explaining that Th2 reversal can be forced by IL-4-

insensitivee ectopic T-bet expression but not by ectopic IL-12Rp2 expression, since 

endogenouss IL-4 will inhibit IL-12-induced T-bet expression, preventing T-bet-mediated Th2 

reversal.. In humans, there are no indications that (endogenous) IL-4 can block T-bet 

expression,, and thus IL-12-induced T-bet expression can easily induce Th2 reversal, even in 

thee presence of IL-4 (41). 

Sincee several in vitro studies (33;45;46) demonstrate that IL-12 responsiveness can 

bee restored in established human allergen-specific Th2 cells by a single stimulation in the 

presencee of IL-12, the question can be raised whether the suppression of the IL-12R[32 chain 

onn human Th2 cells, actively contributes to the persistence of the Th2 response or should be 

regardedd as an early but transient Th2 cell feature, mainly important for initial polarization of 

naivee Th cells. Especially so, as micro-environmental conditions, rather than intrinsic Th cell 

features,, determine the expression of the IL-12Rp2 chain and consequently, IL-12 

responsiveness.. Maintenance of Th2-mediated responses in atopic allergy therefore more 

likelyy results from suppression of Thl-driving factors, such as IL-12 itself (49), than from the 

initiall lack of IL-12 responsiveness. As IL-12 can readily revert human polarized Th2 cells, 

thesee cells may be an excellent target for therapy of atopic diseases. It is therefore of great 

relevancee to understand how IL-12 production is regulated and how DC, the main producers 

off IL-12, can be motivated to enhance its production. 

Regulatio nn of IL-12 productio n 
IL-122 is almost exclusively produced by APC, although the levels vary for different 

APCC types. IL-12 production can be induced by bacterial or viral infection or by incubation 

withh microbial compounds, such as lipopolysaccharide (LPS), DNA, or double-stranded RNA 

(dsRNA)) (27;50;51). Alternatively, IL-12 production by APC can be induced by Th cells, 

throughh ligation of CD40 by CD40-ligand (CD40L), expressed on Th cells after initial 

activationn by antigen presentation. The level of IL-12 production is extensively regulated: 
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CD40L-inducedd IL-12 expression is strongly upregulated by IFN-y, IL-4 and bacterial 

compoundss (46;52-54), but is downregulated by IL-10, TGF-(] (51), vitamin D3 (55), 

corticosteroidss (56) and by cAMP-inducing agents such as PGE2 (39;57), cholera toxin (40), p 

agonistss and histamine (40;58). More importantly, DC can be committed to produce high or 

loww levels of IL-12 (12). The level of IL-12 produced by mature DC upon cognate interaction 

withh Th cells, is a critical determinant in the degree and direction of Th cell polarization. 

Accordingg to their Th cell polarizing effector function, the mature DC are classified as DCO, 

DC11 or DC2 (12). The IL-12 production capacity of mature DC is dictated by compounds that 

aree present during the initial activation of the DC in their immature stage. For example, 

exposuree of immature DC to IFN-y (24) or to (compounds of) intracellular pathogens, like M. 

tuberculosistuberculosis (59) or pertussis toxin (E.C, de Jong et al., unpublished observations, 2001), 

inducess maturation into DC that produce high levels of IL-12 and have a strong ability to 

inducee Thl development (DC1). In contrast, PGE2 (60), cholera toxin (61) and certain 

helminthh compounds (E.C. de Jong et al. unpublished observations, 2001) lead to the 

generationn of mature DC with very low levels of IL-12 and the potential to induce Th2 cell 

development.. Thus, on the basis of their experience and signals picked up during their 

immaturee stage, mature DC will produce variable amounts of IL-12 and mount different Th 

celll responses dependent on the type of infectious agent and the type of affected tissue. 

Effectorr Th cells may be further or additionally modulated under the control of IL-12 

productionn locally induced by these Th cells in various APC types in non-lymphoid tissues. 

Thee outcome then will depend on the type of APC encountered and the type of peripheral 

tissue.. For example, the phenotype of polarized Th2 cells is likely to be maintained by 

interactionn with IL-12-deficient APC, such as B-cells, or in tissues rich in IL-12-suppressing 

factors,, such as IL-10, TGF-p or PGE2, in the mucosa of the respiratory tract or the intestinal 

tract.. Indeed, DC isolated from the airways or from gut-associated lymphoid tissue have 

beenn shown to be IL-12 deficient (62;63). In contrast, the skin is an example of a tissue type 

thatt can accommodate DC that allow for local IL-12 production and can induce local, 

potentiallyy dangerous and harmful Thl responses. When polarized Th2 cells migrate to the 

skin,, local IL-12 production can provide the optimal setting for modulation of polarized Th2 

cellss into IFN-y-producing phenotypes. In fact, although not completely understood, this 

phenomenonn has been observed in the pathological conditions of atopic dermatitis patients. 

Activationn of allergen-specific Th2 cells in the skin results in an early wave of Th2 cytokine 

production,, followed by a late phase of IL-12 and IFN-y (64). We have recently shown, that 

underr certain conditions in vitro, Th2 cell-derived IL-4 can enhance CD40L-induced IL-12 

productionn in immature DC, and that IL-4 is as potent as IFN-y in this respect (46). This 

mechanismm may explain the late wave of IL-12 and IFN-y production in the skin of atopic 

dermatitiss patients, suggesting that reversal of polarized Th2 cells can occur in vivo as well, 

iff allowed by the specific micro-environmental tissue conditions. Since atopic diseases are 

characterizedd by a persistent population of polarized Th2 cells, that both in vitro and in vivo 
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cann be modulated by IL-12, it may be hypothesized that the onset and persistence of the 

Th22 phenotype are results from aberrant IL-12 production. 

Aberran tt  APC-functio n in Atop y 
Inn patients with atopic allergy, Th2 cell development and the persistence of the Th2 

phenotypee may indeed be related to insufficient APC-derived IL-12 production, as the levels 

off IL-12 production in whole blood cultures of patients with allergic asthma (49) and in 

peripherall blood monocytes of patients with atopic dermatitis (65) are significantly lower as 

comparedd to the same cultures of control subjects, and is associated with decreased IFN-y 

productionn in the T cells (49). In addition, the number of IL-12p40/p35 mRNA expressing 

cellss was decreased in bronchial biopsies from allergen-challenged allergic asthma patients 

ass compared to similar biopsies from control subjects (66). Moreover, apart from decreased 

IL-122 production, PGE2 production was increased in monocytes from atopic dermatitis 

patientss (65;67). These data suggest that atopic allergy is associated with the occurrence of 

typee 2-biased APC with decreased IL-12 and increased PGE2 production and the ability to 

inducee Th2 cell development. Although the cited studies in the human are limited to 

peripherall blood APC, animal models confirm the data and point towards a crucial role for 

DC,, both in the sensitization and inflammatory phases of atopic allergy. For example, 

adoptivee transfer of ovalbumin (OVA)-pulsed DC in a mice model of asthma, induced 

sensitizationn to inhaled antigen (62;68;69). Furthermore, the contribution of DC to the 

inflammatoryy phases of asthma was pointed out in transgenic mice with the suicide gene 

thymidinee kinase that preferentially was expressed in cells of the DC-lineage (70). Treatment 

withh the antiviral drug ganciclovir selectively depleted DC, but not other APC like 

macrophagess or B-cells, from the airways of OVA-sensitized animals. In addition, treatment 

withh ganciclovir, resulted in a complete disappearance of OVA-induced eosinophilic airway 

inflammationn and goblet cell hyperplasia. These findings, together with suppressed IL-4 and 

IL-55 expression in the lungs, suggest that not only naive Th cells, but also memory Th2 cells 

aree normally activated by DC, and that antigen-presentation by other APC, such as 

macrophagess or B-cells, apparently cannot adopt to this function. If so, DC are the critical 

APCC to induce and support Th2 activation, mediating airway inflammation and airway 

hyperresponsiveness.. A possible explanation for the poor APC function of B cells and 

macrophagess in ongoing Th2 responses may be that memory Th cells in vivo are more 

dependentt on costimulatory signals than was previously concluded from in vitro data, and 

relyy on DC, that can provide these signals. Indeed, also other studies point towards a role for 

DCC as provider of reliable costimulation in the activation of human allergen-specific Th2 cells. 

Forr example, when DC were adoptively transferred into PBMC-reconstituted humanized 

severee combined immuno-deficiency mice (hu-SCID mice), using PBMC from house dust mite 

(HDM)-allergicc donors, the production of HDM-specific IgE was boosted, suggesting that the 

DCC had activated memory Th2 cells (71). Furthermore, allergen-induced IL-4 and IL-13 

productionn in bronchial explants and in peripheral blood from asthma patients was abrogated 
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byy antibodies against CD80 and CD86 (72;73). Finally, also animal studies have 

demonstratedd the abrogation of eosinophilic airway inflammation, by blocking the B7.1/B7.2-

CD288 pathway (74). Taken together, it can be concluded that DC, by virtue of their 

costimulatoryy potential and by varying the production of IL-12, play a substantial role in the 

initiationn of primary allergen-specific Th2 responses. Unexpectedly, DC may also be 

importantt as costimulators of memory Th2 cells and thus, in maintaining and potentiating 

establishedd Th2 responses in allergic diseases. An important question is whether DC or IL-12 

productionn can be targeted in such a way that this will not only prevent the development of 

neww Th2 cells but will also lead to modulation of established Th2 phenotypes and relieve 

symptomss of allergic diseases. 

Interventio nn leadin g to modifie d cytokine  profile s 
Inn general, immune responses to biologically inactive or weakly active antigens can 

bee cross-regulated by simultaneous infection with certain bacteria or viruses. This may also 

applyy for atopic disease, as suggested by the finding that infection by Varicella zoster virus in 

atopicc dermatitis skin lesions induced local IL-12 production and converts a Th2 cytokine 

profilee towards a Thl cytokine profile. Both locally in the lesions and systemically in the 

peripherall blood, specific responses against mite allergens were shifted towards a Thl 

phenotypee (75). This fits the concept of the recently proposed hygiene hypothesis, which 

statess that the increased prevalence of atopic disorders is due to a decrease in the exposure 

too certain infectious micro-organisms, as a result of a changing lifestyle and increased 

persona!! hygiene (76). A mouse model of allergic asthma demonstrated that intranasal 

infectionn of OVA-sensitized mice with Bacillus Calmette-Guerin (BCG), strongly reduced local 

IL-55 production and inflammation in the lung after OVA-challenge (77). The suppressive 

effectt was associated with elevated levels of IFN-y, probably the consequence of increased 

IL-122 production, induced by M. bovis (78). This study supports the concept that bacterial 

infectionss have the potential to suppress the development of allergic diseases. The beneficial 

factorr in the microbial infection model has been narrowed down to the induction of IL-12 

productionn and several mouse studies have demonstrated similar effects of direct local 

deliveryy of exogenous IL-12 (gene), resulting in reduced local Th2 cytokine production and 

reducedd airway hyperresponsiveness (79-82). However, the first results of a clinical study 

applyingg subcutaneous IL-12 therapy in allergic asthma patients do not seem very promising, 

Noo changes in airway hyperreactivity or late phase reaction after allergen-challenge were 

observedd and several patients had to withdraw from the study prematurely, due to moderate 

too severe side-effects (83), sofar giving little hope for a high therapeutic potential of this 

approach.. Instead, vaccination with IL-12-promoting substances may be more successful. 

Promisingg candidates in this respect may be synthetic oligodeoxynucleotides (ODN), i.e. 

syntheticc bacterial DNA sequences containing a high frequency of unmethylated CpG 

dinucleotidess (adjacent cytosine and guanine residues) that have been shown to induce type 

11 associated cytokines, like IFN-y, IL-12, IL-18, TNF-a and IFN-a/p in B-cells, NK-cells, 
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macrophagess and DC (84-86). CpG containing oligonucleotides administered to mice after 

antigenn sensitization resulted in reduced airway hyperresponsiveness and airway eosinophils. 

Thesee effects correlated with increased IFN-y and reduced IL-4 production (87-90) and these 

effectss proved to be long lasting, since the suppression of airway eosinophilia and airway 

hyperresponsivenesss persisted during repeated exposures to antigen (89). Furthermore, 

specificc targeting of allergen-specific Th cells in BALB/c mice by co-administration of allergen 

coupledd to CpG ODN, a condition that mimics the clinical situation of a patient receiving 

allergenn immuno-therapy, gave rise to a stronger immunogenicity and less allergenicity (91). 

Thiss suggests that future immunotherapy with CpG ODN-allergen conjugates may provide 

enhancedd efficacy while minimizing allergenicity and the risk of anaphylactic reactions. 

Recentt in vitro studies of human responses to CpG ODN show similar results, including the 

inductionn of the type 1 cytokines IL-12, IFN-u and IL-18 and in allergen-specific Th2 cells of 

atopicc patients an in vitro shift towards a Thl cytokine profile (91-94). Taken together, the 

dataa derived from mouse allergy models and human in vitro studies suggest that CpG ODN 

mayy be effective for the treatment of allergic diseases, in part because of their strong 

potentiall to modulate ongoing allergen-specific Th2 cell responses. The first clinical trials 

examiningg the combination of CpG ODN and allergen for the treatment of allergic rhinitis are 

underr way. These studies will reveal the efficacy of this novel approach and whether the 

accomplishedd improvements are long lasting. 

Concludin gg remark s 
Thee above reviewed studies indicate a weak stability of human established allergen-

specificc Th2 cells. In contrast to their mouse equivalents, these cells appear to be flexible 

andd upon exposure to IL-12, revert their cytokine profile to a predominant type 1 response. 

Dendriticc cells are not only the main endogenous source of IL-12, these cells also appear to 

bee the orchestrator of the activation and maintenance of persistent allergen-specific Th2 

responses,, presumably, at least in part, by the provision of costimulatory signals. Therefore, 

neww therapeutic strategies that focus on modulation of IL-12 production by DC, are highly 

promisingg as they not only target local IL-12 production, but also the principal cell type that 

cann induce the local activation of effector Th2 cells in affected tissues. In this respect, the 

modulatoryy capacity of CpG ODN is extremely potent, directly targeting DC both during the 

onsett and during the established phase of atopic diseases. Therefore, expectations for the 

usee of these CpG ODN for future therapy are high. 
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CHAPTERR 5 

ICAM-l/LFA- ll  ligatio n favor s 
huma nn Th l developmen t 

Hermelijnn H. Smits, Esther C. de Jong, Joost H.N. Schuitemaker, Theo B.H. Geijtenbeek, 
Yvettee van Kooyk, Martien L. Kapsenberg and Eddy A. Wierenga. 

Abstrac t t 
Thh cell polarization towards Thl or Th2 cells is strongly driven by exogenous cytokines, in 
particularr IL-12 or IL-4, if present during activation by antigen-presenting dendritic cells 
(DC).. However, additional Th cell-polarizing mechanisms are induced by the ligation of cell 
surfacee molecules on DC and naive Th cells. In the present study, the role of LFA-l/ICAM-1 
ligationn in human Th cell polarization was investigated. Triggering of LFA-1 on anti-
CD3/CD288 stimulated naive Th cells with immobilized Fc-ICAM-1, in the absence of DC and 
exogenouss cytokines, induced a marked shift towards Thl cell development, accompanied by 
aa dose-dependent decrease in GATA-3 expression and a dose-dependent increase in T-bet 
expression.. Thl polarization by LFA-1 ligation could only be demonstrated under low 
cytokinee conditions, as it was largely overruled by IL-12 or IL-4. This IL-12-independent Thl-
drivingg mechanism appears to be operated by certain subsets of effector DC. Maturation of 
DCC by poly I:C, a synthetic dsRNA, used as an in vitro model for viral infections, lead to the 
generationn of Thl-driving effector DC (DC1), that express elevated levels of ICAM-1, but 
producee only low levels of IL-12p70. Blocking the ICAM-l/LFA-l interaction in co-cultures of 
thesee DC with naive Th cells attenuated their Thl-driving capacity. The molecular 
mechanismm by which LFA-1 signaling supports Thl differentiation is blocked by specific 
inhibitorss of ERK-phosphorylation. The present data indicate the existence of an IL-12-
independent,, ERK-mediated mechanism, through which high ICAM-1-expressing DC1 can 
drivee Thl polarization. This mechanism may be operational during viral infections. 
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Introductio n n 
Effectorr cells of the immune system are largely regulated by cytokines that are 

secretedd by Th cells. Different subsets of Th cells can be distinguished based on restricted 

cytokinee profiles and herewith related immunoregulatory properties. For example, Thl celts, 

producingg IFN-,/, promote cell-mediated immunity against intracellular pathogens, whereas 

Th22 cells, producing IL-4, IL-5 and IL-13, are instrumental in humoral immune responses 

againstt extracellular pathogens (1). Polarized Thl and Th2 cells develop from naive Th cell 

precursorss during activation by antigen-presenting cells (APC) in the lymph nodes, Naive Th 

cellss respond only to specialized APC with high expression of costimulatory molecules, i.e. DC 

(2).. Immature DC reside in peripheral tissues as sentinel cells and sample the environment 

forr possible 'danger'-signals. Exposure to microbial and/or inflammatory products induces the 

maturationn and migration of the DC to the draining lymph nodes. During this process, the DC 

losee their antigen uptake capacity, but strongly upregulate costimulatory molecules, making 

thee cells qualified to activate naive Th cells (reviewed in (2)). Functional Th cell polarization 

iss strongly directed by various soluble or membrane-bound molecules present during primary 

stimulationn that regulate the expression of the Thl- and Th2-specific 'master switch' 

transcriptionn factors T-bet (3) or GATA-3 (4), respectively (5). Most prominent in this respect 

aree the cytokines IL-12, that induces T-bet expression and drives Thl responses (3;6), and 

IL-4,, that leads to enhanced GATA-3 expression and to the development of Th2 cells (4;7). 

Thee main source of IL-12 are DC, The IL-12 producing capacity of mature DC in the 

lymphh nodes is pre-established in their tissue of origin and is strongly influenced by tissue-

environmentall factors, such as pathogens, during their initial activation as immature DC. For 

example,, exposure of immature DC to IFN-y (8) or to (compounds of) intracellular 

pathogens,, like M. tuberculosis (9) or pertussis toxin (53), induces maturation into DC that 

producee high levels of IL-12 and have a strong ability to induce Thl development. In 

contrast,, PGE2 (10), cholera toxin (11) and certain helminth compounds (12, 53) lead to the 

generationn of mature DC with very low levels of IL-12 and have the potential to induce Th2 

celll development. However, when mature DC produce only limited amounts of IL-12, 

alternativee Th cell polarizing mechanisms, either by soluble or by surface-bound molecules, 

becomee more prominent and decisive, instead. 

Onee such membrane-bound candidate molecule is intercellular adhesion molecule-1 

(ICAM-1).. During antigen presentation, ICAM-1 expressed on DC binds to leukocyte function-

associatedd molecule-1 (LFA-1) on Th cells. ICAM-l/LFA-1 interaction has a pleiotropic effect, 

ass it not only plays an important role in T cell recirculation and inflammation (13; 14) but also 

inn T cell activation. In particular, ICAM-l/LFA-1 mediated adhesion is a critical event for 

establishingg and strengthening the physical contact between DC and Th cells, leading to 

optimall Th cell activation (15; 16). Several mouse studies have revealed that the ICAM-

l/LFA-11 interaction can also be important for driving Thl cell polarization, as blockage of this 
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interactionn leads to increased Th2 cell development from naive Th cells (17-19). In humans 

thee role of ICAM-l/LFA-1 ligation in Th cell polarization has not been evaluated previously. 

Thee aims of this study, therefore, were to investigate the involvement of ICAM-

l/LFA-11 ligation in the polarization of human Thl cells. Experiments were performed in an 

APC-freee and in a DC-dependent system to determine to what extent ICAM-1 expression 

levelss on DC are relevant. Also the relative contribution of ICAM-l/LFA-1 ligation to the 

actionss of the potent polarizing cytokines IL-4 and IL-12 was studied. Finally, we explored 

thee molecular pathway through which ICAM-l/LFA-1 ligation may drive Thl responses. 

Material ss  & Method s 
Antibodies ,, cytokine s and reagent s 

Humann rICAM-1, rICAM-2 and rICAM-3, coupled to human IgGl-Fc, were described 

beforee (20). Human rIL-4 (sp. act. lxlO8 U/mg) was obtained from PBH (Hannover, Germany). 

Humann rIL-12 (sp. act. I,7xl08 U/mg) was a gift from Dr. M.K. Gately (Hofmann-La Roche, 

Nutley,, NJ). Human rGM-CSF (sp. act. l . l lx lO 7 U/mg) was a gift of Schering-Plough (Uden, 

Thee Netherlands). Human rIFN-y (sp. act. 8xl07 U/mg) and neutralizing rabbit IgG to human 

IL-122 were gifts from Dr. P.H. van der Meide (U-cytech, Utrecht, The Netherlands). The anti-

LFA-11 mAbs used were NKI-L15 and NKI-L16 (both mouse IgG2a, anti-CDlla), described 

beforee (21). Blocking mouse IgGl to human ICAM-1 was obtained from R&D Systems 

(Abingdon,, UK). Mouse mAbs to human CD28 (CLB-CD28/1) and human CD3 (CLB-T3/4E-

1XE)) were obtained from CLB (Amsterdam, The Netherlands). Mouse Abs to phosphorylated 

ERK,, -JNK and -p38 were obtained from New England Biolabs (Beverly, MA). The p38 MAPK-

inhibitorr SB203580 and the ERK-inhibitor PD98059 were obtained from Alexis Corporation 

(Sann Diego, CA). 

Inn vitr o generatio n and maturatio n of DC fro m periphera l bloo d monocyte s 

Venouss blood from healthy donors was collected in sodium-heparin containing tubes 

(VT100H;; Venoject, Terumo Europe, Leuven, Belgium). PBMC were isolated by density gradient 

centrifugationn on Lymphoprep (Nycomed, Torshov, Norway). Subsequently, PBMC were 

centrifugedd on a Percoll (Pharmacia, Uppsala, Sweden) gradient to isolate the monocytes, as 

previouslyy described (8). Monocytes were washed and seeded in 24-well culture plates (Costar, 

Cambridge,, MA) at a density of 5xl05 cells/well. After 60 min of incubation at 37 , non-

adherentt cells were removed and adherent cells were cultured in Iscove's modified Dulbecco's 

mediumm (IMDM; Life Technologies Ltd., Paisley, UK) containing gentamycin (86 ug/ml; 

Duchefa,, Haarlem, The Netherlands) and 1% FCS (Hyclone, Logan, UT), supplemented with 

rGM-CSFF (500 U/ml) and rIL-4 (250 U/ml) to obtain immature DC (iDC) as described elsewhere 

(22).. At day 3, the culture medium including the supplements, was refreshed. On day 6, 

maturationn of iDC was induced by the addition of either LPS alone (100 ng/mi; Difco, Detroit, 

MI),, or LPS plus rIFN-y (1000 U/ml), or poly I:C (20 ug/ml; Sigma, St. Louis, MO). After 48 h, 
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fulll maturation into CDla*CD83* mature effector DC (mDC) was confirmed by flowcytometric 

analysis. . 

Analysi ss  of cel l surfac e molecul e expressio n by flo w cytometr y 

Mousee anti-human mAbs against the following molecules were used: CDla (OKT6; 

Orthoo Diagnostic System, Beerse, Belgium), CD83 (Immunotech, Marseille, France), ICAM-1, 

ICAM-22 and ICAM-3 (all three obtained from R&D Systems). Bound mAb were detected by 

FITC-conjugatedd goat anti-mouse mAb (Jackson Immunoresearch Laboratories Inc., West 

Grove,, PA). 

Cytokin ee productio n by DC 

CDla+CD83"" mDC (2xl04 cells/well) were stimulated with CD40L-expressing mouse 

plasmacytoidd cells (J558 cells, 2xl04 cells/well; a kind gift from Dr. P. Lane, University of 

Birmingham,, Birmingham, UK), in the presence of rIFN-y (1000 U/ml), in 96-well flat-bottom 

culturee plates (Costar) in IMDM containing 10% FCS in a final volume of 200 |J. Supernatants 

weree harvested after 24 h and stored at C until the levels of IL-12p70 secretion were 

measuredd by ELISA. 

Isolatio nn of naiv e Th cell s 

PBMCC from buffycoat (CLB) were isolated by density gradient centrifugation on 

Lymphoprepp (Nycomed), and thereafter CD4+ CD45RA+ CD45RO naive Th cells were 

isolatedd to high purity (>98% as assessed by flow cytometry) through one-step high-affinity 

negativee selection columns (R&D Systems), according to the manufacturer's instructions. 

Stimulatio nn and cultur e of naiv e Th cell s 

Flat-bottomm 96-well culture plates (Costar) were coated with goat anti-human Fc 

antibodiess (Jackson Immunoresearch Laboratories Inc.). After blocking of non-specific 

proteinn binding sites with BSA, the wells were incubated with Fc-ICAM-1, Fc-ICAM-2 or Fc-

ICAM-33 fusion proteins. Purified naive Th cells were either seeded in the coated wells (2xl04 

cells/2000 |il) and stimulated with soluble mAbs to CD3 (0.3 ug/ml) and CD28 (1 ng/ml) or 

weree cocultured with mDC (BxlO3 cells) in 200 ul culture medium in the presence of super 

antigenn Staphylococcus aureus Enterotoxin B (SEB) (10 pg/ml; Sigma), in 96-well flat-bottom 

culturee plates (Costar). There where indicated, naive Th cells were preincubated with increasing 

dosagess of either SB203580 (p38-inhbitor) or PD98059 (ERK-inhibitor) for lh at 37 , before 

stimulationn with anti-CD3/CD28. At day 5, rIL-2 (10 U/ml, Cetus Corp., Emeryville, CA) was 

addedd and the cultures were expanded for the next 9 days. 

Cytokin ee productio n by Th cell s 

Onn day 14, the quiescent Th cells were restimulated with PMA (10 ng/ml) and 

ionomycinn (1 ug/ml; Sigma) for 6 h, the last 5 h in the presence of Brefeldin A (10 ug/ml; 
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Sigma),, and single-cell IL-4 and IFN-y production was determined by intracellular 

flowcytometricc analysis. Cells were fixated in 2% paraformaldehyde (PFA; Merck, Darmstadt, 

Germany),, permeabilised with 0.5% saponin (ICN Biochemicals; Cleveland, OH) and stained 

withh anti-human IFN-/-FITC and anti-human IL-4-PE (both from Becton Dickinson, Franklin 

Lanes,, NJ). In parallel, the cells were stimulated with CD3 and CD28 mAbs to measure total IL-

44 and IFN-y secretion by ELISA in supernatants collected after 24h. 

Real-tim ee quantitat iv e RT-PCR analyse s o f GATA- 3 and T-be t expressio n 

Forr quantitative analysis of GATA-3 and T-bet mRNA expression, 105 naive Th cells 

weree stimulated with anti-CD3/CD28 for 2 days and lysed for total RNA extraction, using a 

NucleoSpinn RNA Isolation Kit (Macherey-Nagel, Duren, Germany). First strand cDNA was 

synthesized,, using a cDNA-synthesis kit (MBI Fermentas, St Leon-Rot, Germany). For 

quantificationn of GATA-3, T-bet and, as a control, (32-microglobulin ([32m) transcripts, real-

timee quantitative PCR was performed in a LightCycler (Roche Diagnostics GmbH, Mannheim, 

Germany)) based on specific primers and general SYBR green fluorescence detection. The 

primerr sequences were the following: (32m S-primer, 5'-CCAGCAGAGAATGGAAAGTC-3'; [32m 

AS-primer,, 3'-GATGCTGCTTACATGTCTCG-5' (Tm ; GATA-3 S-primer, 5'-

CTGCAATGCCTGTGGGCTC-3';; GATA-3 AS-primer, 3'- GACTGCAGGGACTCTCGCT-5' (Tm 

;; T-bet S-primer, 5'-CCCCAAGGAATTGACAGTTG-3'; T-bet AS-primer, 5'-

GGGAAACTAAAGCTCACAAAC-3'' (Tm ; resulting in the amplification of PCR products of 

3911 bp ([32m), 350 bp (GATA-3) and 317 bp (T-bet). All reactions were performed using the 

LightCyclerr DNA master SYBR Green I PCR-kit (Roche Diagnostics). A bulk cDNA sample of 

stimulatedd human Th cells was used as a standard and normalization to [32m was performed 

forr each sample. 

Phospho-specifi cc  cell-base d ELISA (PACE) 

PACEE was performed essentially as described before (23). In short, 5xl05 naive Th 

cellss were stimulated with anti-CD3/CD28 in the absence or presence of Fc-ICAM-1 (500 

ng/mll coated in plates, as described above). After 24, 48 and 72 h, cells were fixated with 

2%% PFA (Merck). After permeabilisation with 0.1% Triton X-100 (Sigma), endogenous 

peroxidasee was quenched in 1% H202 (Merck) and 0.1% Natrium Azide (Merck) for 20 min. 

Afterr blockage of specific binding sites with 5% BSA, phospho-specific Abs were added in 

0.1%% Triton plus 5% BSA and incubated for lh at 37 C, followed by a lh incubation at RT. 

withh polyclonal Rabbit-anti-Mouse antibodies, labeled with horse radish peroxidase (HRP; 

Neww England Biolabs). After extensive washing the cells were transferred to a 96-well plate 

(Costar)) and the HRP-substrate 3,3',5,5'-tetramethylbenzidine (TMB; Biosource) was added. 

Thee reaction was stopped with 2 M H2S04 after 15 min and the OD450/650 was used as a 

measurementt of phosphorylation. 
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Results s 
I C A M - l / L F A - ll  ligatio n promote s T h l cel l polarizatio n fro m huma n naiv e 

Thh cell s 

Primaryy anti-CD3/CD28 stimulation of human naive Th cells in the absence of DC and 

polarizingg factors yields a mixed population of IL-4 and/or IFN-y producers. This was 

assessedd on day 10 upon subsequent restimulation and detected both on a per cell basis by 

intracellularr staining (fig. 1A, left panel) and by measurement of cytokine secretion (fig. IB, 

topp bar). The addition of immobilized Fc-ICAM-1 construct induced a dose-dependent shift 

towardss the Thl cell phenotype, with gradually increased percentages of IFN-y producers, 

decreasedd percentages of IL-4 producers (fig. 1A) and an increased IFN-y/IL-4 secretion 

ratioo (fig. IB). Specificity of this Thl-driving effect was demonstrated by the abolishment of 

Thll polarization by addition of blocking Abs against either ICAM-1 or LFA-1 (NKI-L15) at the 

startt of the culture (fig. 1C). Isotype control Ab had no effect (data not shown). 

Furthermore,, mRNA analysis at t=48 h indicated a dose-dependent drop in the expression of 

thee Th2-specific transcription factor GATA-3 and a dose-dependent increase in the 

expressionn of the Thl-specific transcription factor T-bet, with increasing Fc-ICAM-1 

concentrationss (fig. ID), which correlates with the increased IFN-y and decreased IL-4 

productionn after restimulation on day 10 (fig. 1A and IB). 

A A 
Fc-ICAM-11 (ng/ml ) 

00 5 -o 50 & 500 

Figur ee 1: ICAM-l/LFA- 1 ligatio n promote s Th l differentiatio n fro m human naive Th cells . 
Naivee Th cells were stimulated with anti-CD3/CD28 in the absence or presence of an increasing dose 
off immobilized Fc-ICAM-1. (A) After 10 days, IFN-y and IL-4 productions per cell were analyzed by 
intracellularr FACS-staining following a 6h PMA/ionomycin stimulation, the last 5h in the presence of 
Brefeldinn A. 
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(B)) A parallel 
stimulationn with anti-
CD3/CD288 was 
performedd to analyze 
totall IFN v and IL-4 
secretionn by ELISA in 
thee collected 24h 
supernatants.. (C) 
Naivee Th cells were 
stimulatedd in the 
additionall presence of 
neutralizingg ICAM-1 or 
LFA-11 Abs. After 10 
days,, the single-cell 
IFN-y/IL-44 profiles 
weree determined by 
intracellularr FACS-
analysis,, as described 
underr A. (D) After 
48h,, GATA-3 and T-
bett mRNA expression 
wass determined by 
real-timee quantitative 
RT-PCRR analysis, 

normalizedd to p2m-
transcriptss in the 
samee sample and 
expressedd as the 
percentagee of 
expressionn under 
neutrall conditions, set 
att 100%. The data 
aree presented as 
meann  SEM from 
threee independent 
experiments. . 

Fc- ICAM- ll  ( n g / m l ) 

Inn addition to ICAM-1, also ICAM-2 and, with lower affinity, ICAM-3, are ligands for 

LFA-11 (24). When tested in the same culture system, Fc-ICAM-2 and Fc-ICAM-3 induced a 
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similarr dose-dependent shift towards T h l cell differentiation (fig. 2). As expected from the 

lowerr affinity for LFA-1, the T h l driving effect of ICAM-3 was less pronounced. These results 

demonstratee a clear Thl-driving effect of ligation of LFA-1. 
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Figur ee 2: 
Thh cel l polarizatio n 
byy differen t ligand s 
fo rr  LFA-1 . Naive Th 
cellss were stimulated 
withh anti-CD3/CD28 in 
thee absence or 
presencee of increasing 
concentrationss of Fc-
ICAM-1,, Fc-ICAM-2 or 
Fc-ICAM-3.. After 10 
days,, IFN-; and IL-4 
productionss per cell 
weree determined by 
intracellularr FACS-
analysiss as described 
inn de legend to figure 
1A. . 

T h ll  cel l differentiatio n by ICAM- l / LFA- 1 ligatio n is overrule d by IL- 4 or 

IL -1 2 2 

Thee cytokines IL-4 and IL-12 have powerful capacities to drive Th cell polarization. 

Wee therefore tested the relative importance of LFA-1-mediated polarization in the presence 

off these potent cytokines. As shown in fig. 3A, increasing concentrations of IL-4 dose-

dependentlyy abolished the Thl-driving effect of ICAM-l/LFA-1 ligation, indicating that this 

Th2-drivingg cytokine overrules the effect of LFA-1 ligation. In the presence of moderate to 

highh concentrations of IL-12, ICAM-l/LFA-1 ligation does not add to the Thl-polarizing effect 

off IL-12 (fig. 3B). These data indicate that T h l differentiation by LFA-1 ligation is primarily of 

importancee under low cytokine conditions. 
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LFA- 11 ligatio n affect s th e activatio n of mitogen-activate d protei n kinase s 

(MAPK ) ) 

Recentt studies in the mouse have pointed towards a role for MAPK signalling 

pathwayss in the control of Th cell responses under low cytokine conditions. These pathways 

cann either be induced by TCR-triggering, which activates extracellular signal-regulated 

kinasess (ERK), by CD28 ligation, which activates p38 MAPK or by the combination of TCR-

triggeringg and CD28 ligation, which activates Jun NH2-terminal kinase 1 (JNK1) and JNK2. 

JNK11 downregulates IL-4 production, whereas JNK2 and p38 MAPK increase IFN-y 

production,, and ERK promotes Th2 responses (reviewed in (25)). However, in human T cells, 

somee of these pathways can have different, even opposing effects. For example, p38 MAPK 

wass shown to be important for IL-4 production in effector Th2 cells (26;27), while 

interruptioninterruption of the ERK pathway strongly increased, rather than abrogated, IL-4 responses in 

humann Th cells (28). 

Wee addressed the question whether Thl polarization by LFA-1 ligation is mediated 

viaa the activation of one or more of these MAP kinase pathways. Naive Th cells stimulated 

withh anti-CD3/CD28 in the presence Fc-ICAM-1 displayed a shift towards Thl cell 

development.. Addition of a chemical inhibitor of ERK-phosphorylation (PD98059) to anti-

CD3/CD288 activated naive Th cells resulted in a strong dose-dependent induction of IL-4 

productionn and inhibition of IFN-y production, while in the ICAM-1-stimulated naive Th cells 

thiss effect was reduced and required higher concentrations of PD98059 to yield equal 

percentagess of IL-4 producing Th cells upon restimulation (fig. 4A). These data suggest that 

ERKK activity is increased in ICAM-1 stimulated naive Th cells. This was indeed confirmed by 

thee analysis of phosphorylated (active) ERK in 48h-stimulated naive Th cells by PACE (23) 

(fig.. 4C). p38 MAPK phosphorylation was detectable only after 3 days, but did not differ 

betweenn cells stimulated with and without ICAM-1 (fig. 4C; day 3 data not shown). 

Accordingly,, addition of the chemical p38 MAPK-inhibitor, SB203580, did not differentially 

affectt the Th cell cytokine profile in cells stimulated with or without ICAM-1 (fig. 4B), 

suggestingg that p38 MAPK is not involved in ICAM-1-induced Thl polarization. Although 
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elevatedd levels of phosphorylated JNK1/2 were demonstrated in the ICAM-1 stimulated Th 

cellss at day 2 (fig. 4C), the functional consequences for ICAM-1 driven T h l polarization 

cannott be studied in this experimental set-up, as no specific JNK-inhibitor is available yet. 
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Figur ee 4: 
LFA-11 ligatio n affect s 
th ee activatio n of 
mitogen-activate d d 
protei nn kinase s 
(MAPK) .. Naive Th cells 
(2xl04)) were stimulated 
withh anti-CD3/CD28 in 
thee absence or presence 
off 500 ng/ml Fc-ICAM-1 
andd (A) increasing 
concentrationss of the 
ERK-inhibitorr PD9085 or 
(B)) increasing 
concentrationss of the 
p388 MAPK inhibitor 
SB203580.. After 10 
days,, IFN-y and IL-4 
productionss per cell were 
determinedd by 
intracellularr FACS-
analysiss as described in 
dee legend to figure 1A. 

(C)) Naive Th cells (5xl04 

cells)) were stimulated 
withh anti-CD3/CD28 in 
thee absence or presence 
off 500 ng/ml Fc-ICAM-1. 
Att 24, 48 and 72 h after 
stimulation,, cells were 
fixated,, permeabilised 
andd analyzed for the 
presencee of 
phosphorylatedd p38 
MAPK,, ERK or JNK using 
phospho-specificc mouse 
antibodiess and HRP-
conjugatedd rabbit-anti-
mousee antibody. After 
additionn of TMB, 
substratee conversion was 
determinedd by 
measuringg at OD450/6s0. 
Thee data are presented 
ass mean increased signal 
(AA OD450/65o)  SEM as 
comparedd to OD values 
fromm unstimulated naive 
Thh cells (Background 

OD450/6500 = 0.28). 
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Low-IL-12-producin gg pol y I :C-mature d DC driv e T h l polarizatio n throug h 

elevate dd expressio n of ICAM- 1 

Next,, the question was addressed whether LFA-1-mediated signaling indeed 

contributess to Thl polarization under more physiological conditions, i.e. during the 

interactionn of naive Th cells with DC. We generated different Thl-driving DC1 subsets with 

differentt ICAM-1 expression levels. To this end, maturation was induced in immature 

monocyte-derivedd DC either with the synthetic dsRNA poly I:C or by the combination of LPS 

pluss IFN-y. As a comparison, maturation was induced by LPS alone, yielding non-polarizing 

DCO.. In addition to ICAM-1, also expression of the other ligands for LFA-1, ICAM-2 and 

ICAM-33 were analyzed on both DC1 subsets and the DCO subset. As shown in fig. 5A, ICAM-

22 was hardly expressed on either DC subset and ICAM-3 only moderately, but was elevated 

onn the poly I:C DC1. ICAM-1 was more abundantly expressed and particularly high on the 

polyy I:C DC1. In combination with this high ICAM-1 expression, poly I:C DC1 produced only 

limitedd quantities of IL-12p70, as compared to the LPS/IFN-v-matured DC1 (fig. 5B). In fact, 

IL-12p700 production by the poly I:C DC1 hardly differed from the levels produced by the 

non-polarizingg LPS-matured DCO. As the impact of LFA-1 triggering on Thl polarization is 

mostt evident under such low cytokine conditions (fig. 3B), we tested to what extent the Thl-

drivingg capacity of poly I:C DC1 (fig. 5C) was mediated by ICAM-1 and to what extent by IL-

12p70.. Co-culture experiments with naive Th cells demonstrated that blocking the ICAM-

l/LFA-11 interaction, either with anti-ICAM-1 or with anti-LFA-1, clearly reduced the Thl-

drivingg potential (fig. 5C). Likewise, also neutralization of IL-12p70 only partially blocked Thl 

polarization.. Addition of anti-ICAM-3, instead, did not substantially reduce Thl polarization in 

anyy DC subset (fig. 5C). Full abrogation of Thl polarization (to the basal level induced by 

LPS-maturedd DCO, fig. 5C: top bar) was obtained only by combining IL-12p70 neutralization 

andd blocking the ICAM-l/LFA-1 interaction, demonstrating the contribution of ICAM-1 in the 

Thl-drivingg mechanism of poly I:C DC1 (fig. 5C). In contrast, the Thl-polarizing effect of 

LPS/IFN-vv DC1 is fully IL-12 dependent (fig. 5C). 
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Figur ee 5: High expressio n of ICAM- l contribute s to th e Thl-drivin g capacit y of poly  I:C 
DC1.. Maturation of immature DC was induced by LPS alone (100 ng/ml), LPS plus rlFN-y (1000 
U/ml)) or by poly I:C (20 ug/ml) during 48h. (A) ICAM-l, ICAM-2 and ICAM-3 expression was analyzed 
byy flowcytometry. (B) Mature DC (2xl04 cells/well) were stimulated with mouse CD40L-expressing 
mousee plasmacytoid cells (J558 cells, 2x10" cells/well) in the presence of rIFN-y (1000 U/ml) to induce 
thee production of IL-12p70. After 24h, supernatants were collected and IL-12p70 production was 
measuredd by ELISA. (C) Naive Th cells (2xl04 cells) were stimulated with super antigen SEB (10 pg/ml), 
presentedd by differentially matured DC (either LPS alone, LPS plus IFN-y or poly I:C; 5xl03 cells), in the 
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122 days, IFN-y and IL-4 productions per cell were determined by intracellular FACS-analysis as 
describedd in de legend to figure 1A. 
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Discussio n n 
Inn this study we show that LFA-1 ligation on activated human naive Th cells leads to 

aa shift towards Thl cell differentiation, accompanied by a rapidly increased T-bet/GATA-3 

mRNAA expression-ratio. The Thl-driving effect of the ICAM-l/LFA-1 interaction is primarily of 

importancee under low cytokine conditions, as the polarizing cytokines IL-4 and IL-12 dose-

dependentlyy overrule the Thl-driving effect. Indeed, experiments with the poor IL-12 

producingg poly I:C-DC1 expressing high levels of ICAM-1, indicated that ICAM-1 actively 

contributess to their Thl-driving capacity. Exploring the molecular mechanism by which LFA-1 

ligationn supports Thl cell differentiation, we have found evidence that the MAP kinases ERK 

andd JNK may be involved. 

Mousee studies (17-18) with ICAM-1-deficient APC or blocking antibodies to ICAM-1 

allreadyy indicated a profound inhibitory effect of ICAM-1 on IL-4 production by activated 

naivee Th cells, suggesting at least prevention of Th2 development as a consequence of LFA-

1/ICAM-ll interaction. The mouse experiments did not indicate an active induction of IFN-y 

productionn or Thl development. In contrast, previous studies with human memory CD4+ Th 

cellss showed that repeated costimulation by ICAM-1 did lead to increased secretion of IFN-y, 

butt not IL-4 or IL-5 (29;30). These results are confirmed in our present study and further 

extendedd by showing that initial polarization of human naive Th cells upon LFA-1-

costimulationn by ICAM-1, gives rise to memory Th cells that produce high amounts of IFN-y 

butt hardly any IL-4. The question remains what precise mechanisms are involved in this shift 

inn Th cell polarization. It is well known that the ligation of LFA-1 by ICAM-1 helps to stabilize 

thee physical APC-Th cell interaction, allowing for a higher TCR-occupancy, and thereby to 

enhancee or prolong TCR-dependent signals (31), like inositol phospholipid hydrolysis, 

increasedd intracellular Ca2+ levels (32;33), and phosphorylation of phospholipase Cyl (34). 

Indeed,, it has been reported that LFA-l/ICAM-1 interaction can lower the required Ag dose 

forr Th cell activation by 10- to 100-fold (35;36). Several studies support the 'strength of 

signal'' hypothesis as an additional factor influencing Th cell polarization. According to this 

hypothesis,, triggering of high numbers of TCR will lead to IFN-y producing Th cells, whereas 

loww number TCR triggering will favor the development of IL-4 producing Th cells (37). The 

contributionn of LFA-l/ICAM-1 ligation to this model was elegantly demonstrated by a study 

off Ruedl et al. (38) in which LFA-1 triggering by ICAM-1 lowered the required Ag dose for 

CD40LL upregulation on the Th cell, which is essential for induction of IL-12 production, by 

thee Ag-presenting DC, that, in turn, can promote Thl responses. Nevertheless, this model 

cann only in part explain our present data. First, because poly I:C-DC1 produce only low levels 

off IL-12p70 upon CD40L-stimulation, that do not fully account for the Thl responses induced 

byy these high ICAM-1 expressing DC, and second, because naive Th cells stimulated with 

anti-CD3/CD28,, in the absence of APC, also showed a dose-dependent increase in Thl cell 

polarizationn with increasing concentrations of immobilized ICAM-1-Fc. Also other studies 

suggestt that the 'strength of signal' hypothesis is incomplete. For example, Abraham et al. 
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(39)) demonstrated that high density TCR ligand expression could not compensate for the 

lackk of LFA-l/ICAM-1 interaction in Th cell activation and that only TCR engagement 

togetherr with costimulation through either LFA-1 or CD28 was sufficient to induce detectable 

levelss of IL-2 mRNA (40), albeit by qualitatively different signaling routes (41). Furthermore, 

itt has been described that LFA-1 ligation on human CD8+ T cells can upregulate the activity 

off phosphatidyl inositol 3-kinase (PI3-kinase), sphingomyelinase and JNK, all similar to 

pathwayss induced by CD28 ligation but not identical, as LFA-1- and CD28-ligation display a 

differentt profile of sensitivity to inhibitors of PI3-kinase (33). A likely explanation, therefore, 

wouldd be that the shift in Thl polarization induced by LFA-1 ligation, is the combined result 

off several factors, involving both modifications of TCR-dependent signals and perhaps the 

inductionn of unique signaling pathways. In the present study, increased levels of activated 

ERKK in ICAM-1-costimulated Th cells were demonstrated, both by experiments with a specific 

ERKK inhibitor and by PACE. As ERK phosphorylation is induced upon TCR-triggering, part of 

ourr results may be explained by LFA-1-induced modifications of TCR-dependent signals, 

whichh may lead to a reduction of IL-4 producing Th cells. In the mouse, JNK is involved in 

thee induction of IFN-y production in Th cells and although there are no reports on this effect 

inn human Th cells, it is tempting to speculate that the elevation of activated JNK, observed in 

ICAM-1-costimulatedd Th cells by PACE at day 2, promotes the development of IFN-y 

producingg Th cells and together with increased ERK activity leads to enhanced Thl 

polarization.. Since JNK is not activated by TCR triggering alone but requires costimulation via 

CD288 or LFA-1, we hypothesize that the Thl shift observed in this study is accomplished in 

partt by modifications of TCR-dependent signaling, e.g. via ERK activation, but may 

additionallyy be the result of specific ICAM-1-induced signaling, like the activation of JNK. 

Inn this study, we identified a novel IL-12-independent Thl-driving mechanism, 

activelyy operated by poly I:C-DC1. These cells, obtained by maturation of monocyte-derived 

immaturee DC in the presence of poly I:C, are characterized by elevated expression of ICAM-1 

andd low levels of IL-12, both equally contributing to the Thl polarization. Poly I:C is a 

syntheticc dsRNA molecule and may represent a model for viral infections. In this respect, the 

polyy I:C-induced upregulation of ICAM-1 on DC and subsequent in vitroThl cell polarization 

iss nicely corresponding to numerous in vivo studies that showed that viral infections lead to 

thee induction of Thl responses and increased levels of ICAM-1 expression (reviewed in (42)). 

Furthermore,, studies with IL-12p40_/" and IL-12p70_/" mice (43) and patients with a 

functionall mutation in the IL-12R (44), demonstrated that virus-specific Thl responses could 

stilll be mounted, indicating that also in vivo alternative, IL-12-independent, Thl-driving 

mechanismss are operational, especially during viral infections. Based on our present findings, 

itt is tempting to speculate that the LFA-l/ICAM-1 interaction is relevant in this respect. In 

vivovivo yet other mechanisms may be involved, as during viral infections high levels of type I 

interferonss are produced that, in humans, can induce Thl responses, as well (45). In our 
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experiments,, only minimal expression of IFN-a was detected in the poly LC-DC, and 

blockagee did not result in an inhibition of Thl polarization. 

Inn addition to viral infections, also under low cytokine conditions in vivo, LFA-1/ICAM-

11 interaction may drive Thl responses. For example, in newborns the immune system is still 

immature,, indicated e.g. by the deficient IL-12p70 production by monocyte-derived cord 

bloodd DC (46). Consequently, during primary immune responses the polyclonal contribution 

off LFA-1/ICAM-1 ligation may be relatively high. 

Alsoo animal models for Thl-mediated responses or diseases provide evidence that 

ICAM-l/LFA-11 interaction may be involved in Thl polarization in vivo. For example, blocking 

antibodiess to LFA-1 and ICAM-1 were shown to prevent allograft rejection, associated with a 

shiftt from a Thl to a Th2 cell cytokine profile (47-49). Similarly, ICAM-1 deficiency in 

nonobesee diabetic (NOD) mice blocked accelerated diabetes, in part explained by affecting 

thee generation and/or expansion of islet-specific Thl cells (50). Also in an experimental 

autoimmunee encephalomyelitis (EAE) disease model, ICAM-1-deficient mice showed reduced 

TT cell proliferation and reduced Thl cytokine production in response to myelin antigen (51). 

Thee latter two studies suggest the involvement of ICAM-1 in autoreactive Thl cell 

development,, although it was not specified which cell type, e.g. DC, was essential in this 

respect.. Furthermore, studies with ICAM-1 knockout mice indicated that ICAM-1 is required 

forr rapid activation of Thl cells to control early acute phase genital chlamydial infection, 

suggestingg a role for ICAM-1 in the control of infectious diseases (52). Therefore, evidence 

bothh from in vitro and in vivo models points towards a role for ICAM-1-driven Thl 

development.. Blockage of ICAM-l/LFA-1 interaction may therefore provide potent 

therapeuticc possibilities for the treatment of autoimmune diseases or prevention of graft 

rejectionn by transplantation, whereas therapeutic triggering may be beneficial to reduce Th2-

mediatedd disease. 
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CHAPTERR 6 

Commensa ll  Gram-negativ e bacteri a prim e 
huma nn dendriti c cell s for enhance d IL-23 
andd IL-27 expressio n and enhance d Th l 

developmen t t 

Hermelijnn H. Smits, Astrid J. van Beelen, Cristina Hessle, Robert Westland, Esther C. de Jong, , 
Eelcoo Soeteman, Agnes E. Wold, Eddy A. Wierenga & Martien L. Kapsenberg. 

Abstrac t t 
Dendriticc cells (DC) are the main orchestrators of specific immune responses. Depending on 
microbiall information they encounter in peripheral tissues, they promote the development of 
Thl ,, Th2 or unpolarized Th cell responses. In this study we have investigated the 
immunomodulatoryy effect of non-pathogenic intestinal Gram-negative {Escherichia coli, 
BacteroidesBacteroides vulgatus, Veilloneila parvula, Pseudomonas aeruginosa) and Gram-positive 
(Bifidobacterium(Bifidobacterium adoiescentis, Enteroccocus faecalis, Lactobacillus plantarum and 
StaphylococcusStaphylococcus aureus) bacteria on human monocyte-derived DC (moDC). None of the 
Gram-positivee bacteria (GpB) primed for preferential Thl or Th2 development. In contrast, 
despitee the low levels of IL-12 they induce, all Gram-negative bacteria (GnB) primed moDC 
forr enhanced Thl cell development, which was dependent on IL-12 and an additional 
unidentifiedd co-factor. Strikingly, GnB-matured moDC expressed elevated levels of pl9 and 
p288 mRINIA, the critical subunits of IL-23 and IL-27 respectively, suggesting that the IL-12 
familyy members are jointly responsible for their Thl driving capacity. Maturation of moDC 
withh single cell wall components from GnB (i.e. LPS) or GpB (i.e. PGN and LTA) resulted in 
Thh cell profiles that did not fit the profiles obtained with whole bacteria, and could not 
explainn the induction of the IL-12 family members nor Thl priming by GnB. All together, our 
resultss suggest that not only IL-12, but also the novel cytokines IL-23 and IL-27, are 
instrumentall in driving Thl responses and are exclusively elevated in GnB-primed moDC, 
indicatingg that the expression of the different IL-12 family members, i.e. IL-23 and IL-27, is 
dictatedd by different priming conditions of immature DC. 

submittedsubmitted for publication 
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Introductio n n 
Thee gastrointestinal tract is colonized by a large variety of different commensal 

bacteria.. The intestinal microflora is the chief stimulus for the mucosal and systemic 

immunee system (1-3), that is under homeostatic conditions in symbiosis with the host and 

suppliess a role in host nutrition, intestinal permeability and protection against invasive and 

residentt pathogens (4,5). 

Specificc immune responses at mucosal sites are initiated by resident immature 

myeloidd DC, that are specialized in antigen capture and processing. Upon exposure to 

microbiall and/or inflammatory products, DC increase their expression of MHC-II and 

costtmulatoryy molecules and migrate to the draining lymph nodes where they start adaptive 

immunee responses by presenting processed antigen to naive Th cells (6). In addition, mature 

DCC also determine the class of immune response by instructing naive Th cells to develop into 

eitherr effector Thl -, Th2 cells or a mixed phenotype by the selective expression of 

polarizingg molecules (7). DC-derived molecules that drive the development of Thl cells 

includee IL-12, IL-18, IFN-« and ICAM-1 (6,7). Furthermore, the novel IL-12 family members 

IL-23,, a heterodimer consisting of the pl9 and p40 subunit, or IL-27, composed of the 

subunitss p28 and EBI3, can be important players in this respect as well (8). IL-23 functions 

primarilyy on effector T cells, prolonging and sustaining their IFN-y production, whereas IL-27 

hass a profound effect on especially naive Th cells and is of crucial importance for the initial 

andd early IFN-v production, either alone or in synergy with IL-12 (9,10). 

Thee Th cell polarizing capacity of mature DC is strongly dictated by the type of 

pathogenn or reactivity product in infected tissues, that prime DC at their immature sentinel 

stage.. Ideally, DC with the ability to promote Thl responses will develop after exposure of 

immaturee DC to (compounds of) intracellular pathogens, like mycobacteria or viruses 

(reviewedd in (11);(12)). Likewise, tissue factors (13), innocuous fed antigens (14), enteric 

pathogenss (15-17) or non-pathogenic microflora bacteria may influence the Th cell polarizing 

capacityy of gut-resident DC and thereby contribute to the class of gut-associated and 

systemicc effector Th cell responses. Previous studies investigating the immunomodulatory 

capacitiess of intestinal microflora bacteria in human PBMC (18), human monocytes (19), 

mousee bone marrow-derived DC (20) or in vivo mouse models (21,22) have demonstrated 

differencess in either APC - or T cell cytokine secretion patterns, supporting the concept that 

microfloraa bacteria can affect DC by influencing their expression levels of Th cell polarizing 

signals.. Therefore, the aim of the present study was to investigate the modulation of Th cell 

instructivee signals of human DC by randomly selected commensal GnB and GpB. 

Thee results of the present study suggest that non-pathogenic intestinal GnB induce 

thee expression of Thl polarizing signals in human moDC. In contrast, GpB did prime for 
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neitherr Thl nor Th2 development. Thl development induced by GnB-primed moDC is likely 

too be mediated by the joint action of different IL-12 family members. 

Material ss  & Method s 
Antibodies ,, cytokine s and reagent s 

Humann rIL-4 (sp. act. lxlO8 U/mg) was obtained from PBH (Hanover, Germany). 

Humann rGM-CSF (sp. act. l . l l x lO 7 U/mg) was a gift of Schering-Plough (Uden, The 

Netherlands).. Human rlFN-y (sp. act. 8xl07 U/mg) and a neutralizing rabbit IgG to human 

IL-122 were gifts from Dr. P.H. van der Meide (U-cytech, Utrecht, The Netherlands). Human 

IL-188 binding protein (BP) was a gift from Amgem (Thousand Oaks, CA). Neutralizing Abs to 

humann IL-10 were obtained from BD Pharmingen (San Diego, CA). Neutralizing sheep 

antiseraa to human type I IFN (Iivari: 450.000 neutralizing U/ml anti-IFNa plus 3.000 U/ml 

anti-IFNfii and Kaalepi: 30.000 U/ml anti-IFNa plus 30.000 U/ml anti-IFNp) were a gifts from 

Dr.. I. Julkunen (National Public Health Institute, Helsinki, Finland) (23). LPS (Ecoii), 

peptidoglycann (PGN) and lipoteichoic acid (LTA; both from S.aureus) were purchased from 

Sigma-Aldrichh (St. Louis, MO). Plastics were purchased from Greiner Bio-one (Alphen aan de 

Rijn,, The Netherlands). 

Intestina ll  bacteri a 
Thee following bacteria were obtained from the Culture Collection of the University of 

Göteborgg (Göteborg, Sweden) and cultured as described before (19): Escherichia constrain 

24),, Bacteroides vuigatus (strain 4940), Veillonella parvula (strain 5123), Pseudomonas 

aeruginosaaeruginosa (strain 5123) (all Gram-negative) and Bifidobacterium adolescentis (strain 

18363),, Enteroccocus faecatis (strain 19916), Lactobacillus plantarum (isolated from healthy 

humann gastro-intestinal mucosa; (19)), Staphylococcus aureus (strain 1800) (all Gram-

positive).. The bacteria were washed in PBS and killed by a 15 minute exposure to UV-light 

andd stored at . Killing of the bacteria was confirmed by replating of the UV-exposed 

bacteria. . 

I nn vitr o generatio n and maturatio n of DC fro m monocyte s 

Immaturee DC were generated by culture of peripheral blood monocytes (0,5xl06 

cells/well)) in 24-well culture plates (Costar, Cambridge, MA) in Iscove's modified Dulbecco's 

mediumm (IMDM; Life Technologies Ltd., Paisley, UK) containing gentamycin (86 ug/ml; 

Duchefa,, Haarlem, The Netherlands) and 10% FCS (Hyclone, Logan, UT), supplemented with 

rGM-CSFF (500 U/ml) and rIL-4 (250 U/ml), as previously described (24). On day 6, maturation 

off iDC was induced by the maturation factors (MF) IL-lp (25 ng/ml) and TNFu (50 ng/ml) (both 

purchasedd from Peprotech, Rocky Hill, NJ) in presence or absence of 1.107 UV-killed 

bacteria/ml.. After 48h, full maturation into CD83+ mature effector DC (mDC) was confirmed by 

flowcytometricc analysis. 

107 7 



Commensall Gram-negative bacteria prime human DC for enhanced Thl development 

Analysi ss  of cel l surfac e molecul e expressio n by flo w cytometr y 
Mousee anti-human mAbs against the following molecules were used: CD80, CD86, CD14 

(alll purchased by BD Pharmingen), CD54 (CLB), CDlb (Diaclone Research, Besangon, France), 

CD833 (Immunotech, Marseilles, France). Bound mAb were detected by FITC-conjugated goat 

F(ab')22 anti-mouse IgG and IgM (Jackson Immunoresearch Laboratories Inc., West Grove, PA). 

Cytokin ee productio n by DC 

Maturee DC (2xl04 cells) were stimulated with mouse CD40L-expressing mouse 

plasmacytomaa cells (J558 cells, 2xl04 cells; a gift from Dr. P. Lane, University of Birmingham, 

Birmingham,, UK) in 96-well flat-bottom culture plates (Costar) in IMDM containing 10% FCS, in 

aa final volume of 200 u.1. Supernatants were harvested after 24 h and stored at C until the 

levelss of IL-12 and IL-10 secretion were measured by ELISA, as described elsewhere (24). 

Real-t im ee quantitativ e RT-PCR analyse s of p l 9 , p28 , p40 and EBI3 mRNA 

Quantitativee analysis of pl9, p28, p40 and EBB mRNA expression was performed in 

maturee DC (5xl04 cells) stimulated with J558 cells (5xl04 cells) in the presence or absence of 

IFN-yy (1000 U/ml; to analyze mRNA expression of pl9 and p40), in 96-well flat-bottom culture 

platess (Costar), in IMDM plus 10% FCS, for 6 hours and lysed for total RNA extraction, using 

aa NucleoSpin RNA Isolation Kit (Macherey-Nagel, Duren, Germany). First strand cDNA was 

synthesized,, using a cDNA-synthesis kit (MBI Fermentas, St Leon-Rot, Germany). 

Quantificationn of pl9, p28, p40, EBI3 and, as a control, 62-microglobulin (62m) transcripts 

wass performed by real-time quantitative PCR, using a Biorad iCycler (iCycler iQ Multi-Color 

Reall Time PCR Detection System; Biorad, Hercules, CA) based on specific primers and 

generall SYBR green (iQ SYBR Green supermix, 2x, Biorad, Hercules, CA) fluorescence 

detection.. The primer sequences were the following: 5' pl9 primer, 

TCGGCACGAGAACAACTGAG;; 3' pl9 primer, TGGGGAACATCATTTGTAGTCT; 5' p28 primer, 

GCGGAATCTCACCTGCCAG;; 3' p28 primer, CGGGAGGTTGAATCCTGCA; 5' p40 primer, 

ATTGAGGTCATGGTGGATGC;; 3' p40 primer, AATGCTGGCAI I I 1 IGCGGC; 5' EBI3 primer, 

CGTGCCTTTCATAACAGAGCA;; 3' EBI3 primer, GACGTAGTACCTGGCTCGG; 5' \Qm primer, 

AAGATTCAGGTTTACTCACGTC;; 3'fi2m primer, TGATGCTGCTTACATGTCTCG; resulting in the 

amplificationn of PCR-products of 353 bp (pl9), 285 bp (p28), 297 bp (p40) or 294 bp (B2m). 

Thee reaction protocol was identical for all PCR-products: first a three min incubation at , 

followedd by 45 cycles of sequential incubations at C (30 seconds), C (30 seconds), 

andd finally C (1 minute) for data collection. A bulk cDNA sample of CD40L-stimulated 

humann moDC was used as a standard and normalization to 62m was performed for each 

sample. . 

Isolatio nn of naiv e Th cell s 

PBLL were isolated by density gradient centrifugation on Percoll (Pharmacia), and 

thereafterr CD45RA* CD45RO"CD4+ Th cells were isolated to high purity (>98% as assessed 
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byy flow cytometry) through one-step high-affinity negative selection columns (R&D 

Systems),, according to the manufacturer's instructions. 

Stimulatio nn and cultur e of naiv e Th cell s 

Purifiedd naive Th cells (2xl04 cells) were cocultured with mature DC (5xl03 cells) in 

2000 JLII culture medium in the presence of superantigen Staphylococcus aureus enterotoxin B 

(SEB)) (100 pg/ml; Sigma), in 96-well flat-bottom culture plates (Costar). At day 5, rIL-2 (10 

U/ml,, Cetus Corp.) was added and the cultures were expanded for the next 7 days. 

Cytokin ee productio n by Th cell s 

Onn day 14, the quiescent Th cells were restimulated with PMA (10 ng/ml) and 

ionomycinn (1 jug/ml; Sigma) for 6 h, the last 5 hrs in the presence of Brefeldin A (10 ng/ml; 

Sigma),, to determine single-cell IL-4 and IFN-y production by intracellular flowcytometric 

analysis.. Cells were fixed in 2% paraformaldehyde (PFA; Merck, Darmstadt, Germany), 

permeabilizedd with 0.5% saponin (ICN Biochemicals; Cleveland, OH) and stained with anti-

humann IFN-y-FITC and anti-human IL-4-PE (both from BD Pharmingen). 

Result s s 
Intestina ll  GnB but not GpB prim e moDC for a high Thl polarizin g capacit y 

Too investigate whether intestinal commensal bacteria can modulate the Th cell 

polarizingg capacity of human DC, immature moDC were cultured with a panel of intestinal 

GnBB (£ co//, B. vulgatus, V. parvula and P. aeruginosa) or GpB (B. adolescentis, E faecal is, 

LL plantarum and S. aureus) in the presence of the maturation factors (MF) IL-ip and TNFu 

too induce equal maturation in both groups, as GpB did not induce full maturation 

independently,, in contrast to GnB (data not shown). The primed mature DC were used to 

stimulatee naive Th cells with SEB (100 pg/ml), which were restimulated after 10 days to 

evaluatee their acquired cytokine profile. Figure 1A demonstrates that all GnB primed moDC 

forr an enhanced Thl cell development, although not as strongly as priming with high level 

rlFN-y.. In contrast, GpB did not prime for an enhanced Thl - or Th2 cell polarizing capacity 

inn moDC. Figure IB indicates that the dosage of 107 GnB (approximately 1:100 ratio) was 

optimall to prime for a strong Thl polarising capacity in moDC, whereas 106 bacteria (ratio 

1:10)) gave a partial effect and 105 bacteria ( ratio 1:1) was clearly insufficient. With respect 

too optimal cytokine induction a similar dose-dependent effect was found for both GnB and 

GpBB in a previous study with peripheral monocytes (19). 
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Figur ee 1: Intestina l GnB 
bu tt  no t GpB prim e moDC 
fo rr  a hig h Th l polarizin g 
capacity . . 
Immaturee DC were 
generatedd as described 
elsewheree (24). (A) 
Maturationn was induced by 
additionn of MF (rIL-lp (25 
ng/ml)) and rTNFa (50 
ng/ml)),, MF plus rIFN-y 
(10000 U/ml) or MF plus 
1.1077 UV-killed bacteria. 
Afterr 48 h, mature moDC 
weree harvested, washed and 
coculturedd (5xl03 cells/well) 
withh naive Th cells (2xl04 

cells/well)) and superantigen 
SEBB (100 pg/ml). After 12 
days,, IFN-y and IL-4 
productionss per cell were 
analyzedd by intracellular 
FACS-stainingg following a 6h 
PMA/ionomycinn stimulation, 
thee last 5h in the presence 
off Brefeldin A. (B) 
Maturationn was induced by 
ann increasing dose of GnB 
(1055 - 106 - 107, which 
equalss a ratio of 1:100, 1:10 
andd 1:1). After 48 h, the 
maturee moDC were treated 
ass described in legend (A). 

T h ll  polarizatio n by GnB-prime d moD C is blocke d by neutralizin g ant i - IL -

12,, althoug h IL-12p7 0 productio n is no t increase d 

Too explore the role of IL-12 in the T h l driving effect of GnB-primed moDC, blocking 

Abss to IL-12 were added to the coculture of naive Th cells and mature moDC. The T h l 

polarizationn driven by GnB-primed moDC was completely blocked by neutralizing anti-IL-12, 

whereass the Th cell cytokine profile obtained with moDC matured in the presence of GpB 

wass hardly affected (Figure 2A). However, IL-12p70 production was not increased, in GnB-

norr in GpB-matured moDC, in comparison to the control maturation condition with MF only 

(Figuree 2B). Surprisingly, GnB-matured moDC expressed elevated levels of IL-10 (Figure 2C) 

instead.. IL-10 neutralization experiments, however, showed that this IL-10 production did 

nott affect their Th cell polarizing potential (Figure 2D). 
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Figuree 2: T h l polarization by GnB-primed moDC is blocked by neutralizing ant i - IL-12, 
althoughh IL-12p70 production is not increased. Generation of immature moDC and maturation 
conditionss are described in the legend to figure 1. (A) and (D) Naive Th cells (2xl04 cells/well) were 
stimulatedd with differentially matured DC (5xl05 cells/well) and superantigen SEB (100 pg/ml) in the 
absencee or presence of neutralizing anti-IL-12 (10 pg/ml; A) or neutralizing anti-IL-10 (1 pg/ml; D). 
Afterr 12 days, IFN-y and IL-4 production per cell were determined by intracellular FACS-analysis as 
describedd in the legend to figure 1. (B) and (C) Mature DC (2.104 cells/well) were stimulated with 
mousee CD40L-expressing mouse plasmacytoid cells (J558 cells, 2xl04 cells/well) to induce the production 
off IL-12 and IL-10. After 24h, supernatants were collected and IL-12p70 (B) and IL-10 (C) production 
wass measured by ELISA. 

T h ll  polarizatio n by GnB-prime d moD C is drive n by IL-1 2 in synerg y wi t h 

ann additiona l co-factor , whic h is no t IL -18 , typ e I IFNs or ICAM- 1 

Sincee T h l polarization by GnB-primed moDC was completely neutralized by polyclonal 

antibodiess to IL-12 despite the fact that these cells produced only limited amounts of IL-

12p70,, it was hypothesized that apart from IL-12, an additional cofactor should play a key 

rolee in driving T h l polarization. Likely candidates in this respect are the cytokines IL-18, IFN-

(/,, IL-23, IL-27 or the membrane-bound molecule ICAM-1. To test this, blocking studies were 

performedd by adding IL-18BP or anti-type I IFNs Abs, with or without anti-IL-12 Abs, during 
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thee co-culture of bacteria-primed moDC and naive Th cells. In all conditions only neutralizing 

polyclonall IL-12 Abs were successful in blocking T h l cell development, suggesting that the 

cytokiness IL-18 (Figure 3A) or type I IFNs (Figure 3B) were not acting as T h l driving co-

factorss with IL-12 under these conditions. This conclusion is further supported by the finding 

thatt neither IL-18 nor IFN-a was produced by bacteria-primed DC, as they could not be 

detectedd by ELISA (data not shown). A role for ICAM-1 or other costimulatory molecules, 

likee CD80 or CD86, as co-factors for IL-12-induced T h l polarization appeared not to be very 

likely,, as no differences in their expression patterns were found on GnB or GpB-primed 

moDCC (Figure 3C). Also CD83 expression was equal in all conditions, giving no indications for 

differencess in Th cell response outcome (Figure 3C). 
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Generationn of immature 
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GnB-prime dd moD C expres s elevate d level s of IL-2 3 and IL-2 7 mRNA 

Thee novel IL-12 family member IL-23, composed of pl9 and p40 subunits, can 

elevatee IFN-y in Th cells and is also blocked by polyclonal antibodies to IL-12 (because of 

sharingg the p40 subunit with IL-12). The Thl polarizing capacity of GnB-primed moDC, 

therefore,, may be explained by the additional production of IL-23 as well. In addition, the 

otherr novel IL-12 family member IL-27, composed of p28 and EBI3 subunits, may synergize 

withh IL-12 in this Thl bias. The pl9 and p28 subunits are the limiting factors in the pl9-p40 

heterodimerr of IL23 and the p28-EBI3 heterodimer of IL-27 respectively, like for the p35 

subunitt in the IL-12 molecule. The expression of pl9, p28, p40 and EBI3 subunits was 

analyzedd by real-time RT-PCR in either CD40L-stimulated moDC (p28 and EBI3) or in CD40L 

pluss IFN-y-stimulated moDC (pl9 and p40), since pl9 mRNA expression was only marginal in 

CD40L-stimulatedd moDC. Strikingly, pl9 and, in particular, p28 were significantly elevated in 

GnB-treatedd moDC (Figure 4A). Furthermore, in contrast to p28 mRNA, which was expressed 

att levels similar to the levels of control MF-treated moDC ,the levels pl9 mRNA were slightly 

elevatedd in the GpB-primed moDC. The levels of pl9 and p28 in the GnB-primed moDC were 

ass high as in IFN-y-primed moDC. EBI3 and p40 expression was the same in all conditions 

(Figuree 4B). Although additional blocking studies are necessary to draw firm conclusions on 

thee contribution of either IL-23 and/or IL-27 to the Thl polarization by GnB-primed moDC 

(unfortunatelyy there are no specific neutralizing Abs available yet), these data indicate that 

IL-233 and/or IL-27 may act as a cofactor, together with IL-12, in the induction of Thl 

responsess by GnB-primed moDC. 
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Figur ee 4: GnB-prime d DC expres s elevate d levels of pl 9 and p28, the limitin g subunit s of 
IL-233 and IL-27, respectively . Generation of immature moDC and maturation conditions are 
describedd in the legend to figure 1. Mature DC (5.104 cells/well) were stimulated with mouse CD40L-
expressingg mouse plasmacytoid cells (J558 cells, 5xl04 cells/well) in the absence (p28 and EBI3 analyses) 
orr presence of rIFN-y (1000 U/ml; pl9 and p40 analyses). After 6 hours, the cells were lysed, and cDNA 
wass synthesized. The relative number of pl9, p28 (A), p40 or EBI3 (B) transcripts was determined by 
real-timee quantitative RT-PCR, using a bulk cDNA of CD40L-stimulated moDC as a standard and 
normalizationn to 62m was performed for each sample. The data presented here are the mean  SEM 
off 4 independent experiments. Statistical analysis was performed by a Student's t-test. * P<0,05. 

Modulatio nn of huma n DC functio n by purifie d cel l wal l component s of GnB 

orGp B B 

Inn an attempt to identify the bacterial components that prime moDC for the Thl 

polarizingg capacity, the role of some obvious candidate compounds was tested by adding 

themthem to cultures of maturing moDC, and evaluating the impact on DC cytokine production 

andd Th cell polarization. These include lipopolysaccharide (LPS), a component of the outer 

celll wall of GnB, petidoglycan (PGN), a component of the cell wall of all bacteria, but in 

particularr of GpB, and lipoteichoic acid (LTA), present only in GpB. Figure 5A demonstrates 

thatt neither LPS nor LTA influenced the Th cell polarizing capacity of moDC when present 

duringg maturation, while PGN primed for Thl cell development. This Thl driving effect was 

IL-12-dependent,, as shown by the parallel IL-12 blocking studies. However, PGN did not 

primee for high IL-12 production in mature moDC (Figure 5B), but instead, primed for high IL-

100 production, in a similar fashion as priming with whole GnB (Figure 5C). Interestingly, pl9 

mRNA,, but not p28 mRNA, was strongly elevated in PGN-primed DC, which is in line with 

previouss reports (25) (Figure 5D). Again, EBI3 and p40 mRNA was expressed to a similar 

extentt in all groups (Figure 5E). Furthermore, when moDC were matured in the presence of 

PGNN plus LTA, like in whole GpB, the Thl polarizing effect of PGN was dominant (Figure 5A). 

Together,, these data show that the priming action of whole bacteria cannot easily be 

attributedd to a single cell wall component since the effect of the purified compounds tested 

heree was not in line with the priming effects of whole bacteria and cannot explain either the 

inductionn of IL-27 nor the priming for Thl development. 
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Figur ee 5: Modulatio n of huma n DC functio n by purifie d cel l wal l component s of GnB or 
GpB.. Immature DC were generated as described elsewhere24. Maturation was induced by addition of 
LPSS (10 ug/ml), PGN (10 ug/ml), LTA (10 pg/ml) or PGN plus LTA. (A) After 48 h mature moDC were 
harvested,, washed and cocultured (5xl03 cells/well) with naive Th cells (2xl04 cells/well) and 
superantigenn SEB (100 ng/ml) in the absence or presence of neutralizing anti-IL-12. After 12 days, 
IFN-yy and IL-4 production per cell were determined by intracellular FACS-analysis as described in the 
legendd to figure 1. Mature DC (2.104 cells/well) were stimulated with mouse CD40L-expressing mouse 
plasmacytoidd cells (J558 cells, 2X104 cells/well) in the presence or absence of rIFNy (1000 U/ml) to induce 
thee production of IL-12p70 (B) and IL-10 (C). After 24h, supernatants were collected and IL-12p70 and 
IL-100 production were measured by ELISA. Mature DC were stimulated as described in the legend to 
figuree 4. After 6 hours, the cells were lysed, and cDNA was synthesized. The relative number of pl9, p28 
(D),, p40 or EBI3 (E) transcripts was determined by real-time quantitative RT-PCR as described in the 
legendd to figure 4. The data presented here are the mean  SEM of 4 independent experiments. 
Statisticall analysis was performed by a Student's t-test. * P<0,05 and ** P< 0,01. 
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Discussio n n 
Inn the present study we demonstrate that GnB, but not GpB, prime human moDC for 

enhancedd capacity to drive Thl responses, which is in part dependent on IL-12, but also 

involvess an additional co-factor for which IL-27 and/or IL-23 are likely candidates as mRNA 

off the pl9 subunit of IL-23 and the p28 subunit of IL-27 is enhanced in GnB-primed moDC. 

Thee type 1 priming capacity of GnB is not easily attributed to a single component of their cell 

wall,, as purified major cell wall compounds of either GnB or GpB did not yield Th cell profiles 

identicall to those obtained with whole bacteria. These data suggest that commensal Gram-

negativee microflora bacteria can have immunomodulatory functions, in which the novel IL-12 

familyy members IL-23 and/or IL-27 may play a crucial role. 

Thee induction of IFN-y in response to GnB (26) has recently also been described for 

murinee splenocyte cultures and bone marrow-derived DC (BM-DC). However, with respect to 

thee GnB, this was accomplished via an IL-12-independent pathway and mainly via the 

cytokiness IL-18 and type 1 interferons, whereas it remained unclear which cell types did 

producee these factors. This finding is in contrast with the results from the present study with 

humann cells, showing that the induction of IFN-y was dependent on IL-12 and another 

factor,, probably IL-27 and/or IL-23, but clearly not IFN-« or IL-18. However, we cannot 

excludee the possibility that these cytokines, perhaps produced by other cell types, may 

contributee to elevate IFN-y production by Th cells during inflammatory responses evoked by 

GnBB in vivo. 

Ourr data demonstrate that the upregulation of pl9 and p28 mRNA expression in the 

GnB-primedd DC was comparable to those in IFNy-primed moDC. This is in line with previous 

reportss demonstrating that IFN-y is a major enhancing signal of all IL-12 family members, 

whichh includes IL-12 (27), IL-23 (9,28) and IL-27 (10). The role of IL-12 in the protection 

againstt intracellular protozoan, fungal, bacterial and viral infections may not be as crucial as 

originallyy thought. Interestingly, patients with mutations in the IL-12p40 or the IL-12R\M 

genee have a relatively mild phenotype and only some may develop chronic courses of 

salmonellosiss or mycobacteriosis, suggesting that other Thl-polarizing cytokines are effective 

ass well in clearing of infections, in particular other than salmonellosis and mycobacteriosis 

(29,30).. Indeed, mice lacking IL-12 still develop polarized Thl responses to some viral or 

mycobacteriall infections (31,32), provided p40 subunits are present (33,34), which thus 

suggestss a role for other p40-related and p40-dependent proteins, such as IL-23. an 

additionall role for IL-27 in mycobacteriosis follows form experiments with mice deficient in 

WSX-1,, a receptor chains of IL-27. These mice show impaired early IFN-y production and 

poorlyy differentiated granulomas when treated with BCG (35). These studies all suggest that 

thee separate IL-12 family members have overlapping in the clearing of particular infections, 

albeitt that IL-12 and IL-27 act at early and IL-23 may act at later stages of T cell 
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differentiation.. However, it cannot be ruled out that they have unique functions as well, in 

particularr in innate immunity. 

Ourr data do not favor a critical role for LPS, the major cell wall component of GnB, in 

thee DC-mediated Thl development primed by these bacteria. In the tested conditions, only 

veryy high levels of LPS (up to 100 ug/ml; data not shown) could prime DC for a slight 

upregulationn in the percentage of IFN-y-producing Th cells, however to no extent in 

comparisonn to whole GnB. In vivo secreted LPS can induce IFN-y production in pathological 

conditions,, but it remains to be established whether LPS can induce Thl cell development 

(viaa modulation of DC) under physiological conditions of GnB infection. Although LPS is a 

componentt of major biologic importance for GnB, various other molecular components of 

GnBB may activate and polarize the moDC, including PGN (also part of the cell wall of GnB), 

porins,, lipoproteins and outer membrane proteins (36). A rote for an alternative component 

iss highly likely according to a recent study by Resigno et al. (37) with Toll-like receptor 

(TLR)-deficientt mice strain showing that GnB induce DC maturation via activation of TLR2, 

andd not via TLR4, the major binding site of LPS. Similarly, our preliminary experiments 

(Smits,, H.H. and van der Kleij, D.) using Toll-like receptor (TLR)-transfected cell lines 

indicatedd that GnB, such as E. coli, activate both TLR2 and TLR4 with high affinity and TLR1, 

6,, and 9 to a lesser extent, whereas purified LPS activates only TLR4. However, as TLR2-

neutralizationn experiments did not block Thl polarization induced by GnB-primed DC (data 

nott shown), this suggest that the TLR2-ligating component in GnB is not likely to be 

responsiblee for Thl priming,. Nevertheless, a differential functional role of TLR2, TLR4, other 

TLRR or other pattern recognition receptors in this respect, is highlighted by recent studies 

demonstratingg that whole GnB induce other and more expanded gene programs in human 

DCC than do individual cell wall compounds, like LPS (38). 

Inn this study moDC were used as a model for resident immature DC present in 

peripherall tissues, such as the mucosal lining of the intestine. This model has the limitation 

thatt we cannot mimic the influence of local micro-environmental tissue factors on the 

ultimatee Th cell polarizing capacity of tissue-specific DC. For example, TGF-p is abundantly 

presentt in the intestine and has been demonstrated to downregulate IL-12p70 production by 

DCC (39,40). Indeed, DC isolated from gut-associated lymphoid tissue have been shown to be 

IL-122 deficient (13), in contrast to, e.g. DC isolated from the spleen. Therefore the question 

remainss whether the results of this study can easily be extrapolated to acquired antimicrobial 

immunee responses mounted in the intestine in vivo. Nevertheless, several studies have 

demonstratedd that human intraepithelial (IEL) and lamina propria (LML) lymphocytes isolated 

fromm intestinal biopsies in non-pathological conditions can produce high levels of IFN-y (41-

43)) in addition to high levels of IL-10 (44). (reviewed in (45)). Remarkably, this is also the 

phenotypee of the effector Th cells obtained with GnB-primed moDC in the present study. 

Blockingg studies with anti-IL-10 indicated that the high IL-10 production in the Th cells was 
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stronglyy dependent on IL-10 secreted by GnB-primed moDC (data not shown &. Figure 2C). 

Thiss IL-10 production may also account for the generation of IgA antibodies in vivo, 

instrumentall in (oral) tolerance induction and frequently found in the intestines against 

harmlesss food proteins or commensal bacteria (46). 

Thiss study demonstrates that GnB have a clear immunomodulatory effect on DC by 

thee imprinting of a strong T h l polarizing capacity. This capacity is only partly dependent on 

thee activity of the classical T h l polarising cytokine IL-12, and it is shown that this T h l 

polarisationn may as well be driven by the action of the novel IL-12 family members IL-27 

and/orr IL-23. 
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Abstrac t t 
Regulatoryy T cells act by suppressing the effector function of other immune cells, in 
particularr that of T cells. They play a key role in immune homeostasis, preventing auto-
immunity,immunity, and in negative regulation of adaptive immune responses against pathogens, 
limitingg detrimental host tissue damage. Adaptive regulatory T cells can be induced by 
specificc priming of dendritic cells (DC), that have acquired the capacity to drive regulatory T 
cells.. Here we describe the priming for regulatory DC by two well-defined microbial 
compounds,, cordycepin from Cordyceps fungi and the cholera toxin B subunit (CTB) from 
VibrioVibrio cholera. Both cordycepin and CTB did not affect LPS-induced monocyte-derived DC 
(moDC)) maturation and primed for a low, to slightly elevated, IL-10 production. Compared to 
controll mature moDC, the cordycepin- and CTB-primed mature moDC induced similar 
percentagess of IL-2, IL-4 and IFN-y producing effector T cells. However, the T cells primed 
byy cordycepin- or CTB-treated DC proliferated less vigorously compared to control T cells, 
andd profoundly inhibited the proliferation of other responder T cells, which was to some 
extentt dependent on IL-10 and TGF(3. The induction of regulatory T cell activity by the 
regulatoryy DC appeared to be in part dependent on IL-10 (mainly with respect to cordycepin) 
andd in part on an unknown membrane-bound factor (with respect to CTB). Thus, Cordycepin 
andd CTB induce tolerance via the priming of mature regulatory DC, albeit the mechanisms of 
thee induction of regulatory T cells may differ. The identification of compounds that induce 
thee development of regulatory T cells may be helpful in the definition of candidate adjuvants 
thatt are useful in transplantation and in therapies of auto-immune and allergic diseases. 
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Introductio n n 
Immunee responses are negatively regulated at various levels, including by the 

developmentt of regulatory T cells, suppressing the proliferation and cytokine production of 

otherr effector immune cells, in particular that of T cells. These regulatory T cells have a 

functionn in immune homeostasis by silencing immune responses to self antigens in order to 

preventt auto-immunity, and during infections to prevent excessive immune pathology. 

Differentt subsets of regulatory T cells can be distinguished: naturally occurring CD4+CD25+ 

regulatoryy T cells, primarily involved in peripheral tolerance to auto-antigens, and adaptive 

regulatoryy T cells, primarily associated with mucosal tolerance to ubiquitous antigens or 

microbiall compounds (1). The CD4+CD25+ regulatory T cells inhibit in a cell contact-

dependentt manner and can also spread tolerance to other T cells via a process called 

infectiouss tolerance (2). Adaptive regulatory T cells constitute the Trl and Th3 subsets and 

producee high levels of IL-10 and/or TGFp1, crucial for their inhibitory potential (3). Adaptive 

regulatoryy T cells can be generated in vitro by stimulation of peripheral CD4+ T cells in the 

presencee of IL-10 (4), or by stimulation of naive T helper (Th) cells in the presence of either 

highh levels of IL-10 and IFN« (5) or in the presence of a combination of vitamin D3 and 

corticosteroidss (6). 

Adaptivee regulatory T cells can be generated in the presence of modulated dendritic 

cellss (DC) as well. DC are the main orchestrators of adaptive immune responses and 

uniquelyy qualified to stimulate naive Th cells and drive their differentiation into effector Th 

cells.. Immature DC patrol the mucosal lining of peripheral tissues. Upon exposure to 

pathogenss or inflammatory signals from the infected tissue, DC become activated and will 

migratee to the draining lymph nodes, while undergoing a maturation process to increase 

theirr Th cell stimulatory capacity (7). Mature DC provide naive Th cells with antigenic, 

costimulatoryy and instructive signals and drive their development into Thl , Th2 or regulatory 

TT cells. The instructive capacity of DC is determined by pathogenic and/or inflammatory 

signalss in the tissues where they reside during their immature phase (8). Ideally, DC 

exposedd to intracellular and/or viral pathogens will drive polarized Thl responses, while 

contactt to certain helminths will instruct the maturation of DC to induce the development of 

polarizedd Th2 cells (Kapsenberg ML, NRI, in press). In addition, a fast growing number of 

paperss demonstrate that both tissue factors and pathogens or their compounds can instruct 

DCC to drive regulatory T cell responses (9). For example, pathogens like Plasmodium 

falciparumfalciparum (10,11) or mycobacterial-derived ManLAM (12,13), have been described to 

modulatee DC function by arresting their maturation and IL-12 producing capacity but prime 

forr high IL-10 secretion instead, leading to the acquirement of a regulatory phenotype. 

However,, an arrest in maturation may not be obligatory to induce regulatory DC. Several 

reportss have suggested the existence of fully mature DC that can drive the development of 

regulatoryy T cells, i.e. after exposure to lyso-phosphatidylserine (lyso-PS) derived from 
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SchistosomaSchistosoma mansonii (14) or filamentous hemaglutinine (FHA) from Bordetella pertussis 

(15),, or IL-10 producing lung DC, generated by imprinting of mucosal tissue factors (16). 

Regulatoryy T cells may form a potential tool to combat overshooting inflammatory 

reactionss and to control immune pathology due to auto-immune or allergic reactions or to 

preventt graft rejection. Therefore, it is essential to identify candidate compounds that prime 

forr the development of regulatory T cells, e.g. by regulatory modulation of DC function, 

whichh will form the bdbis of adjuvants used in the treatment of such diseases. 

Too this aim, we investigated the immunoregulatory effect of two microbial compounds, (i) 

cordycepin,, a nucleoside derivate found in Cordyceps fungi and frequently used in traditional 

Chinesee medicine (17), and (ii) cholera toxin B (CTB), the cell-binding subunit of cholera 

toxinn produced by Vibrio cholerae. Both compounds are associated with immune suppression 

andd elevated IL-10 levels. In addition, CT has been described to prime for regulatory T cells 

inn mice in vivo (17-21) We demonstrate here in an in vitro model system that the 

immunosuppressivee activity of cordycepin and CTB mainly affects DC. Cordycepin and CTB 

primedd human monocyte-derived DC (moDC) for regulatory DC, driving the polarization of 

regulatoryy T cells. Cordycepin and CTB did not arrest the LPS-induced maturation of DC and 

insteadd yielded fully mature DC with normal levels of costimulatory molecules. In addition, 

ourr data suggest that cordycepin and CTB-treated DC may drive regulatory T cell 

developmentt by different mechanisms, either in part by IL-10 (cordycepin) or by an 

unidentifiedd membrane-bound molecule (CTB). 

Materia ll  & Method s 
Antibodies,, cytokines and reagents 

Mousee mAb to human CD3 (CLB-T3/4E) and CD28 (CLB-CD28/1) were obtained from 

CLBB (Amsterdam, The Netherlands). Human rIL-4 (sp. act. lxlO8 U/mg) was obtained from 

PBHH (Hanover, Germany). Human rGM-CSF (sp. act. l . l l x lO 7 U/mg) was a gift of Schering-

Ploughh (Uden, The Netherlands). Neutralizing rabbit IgG to human IL-12 was a gift from Dr. 

P.H.. van der Meide (U-cytech, Utrecht, The Netherlands). Neutralizing Abs to human IL-10 

weree obtained from BD Pharmingen (San Diego, CA). Neutralizing Abs to human TGFp (anti-

LAP)) were obtained from R&D Systems (Minneapolis, MN). Anti-PDL-1 and anti-PDL-2 were 

giftss from Dr T. Coyle (Millenium Pharmaceuticals Inc., Boston, MA). Neutralizing CTLA-4 Abs 

weree purchased by eBioSciences (San Diego, CA). Plastics were purchased from Greiner Bio-

onee (Alphen aan de Rijn, The Netherlands). 

Inn vitro generation and maturation of moDC 
Immaturee DC were generated from monocytes (0,5xl06 cells/well) in 24-well culture 

platess (Costar, Cambridge, MA) in Iscove's modified Dulbecco's medium (IMDM; Life 

Technologiess Ltd., Paisley, UK) containing gentamycin (86 u.g/ml; Duchefa, Haarlem, The 
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Netherlands)) and 10% FCS (Hyclone, Logan, UT), supplemented with rGM-CSF (500 U/ml) and 

rIL-44 (250 U/ml), as previously described (22). On day 6, maturation of iDC was induced by the 

maturationn factors (MF) IL-lfi (25 ng/ml), TNFa (50 ng/ml) (both purchased from PBH, 

Hanover,, Germany) and LPS (Sigma-Aldrich, St. Louis, MO) in presence or absence of different 

concentrationss of Cordycepin, CTB or pIC (all purchased by Sigma). After 48h, full maturation 

intoo CD83" mature effector DC (mDC) was confirmed by flowcytometric analysis. 

Analysi ss  of cel l surfac e molecul e expressio n by flo w cytometr y 

Too analyze the phenotype of the acquired DC, the cells were incubated with PE-

conjugatedd anti-CD86 (BD Pharmingen, San Diego, CA), PerCP-conjugated anti-HLA-DR (BD 

Biosciences,, San Jose, CA) and APC-conjugated anti-CD83 (Caltag Laboratories, Burlingame, 

CA),, or mouse anti-human PD-L1 or mouse anti-human PD-L2. FITC-coupled goat F(ab')2 anti-

mousee IgG and IgM (Jackson ImmunoResearch Laboratories, West Grove, PA) was used as a 

secondaryy reagent. Stained cells were analyzed by flow cytometry. 

Cytokin ee productio n by moD C 

Maturee DC (2xl04 cells) were stimulated with mouse CD40L-expressing mouse 

plasmacytomaa cells (J558 cells, 2xl04 cells; a gift from Dr. P. Lane, University of Birmingham, 

Birmingham,, UK), in 200 \i\ culture medium. Supernatants were harvested after 24 h and stored 

att C until cytokine levels were measured by ELISA. Determination of IL-12p70 

concentrationss in culture supernatants was performed by solid-phase sandwich ELISA, as 

previouslyy described (23). Pairs of specific monoclonal antibodies and recombinant standards 

weree obtained from BioSource International (Camarillo, CA) for the determination of IL-6, 

andd from BD Pharmingen for IL-10 determination. The detection limits are as followed: IL-6, 

200 pg/ml, IL-10, 20 pg/ml and IL-12p70, 3 pg/ml. 

Isolatio nn of naiv e Th cell s 
CD45RA+CD45RO-- naive CD4+ T cells were isolated from PBMC through negative 

selectionn using CD4+ MACS MultiSort beads (Miltenyi Biotech, Bergisch Gladbach, Germany), 

supplementedd with PE-labeled CD45RO-(Dakopatts, Glostrup, Denmark). For subsequent 

depletion,, the anti-hapten beads of the CD4+ isolation kit were supplemented with anti-PE 

coupledd to magnetic beads. 

Stimulatio nn and cultur e of naiv e Th cell s 
Purifiedd naive Th cells (2xl04 cells) were cocultured with mature DC (5xl03 cells) in 

2000 MI culture medium in the presence of the superantigen Staphylococcus aureus enterotoxln 

BB (SEB) (10 pg/ml; Sigma), in 96-well flat-bottom culture plates (Costar). At day 5, rIL-2 (10 

U/ml,, Cetus Corp.) and rIL-15 (10 ng/ml, R&D Systems) was added and the cultures were 

expandedd for the next 7 days. 
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Cytokin ee productio n by Th cell s 

Onn day 12, the quiescent Th cells were restimulated with PMA (10 ng/ml) and 

ionomycinn (1 ug/ml; Sigma) for 6 h, the last 5 hrs in the presence of Brefeldin A (10 ng/ml; 

Sigma),, to determine single-cell IL-2, IL-4 and IFN-y production by intracellular flowcytometric 

analysis.. Cells were fixed in 2% paraformaldehyde (PFA; Merck, Darmstadt, Germany), 

permeabilizedd with 0.5% saponin (ICN Biochemicals; Cleveland, OH) and stained with anti-

humann IFN-/-FITC, anti-human IL-4-PE or anti-human IL-2-FITC and anti-human IFN-y-PE 

(alll from BD Pharmingen). In parallel, 7,5xl04 T cells were stimulated with anti-CD3 (1:2000 

dilutionn of acites fluid) and anti-CD28 (1 ug/ml), in 200 pi culture medium. After 72 hrs 

supernatantss were taken for analysis of IL-10 secretion by ELISA, as described above. 

TT cel l suppresso r activit y 

Att day 12, resting T cells were harvested and washed three times with serum-free 

medium,, prior staining with PKH-26 (Sigma), a red cell cycle tracking dye. Cells (lxlO6) were 

stainingg with 3xl0"5 M PKH-26 for 5 minutes at room temperature according to the 

manufacturer'ss instructions. After thorough washing, 25xl03 CD4" T cells (DC-primed T cells) 

weree stimulated with anti-CD3 (1:5000 dilution of acites fluid) and anti-CD28 (0,5 ug/ml) in 

round-bottomm 96-well plates. After overnight pre-activation, 25xl03 peripheral CD4+ T cells 

weree added, representing the responder T cells. Prior to this, the responder T cells were 

labeledd with CFSE (0,5 uM, Molecular Probes Inc., Eugene, OR), a green cell cycle tracking 

dye,, for 15 min. at room temperature. After 5 days, the content of PKH-26 and CFSE in the 

DC-primedd and responder T cells, respectively, was analyzed by flowcytometry. 

TT cel l proliferatio n 

Naivee Th cells (5xl04) were stimulated by different concentrations of Cordycepin, CTB, 

pICC or LPS-treated mDC. Subsequently, cell proliferation was assessed by the incorporation 

off [3H]-TdR (Radiochemical Center, Amersham, Little Chalfont, U.K.) after a pulse with 13 

KBq/welll during the last 16 h of 5-day culture after stimulation, as measured by liquid 

scintillationn spectroscopy. 

Transwel ll  experiment s 
Inn the upper chamber 5xl04 Cordycepin, CTB, pIC or LPS-treated DC were cocultured 

withh 5xl04 CD40L expressing J558 cells. In the bottom chamber 2xl05 naive Th cells were 

culturedd with 5xl04 LPS-matured DC and SEB (10 pg/ml). At day 5, rIL-2 (10 U/ml) and rIL-15 

(100 ng/ml) was added and the cultures were expanded for the next 7 days. 
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R e s u l t s s 

Cordycepi nn and CTB do no t inhibi t LPS-induce d DC maturatio n and prim e 

fo rr  lo w to moderat e level s of IL-1 0 

Immaturee DC (iDC) were matured by LPS plus the maturation factors (MF) IL - lp and 

TNFaa in the presence or absence of cordycepin (25 ug/ml), CTB (10 ug/ml) or by the T h l -

associatedd control compound poly I:C (20 ug/ml) for 48 hrs. Flow cytometric analysis of 

membranee molecules, i.e. the costimulatory molecules CD80 and CD86, MHCII molecule 

HLA-DRR and maturation marker CD83, demonstrated equal expression levels of all molecules 

tested,, irrespective of the presence of cordycepin or CTB during the maturation (Figure 1A). 

Thee CD40L-induced IL-12 production in LPS/MF-matured moDC (control mDC) was 

reducedd both by priming with cordycepin or CTB. In contrast, IL-10 secretion was slightly 

increasedd although not to the same extent as the increase in IL-10 production found in the 

polyy I:C-matured moDC. IL-6 production levels were approximately equal in all conditions, 

exceptt for poly I:C DC (Figure IB). These results indicate that cordycepin and CTB do not 

affectt the DC maturation induced by LPS plus MF and only marginally modify the cytokine 

production. . 
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Figur ee 1: Cordycepi n and CTB do not inhibi t LPS-induce d maturatio n and prim e for low to 
moderat ee levels of IL-10. Immature DC were generated as described elsewhere (22). (A) 
Maturationn was induced by addition of LPS (100 ng/ml) plus MF (rIL-ip (25 ng/ml) and rTNFu (50 
ng/ml))) in the presence or absence of cordycepin (25 ug/ml), CTB (10 ug/ml), or poly I:C (20 ug/ml). 
Afterr 48 h, mDC were harvested, washed and (A) surface expression of CD86, CD80, HLA-DR and 
CD833 was analyzed by flowcytometry. (B) Mature DC (2.10J cells/well) were stimulated with mouse 
CD40L-expressingg mouse plasmacytoid cells (J558 cells, 2xl04 cells/well) to induce cytokine production . 
Afterr 24h, supernatants were collected and IL-12p70, IL-10 and IL-6 production were measured by 
ELISA. . 

Cordycepi nn and CTB prim e fo r DC tha t induc e regulator y T cell s 

Too analyze the T cell polarizing capacity of cordycepin, CTB or poly I:C-primed 

maturee DC (mDC), cocultures of these mDC were performed with naive Th cells in the 

presencee of the T cell stimulatory superantigen SEB (10 pg/ml). After 12 days, the cytokine 

profiless of the generated effector CD4" T cells (DC-primed T cells) were analyzed. The 

intracellularr percentages of IL-4 and IFN-y-producing cells in the population of T cells 

inducedd by cordycepin- or CTB-primed DC, was similar to the percentages in T cells induced 

byy control mDC (Figure 2A, upper panel). In contrast, the T cells induced by poly I:C-primed 

DCC produced massive amounts of IFNy and only little IL-4, as reported before (24). In all 

conditions,, the T cells produced equal levels of IL-2 (Figure 2A, lower panel). Remarkably, 

evaluationn of the basal proliferation level of the different T cells showed less proliferation in 

TT cells induced by cordycepin- or CTB-primed DC (Figure 2B). Subsequently, the suppressive 

capacityy of these T cells (DC-primed T cells) was tested on the proliferation of peripheral 

bloodd CD4+ T cells (responder T cells) using a cell cycle tracking dye assay allowing the 

separatee analysis of DC-primed and responder T cells by flow cytometry. To this aim, DC-

primedd T cells were labeled with PKH-26, a red cell cycle tracking dye and cocultured for 5 

dayss with responder T cells labeled with CFSE, a green cell cycle tracking dye. Suppression is 

evidentt when responder T cells proliferate slower and, consequently, lose less CSFE on the 

singlee cell basis. As is shown in Figure 2C, the presence of - T cells primed by cordycepin- or 

CTB-treatedd DC, compared to control DC-primed T cells, clearly inhibited the responder T cell 

proliferation.. The suppressor effects were quantified by setting the value of the average MFI 

off the responder T cells cocultured with control DC-primed T cells, representing optimal 

proliferation,, at 100%. Based on this value the fold change in proliferation was calculated for 

eachh condition. A dose-dependent decrease in responder T cell proliferation was 

demonstratedd in the cocultures with T cells primed by cordycepin- of CTB-treated DC, and 

nott with T cells primed by poly I:C-treated DC (Figure 2D). These results suggest that 

cordycepinn and CTB prime mDC for the capacity to induce the development of regulatory T 

cells. . 
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Figur ee 2: Cordycepi n and CTB prim e fo r regulator y T cell induction . Generation of iDC and 
maturationn conditions are described in the legend to Figure 1. (A) Mature DC (5xl03 cell/well) were 
co-culturedd with naive Th cells (2xl04 cells/well) and superantigen SEB (10 pg/ml). After 12 days, IL-2, 
IL-44 and IFN-y productions per cell were analyzed by intracellular FACS-staining following a 6h 
PMA/ionomycinn stimulation, the last 5h in the presence of Brefeldin A. (B) Mature DC (2,5xl03 

cell/well)) were cocultured with naive Th cells (5xl04 cells/well). Cell proliferation was assessed by the 
incorporationn of [3H]-TdR after a pulse with 13 KBq/well during the last 16 h of 6-day culture after 
stimulation,, as measured by liquid scintillation spectroscopy. (C) Naive Th cells were stimulated as 
describedd in part A. After 12 days, the DC-primed T cells were labeled with 3xl0"5 M PKH-26, and 
stimulatedd with suboptimal concentrations of anti-CD3 (1:5000 dilution of acites fluid) and anti-CD28 
(0,55 pg/ml). After overnight incubation, CFSE-labeled (0,5 uM) responder T cells (peripheral CD4T T 
cells),, were added in a 1:1 ratio (2,5x10" each). After 5 days the PKH and CFSE staining of the cells 
weree analyzed by flowcytometry. The gray CFSE profile represents the test condition, whereas the 
overlayy indicates the proliferation in the presence of control DC-primed T cells (LPS/MF). The figure is 
aa representative out of 7 independent experiments. (D) The MFI of the CFSE-labeled responder T cells 
co-culturedd in the presence of control DC-primed T cells (LPS/MF) was set at 100%, representing the 
maximall proliferation. The MFI of the responder T cells cocultured with other DC-primed T cells was 
comparedd to this value, calculating the relative proliferation. The results are expressed as the mean 
percentagess  SEM from 4-7 independent experiments (Cordycepin: 25 - 12,5 - 6,25 pg/ml and CTB: 
1 0 -- 1 - 0 , 1 pg/ml). 

Cordycepi nn and CTB prim e fo r IL-10-producin g regulator y T cell s 

Too explore the mechanism by which cordycepin- or CTB-induced T cells inhibit the 

proliferationn of responder T cells, blocking experiments were performed to study the 

contributionn of obvious candidate molecules. Strikingly, neutralizing Abs to IL-10 and TGFp1 

resultedd in partial abrogation of the suppressed responder T cell proliferation (Figure 3A). 

Thiss suppressor activity did not correlate well with the moderately elevated IL-10 levels 

producedd by both cordycepin- or CTB-DC primed T cells (Figure 3B).The involvement of 

otherr regulatory molecules, such as CTLA-4, is currently under investigation. 

131 1 



Cordycepinn or cholera toxin B prime for mature DC that drive the development of regulatory T cells 

LPS/MF F 

polyy I:C 

Cordycepinn + LPS/MF 

CTBB + LPS/MF 

3B B 

LPS/MF F 

polyy I :C| 

Cordycepinn + LPS/MF 

CTBB +LPS/MF 

Figur ee 3: Cordycepi n and 
CTBB prim e for IL-10-
producin gg regulator y T 
cells .. DC-primed T cell were 
generatedd as described in 
thee legend to Figure 2. (A) 
CFSEE and 
proliferation n 
performedd as 

PKH-based d 
assayy was 
describedd in 

200 40 60 80 

%% proliferation (compared to LPS/MF) 

IOC C 

thee legend to figure 2, in the 
presencee or absence of 
neutralizingg Abs to IL-10 or 
TGFfJJ (both 1 ug/ml). (B) 
DC-primedd T cells (7,5xl04) 
weree stimulated with anti-
CD33 (1:2000 dilution of 
acitess fluid) and anti-CD28 
(11 ug/ml) for 72 h, after 
whichh supernatants were 
collectedd and IL-10 content 
wass analyzed by ELISA. The 
IL-100 production of control 
DC-primedd T cells were set 
att 100% and other groups 
weree calculated as fold 
changee compared to this 
value.. The results are the 
meann  SEM from 7 
independentt experiments. 

500 100 150 200 

IL-100 (% compared to LPS/MF) 

25C C 300 0 

Thee developmen t of regulator y T cell s induce d by cordycepi n or CTB is 

drive nn by bot h solubl e and membrane-boun d factor s 

Too explore the possible role of IL-10 and TGF|1 in the induction of regulatory T cells by 

cordycepin-- or CTB-treated mDC, neutralizing IL-10 and TGF(5 Abs were added during the 

coculturee of DC and naive Th cells. Subsequent analysis of responder T cell proliferation 

demonstratedd that blocking IL-10 and TGF|i during the initial contact of DC and naive Th 

cellss enhanced the proliferation in the presence of T cells primed by cordycepin-treated DC, 

butt only marginally enhanced the proliferation in the presence of T cells primed by CTB-

treatedd DC. Thus, in both cases, similar proliferation levels as in the presence of mature 

controll DC-primed T cells were never observed (Figure 4A). These results indicate that IL-10 

and/orr TGF|3 are partially and selectively involved in the development of regulatory T cells 

drivenn by cordycepin-treated mDC and that other factors also contribute in this respect. A 
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rolee for additional factors is further suggested by the marginally enhanced IL-10 production 

inn cordycepin- and CTB-treated mDC (Fig. IB). To investigate which other factors are 

involvedd and to what extent they are soluble or membrane-bound, we performed transwell 

experiments,, with the stimulated CTB- or poly I:C-treated mDC in the upper compartment 

andd naive Th cells stimulated with control mDC in the lower compartment. Subsequent 

analysiss of the DC-primed T cells in the CFSE and PKH-based proliferation assay 

demonstratedd almost similar responder T cell proliferation in all groups (Figure 4B). These 

resultss suggest that CTB may induce the expression of one or more membrane-bound 

molecules,, crucial for the development of regulatory T cells. Similar experiments are 

presentlyy running with cordycepin-primed DC. 
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Figur ee 4: Regulator y T cel l 
developmen tt  induce d by 
cordycepi nn or CTB is 
drive nn by bot h solubl e and 
membrane-boun dd factors . 
Generationn of iDC and 
maturationn conditions are 
describedd in the legend to 
Figuree 1. (A) Mature DC 
(5xl033 cells/well) were co-
culturedd with naive Th cells 
(2xl044 cells/well) and 

superantigenn SEB (10 pg/ml) 
inn the presence or absence of 
neutralizingg Abs to IL-10 or 
TGF|ii (both 1 pg/ml). After 12 
days,, the CFSE and PKH-
basedd proliferation assay was 
performedd as described in the 
legendd to Figure 2. (B) The 
co-culturee of mDC with naive 
Thh cells was performed in 
transwells.. In the upper 
chamberr cordycepin-, CTB-, 
polyy I:C or MF.LPS-treated 
mDCC (5x10') were stimulated 
withh irradiated CD40L-
expressingg J558 cells (5xl04). 
Inn the lower compartment 
naivee Th cells (2xl05) were 
stimulatedd with MF/LPS-
maturedd mDC (5xl04) and 
SEBB (10 pg/ml). After 12 
days,, the DC-primed T cells 
weree analyzed in the CFSE 
andd PKH-based proliferation 
assayy as described in the 
legendd to Figure 2. 
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Cordycepin -- and CTB-treate d mDC expres s elevate d level s of PD-L2 

Too identify the membrane-bound molecule(s) that is/are involved in the regulatory T 

celll development of cordycepin- or CTB-treated mDC, the expression of several likely 

candidatess were tested, including GITRL, ILT-3, PD-L1 and PD-L2. GITRL was hardly 

expressedd on iDC, nor upregulated on the various groups of DC (data not shown). ILT-3 was 

highlyy expressed by iDC and equally reduced in all different groups after maturation (data 

nott shown). PD-L1 and PD-L2 were marginally expressed on iDC and upregulated during 

maturation.. PD-L1 was equally elevated in all mature DC groups (figure 5A), whereas PD-L2 

wass markedly higher expressed on cordycepin- or CTB-treated mDC (figure 5B). 
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Figur ee 5: Cordycepin - and 
CTB-treate dd mDC expres s 
elevate dd levels of PD-L2. 
Generationn of iDC and 
maturationn conditions are 
describedd in the legend to 
figuree 1. Mature DC were 
stainedd with mouse anti-PD-Ll 
(A)) or anti-PDL-2 (B), followed 
byy a second staining step with 
goat-anti-mouse-FITCC and 
analyzedd by flowcytometry. The 
meann fluorescence intensity 
(MFI)) of immature DC is set at 
100%% and used to calculate the 
relativee increase in 
percentages.. The results 
representt the mean  SEM of 5 
independentt experiments. 
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Discussion n 
Inn the present study we demonstrate that both cordycepin and CTB prime for mature 

DCC that drive the development of regulatory T cells. Although cordycepin and CTB only 

marginallyy upregulated DC-derived IL-10 production, this proved to be partly instrumental 

forr the induction of regulatory T cells by the cordycepin-treated mDC. In contrast, regulatory 

TT cell development driven by CTB-treated DC most likely involves an unknown membrane-

boundd molecule. 
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Att present, adaptive regulatory T cells are often associated with immune evasion, 

inducedd by invading pathogens to secure their own survival. Although some pathogens may 

indeedd adapt regulating strategies of the host immune system for their own benefit, 

regulatoryy T cells in general form an essential feedback mechanism in normal adaptive 

immunee responses against pathogens, and their development is mainly initiated for the 

benefitt of the host. Adaptive regulatory T cells prevent excessive immune pathology at the 

sitee of infection (25,26). In addition, by prolonging the presence of the pathogen, they aiiow 

forr the induction of sufficient memory responses, protecting for reinfection with the same 

pathogenn (27,28). This indicates that the presence of regulatory T cells at the site of 

infectionn forms a normal and essential element in protective adaptive immune responses to 

pathogens. . 

Itt may therefore not be surprising that the induction of adaptive regulatory T cells is 

ann important function of DC and that different DC subsets can be recognized that drive 

regulatoryy T celt development. Several reports show that DC inducing regulatory T cells, 

havee an immature-like phenotype, expressing low levels of costimulatory molecules and 

cytokines,, except for an abundant expression of IL-10. Such regulatory DC may be induced 

byy the exposure to certain pathogens or their compounds, anti-inflammatory mediators or 

drugs.. Examples are P. falciparum (10,11), Hepatitis C virus (29) or mycobacterial-derived 

ManLAMM (12,13), the cytokines IL-10 and TGF[3 (30,31) and the drugs vitamin D3 (32), 

nacystelynn (33) and corticosteroids (34,35). In addition, several reports, including this one, 

suggestt the occurrence of an additional subset of regulatory DC with a normal mature 

phenotypee and normal levels of costimulatory molecules, but that primes for regulatory T 

development.. Examples of compounds that induce this type of mature regulatory DC are 

FHAA from B. pertussis (15), lyso-PS from S. mansoni (14) and measles virus (36;37). 

Althoughh these DC strongly support the development of regulatory T cells, they produce only 

loww to moderate amounts of IL-10 that in the case of lyso-PS (together with a membrane-

boundd factor) and FHA proved to be crucial for their regulatory T cell driving capacity. The 

currentt study demonstrates that also cordycepin and CTB induce a similar kind of mature 

regulatoryy DC. Moreover, the results of the present study suggest that mature regulatory DC 

drivee regulatory T cell development not only by IL-10, the major effector molecule of 

immaturee regulatory DC, but probably also by certain membrane-bound molecules. This is a 

firstt indication that immature and mature regulatory DC drive regulatory T cell development 

byy different instruction programs. Nevertheless, it is still remains unclear whether these 

subsetss have non-overlapping functions and under which conditions these subsets do 

appear. . 

Cordycepinn is a nucleoside derivate, 3'-deoxyadenosine, found in Cordyceps fungi and used 

inn traditional Chinese medicine for general immune suppression (18). A more recent study 
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hass indicated that cordycepin induces IL-10 production in phytohaemagglutinin-stimulated 

PBHCC (17). Since we could detect no effects of cordycepin on purified CD4+ T cells, at least 

withh respect to cytokine production or proliferation (data not shown), we suggest, according 

too the present study, that these effects of cordycepin on PBMC originate from a primary 

effectt on myeloid cell fraction, such as monocytes and dendritic cells. Furthermore, anti

inflammatoryy activity and reduction of tissue damage has been reported for adenosines in 

generall (38). To date, the expression of three adenosine receptors has been described on 

DCC and macrophages, of which the A2-adenosine receptor appears to be crucial for the 

inhibitionn of IL-12 and the induction of IL-10 (39-41). Ligation of this receptor leads to the 

activationn of adenylate cyclase and enhanced cAMP levels, which is casually related to the 

inhibitionn of IL-12, as has also been described for several other compounds that enhance 

cAMP,, such as p2-agonists, PGE2 and cholera toxin subunit A (CTA) (23,42-44). In contrast, 

CTBB does not induce elevated levels of cAMP, but is responsible for the binding to 

gangliosidee GM1 receptors. Presently it is unknown which signaling cascades are activated by 

CTB.. In contrast to what has been published in the mouse (21), CTA or total CT appears to 

bee less effective in the priming for human regulatory moDC (data not shown) compared to 

CTB,, favoring against a role for cAMP in this respect. Interestingly, a synergistic activity 

betweenn signaling of TLR2, 4, 7 and 9, but not TLR3 and 5, and signaling of A2-adenosine 

receptorss has been demonstrated (45), which may explain the enhanced priming for 

regulatoryy T cell development by cordycepin in mature DC (also exposed to LPS, a TLR4 

ligand). . 

Thee transwell experiments indicated that, in addition to IL-10, one or more inhibitory 

membrane-boundd molecules are involved in the induction of regulatory T cell development 

byy at least CTB-modulated DC. Although the identity of this molecule is not yet known, PD-

L22 may be an interesting candidate, since the present study showed that its expression is 

linkedd with the regulatory status of the DC and since this molecule may bind to PD-1, a T cell 

moleculee that confers inhibition of T cell proliferation and T cell anergy (46,47). 

Thee priming for human DC, supporting the development of potent regulatory T cells, 

mayy have interesting potential as therapy of various inflammatory diseases, such as auto

immunee diseases, allergies, and transplantation. In particular, cordycepin and CTB may form 

interestingg candidate adjuvants to induce regulatory DC either in vivo, or by treating DC ex 

vivo.. In fact, CTB either coupled to insulin or allergens has already been tested in mouse 

modelss for diabetes or allergy and resulted in suppressed T cell activity via the induction of 

regulatoryy T cell activity. This may imply a regulatory modulation of dendritic cell function. 

Thee specificity and efficiency of this type of approaches in vivo may be strongly enhanced by 

thee specific targeting of CTB or cordycepin-coupled antigens to molecules specifically binding 

too DC. 
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Thee present study demonstrates that both cordycepin and CTB can modulate human 

DCC function and prime for enhanced regulatory T cell development in otherwise normal 

maturee DC. This finding indicates that an immature-related or immature-arrested DC 

phenotypee is not an absolute requirement for regulatory T cell development. Moreover, 

cordycepinn and CTB form interesting candidates for adjuvant-based therapies of auto

immunee or allergic diseases and to prevent graft rejection in transplantation. 
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CHAPTERR 8 

Selecte dd probioti c bacteria  induc e regulator y 
TT cell s by modulatin g dendriti c cel l functio n 

viaa DC-SIGN 

Hermelijnn H. Smits, Anneke Engering, Desiree van der Kleij, Esther C. de Jong, Kim Schipper, 
Tonii M.M. van Capel, Bas A. J. Zaat, Maria Yazdanbakhsh, Eddy A. Wierenga, Yvette van 
Kooykk & Martien L. Kapsenberg. 

Abstrac t t 
Lactobacillii are one of the most frequently used probiotic bacteria in the management of 
gastroenteritiss or allergic diseases. It is hypothesized that these probiotic bacteria have 
immunoregulatoryy properties and promote mucosal tolerance. This form of negative 
regulationn of adaptive immunity is in part mediated by regulatory T cells generated from 
naivee T cells. Based on pathogenic or tissue-specific priming, dendritic cells (DC) develop 
differentt instructive signals and drive the differentiation of naive T helper (Th) cells into 
eitherr Thl , Th2 or regulatory effector T cells. In this study, we demonstrate that two 
differentt species of lactobacilli, lactobacillus reuter/ and lactobacillus case/, but not 
lactobacilluslactobacillus plantarum, prime human monocyte-derived DC (moDC) to drive the 
developmentt of regulatory T cells, capable of inhibiting the proliferation of bystander T cells. 
Nonee of the three lactobacillus species tested, induced full DC maturation, which was 
paralleledd by an inability to activate TLR1, 2, 4, 6, 7 and 9. Strikingly, both L. reuter/ and 
Lease/Lease/ and not L plantarum, bind the C-type lectin DC-specific ICAM-3-grabbing non-
integrinn (DC-SIGN). Blocking antibodies to DC-SIGN inhibited the induction of the regulatory 
TT cells These findings suggest that selected probiotic bacteria can prime DC for a negative 
regulatoryy potential via interaction with DC-SIGN, and this may explain their beneficial effect 
inn the treatment of a number of inflammatory diseases, including Crohn's disease and atopic 
dermatitis. . 
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Introductio n n 
Probioticss are defined as live microbial food ingredients that are beneficial to health 

andd they are also commensal bacteria of healthy human gut microflora. One of the most 

frequentlyy used genera is lactobacillus, which is associated with the improvement of various 

gastrointestinall diseases (1,2) and the management of allergic diseases (3,4). The effects of 

probioticss can be either direct through modulation of the endogenous microflora composition 

orr indirect through modulation of the immune system, in part by influencing the balance 

betweenn pro- and anti-inflammatory events. For example, studies with germ-free animals 

havee demonstrated that the gutflora is crucial for the development of oral tolerance to 

innocuouss ingested proteins or to nonpathogenic microbial compounds (5). To date, no 

specificc gutflora bacterial species, uniquely involved in these processes, have been identified. 

Lactobacilluss species may form potential candidates, as they show immunoregulatory 

capacitiess in vitro and in vivo (6,7). 

Mucosall tolerance is mediated by specialized regulatory T cells, inhibiting the 

proliferationn and cytokine production of other immune cells, in particular that of effector T 

cellss (8). The importance of regulatory T cells has been demonstrated indifferent murine 

modelss of colitis, including a model in which co-transfer of CD4+CD45RB|0VV T cells together 

withh pathogenic CD4+CD45RBhlQh T cells into syngeneic SCID or RAGy recipients prevents 

disease,, due to the presence of regulatory T cells (9,10). Part of this regulatory potential was 

enrichedd in the T cell population expressing CD25 and representing the thymic-derived 

naturallyy occurring regulatory T cells (11). However, control of immune pathology was not 

completelyy restricted to CD4+CD25+ T cells, as there is evidence that also CD4+CD25 T cells 

harborr regulatory activity (11,12). Studies with blocking antibodies to TGF[3 or IL-10R, or 

studiess with IL-10 deficient mice showed that CD4+CD45RB|0W cells were no longer able to 

inhibitt colitis, implying that IL-10 and/or TGF(̂  are instrumental for their inhibitory capacity 

(9,10).. These IL-10 and/or TGFp-producing T cells, so-called Trl and/or Th3 cells (13), can 

alsoo be generated in vitro from peripheral CD4+ T cells by repetitive stimulation in IL-10 (14), 

orr from naive Th cells by consecutive stimulations with IL-10 plus IFN-u (15) or VitaminD3 

pluss corticosteroids (16). 

Immaturee DC (iDC) reside as sentinel cells in mucosal tissues. Upon activation by 

microbiall and/or inflammatory products, DC undergo a program of maturation, including the 

upregulationn of the expression of peptide-loaded MHCII, costimulatory molecules (17) and 

signalss that drive the development of either Thl , Th2 or unpolarized Th cell responses (18). 

Thee nature of these T cell polarizing signals is largely determined by the type of microbial 

and/orr inflammatory products encountered in the peripheral tissues during their iDC phase. 

DCC primed with viruses or intracellular bacteria often drive the development of protective 

Thll cells, whereas helminth infections result in instruction for Th2 development 

(19)(Kapsenbergg ML, NRI, in press). 
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DCC are able to discriminate between different pathogenic compounds by the 

expressionn of various pattern-recognition-receptors (PRR) recognizing specific pathogen-

associated-molecular-patternss (PAMP) (20). A well-studied example is the family of at least 

tenn Toll-like receptors (TLR1-10), that are specifically stimulated by a number of structures 

presentt in either viruses, mycobacteria, gram negative or gram positive bacteria, 

mycoplasm'ss or parasites (21). An another example is the family of the C-type lectins (22), 

suchh as DC-SIGN and mannose receptor (MR), that recuynize carbohydrate structures on 

pathogenss and self-glycoproteins. Upon binding, the pathogens are internalized and 

processedd for antigen presentation. In addition, signaling motifs in the cytoplasmatic tail of 

certainn C-type lectins suggest that upon binding of the pathogen specialized signaling 

pathwayss can be switched on, influencing the effector function of DC (23)(van Kooyk Y, 

NRI,, in press). 

AA rapidly growing number of reports suggest that certain pathogens can prime DC to 

developp into so-called regulatory DC, obtaining the capacity to drive the development of 

regulatoryy T cells. Regulatory T cells prevent autoimmunity and dampen excessive immune 

responsess to pathogens, thereby preventing detrimental host tissue damage and allowing 

thee generation of strong memory responses. In addition, certain pathogens may use 

enhancedd induction of regulatory T cells as a strategy to evade immunity. For example, 

PlasmodiumPlasmodium falciparum (24), Bordetelia pertussis (25), Schistosoma mansoni (26), 

MycobacteriaMycobacteria tuberculosis (27) or Hepatitis C virus (28) modify DC function, and result in the 

generationn of regulatory T cells in some of these cases. 

Inn the present study we focused on the immunoregulatory capacity of lactobacilli. There are 

aa few reports demonstrating in vitro modulation of DC or T cells responses, e.g. the 

inductionn of immunosuppressive cytokines IL-10 and TGF(̂  or suppressed T cell proliferation 

(29-31).. In view of the above findings, we have investigated the putative capacity of 

probioticc lactobacilli to prime for regulatory DC. 

Heree we show that lactobacilli L reuteri, L case and L. piantarum, bind to DC, but 

onlyy L. reuteri and L easel engage the C-type lectin DC-SIGN on DC. The binding of Lreuteri 

andd L.easel to DC-SIGN is crucial for the ability of DC to prime for regulatory T cell 

development.. The present results demonstrate that the therapeutical potential of selected 

probioticc bacteria may be based on their ability to induce tolerance by priming for regulatory 

DCC via the ligation of DC-SIGN, supporting the development of regulatory T celts. 
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Materia ll  & Method s 
Antibodies ,, cytokine s and reagent s 

Humann rIL-4 (sp. act. IxlO8 U/mg) was obtained from PBH (Hanover, Germany). 

Humann rGM-CSF (sp. act. l . l lx lO 7 U/mg) was a gift of Schering-Plough (Uden, The 

Netherlands).. The generation of DC-SIGN antibodies (AZN-D1 and (AZN-D2) was described 

beforee (32). HEK CD14, CD14/TLR2 and CD14/TLR4 cells were kindly provided by E. 

Kurt-Joness (University of Massachusetts Medical Schoot, Worcester, MA). FLAG-tagged 

humann TLR1 and TLR2 were provided by Tularic (San Francisco, CA). Non-tagged human 

TLR44 (hTOLL) in pcDNA3 was a gift from C. Janeway and R. Medzhitov (Yale University, New 

Heaven,, CT) and was co-transfected with human MD-2 (0,25 ug DNA/transfection of TLR4 

andd MD-2), a gift from K. Miyake (University of Tokyo, Japan), FLAG-tagged TLR7 in pFLAG-

CMV11 was a gift from D. Golenbock (University of Massachusetts Medical School) and FLAG-

taggedd TLR9 was a gift from S. Akira (Osaka University, Japan). Plastics were purchased 

fromm Greiner Bio-one (Alphen aan de Rijn, The Netherlands). 

Bacteria ll  strain s and inoculu m preparatio n 

LactobacillusLactobacillus plantarum strain NIZO B253, Lactobacillus easel strain NIZO B255 (both 

fromm NIZO Food Research, Ede, The Netherlands), Lactobacillus reuteri strain ASM20016, 

EscherichiaEscherichia coil strain AMC B12G1 and Staphylococcus aureus 4D2 were cultured on 

Columbiaa agar (Oxoid, Basingstoke, UK) containing 6,25% sheep blood. Lactobacilli were 

incubatedd at C in a 5% C02 atmosphere, and Escherichia coil at rT under aerobic 

conditions.. After 3 days the bacterial growth of 2 densily seeded agar plates of each strain 

wass harvested using a cotton swab, and suspended in 10 ml pyrogen-free PBS (Gibco Life 

Technologies,, Breda, The Netherlands). After centrifugation at 4,000 x g for 10 min at rT, 

thee pelleted bacteria were resuspended in 10 ml PBS, centrifuged and resuspended in 10 ml 

off PBS. One ml of this suspension was used to measure the optical density at 620 nm 

(OD620).. An OD620 of 0,35 corresponded to 1 x 108 cfu for all test strains. The remaining 

suspensionn was centrifuged and the pelleted bacteria were resuspended to a concentration 

off 109 colony forming units (cfu) per ml in PBS. The suspensions were diluted to appropriate 

concentrationss in PBS prior to further application. 

I nn vitr o generatio n and maturatio n o f moD C 

Immaturee DC were generated from monocytes (0,5xl06 cells/well) in 24-well culture 

platess (Costar, Cambridge, MA) in Iscove's modified Dulbecco's medium (IMDM; Life 

Technologiess Ltd., Paisley, UK) containing gentamycin (86 ^g/ml; Duchefa, Haarlem, The 

Netherlands)) and 10% FCS (Hyclone, Logan, UT), supplemented with rGM-CSF (500 U/ml) and 

rIL-44 (250 U/ml), as previously described (33). On day 6, maturation of iDC was induced by LPS 

{E.colr,{E.colr, Sigma-Aldrich, St. Louis, MO), different concentrations of lactobacilli, £ coil or 

Cordycepinn (Sigma), in the presence or absence of the maturation factors (MF) IL-1(] (25 
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ng/ml),, TNFu (50 ng/ml) (both purchased from Peprotech, Rocky Hill, NJ),. After 48h, full 

maturationn into CD83+ mature effector DC (mDC) was confirmed by flowcytometric analysis. 

Analysi ss  of cel l surfac e molecul e expressio n by flow  cytometr y 

Too analyze the phenotype of the acquired DC, the cells were incubated with PE-

conjugatedd anti-CD86 (BD Pharmingen, San Diego, CA), PerCP-conjugated anti-HLA-DR (BD 

Biosciences,, San Jose, CA) and APC-conjugated anti-CD83 (Caltaq Laboratories, Burlingame, 

CA).. Stained cells were analyzed by flow cytometry. 

Cytokin ee productio n by moD C 

Maturee DC (2xl04 cells) were stimulated with mouse CD40L-expressing mouse 

plasmacytomaa cells (J558 cells, 2xl04 cells; a gift from Dr. P. Lane, University of Birmingham, 

Birmingham,, UK) in 200 pi culture medium. Supernatants were harvested after 24 h and stored 

att C until cytokine levels were measured by ELISA. Determination of IL-12p70 

concentrationss in culture supernatants was performed by solid-phase sandwich ELISA, as 

previouslyy described (34). Pairs of specific monoclonal antibodies and recombinant standards 

weree obtained from BioSource International (Camarillo, CA) for the determination of IL-6, 

andd from BD Pharmingen for IL-10 determination. The detection limits are as followed: IL-6, 

200 pg/ml, IL-10, 20 pg/ml and IL-12p70, 3 pg/ml. 

Isolatio nn of naiv e Th cell s 

CD45RA+CD45RO-- naive CD4+ T cells were isolated from PBMC through negative 

selectionn using CD4" MACS MultiSort beads (Miltenyi Biotic, Bergisch Gladbach, Germany), 

supplementedd with PE-labeled CD45RO-Abs (Dakopatts, Glostrup, Denmark). For subsequent 

depletion,, the anti-hapten beads of the CD4+ isolation kit were supplemented with anti-PE 

coupledd magnetic beads. 

Stimulatio nn and cultur e of naiv e Th cell s by effecto r DC 

Purifiedd naive Th cells (2xl04 cells) were cocultured with mature DC (5xl03 cells) in 

2000 fil culture medium in the presence of the superantigen Staphylococcus aureus er\tero\.ox\r\ 

BB (SEB) (10 pg/ml; Sigma), in 96-well flat-bottom culture plates (Costar). At day 5, rIL-2 (10 

U/ml,, Cetus Corp.) and rIL-15 (10 ng/ml, R&D Systems) were added and the cultures were 

expandedd for the next 7 days. 

Cytokin ee productio n by Th cell s 

Onn day 12, resting T cells were restimulated with PMA (10 ng/ml; Sigma) and 

ionomycinn (1 ug/ml; Sigma) for 6 h, the last 5 hrs in the presence of Brefeldin A (10 ug/ml; 

Sigma),, to determine single-cell IL-4 and IFN-y production by intracellular flowcytometric 

analysis.. Cells were fixed in 2% paraformaldehyde (PFA; Merck, Darmstadt, Germany), 
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permeabilizedd with 0.5% saponin (ICN Biochemicals; Cleveland, OH) and stained with anti-

humann IFN-/-FITC and anti-human IL-4-PE (both from BD Pharmingen). 

TT cel l suppresso r activit y 

Onn day 12, resting T cells were harvested and washed three times with serum-free 

medium.. Cells (lxlO6) were stained with 3xl0~5 M PKH-26 (Sigma), a red cell cycle tracking 

dye,, for 5 minutes at room temperature according to the manufacturer's instructions. After 

thoroughh washing, 2,5xlCf CD4+ T cells (DC-primed T cells) were stimulated by anti-CD3 

(1:50000 dilution of acites fluid) and anti-CD28 (0,5 ug/ml) in round-bottom 96-well plates. 

Afterr overnight pre-activation 2,5xl04 peripheral CD4+ T cells were added, representing the 

responderr T cells. Prior to this, the responder T cells were labeled with CFSE (0,5 uM, 

Molecularr Probes Inc., Eugene, OR), a green cell cycle tracking dye, for 15 min at room 

temperature.. After 5 days, the content of PKH and CFSE in the DC-primed and responder T 

cells,, respectively, was analyzed by flowcytometry. 

TT cel l proliferatio n 
Naivee Th cells (5xl04) were stimulated by LPS-, cordycepin or bacteria-treated mDC 

(5xl03).. Subsequently, cell proliferation was assessed by the incorporation of [3H]-TdR 

(Radiochemicall Center, Amersham, Little Chalfont, U.K.) after a pulse with 13 KBq/well 

duringg the last 16 h of 5-day culture after stimulation, as measured by liquid scintillation 

spectroscopy. . 

Stimulatio nn of HEK cell s transientl y transfecte d wi t h TLR construct s 

HEK-2933 cells were transfected at 0,2xl06 cells/well in 96-well plates (Nunc, 

Denmark)) in DMEM culture medium (Biowhittaker, Verviers, Belgium) supplemented with 

10%% FCS and ciprofloxacin (10 ug/ml; Bayer) using PolyFect transfection reagent (Qiagen) 

withh TLR-expressing plasmid (0,05 ug/well) and pELAM-luc (0,05 ug/well), a reporter 

constructt that transcribes firefly luciferase from a NF-kB-dependent promoter, as previously 

describedd (Chow JC, JBC, 1999). After 24 hour, cells were stimulated with TNFu (100 ng/ml; 

Strathmann Biotech, Hamburg, Germany), LPS (100 ng/ml, Sigma), PAM-3-CSK (10 pg/ml, 

EMCC microcol lections, Tuebingen, Germany), R848 (10 ng/ml, Invivogen, San Diego, CA), 

CpG-oligonucleotidee (ODN) 2006 (10 uM, Biosource International Nivelles, Belgium), poly I:C 

(200 pg/ml, Sigma), or bacteria (107/ml). After 6 hours, cells were lysed in reporter lysis 

bufferr (Promega, Madison, WI) and luciferase activity of the cellular lysate was measured 

usingg an assay kit from Promega according to the manufacturer's descriptions. 

Stimulatio nn of cel l line s Stabl y transfecte d wit h CD14/TLR 2 and 

CD14/TLR 4 4 
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HEK-2933 CD14 and HEK-293 CD14/TLR-9 cell lines were maintained in DMEM culture 

mediumm supplemented with 10% FCS, ciprofloxacin (10 ug/ml) and puromycin (5 ug/ml), 

whilee for the HEK-293 YFP-TLR-2 and HEK-293 pcDNA3 (TLR4) cell lines G418 (0,5 mg/ml) 

wass used as selection marker. For stimulation experiments, cells were seeded at 0 ;2xl06 

cells/welll in 96 well flatbottom plates, and were stimulated after 24h with TNFu (100 ng/ml, 

Strahtmann Biotech), LPS (100 ng/ml, Sigma) combined with 10 times diluted supernatant of 

MD-22 transfected cells, PAM-3-CSK (20 ug/ml), CpG-ODN 2006 (10 uM, Biosource 

Internationall Niveiies) or bacteria (107/ml). i|_-8 production was measured in supernatants 

afterr 20h using a commercial kit (CLB, Amsterdam, The Netherlands) following the 

manufacturer'ss instructions. 

DCC or K562-cel l bindin g by bacteri a 

Bacteriaa (109/rnl) were labeled by incubation with FITC (0,5 mg/ml) in phosphate-

bufferedd saline for lh at room temperature. The FITC-labeled bacteria were washed three 

timess to remove unbound FITC. Immature DC, K-562 cells or K-562-DC-SIGN cells (5x10*) 

weree preincubated with neutralizing Abs to DC-SIGN (AZN-D1 and AZN-D2), manosylated 

BSAA (50 ug/ml, Sigma), Mannan (50 ug/ml, Sigma) or EDTA (10 mM) in TSM (20 mM Tris, 

1500 mM NaCI, ImM CaCI2, 2 mM MgCI2, pH 8.0) + 0,5% BSA for 10 min at room 

temperature.. Thereafter, the FITC-labeled bacteria (ratio bacteria: cells of 10:1) were added 

andd incubated for 45 min at 37 GC. After washing, the cells were analyzed by flow cytometry. 

Immaturee DC were generated by culturing monocytes in RPMI-1640/10% FCS in the 

presencee of IL-4 (500 U/ml, Schering-Plough, Kenilworth, NJ) and GM-CSF (800 U/ml, 

Schering-Plough)) for 5-8 days (32). K-562 cells and K-562-DC-SIGN cells were cultured as 

describedd (32). 

Statistics s 
Dataa are expressed as mean  SEM. Data were analyzed for statistical significance 

withh GraphPad InStat® software (version 3.00; GraphPad InStat, Inc., San Diego, CA). using 

ANOVAA followed by Bonferroni's multiple comparison test or a non-parametric unpaired 

Studentt f test to compare two sets of data or variables between two groups, respectively. A 

PP value < 0,05 was considered as the level of significant. 

Results s 
Lactobacill ii  induc e partia l DC maturatio n 

Thee three different lactobacillus species, L. reuteri, L case/ and L plantarum were 

randomlyy selected for a comparative study regarding their immunoregulatory effect on DC 

function,, using E. coli, a gram-negative gutflora commensal, for comparison. Different 

concentrationss of E.coli were tested to determine the optimal concentration required for full 

maturation,, based on the increase of the co-stimulatory molecule CD86, MHCII molecule 

HLA-DRR and maturation marker CD83. Full maturation was obtained with 107 bacteria (ratio 
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100:1),, whereas 106 bacteria (ratio 10:1) gave only partial maturation and 105 bacteria (ratio 

1:1)) did not induce maturation (data not shown). Compared to 107 E co//bacteria, 107 

lactobacilluss bacteria had only a partial effect on the expression of these molecules (figure 

1A,, left panel). To determine the capacity of the different bacteria to block DC maturation, 

differentt numbers of bacteria were added to DC during their maturation induced by the 

cytokiness IL- ip and TNFu (maturation factors or MF). Even at the highest concentration (107 

bacteria),, the different lactobacilli did not inhibit MF-induced maturation (figure 1A, right 

panel).. Moreover, the CD40L-induced production of IL-12, IL-10 or IL-6 in MF-treated DC 

wass not significantly affected by the lactobacilli (figure IB). In contrast, at this bacterial load, 

EE co//induced strong upregulation of IL-10 and IL-6 production as described before (H.H. 

Smits,, manuscript submitted). 
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CD83 3 CD86 6 HLA-DR R 

LPS S 

EE co/i 

L.L. reu teri 

L.L. case/ 

L.L. plantarum : 

••• A 

'...."-'...."- .. 'v. 

Pluss MF 

CD83 3 CD86 6 HLA-DR R 

«em* «em* 

MF/LL case/ 

MF//... plantarum 

00 100 200 300 400 0 0,4 0,8 1,2 1,6 2,00 5 
IL-1 22 (pg/ml) IL-1 0 (ng/ml) 

100 15 20 25 30 
IL-66 (ng/ml ) 

Figur ee 1: Lactobacill i induc e partia l DC maturation . 
Immaturee DC were generated as described elsewhere (33). (A) Maturation was induced by addition of 
LPSS (100 ng/ml), 107 cfu bacteria, LPS plus MF (rIL-l(l (25 ng/ml) and rTNFu (50 ng/ml)), or MF plus 
1077 cfu bacteria. After 48 h, mDC were harvested, washed and (A) surface expression of CD86, HLA-
DRR and CD83 was analyzed by flowcytometry. (B) Mature DC (2.104 cells/well) were stimulated with 
mousee CD40L-expressing mouse plasmacytoid cells (J558 cells, 2x10" cells/well) to induce the production 
off IL-12, IL-10 and IL-6. After 24h, supernatants were collected and IL-12p70, IL-10 and IL-6 production 
weree measured by ELISA. 
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L.L.  reuter/  and L case!  induc e regulator y T cel l developmen t by modulatio n 

o ff  DC functio n 

Next,, the immunoregulatory potential of the different lactobacilli on the Th cell 

polarizingg capacity of DC was investigated. To this end, naive T cells were stimulated with 

superantigenn SEB plus DC matured by MF (mDC) in the presence or absence of lactobacilli or 

E.. coli. After 12 days, the intracellular cytokine profile of the Thl cytokine IFN-y and the Th2 

cytokinee IL-4 was determined in the developed effector Th cells. Clearly, the cytokine profile 

inn the T cells stimulated by lactobacilli-primed DC was similar to the cytokine profile of 

effectorr Th cells stimulated by the control DC matured by MF plus LPS (Figure 2A). The 

inabilityy of Lactobacilli to bias the Thl/Th2 polarizing capacity of DC is in line with previous 

findingss with other gram-positive gutflora bacteria (H.H. Smits et al, manuscript submitted). 

Inn comparison, as previously described (H.H. Smits et al, manuscript submitted), E. coli 

primedd for enhanced Thl development. Although the cytokine profile of the effector T cells 

generatedd by lactobacilli-primed mDC was unchanged in comparison to that of the control T 

cells,, the T cells responding to the lactobacilli-primed mDC proliferated less vigorously in 

comparisonn to the T cells primed with MF/Ecoii-or MF/LPS matured DC (figure 2B). 

Thee various effector T cell populations were subsequently tested for their regulatory 

functionn in a cell cycle tracking dye-based proliferation assay. These T cells (DC-primed T 

cells)) were labeled with a red cell cycle tracking dye, PKH-26, and stimulated with anti-CD3 

andd anti-CD28 and cocultured with peripheral CD4+ T cells (responder T cells) labeled with 

CFSE,, a green cell cycle tracking dye, in the presence of anti-CD3 and anti-CD28. 

Suppressionn is evident when responder T cells proliferate slower and, consequently, lose less 

CSFEE on the single cell basis than positive controls. The reliability of this assay was 

supportedd in a previous study with effector T cells generated by coculture with mDC matured 

withh or without the suppressive compound cordycepin (negative control; H.H. Smits and E.C. 

dee Jong et al, manuscript in preparation). After 5 days, flowcytometric analysis showed that 

thee levels of CFSE in responder T cells were much higher after their co-culture with effector 

TT cells generated with cordycepin-primed DC, indicating a lower proliferation. Thus, 

cordycepin-primedd DC induce regulatory T cells that inhibit proliferation of responder T cells 

(figuree 2C). 

CSFEE levels were substantially higher in responder cells cocultured with effector T 

cellss generated in response to L reuteri- or L. casei-treated mDC in comparison to responder 

cellss cocultured with effector T cells generated in coculture with MF plus LPS-, L piantarum-

orr £ co/Atreated mDC (figure 2C). The mean fluorescence intensity (MFI) of responder T 

cellss cocultured with effector T cells primed by MF/LPS-DC was set at 100%, representing 

thee maximal proliferation. This value was used to calculate the relative proliferation for each 

conditionn by comparing it to the MFI of the responder T cells cocultured with other DC-

primedd T cells (figure 2D). Different doses of bacteria-treatment were evaluated: 103 - 105 -
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1077 cfu bacteria, showing a maximal inhibitory effect for 105 cfu L. reuteri and L. case/ 

bacteria.. Neither E coli nor L. p/antarum-DC-pnmed T cells inhibited responder T cell 

proliferation,, independent of the bacterial dose (figure 2D). In summary, these data indicate 

thatt L. reuteri and L. case/ modulate DC function and prime for regulatory T cell 

development,, which appears to be optimal under conditions of low doses of bacteria (ratio 

bacteria:: DC of 1:1). 
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2D D 
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—— MF//.. plant arum 
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Figur ee 2: L. reuter i and L. case i induc e regulator y T cel l developmen t by modulatio n of DC 
function .. Generation of iDC and maturation conditions are described in the legend to figure 1. (A) 
Maturee DC (5xl03 cell/well) were cocultured with naive Th cells (2xl04 cells/well) and superantigen SEB 
(100 pg/ml). After 12 days, IFN-y and IL-4 productions per cell were analyzed by intracellular FACS-
stainingg following a 6h PMA/ionomycin stimulation, the last 5h in the presence of Brefeldin A. (B) 
Maturee DC (2,5xl03 cell/well) were cocultured with naive Th cells (5xl04 cells/well). Cell proliferation 
wass assessed by the incorporation of [3H]-TdR after a pulse with 13 KBq/well during the last 16 h of 
6-dayy culture after stimulation, as measured by liquid scintillation spectroscopy. (C) Naive Th cells 
weree stimulated as described in part A. After 12 days, the DC-primed T cells were labeled with 3xl0"5 

MM PKH-26, and stimulated with suboptimal concentrations of anti-CD3 (1:5000 acites-fluid) and anti-
CD288 (0,5 pg/ml). After overnight incubation, CFSE-labeled responder T cells (peripheral CD44 T 
cells),, were added in a 1:1 ratio (2,5xl04 each). After 5 days the PKH-26 and CFSE staining of the 
cellss were analyzed by flowcytometry. The gray shade CFSE profile represents the test condition 
(bacteria:: 105), whereas the overlay indicates the proliferation in the presence of control DC-primed T 
cellss (MF/LPS). The figure is a representative out of 7 independent experiments. (D) The MFI of the 
CFSE-labeledd responder cells cocultured in the presence of control test cells (MF/LPS) was set at 
100%,, representing the maximal proliferation. The MFI of the responder T cells cocultured with other 
DC-primedd T cells was compared to this value, calculating the relative proliferation. The results are 
expressedd as the mean percentages  SEM from 4-7 independent experiments (Cordycepin: 25 
pg/ml).. Data were analyzed for statistical significance using ANOVA followed by Bonferroni's multiple 
comparisonn test. * P<0,05, ** P< 0,01. 

TLRR activatio n by lactobacill i 

Lactobacilli,, the gram positive control bacterium Staphylococcus aureus, and gram 

negativenegative E. coli were evaluated for their TLR-activating potential in stably transfected HEK-

2933 cells (CD14, CD14/TLR2 and CD14/TLR4) and transiently transfected HEK-293 cells 

(TLR1,, TLR2, TLR4 + MD-2, TLR6, TLR7and TLR9) by determining IL-8 production in these 

cellss or luciferase activity, respectively. In transient transfection experiments, several positive 

controlss were analyzed, PAM3CSK for TLR2 (fold increase: 90), LPS for TLR4 (fold increase: 

47),, R848 for TLR7 (fold increase: 4,5) and CpG for TLR9 (fold increase: 5) (data not 

shown).. E coli ligated TLR2 and TLR4, and TLR1, TLR6 and TLR9 to a lesser extent, 
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•• CD14/TLR2 

•• CD14/TLR4 

whereass 5. aureus only ligated TLR2 (figure 3A). These data were confirmed in the stable 

transfectantss (figure 3B). In contrast, the three lactobacilli did not activate any of the TLR 

tested,, except for some TLR4 activation by L. case/, only detected at a high dose of bacteria 

(1077 cfu; lower doses not show). These results suggest that the Lactobacilli tested here do 

nott activate DC via ligation of TLR (figure 3A and figure 3B). 

Figur ee 3: TLR activit y by 
Lactobacilli .. (A) HEK 293 
cellss were transiently 
transfectedd with human TLRl, 
TLR2,, TLR3, TLR4 + MD2, 
TLR6,, TLR7 and TLR9, 
togetherr with an ELAM-
luciferasee reporter construct 
andd were stimulated with 107 

bacteriaa or TNFa (100 ng/ml). 
Luciferasee activity was 
determinedd 6h after 
stimulation.. (B) Stable 
transfectedd HEK 293 cells with 
eitherr TLR2 or TLR4 were 
seededd at 0,2xl06 cells/well 
andd stimulated with 107 

bacteria/mll or TNFa (100 
ng/ml).. After 24 hours, 
supernatantt was taken and 
IL-88 content was analyzed by 
ELISA. . 
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L.L.  reuteri and /..case/ligat e DC-SIGN on moD C 

Next,, we evaluated which other PRR could interact with these lactobacilli. C-type 

lectinss are highly expressed by DC and bind carbohydrate structures on pathogens in a 

cationn dependent manner (van Kooyk Y, NRI, in press). Whereas E. co//did not bind iDC, the 

threee lactobacilli bound to iDC at different degrees. This binding was strongly inhibited by 

EDTAA implying a role for C-type lectins in calcium-dependent carbohydrate recognition 

(figuree 4A). In search for DC-associated molecules that may play a role in the interaction 

withh the lactobacilli, we analyzed the binding of the bacteria to 293 T cells, transiently 

transfectedd with different DC-specific C-type lectins or K-562 cells, stably transfected with 
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DC-SIGN.. After substraction of Mock-binding, L. casei and L. reuteri, both inducing the 

developmentt of regulatory T cells, but not L. plantarum, bound in variable amounts {L.casei 

highh and L. reuteri low) to DC-SIGN-expressing cells (figure 4B). Blocking studies 

demonstratedd that L. reuteri and L. casei specifically interact with DC-SIGN as neutralizing 

anti-DC-SIGNN or EDTA blocked the binding completely (figure 4B). No binding was observed 

too cells expressing other C-type lectins (data not shown). 

Too evaluate whether DC-SIGN is the major PRR to be involved in L reuteri and L 

caseicasei capture by iDC, we performed bindingassays of lactobacilli to iDC in the presence of 

differentt blocking reagents. The capturing role of DC-SIGN was substantiated by the finding 

thatt approximately half of the binding by L. casei and a smaller proportion of the binding by 

L.L. reuteri was abrogated by both anti-DC-SIGN or mannan, a natural ligand of DC-SIGN and 

MR.. As expected, binding of L. plantarum was blocked by neither anti-DC-SIGN nor mannan. 

Thee binding of lactobacilli to the MR was limited, as incubation with manosylated BSA 

(ligatess selectively to MR) did only weakly affect the binding of the L. casei to iDC, in 

contrastt to the other bacteria in which the DC binding was not affected at all (figure 4C). In 

summary,, these findings demonstrate that all three lactobacilli bind iDC possibly through C-

typee lectin receptors. Interestingly, only the bacteria (L. reuteri and L casei) that selectively 

primee DC for the capacity to drive the development of regulatory T cells, do specifically ligate 

DC-SIGN. . 

4A A 

EE coli 

L.L. reuteri 

L.L. casei 

L.L. plantarum 

10 0 20 0 400 50 60 
%% DC bindin g 

90 0 

153 3 



Selectedd probiotic bacteria induce regulatory T cells by modulating DC function via DC-SIGN 
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Figur ee 4: L. reuteri  and L. casei  ligat e DC-SIGN on moDC. (A). Immature DC (5xl04) were 
incubatedd with FITC-labeled bacteria (5xl05), after a prior 10 min preincubation with TSM + 0,5% 
BSAA or EDTA (10 mM), for 45 min at 37 . After washing, the cells were analyzed by flow cytometry. 
(B)) Similar protocol, as described in the part A, was used to analyze bacteria binding to DC-SIGN-
transfectedd K562 or untransfected K562 cells. Preincubations were performed with either TSM + 0,5% 
BSA,, EDTA (10 mM) or anti-DC-SIGN (AZN-D1 and AZN-D2, 20 ug/ml). The results are expressed as 
thee difference in binding to the transfected and untransfected K562 cells and represent the mean
SEMM out of 3 independent experiments. (C) DC-binding was performed as described in part A. 
Preincubationss were performed with either TSM + 0,5% BSA, anti-DC-SIGN (AZN-D1 and AZN-D2, 20 
ug/ml),, manosylated-BSA (50 ug/ml), Mannan (50 pM). The results are expressed as the mean 
percentagess  SEM of 4 different donors. The binding of the individual bacteria was set at 100% and 
thee relative binding of bacteria in other test conditions was compared to this value. 
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D C - S I G NN l iga t io n is cruc ia l fo r m o d u l a t i o n o f DC func t i o n by  L. reuteri and 

L.L.  case/' 

Next,, we investigated whether pathogen targetting to DC-SIGN contributes to priming 

forr regulatory T cell development by adding blocking antibodies to DC-SIGN or mannan 

duringg the maturation of the DC by MF plus L. reuteri and L. case/. Subsequently, 

coculturess of bacteria-primed mDC and naive Th cells were performed and the resulting 

effectorr T cells analyzed for their capacity to inhibit responder T cell proliferation. The 

blockingg of iigation of L reuteri and L. case/ to DC-SIGN, with either neutralizing antibodies 

orr mannan, abolished the priming for regulatory T cell development, since the proliferation 

off the responder cells was almost completely restored, (figure 5). Proliferation of responder 

TT cells cocultured with effector T cells generated in the presence of L. plantarum or E colf-

primedd DC was not affected by blocking antibodies to DC-SIGN or mannan. These results 

demonstratee that DC-SIGN ligation by L. reuteri and L. casei is crucial for DC to acquire their 

regulatoryy function. 
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L.L. casei 

L.L. plantarum p 

•• medium 
nn isotype-control 
^anti-DC-SIGN N 
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%% proliferation compared to MF/LPS 
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Figur ee 5: Blockin g of DC-SIGN interactio n wit h L. reuteri  and L. casei  abrogate s th e 
primin gg fo r regulator y T cel l development . Generation of iDC is described in the legend to figure 
1.. Immature DC were preincubated (30 min, 37 ) with either isotype control Ab (20 ug/ml), anti-
DC-SIGNN (AZN-D1; 20 ug/ml) or Mannan (50 uM). Thereafter maturation was conducted as described 
inn the legend to figure 1. Induction of suppressor cell activity was analyzed as described in the legend 
too figure 2. 

Discussion n 
Thee present study on three probiotic lactobacilli demonstrates that L. reuteri and L. 

casei,casei, in contrast to L. plantarum, prime DC to promote the development of regulatory T 

cells.. Experiments with TLR-transfectants proved that all three Lactobacilli tested did not 

activatee TLR, except for L. casei that induced some TLR4 activity. However, L. reuteri and L. 
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case/case/ both potently inducing the development of regulatory T cells, were captured by DC-

SIGNN on DC, an interaction that appeared to be crucial for the priming of regulatory DC. 

Wee here demonstrate for the first time that ligation of DC-SIGN can mediate the 

inductionn of regulatory T cells. So far, various microorganisms have been described to bind 

DC-SIGN,, including mycobacteria and its constituent ManLAM (32,35). Ligation of DC-SIGN 

byy mycobacteria or ManLAM can modulate DC function as well (36). ManLAM inhibits LPS-

inducedd DC maturation and induces IL-10 production. In sharp contrast, L reuten and L 

casei,casei, even at the high dose of 107 cfu bacteria, do not inhibit DC maturation and hardly 

affectt the production of the cytokines IL-12, IL-10 or IL-6 production. Strikingly, the 

regulatoryy T cell polarizing capacity of lactobacillus-primed iDC (DC primed by bacteria in the 

absencee of MF) was clearly less in comparison to lactobacillus-treated mature DC (mDC; DC 

primedd by bacteria in the presence of MF) (data not shown). These findings suggest that, in 

additionn to regulatory signals via DC-SIGN, also activating signals are necessary to induce 

regulatoryy DC. Apparently, DC-SIGN cannot induce regulatory DC independently, but acts via 

cross-regulationn of positive signaling pathways (37). At present, it is unknown which signals 

aree transduced by DC-SIGN ligation. 

Anotherr consequence of the finding that lactobacillus-primed mDC are far more 

efficientt than lactobacillus-primed iDC in the induction of regulatory T cell development, is 

thatt probiotic-primed mDC express molecules that are crucial for an optimal capacity to drive 

regulatoryy T cell development. At present, the identity of these molecules is unknown and is 

currentlyy under investigation. Neutralization experiments with blocking IL-10 Abs did not 

supportt the involvement of DC-derived IL-10 in this respect (data not shown). 

DC-SIGNN has a high affinity for mannose and fucose residues, which are differentially 

expressedd in glycosylated surfaces of different pathogens (35). At present, the composition 

andd identity of carbohydrate structures on the different lactobacilli is unknown, as well as 

howw this is related to other DC-SIGN ligands. However, it can be speculated that the 

functionall DC-SIGN-related differences seen by the various micro-organisms, can be 

explainedd by different combinations and/or affinities of mannose and/or fucose residues 

bindingg to DC-SIGN or additional lectins. 

Probioticc bacteria will encounter DC in the mucosal areas of the intestines. These DC 

expresss high levels of DC-SIGN (32,38). Although the lactobacilli tested here do not induce 

DCC maturation themselves, apparently these DC become mature in the mucosal 

environment,, as DC in the draining lymph nodes of the intestines, i.e. the iliac and 

mesentericc lymph nodes clearly have a mature phenotype (39). This finding is easily 

explained,, as the gutflora consists of many different bacteria, including species (i.e. £ colï) 

thatt do activate PRR (i.e. TLR) that confer DC maturation. In addition, tissue cells in the 

microenvironmentt of DC produce pro-inflammatory cytokines in response to those bacteria, 

creatingg an environment in which cytokines such as IL-1)^ and TNFu (MF) will be present. All 
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thesee factors combined will create the ideal setting for probiotic bacteria to prime maturing 

DCC for regulatory T cell development via interaction with DC-SIGN. 

Previouss studies have demonstrated that, in addition to microbial priming, the 

characteristicss of the tissue, i.e. in the gut, can affect the T cell polarizing capacity of DC as 

well.. For example, DC isolated from Peyer's patches do not produce IL-12, but produce 

increasedd amounts of IL-10, and appear to drive Th2 responses (40). Furthermore, gut DC 

isolatedd from mesenteric iymph nodes of OVA-fed mice induce regulatory T cells via the 

secretionn of TGFp (41). These studies indicate that in particular conditions mucosal DC can 

acquiree the capacity to drive regulatory T cell development. This type of response reflects a 

plausiblee way of preventing excessive immune responses to innocuous proteins and non

pathogenicc microorganisms to which mucosal surfaces are constantly exposed. Although we 

didd not have the opportunity to test the plasticity of gut DC in our models, it is tempting to 

speculatee that in vivo exposure to probiotic bacteria may more readily prime gut DC for 

regulatoryy T cell development and help to prevent local excessive immune pathology. 

Ourr study clearly demonstrated that optimal priming for regulatory DC occurs at 105 

cfuu bacteria, which is at a bacteria:DC ratio of 1:1, and that a significantly lower priming 

effectt occurs at bacteria:DC ratio of 100:1 or 10:1 (data not shown). This is an intriguing 

finding,, suggesting that at high doses these bacteria may activate additional pathways in DC. 

Thesee pathways may interfere with the cross talk of DC-SIGN signaling, that in the end may 

(partially)) prevent regulatory T cell development. It can be speculated that this/these 

pathway(s),, triggered at high bacterial (even probiotic bacterial) doses, represent(s) an 

escapee to clearance of bacterial overload, overruling the generalized immune suppression 

prevailingg at low bacterial load. 

Probioticc bacteria are interesting candidates in therapy of certain inflammatory 

diseases,, such as gastroenteritis and allergic diseases, in particular atopic dermatitis (1-3). A 

firstt series of clinical studies with various probiotic bacteria has shown promising results with 

respectt to decreases in inflammation and disease symptoms. It is attractive to suggest that 

forr some bacteria these beneficial effects may, at least in part, be explained by the priming 

off DC for regulatory T cell development. However, caution must be taken, as these in vivo 

effectss may also be due to other factors, such as differential adherence of bacteria to 

epitheliall cells, or changes in the composition of the endogenous microflora repelling 

pathogenicc microorganisms. On the other hand, if the induction of regulatory T cells is 

cruciall in the amelioration of disease, these therapies may be improved by the prior 

screeningg of probiotic bacteria for their potential to induce regulatory T cells. Furthermore, if 

moree detailed knowledge of the mechanisms underlying their effect is available, it may well 

bee possible to improve therapy by using cocktails of different probiotics, combining 

specializedd regulatory features of the various probiotics. 
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Twoo faces of negative regulatory dendritic cells in infection 

Introductio n n 
Adaptivee immunity protects against infection, but is a potential threat to the host 

tissuess under chronic conditions. Negative regulation on the other hand suppresses excessive 

inflammationn and is also a key element in the prevention of auto-immunity and allergy. 

Remarkably,, negative regulation allows the survival of residual pathogens as well, which may 

bee essential for the development of memory responses against these pathogens (1,2). 

Immunee responses are negatively regulated at various levels, including induction of anergy 

orr apoptosis and negative costimulation. The present review will focus on yet another 

mechanismm of negative regulation, i.e. the induction of adaptive regulatory T cells by 

dendriticc cells. 

Regulator yy T cell s 

Regulatoryy T cells inhibit the function of other effector immune cells, in particular that 

off T cells. They are a heterogeneous population, including naturally occurring CD4+CD25+ 

regulatoryy T cells and adaptive Trl and Th3 cells. The CD4TD25+ regulatory T cells are 

primarilyy associated with the prevention of auto-reactivity (3), although accumulating data 

noww suggest that CD4+CD25+ regulatory T cells may also be involved in the downregulation 

off peripheral responses to pathogens (1,2,4,5). CD4+CD25+ regulatory T cells are generated 

inn the thymus (6) and circulate in peripheral blood as mature and fully differentiated cells (7-

9).. Their suppressive activity is mainly cell contact-dependent and seems to involve CTLA-4 

andd possibly other membrane-bound molecules (10), although the involvement of 

suppressivee cytokines like IL-10 or TGF-p cannot be excluded (1,2,11). Furthermore, 

CD4+CD25++ regulatory T cells can spread tolerance to other T cells via a process called 

infectiouss tolerance (9,12). 

Inn contrast, Trl and Th3 cells form a pool of adaptive regulatory T cells that secrete 

highh levels of IL-10 and TGF[̂ , respectively (13). Trl cells have first been identified by 

expandingg human CD4+ T cells in the presence of IL-10 (14), whereas Th3 cells have 

originallyy been identified in oral tolerance studies (15-17). At present, it is not clear whether 

orr not Tr l cells and Th3 cells are in fact the same type of regulatory T cells that only vary in 

theirr potential to produce IL-10 and TGF-p. Adaptive regulatory T cells have been reported 

toto respond to innocuous foreign antigens (e.g. nickel (18)) and microbial compounds in 

mucosall areas, such as the intestinal mucosa (19). They have also been implicated in long-

termm graft acceptance (20) and as cells reactive to auto-antigens, such as self-MHC 

(21).Otherr studies have demonstrated that human Trl cells can be generated in vitro by 

stimulationn of peripheral CD4* T cells in the presence of IL-10 (22), or by consecutive 

stimulationss of naive T helper (Th) cells in the presence of either high levels of IL-10 plus 

IFNuu (23) or in the presence of the combination of Vitamin D3 and corticosteroids (24). It is 

thereforee postulated that adaptive regulatory T cells, in contrast to the naturally occurring 
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CD4+CD25"" regulatory T cells, can develop from naive Th cells depending on environmental 

conditionss in the affected tissues. 

Dendriti cc  cell s 

Naivee Th cells do not recognize antigen by themselves, but require specialized 

antigen-presentingg cells, i.e. dendritic cells (DC), to respond to antigenic peptides and to 

drivee their development into polarized effector cells. DC ontogeny is heterogeneous, 

comprisingg both myeloid and piasmacytoid DC lineages. Peripheral blood harbors precursor 

plasmacytoidd DC and at least four different subsets of precursor myeloid DC, that all have 

uniquee expression profiles of differentiation antigens and molecules functional in the 

recognitionn and internalization of antigen or the costimulation of naive T cells (25-27). An 

extensivelyy studied subset of DC, the classical myeloid CDllchigh DC, resides in an immature 

formm in the epithelia and connective tissues of skin and mucosal lining of peripheral tissues, 

suchh as the intestines and the lungs, and has a surveillance function to detect pathogenic 

invasion.. Upon encountering pathogens, pathogenic components or the inflammatory tissue 

mediatorss they induce, DC become activated and migrate towards the draining lymph nodes, 

whilee undergoing a maturation process. During this process their antigen uptake and 

processingg capacity is downregulated and replaced by a strong Th cell stimulatory potential 

supportedd by a high expression of antigen-loaded MHC (signal 1) and costimulatory 

moleculess (signal 2) (28). 

Cruciall to the outcome of the response is that mature DC express sets of T cell 

polarizingg molecules (signal 3) that determine the preferential development of naive Th cells 

intoo either polarized Thl or Th2 cells that are specialized to combat particular types of 

invadingg pathogens (29; Kapsenberg NRI, in press). The profile of these T cell polarizing 

moleculess on mature DC is in most cases determined by the type of microbes and the 

inflammatoryy environment they create while being detected by DC in their immature form. 

Ideally,, infection with intracellular pathogens primes for the development of mature DC 

(DC1)) that promote the differentiation of protective Thl cells, whereas infection with 

helminthss primes for the maturation of DC (DC2) that promote the development of 

protectivee Th2 cells. 

Naturall yy  occurrin g regulator y dendriti c cell s 

Increasingg information, to be discussed in the next paragraphs, suggests that certain 

pathogenss associated with chronic infection and certain tissue factors may prime for a third 

subsett of effector DC (regulatory DC) that potently drive the development of adaptive 

regulatoryy T cells. Although myeloid and plasmacytoid DC subsets generally display 

functionall plasticity with respect to their ability to drive different polarized T cell responses in 

bothh man and mouse, some subsets may exhibit distinct features under steady-state 
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conditionss or may show limited plasticity. With respect to the induction of regulatory T cells 

att least three such examples have been described. 

First,, studies with human monocyte-derived DC (moDC) show that in the absence of 

pathogen-drivenn maturation, immature DC drive the development of CD4+ regulatory T cells 

inn vitro and in vivo (30-32). At present, it is believed that classical CDllchigh DC continuously 

migratee as (partially) immature cells to the lymph nodes and induce anergized T cells and 

regulatoryy T cells. These regulatory T cells have a function in immune homeostasis by 

silencingg immune responses to self antigens in order to prevent auto-immunity (30,31,33-

36). . 

Second,, mature human plasmacytoid DC induce Thl responses after priming with 

certainn pathogenic compounds (37-40), but after priming under neutral conditions IL-10-

producingg CD8+ T cells were induced that inhibit the allo-specific proliferation of naive CD8+ 

TT cells (41). Mouse plasmacytoid DC were shown to be able to drive (CD4+) regulatory T cell 

developmentt (42). At present, it is unclear whether microbial and/or tissue-derived factors 

cann prime for an enhanced regulatory potential in plasmacytoid DC. 

Third,, some DC subsets may have a fixed regulatory potential. For example, a 

recentlyy described mouse CD45RBhigh DC subset displaying an immature plasmacytoid-like 

morphologyy and secreting high levels of IL-10 (43), and indoleamine 2,3-dioxygenase (IDO)-

expressingg DC subsets identified in human peripheral blood (44) and in mouse spleen (45), 

alll appear to have a regulatory potential irrespective of microbial or tissue-specific priming. 

However,, at present it is unclear where and to which extent IDO-expressing DC influence 

immunee unresponsiveness in vivo. 

Thee above data not only indicate that DC play a major role in maintaining steady-

statee conditions by inducing the development of regulatory T cells, but also that the control 

off the negative regulatory potential of DC is at least as complex as the control of 

immunostimulatoryy functions. Both functionally plastic and fixed DC subsets can be identified 

thatt ultimately drive the development of regulatory T cells. Based on a fast growing body of 

evidence,, it can be argued that several pathogens and/or tissue factors can actively induce a 

tolerizingg capacity in DC. Here, we will discuss recent developments on these issues, 

focussingg on the role of DC in the differentiation of regulatory T cells propose a concept of 

differentt subsets of regulatory DC adapted to the type of microbial priming or tissue 

imprinting. . 
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Contro ll  of inflammation : the balanc e betwee n positiv e and 
negativenegative  regulatio n 

Dendriticc cells are able to sense pathogens by so-called pattern-recognition receptors 

(PRR),, which recognize molecular patterns within microbial proteins, carbohydrates, lipids or 

nucleicc acids (46). PRR constitute families of different types of evolutionary conserved 

molecules,, including (i) secreted molecules (e.g. collectins, ficolins and pentraxins), (ii) 

membrane-boundd receptors (e.g. Toll-like receptors 1 to 10 (47), C-type lectins (26), 

scavengerr receptors and complement receptors) and (iii) intracellular receptors (e.g. 

nucleotide-bindingg oligomerization domain proteins and protein kinase receptor (48,49). 

Ligationn of PRR on immature DC by pathogens will activate these cells directly and induce 

thee production of pro- or anti-inflammatory mediators, thus contributing to innate immune 

responses.. In addition, the ligation of PRR initiates the maturation and differentiation of 

immaturee DC into effector DC. Pathogens may also induce DC maturation indirectly, as a 

resultt of the pro-inflammatory mediators they induce in various PRR-expressing cell types in 

thee microenvironment of the immature DC, such as the cytokines IL-ip and TNFa. 

Maturee DC can promote adaptive Thl responses via the enhanced production of 

moleculess of the IL-12 family (IL-12, IL-23 and IL-27), IFNu, IL-18 and membrane-bound 

ICAM-11 when they engage naive or uncommitted memory Th cells (50). The factors that 

drivee adaptive Th2 responses are less clear but may include CCL-2 and OX40L (50). The 

balancee in the expression of factors that drive Thl or Th2 cells highly depends on the 

specificc ligation of particular PRR and the type of environmental tissue factors. For example, 

variouss compounds from intracellular microbes, including DNA, RNA, lipopeptides and toxins, 

signall via selected Toll-like receptors (e.g. TLR2, 3, 7 and 9), and prime for effector DC1 that 

promotee the development of Thl cells, protecting the host against intracellular infections. 

Likewise,, environmental (e.g. NK-cell derived) IFN-y (51) or poly I:C-primed keratinocytes 

(52)) may induce the maturation of DC that potently drive Thl responses, whereas exposure 

too tissue-derived prostaglandin E2 induces DC supporting the development of polarized Th2 

cellss (53). 

Whereass the microbial activation of DC and the cells in their environment may result 

inn protective immune responses, this response is counter-regulated via the induction of anti

inflammatoryy mediators, negative costimulation and the development of regulatory T cells 

thatt will protect against excessive host tissue damage. For example, ligation of PPR by 

particularr pathogens (discussed in more detail below) may inhibit the maturation of DC and 

negativelyy affect their T cell stimulatory capacity, accompanied by a selective induction of IL-

100 and a strong downregulation of IL-12 production. Furthermore, immunosuppressive 

tissue-derivedd cytokines, like IL-10 and TGF-p, also prime for high IL-10-producing DC with 

impairedd expression of MHCII and several costimulatory molecules, severely affecting their 

Thh cell stimulatory capacity during their effector stage (54-56). In general, IL-10-primed DC 
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inducee a state of anergy in activated T cells (57-59) and drive the development of regulatory 

TT cells (60,61). Below we discuss several examples that illustrate these principles (Table 1). 

Microbia ll  primin g for regulator y DC 
Althoughh the number of studies describing microbial induction of regulatory DC is 

growing,, the available information is rather incomplete. Some studies have only focused on 

tolerizingg effects on T cell responses, whereas others are restricted to the modulating effects 

onn DC without investigating the ultimate consequence for effector T cell responses. This 

hamperss firm conclusions with respect to ability of pathogens or their compounds to induce 

regulatoryy T cells via specific microbial priming for regulatory DC. In spite of this, during 

infectionn with particular pathogens, a pattern of general immunosuppression can be 

recognized,, associated with the induction of anti-inflammatory mediators, some forms of 

regulatoryy T cells, or modulated DC. 

Toll-l ik ee receptor s (TLR) 

Whereass signaling via various TLR will consistently drive Thl responses (47; 

Kapsenbergg ML, NRI, in press), the outcome of ligation of TLR2 is more diverse and may 

surprisinglyy either result in the development of Thl cells or of regulatory T cells. The 

diversityy of pathogenic compounds that can activate TLR2 can in part be explained by the 

differentt heterodimers that can be formed by TLR2 with TLR1, TLR6 and possibly other TLR. 

Essentially,, TLR2/TLR1 heterodimers recognize tri-acylated lipoproteins from (myco)bacteria 

(62-64)) and their activation induces high levels of IL-12 in DC and macrophages, which lead 

too Thl development (64-67). TLR2/TLR6 heterodimers recognize di-acylated lipoproteins 

fromm mycoplasm, peptidoglycan (PGN) from gram-positive bacteria and zymosan from yeast 

(68-70),, but the functional consequences are less clear. Zymosan and PGN both prime for 

highh IL-10-producing DC (67,71), but surprisingly, zymosan-primed mouse DC support Th2 

differentiation,, whereas PGN-primed mouse DC and human moDC support Thl 

differentiationn (71; Smits et ai., this thesis). These results suggest that IL-10-producing DC 

doo not drive regulatory T cell responses per se. 

SchistosomaSchistosoma mansoni and Yersinia bacteria also ligate TLR2 (Table 1), but are, in 

contrastt to the above described compounds, pathogens that cause chronic infection and are 

associatedd with IL-10 production and generalized immunosuppression. Elegant studies with 

humann moDC revealed that Schistosoma-derived lysophosphatidylserine (lyso-PS) primes for 

maturee DC that drive IL-10-producing regulatory T cells and that this priming is TLR2-

dependentt (72). The lyso-PS-primed mature DC were characterized by decreased IL-12 

productionn and only marginally increased IL-10 production that nonetheless appeared to be 

cruciall for their regulatory T cell-polarizing capacity. However, transwell experiments 

indicatedd that perhaps membrane-bound factors are involved in the generation of regulatory 

TT cells as well (72). Yersinia enterocoiitica-der'wed virulence-associated V antigen (LcrV) 
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inducess IL-10 production in macrophages upon TLR2 binding. This is probably significant 

sincee TLR2- or IL-10-deficient mice are more resistant to Y. enterocolitica infection than wild-

typee mice (73,74). Infection of human peripheral blood DC by whole Y. enterocolitica 

inducedd a full upregulation of CD83 and CD86, but downregulated CD80 and MHCII, 

resultingg in a diminished T cell stimulatory capacity (75). 

Too date, it is unknown whether the unique features of mono-acylated schistosomal 

lyso-PSS and Yersinia! LcrV to induce tolerance follows from recognition by a TLR2 homodimer 

orr by a heterodimer of TLR2 with an unidentified receptor. 

CC typ e lectin s 

AA growing number of C-type lectins is known to be specifically expressed on DC and 

forr many of these lectins their specificity and immunological impact has yet to be unraveled. 

Generally,, C-type lectins recognize carbohydrate structures on pathogens, but also interact 

withh self-glycoproteins. Upon binding, C-type lectins internalize pathogens for processing and 

antigenn presentation (26). Signaling motifs in the cytoplasmatic tails of certain C-type lectins 

suggestt the occurrence of specialized signaling pathways that may be turned on upon 

pathogenn binding. Some recent studies suggest that they may even influence the ultimate 

phenotypee and Th cell polarizing capacity of the affected DC (76). 

Well-studiedd C-type lectins in this respect are the macrophage mannose receptor 

(MMR)) and DC-specific ICAM-3-grabbing non-integrin (DC-SIGN). MMR and DC-SIGN both 

recognizee mannosylated lipoarabinomannans (ManLAM) from the slow-growing 

MycobacteriumMycobacterium tuberculosis, M. leprae and M. bovis BCG (77,78) and an unidentified 

structuree of Candida albicans (79,80) and other pathogens (Table 1). Binding of purified 

ManLAMM to MMR or to DC-SIGN results in inhibition of LPS-induced IL-12 production and 

LPS-inducedd maturation of human moDC and in enhanced expression of IL-10. In contrast, 

wholee mycobacteria appear to have the same DC-SIGN-dependent effect on cytokine 

production,, but do not inhibit DC maturation (77,78,81,82). Although these findings support 

aa role for DC-SIGN in negative signaling and regulatory pathways, the ultimate 

consequencess for T cell polarization have not been elucidated yet. Other in vitro or mouse 

studiess with whole mycobacteria may show opposing and somewhat contradictory results, 

thatt do not always support a dominant role for ManLAM in the final outcome of the 

mycobacteria-specificc immune responses. 

Anotherr ligand of the MMR and DC-SIGN is C. albicans, which can reversibly switch 

betweenn the unicellular yeast form and the filamentous hyphae form, which have different 

functionall consequences for DC priming. The yeast form activates mouse splenic CDllch,gh 

DCC to produce IL-12 and to drive Thl responses, whereas the hyphae form inhibits IL-12 

productionn and Thl priming. Internalization of C. albicans hyphae was only in part (50%) 
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mediatedd by MMR and DC-SIGN and in part by CR3, whereas uptake of the yeast form was 

muchh more dependent (80%) on MMR and DC-SIGN (83). Similar results with respect to DC 

primingg by hyphae and yeast bodies have been reported for Aspergillus fumigatus, although 

forr this particular pathogen, hyphae internalization was mediated by complement receptor 3 

(CR33 or CDllb/CD18) and Fc/R, whereas the yeast entry was mediated by MMR, DC-SIGN 

andd C-type lectins with galactomannan specificity (84). At this stage it is unknown whether 

thee individual or simultaneous ligation of the MMR, DC-SIGN and/or various other C-type 

lectins,, will induce similar effects as reported for purified mycobacterial ManLAM, explaining 

thee above described in vitro results with respect to the hyphae or yeast from C. albicans or 

A.A. fumigatus. 

Collectively,, these data support the general concept that the hyphae form of fungi is 

involvedd in the induction of regulatory T cells via modulation of DC, although the exact 

signalingg pathways leading to such DC phenotypes remain uncertain. 

Othe rr  PRR 

Severall other pathogens can be listed that are associated with general immune 

suppressionn and persistent infection in vivo and that use PRR, other than TLR or C-type 

lectins.. Good examples are measles virus (MV), Plasmodium falciparum, Bordetella pertussis 

andd Hepatitis C virus (Table 1). 

Measless virus induces an acute childhood disease that is associated with a high 

mortalityy rate, due to transitional MV-induced immunosuppression, enabling the 

manifestationn of secondary infections, severely complicating the course of disease (85,86). 

Onee of the cellular receptors of MV is CD46, a complement regulatory transmembrane 

protein.. Ligation of CD46 by envelope haemagglutinin of MV strongly decreases IL-12 

productionn in human moDC and mouse CDllchlQh DC (87) and profoundly inhibits their T cell 

stimulatoryy capacity, despite normal maturation of the affected DC (88-90). Furthermore, 

bindingg of MV-nucleoprotein to the Fcy-receptor on DC gives similar results (90), in analogy 

too FcyR-binding by immune complexes (91,92), probably involving the inhibitory FcyRIIb 

(93,94).. In line with these results, other studies showed that MV-infected mice are more 

susceptiblee to secondary bacterial infections. Although suppressive effects of T cells were not 

investigatedd in these studies, these findings may be explained by the priming for regulatory 

DCC that drive the generation of regulatory T cells, suppressing the activity of other, 

bystanderr T cells (95). 

Thee life cycle of Plasmodium falciparum consists of a liver stage and a blood stage. 

Duringg the blood stage the parasite infects erythrocytes leading to clinical symptoms, 

includingg coma, severe anemia and multi-system failure. Plasmodium-infected erythrocytes 

(iRBC)) directly adhere to human moDC, thereby inhibiting LPS-induced maturation and thus 
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reducingg their capacity to stimulate naive T cells. Instead, a high IL-10 production is induced 

(96).. Binding of iRBC to DC is mediated by the scavenger receptor CD36, which also binds 

apoptoticc cells and regulates DC function to prevent detrimental inflammation (97). This 

systemm is apparently mimicked by iRBC (98). Indeed, mouse iRBC suppress T cell responses 

againstt the initial liver stage by directly targeting DC to induce the secretion of yet 

unidentifiedd inhibitory soluble factors (99). Again, these data suggest a combination of 

generall immune suppression and possibly the presence of regulatory DC, responsible for the 

inductionn of regulatory T cells. 

BordetellaBordetella pertussis causes prolonged and severe disease, which is often complicated 

byy secondary infection and pneumonia, which can be lethal in young children (100). 

Recently,, pathogen-specific Tr l clones have been isolated from the lungs of B. pertussis-

infectedd mice, characterized by high IL-10 production and suppression of Thl cells. The Trl 

cloness were specific for filamentous haemagglutinin (FHA), a virulence factor. FHA does not 

affectt the maturation of mouse DC, but inhibits IL-12 production, induces some IL-10 

productionn and primes for mature DC, driving the development of regulatory T cells, capable 

off blocking Thl responses to secondary, unrelated infections, such influenza virus (101-103). 

Thee exact mechanism by which FHA induces such regulatory DC is unknown. It may be 

speculatedd however that the effects of FHA on DC are mediated via the CD61(vitronectin 

receptor)-CD477 complex and/or CDllb/CD18 (CR3) (104), as both CD47 and CR3-

engagementt inhibit IL-12 production and only allow for partial DC maturation (79,105-107). 

AA last pathogen discussed in this context is hepatitis C virus. Hepatitis C virus gives 

risee to chronic infection and viral persistence in 85% of infected individuals, posing a major 

riskk for the development of liver cirrhosis and hepatocellular carcinoma. The persistence of 

infectionn may again point to immune suppression and the presence of regulatory T cells. 

Indeed,, in hepatitis C virus infected patients IL-10-secreting CD4+ T cells were 

demonstrated,, possibly contributing to local immune suppression (108). Indirect evidence for 

aa role of regulatory DC in the induction of regulatory T cells is provided by in vitro studies 

withh human moDC showing that DC functions, such as maturation, expression of 

costimulatoryy molecules, cytokine production and T cell stimulatory capacity, are severely 

hamperedd upon exposure to Hepatitis C virus core protein and nonstructural protein 3. These 

defectss could not be overcome by an additional LPS stimulation in moDC generated from 

infectedd patients (109-112). 

Collectively,, these findings are all in line with a concept of induction of regulatory DC 

uponn contact with specific pathogens, resulting in the formation of regulatory T cells. 

However,, as regulatory DC can be induced by a large array of different pathogens, the 

questionn remains whether they all have the identical characteristics or have different 

phenotypess with distinct capacities and mechanisms to drive regulatory T cells. 
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Twoo faces of negative regulatory dendritic cells in infection 

Regulator yy imprintin g by tissu e factor s 
Mucosall sites are constantly exposed to foreign antigens and general immune 

tolerancee is desired to prevent detrimental chronic inflammation. Certain local DC may 

contributee to these suppressive processes, as they drive tolerizing immune responses, 

possiblyy imposed by tissue-specific factors modulating DC functions, similar to the above 

describedd pathogens. At mucosal surfaces of e.g. the gut and the respiratory tract elevated 

levelss of TGFp and/or IL-10 are produced in homeostatic conditions by epithelial cells, 

residentt T ceiis or dendritic cells, affecting all cell types present. For example, initial mouse 

studies,, comparing the CDllchigh DC from Peyer's patches (PP) and from spleen, or from the 

lungg and the spleen, revealed that PP-DC and pulmonary DC were IL-12-deficient and 

producedd high amounts of IL-10, whereas spleen DC produced IL-12 without IL-10. As a 

consequence,, PP-DC or pulmonary DC induced enhanced IL-4 and IL-10 and low IFN-y 

productionn in T cells (113,114). More recent studies demonstrated that purified T cells 

isolatedd from PP only produce IL-10 and no other cytokines and inhibit the proliferation of 

otherr T cells, indicating that they have acquired a regulatory phenotype (115). Likewise, 

intranasall OVA-challenge resulted in pulmonary mouse DC driving regulatory T cell 

developmentt in an IL-10 dependent manner, whereas OVA-feeding lead to DC in the 

mesentericc lymph nodes inducing regulatory T cells by the secretion of TGFp (116). 

Strikingly,, despite their regulatory capacities, the DC from both tissues display a normal 

maturee phenotype when they reach the lymph nodes (117). This is in contrast to in vitro 

studiess in which DC are treated with recombinant (r)IL-10 or rIL-10 plus rTGFp, yielding 

immaturee DC with acquired regulatory properties (57,60,61). Therefore, in this stage it 

remainss unclear whether the regulatory capacities of lung or gut DC are acquired by 

imprintingg of local anti-inflammatory tissue factors like IL-10 or TGFp, or that these DC have 

differentt intrinsic T cell polarizing capacities, such as the predominant induction of 

regulatoryy T cells. 

Alsoo at immune privileged sites, such as the anterior chamber of the eye, tolerance 

mustt be induced, to prevent disruptive T cell-mediated inflammation (118). Therefore, the 

mousee anterior eye chamber fluid contains high concentrations of TGF(i2 and 

thrombospondin,, the latter ligating to CD47 and via that route inhibiting IL-12 production in 

locall DC. Also TGFp2 inhibits IL-12 and induces IL-10 production in DC and affects their T 

celll stimulatory capacity (119). Together, trombospondin and TGF-p may create a 

tolerogenicc milieu that imposes regulatory properties on DC, resulting in a high IL-10-

producingg capacity and the total lack of IL-12 and CD40 expression (119,120). When OVA 

wass injected into mouse anterior eye chambers, two distinct populations of regulatory T cells 

weree detected in the spleen (draining organ of the anterior eye chamber): CD4+ T cells that 

suppresss delayed hypersensitivity in naive recipients and CD8* T cells that inhibit delayed 

hypersensitivityy in pre-sensitized recipients (121). At this stage it is unclear which maturation 

statuss the DC have in this experimental setting, when they arrive in the spleen. 
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Itt is evident that tissue-derived factors, such as IL-10 or TGF[}, can have a profound 

effectt on DC function and can prime for the induction of regulatory DC, similar to particular 

pathogens.. It remains to be established to what degree tissue-primed regulatory DC or 

residentt regulatory DC in mucosal areas are related to the different regulatory DC subsets 

inducedd upon microbial exposure. 

Distinc tt  phenotype s of regulator y DC 
Immatur ee and matur e regulator y DC subset s 

Analyzingg the growing body of data on regulatory modulation of DC by various 

differentt pathogens and tissue factors, two distinct regulatory DC subsets can be recognized 

thatt have their own characteristics: immature regulatory DC and mature regulatory DC 

(Figuree 1). The first subset consists of immature DC that have been arrested in their 

maturationn process and that are unresponsive to otherwise optimal maturation inducers, 

suchh as LPS. Although they still have typical immature characteristics, for example the low 

expressionn of costimulatory molecules, they have acquired regulatory features as well, such 

ass a high IL-10/IL-12 production ratio. The T cells induced by such DC are either anergized 

cellss and/or resemble the classical Tr l cells, that produce high levels of IL-10 and display 

suppressivee activity. As discussed above in more detail, this type of arrested immature DC 

mayy develop in response to a range of different pathogens or pathogenic compounds, e.g. P. 

falciparum,falciparum, Hepatitis C virus, and mycobacterial ManLAM. These pathogens can ligate either 

thee scavenger receptor CD36 and/or FcyR, the C-type lectin DC-SIGN or unknown receptors. 

Similarr immature regulatory DC can artificially be generated in vitro by the treatment of 

humann moDC with IL-10 with or without TGF|3, or with pharmaceutical compounds, like 

corticosteroidss (122), VitaminD3 (24) and nacystelyn (123). Also these in vitro generated 

regulatoryy DC can drive anergized or regulatory T cells responses (57,60,61,124). 

Inn contrast to immature regulatory DC, mature regulatory DC express normal levels 

off MHCII and costimulatory molecules. Instead, they produce low levels of cytokines that 

primee for protective Thl and Th2 responses and variable levels of IL-10, which depend on 

thee type of priming pathogen. Despite these variable production levels, IL-10 is consistently 

instrumentall in the development of regulatory Trl cells. Pathogens that do not hamper DC 

maturationn and prime DC for the capacity to promote the development of regulatory T cell 

responsess include S. mansoni, B. pertussis, measles virus and possibly fungi hyphae, as 

discussedd above. Furthermore, DC derived from mucosal areas also display a normal mature 

phenotype,, yet drive regulatory T cell responses. At present it is less clear whether DC 

locatedd in immune privileged sites, such as the anterior chamber of the eye, display an 

immaturee arrested or mature phenotype after exposure to pathogens. The priming for 

maturee regulatory DC can be initiated by ligation of a variety of receptors, including TLR2, 

thee virus receptor CD46 and possibly the C-type lectin DC-SIGN or MMR, CD47 and/or 
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complementt receptor CR3, FcyR, and probably various unknown receptors. The sets of PRR 

thatt prime either for immature or mature regulatory DC are essentially non-overlapping, with 

thee exception of DC-SIGN and FcyR. However, this overlap may be explained by their cross-

regulationn of the positive signals induced by the simultaneous ligation of different PRR, that 

mayy differently affect the ability of the regulatory DC to mature. 

Challengingg the current general opinion, these findings collectively suggest that 

pathogenss or tissue factors do not necessarily have to arrest DC maturation for the priming 

off regulatory DC. Presumably, more and more micro-organisms will be identified inducing 

maturee regulatory DC. For example, various probiotic gutflora bacteria induce IL-10 and 

TGF[}} production in mouse BM-DC and in human PBMC, both associated with a decreased 

potentiall to induce T cell proliferation (125,126). In line with these reports, Lactobacillus 

reuterii and Lactobacillus casei prime for the development of regulatory DC in vitro, driving 

regulatoryy T cell polarization. Upon exposure to these probiotic bacteria, IL-lp and TNFu-

inducedd maturation of moDC is not inhibited, nor high levels of IL-10 production are induced 

inn these cells (H.H. Smits et al.; this thesis). Similarly, also cordycepin, a nucleoside derivate 

foundd in Cordyceps fungi (127,128), and cholera toxin B (CTB), a subunit of cholera toxin 

producedd by Vibrio cholerae, prime human moDC for regulatory T cell development without 

arrestingg their maturation (H.H. Smits and E.C. de Jong et al.; this thesis). 

Moree detailed analysis showed that, in addition to DC-derived IL-10, various 

membrane-boundd molecules may be involved in the induction of regulatory T cells by mature 

regulatoryy DC (72,129). Although the identity of these molecules remains unclear, there is a 

growingg list of candidates, like several novel negative co-stimulatory B7 family members 

(130),, i.e. programmed death-ligand 1 (PD-L1; also known as B7-H1) (131-133) PD-L2 

((134);; also known as B7-H2 or B7-DC), B7-H3 (135; also known as B7RP-2), B7-H4 (136), 

B7S11 (137), or B7x, ligand of BTLA (138), but also inhibitory receptors like receptor activator 

off NF-KB (RANK) (139), immunoglobulin-like transcript 3 (ILT3) and ILT4 (140) or SLAM 

(129).. Considering this wealth of negative regulatory molecules, it may be anticipated that 

furtherr subclassifications for regulatory DC subsets can be made in the near future, probably 

bothh for immature and mature regulatory DC. 
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DC-mediatedd tolerance induction 

Immatur e e 
DC C 

Mycobacteriall MamLAM 
Hepatitiss C virus 

PlasmodiumPlasmodium falciparum 
IL-10/TGFp p 

Ï D CC — homeostasis 

Immatur e e 
regulator yy DC 

iDCr r 
Highh IL-10 

T nn • 

IL-10 0 
Preventionn tissue damage 
Tolerancee to innocuous Ag 

Memoryy development 
Immunee evasion 

BordetellaBordetella pertussis FHA 
LactobacillusLactobacillus reuteri/casei 

Measless virus 
SchistosomaSchistosoma mansoni lyso-PS 

IL-10 0 

mDCrr  Tn 

Matur e e 
regulator yy DC 

Figur ee 1: DC-mediate d toleranc e induction . Immature DC continuously migrate as (partially) 
immaturee cells to the lymph nodes and induce naive T cells (Tn) to become anergized T cells and/or 
regulatoryy T cells. These regulatory T cells have a function in immune homeostasis by silencing 
immunee responses to self antigens in order to prevent auto-immunity. Exposure to particular micro
organismss induces the priming for regulatory DC subsets, capable of actively driving the development 
off microbe-specific regulatory T (Tr) cells. 
Mycobacteriall ManLAM, Hepatitis C virus and Plasmodium falciparum, IL-10 and TGF|i induce 
immaturee regulatory DC, characterized by an arrested maturation with low expression of costimulatory 
molecules,, lack of IL-12 production and high production of IL-10. In contrast, Lyso-PS from 
SchistosomaSchistosoma mansoni, FHA from Bordetella pertussis, measles virus, Lactobacillus reuteri and 
LactobacillusLactobacillus casei all prime for mature regulatory DC, instead. This class of regulatory DC displays a 
maturee phenotype with normal levels of costimulatory molecules and produces low to moderate levels 
off IL-10, functional for their regulatory T cell driving capacity. Possibly, additional (membrane-bound) 
moleculess are involved as well. Adaptive regulatory T cells play an important role in the prevention of 
excessivee immune reactivity of concomitant Thl and Th2 cells. Certain pathogens abuse these 
suppressivee mechanisms to evade anti-microbial responses. 

Differen tt  signalin g pathways ? 

Thee induction of DC differentiation, maturation and cytokine production by pathogens 

requiress activating signals that ultimately lead to the activation of members of the nuclear 

factorr (NF)-K-B family of transcription factors. To date, five members of this family have been 

described:: cRel, RelA, RelB, p50 and p52. They can form a variety of homo- and 

heterodimerss with corresponding differences in NF-KB activity (141). It has become clear 

thatt individual NF-K-B components exert specialized functional roles and are separately 

regulatedd in DC. For example, RelB is implicated in DC differentiation and maturation, 

whereass cRel and/or p50 are required for DC survival and IL-12 production (142-146). 
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Microbiall exposure may lead to selective activation or inhibition of certain NF-KB subunits 

andd result in the generation of different subsets of regulatory DC. 

Att present, little is documented on the signaling cascades initiated by various 

pathogenss engaging different PRR. Nevertheless, it can be speculated that the development 

off regulatory DC may result from the signaling cascade initiated by the exposure to local IL-

100 or by the mere ligation of regulatory PRR, e.g. CD47 or CD36. Alternatively, regulatory 

PRRR may not mediate negative signals by itself, but act only via the cross-regulation of 

concomitantt signaling cascades initiated by stimulatory PRR, normally initiating the 

maturationn cascade. For example, particular probiotic bacteria engage DC-SIGN, that in the 

presencee of the maturation-inducing cytokines IL-ip and TNFu or LPS is crucial for their 

regulatoryy priming of human moDC (H.H. Smits et al, this thesis). In addition, new evidence 

iss emerging that certain TLR signaling cascades, that were originally considered to be 

exclusivelyy stimulatory, may also harbor inhibitory elements that can influence the ultimate 

functionall phenotype of DC. Several inhibitory molecules have recently been described such 

ass the inhibitory adaptor molecule Toll inhibitory protein (Tollip) (147), directly associating 

withh TLR2 and TLR4 and playing an inhibitory role in TLR-mediated cell activation by potently 

suppressingg the downstream activity of IRAK that was initially induced by stimulatory TLR 

adaptorr molecules (148). Likewise, IRAK-M inhibits the dissociation of IRAK and IRAK4 from 

MyD888 and the formation of IRAK-TRAF6 complexes, resulting in abrogated MyD88-

dependentt TLR signaling (149). Suppressor of cytokine signaling-1 (SOCS1) has a similar 

negativee effect as IRAK-M, although the mechanism is presently unknown (150). Single 

immunoglobulinn IL-lR-related molecule (SIGIRR) associates with IL-1R, TLR4, TLR5, TLR 9 

andd TRAF-6. Consequently, SIGIRR-deficient splenocytes are hyperresponsive to LPS, IL-1 

andd CpG DNA, but not TNFa, indicating their functional specificity. SIGIRR forms a complex 

betweenn IRAK and TRAF-6 preventing downstream signaling. 

Thesee findings suggest that microbial priming via particular PRR will selectively 

activatee one or several signaling pathways that, either independently or via cross talk, will 

activatee different sets of NF-KB heterodimers, which in turn may induce the selective 

developmentt of subsets of immature or mature regulatory DC. 

Immun ee evasion : abus e or strategy ? 
Detrimenta ll  tissu e damag e and memor y developmen t 

AA large panel of pathogens may cause persistent infections that sometimes are life

long.. Apparently, during their evolutionary struggle for survival, these pathogens have 

establishedd numerous strategies to evade antimicrobial strategies of the host. Their ability to 

paralyzee the function of DC in the induction of protective effector T cell responses and to 

evenn prime these cells for regulatory T cell development may be an important means of 

immunee evasion, as discussed above. However, it can be questioned whether all the 

177 7 



Twoo faces of negative regulatory dendritic cells in infection 

conditionss leading to regulatory DC modulation are only exploited for immune evasion by 

pathogens,, or may also be part of a balanced system to enable the host to prevent adaptive 

immunee responses to harmless innocuous antigens, self-peptides or apoptotic cell material. 

Inn this respect, negative regulation is a powerful element to anergize effector T cells and to 

preventt excessive detrimental host tissue damage. Furthermore, it can be postulated that 

althoughh early generation of local regulatory T cells will postpone the clearing of the 

infectiouss pathogen, it may also provide time for the host immune system to develop a long-

lastingg memory response, which in turn provides sufficient resistance to reinfection. In fact, 

severall reports support this hypothesis. Both for Leishmania major and for C. albicansloss of 

immunityy to reinfection is documented in IL-10-deficient mice, which was attributed to the 

presencee and action of IL-10-producing CD4+CD25+ T cells. Resistence to reinfection was 

restoredd upon adoptive transfer of CD4+CD25+ T cells to mice with impaired IL-10 activity 

(1,151-153).. Essential in the above disease models is that both the presence of regulatory T 

cellss and the persistence of the pathogen is necessary to generate sufficient memory cells to 

providee resistance to reinfection (154). In addition, persistence of candidiasis is crucially 

supportedd by IL-10-producing DC (153). It therefore seems plausible that the balance 

betweenn resolution of infection by protective T cell responses and tolerance by regulatory T 

celll responses is delicate and can easily be disturbed. This may lead either to insufficient 

numberss of regulatory T cells, unable to support negative regulation of protective immunity, 

orr to an excess of regulatory T cells that prevents the clearing of the infection, finally 

resultingg in the persistence and survival of the pathogen. 

Co-evolutionar yy developmen t of hos t toleranc e 

Anotherr scenario of persistent microbial presence and co-evolutionary tolerance 

developmentt of the host immune system is the commensal colonization of the gut. Bacterial 

colonizationn of the intestine is required for a normal development and regulation of the 

immunee system, as indicated by the finding that germ-free animals show impaired 

developmentt of Peyer's patches and other mucosal immune tissues. Furthermore, oral 

tolerancee to food borne proteins is strongly hampered in germ-free animals. These findings 

suggestt that gutflora bacteria play an important role in the modulation of the host immune 

system,, resulting in negative signals in immune responses to the bacteria themselves and 

innocuouss proteins. Without such adjustments, the generation of antibacterial responses to 

normall gutflora will lead to chronic inflammation. But apparently the host immune system in 

healthyy individuals co-evolves with the appearance of these bacteria, by creating a tolerizing 

cytokinee milieu and by translating signals from low-pathogenic bacteria into negative 

regulatoryy signals. Indeed, several reports suggest that certain probiotic gutflora bacteria 

cann modulate DC functions (125,126) that may lead to the induction of regulatory T cells 

(H.H.. Smits et al., this thesis). In addition, it can be speculated that probiotics may affect the 

tolerancee induction to innocuous proteins via this route, although the precise mechanism still 

remainss to be elucidated. Consequently, a decrease in the diversity of gutflora bacteria types 
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andd the number of exposures would imply a hampered induction of tolerising host immune 

responsess to ubiquitous nonpathogenic antigens, such as allergens, or even self antigens. 

Strikingly,, such an extraordinary phenomenon is presently happening in westernized 

countries,, which indeed may point in this direction. During the past few decades an 

exponentiall increase in the incidence of allergic and even certain organ-specific auto-immune 

diseases,, like type 1 diabetes, is observed (155,156). A popular explanation for this strong 

increasee is provided by the hygiene hypothesis, proposing that the increased incidence of 

allergicc and auto-immune diseases is due to decreased microbial exposure, which cannot 

onlyy be explained by an altered exposure to pathogenic agents, but also by a changed 

compositionn of the commensal microflora, early in life. The hygiene hypothesis would fit the 

speculationn that certain probiotic bacteria are involved in tolerance induction and would help 

too tolerize immune responses to allergens and possibly self peptides. This postulation is 

furtherr supported by studies showing that adoptive transfer of CD4+ T cells, including 

regulatoryy T cells, from Helicobacter hepaticus-infected animals prevents the induction of 

lethall colitis (157). Likewise, treatment of mice with killed M. vaccae protects against allergic 

airwayy inflammation by the induction of allergen-specific regulatory T cells (158). Yet 

anotherr line of support is that feeding newborns with Lactobacillus Rhamnosus GG during 

thee first half year of life significantly reduces the incidence of atopic dermatitis up to four 

yearss of age (159). 

Thee above discussed examples indicate that certainly not all conditions, that result in 

regulatoryy DC modulation, are unconditionally unfavorable and the result of exploitation by 

invadingg pathogens. In fact, some conditions are part of balanced adaptive immunity and 

seemm to be designed to develop tolerance, although certain pathogens may abuse these 

mechanismss for their own benefit. 

Concludin gg remark s 
Inn this review we have discussed current evidence supporting the concept that 

microbiall priming can generate effector DC that drive the development of regulatory T cells. 

Sincee this subject is relatively new, the available information is limited and often incomplete, 

att least for some of the immunosuppressive pathogens. However, the response patterns 

suggestt the occurrence of different subsets of regulatory DC, including an immature and 

maturee subsets, selectively developing as a consequence of distinct exposure to particular 

micro-organismss and/or tissue factors. These subsets appear to have unique mechanisms to 

drivee regulatory T cells, e.g. either by secreting high levels of IL-10 in combination with 

reducedd expression of costimulatory signals, or by secreting low to moderate levels of IL-10, 

eitherr or not in combination with negative costimulatory molecules. At present, little is 

knownn about the specific PRR that prime for these different regulatory DC phenotypes. Only 

aa few reports suggest that particular PRR are associated with the generation of either one of 

thee subsets. Essentially the PRR linked to the different regulatory DC subsets are non-
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overlapping.. So far, only speculations can be made about the origin of the different 

regulatoryy DC subsets and it remains to be investigated whether they have distinct functions, 

apartt from their well-documented overlapping roles in protective immunity. 
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Summar y y 

Adaptivee immunity protects against infection and relies on the generation of different 

effectorr immune cells, specialized in the clearing of particular types of pathogens. Optimally, 

typee 1 responses are instrumental in the defense against intracellular micro-organisms and 

typee 2 responses are essential in the clearing of helminthic infections. However, aberrant or 

chronicc adaptive immune responses may form a potential threat to host tissues. Negative 

regulationn of adaptive immunity is required to prevent excessive inflammation and is 

thereforee a key element in the prevention of auto-immunity and allergy. Dendritic cells (DC) 

playy a central role in determining the different classes of adaptive immunity, by virtue of the 

expressionn of particular sets of polarizing molecules, driving either T helper (Th) 1 cells, Th2 

cellss or regulatory T cells. The nature of the T cell polarizing capacity of DC is dictated by 

microbiall or tissue-specific information encountered in the peripheral tissues. 

Inn general, the studies in this thesis focus on the modulation of either established 

effectorr T cells, in particular Th2 cells dominating in allergic diseases, or on the modulation 

off naive precursors that may precede the development of allergic diseases in young children. 

Inn the studies of the modulation of existing effector Th2 cell responses, special attention was 

attributedd to the role of the strong Thl-polarizing factor IL-12 and the T cell responsiveness 

too this factor. In the second part of the studies, the influence of microbial priming on the 

naivee Th cell-polarizing capacity of dendritic cells was investigated in the context of the 

hygienee hypothesis. 

Inn chapte r 2 the stability of the phenotype of fully polarized Th2 cells and their 

susceptibilityy to the Thl-driving cytokine IL-12 were investigated. Although Th2 cells are 

initiallyy unresponsive to IL-12 as a result of the lack of the signaling p2 chain of the IL-12R, 

restimulationn of these cells in the presence of IL-12 resulted in stably reverted Thl/ThO cells 

withh fully restored IL-12R[}2 expression and IL-12-responsiveness. Crucial in this respect is 

thatt human IL-12R{32 expression is transient and subject to regulation upon each 

restimulation.. Consequently, IL-12-unresponsiveness can only be maintained in the 

continuouss absence of IL-12 and presence of IL-4. Therefore, the data suggest that local IL-

122 levels rather than the initial phenotype are ultimately decisive for the stability of the 

polarizedd Th2 phenotype. It is unlikely that a situation with elevated levels of IL-12 may 

occurr in a fully type 2 polarized cytokine milieu in the lymphoid tissues of allergic patients, 

butt the data suggest that IL-12-promoting therapy may be beneficial in the treatment of 

allergicc diseases. Chapte r 3 describes the paradoxical finding that IL-4, just like IFNy, can 

inducee the production of IL-12 in immature DC, although it inhibits the production of the IL-

12p400 subunit. This finding suggests that induction of IL-12 production in a peripheral type 2 

cytokinee milieu may still occur, and leads to repolarization of effector Th2 cells in vivo. 
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Chapte rr  4 gives an overview of the characteristics of polarized Th2 cells and the 

repolarizingg capacity of IL-12. Furthermore, IL-12-promoting therapies to target (ongoing) 

allergicc diseases are discussed. 

Inn view of the above findings and in the context of the hygiene hypothesis, 

alternativee mechanisms were explored that can drive Thl responses in the absence of IL-12, 

ass newborns, with or without a high risk to develop allergic diseases, still have an 

undevelopedd IL-12-producing capacity and may need such alternative mechanisms to drive 

earlyy Thl responses. Chapte r 5 describes the development of Thl cells by the ligation of 

LFA-11 on naive Th cells by ICAM-1 on DC, which was demonstrated in a model for virus-

infectedd DC. This mechanism was overruled by polarizing cytokines and only played a role in 

thee absence of IL-12 and IL-4. As such it may operate under low cytokine conditions in 

newborns.. The hygiene hypothesis assumes that the exponential rise in childhood allergy is 

duee to a decreased or changed microbial exposure early in life. Negative associations in this 

respectt have been described for e.g. the intestinal microflora. DC are the major cell types to 

determinee the outcome of Th cell polarization and their Th cell polarizing capacity is 

influencedd by microbial priming. Therefore, the study described in chapte r 6 investigated 

thee priming effects of gutflora bacteria, both including Gram-negative and Gram-positive 

species,, on the Th cell polarizing capacity of DC. Gram-negative bacteria appeared to prime 

monocyte-derivedd DC (moDC) for an enhanced Thl polarizing capacity, whereas Gram-

positivee bacteria did not seem to change the Th cell polarizing capacity of DC, at least not in 

termss of Thl or Th2 development. Elevated mRNA levels of IL-23 and IL-27, but not IL-12, 

observedd in Gram-negative bacteria-treated DC suggested a putative role in Thl 

developmentt for these novel IL-12 family members. However, the concept of a desired Thl 

developmentt to counter-balance neonatal Th2 cell responses is gradually overtaken by the 

ideaa that regulatory T cells, instead, may counter regulate neonatal Th2 cell responses. In 

supportt of this novel view, the hygiene hypothesis is now explained by insufficient negative 

regulationn of hyper-inflammatory processes (e.g. allergic responses) due to a decreased 

microbiall exposure. In addition, certain Gram-positive gutflora bacteria, so called probiotics, 

ratherr than Gram-negative gutflora bacteria, have been reported to reduce either the onset 

orr the severity of the symptoms of allergic diseases. These findings cannot be explained by 

ann increased drive for Thl responses. 

Inn search for novel microbial candidate adjuvants that induce negative regulation and 

thereforee may be useful in the treatment of allergic or auto-immune diseases, several 

compoundss were investigated in chapte r 7 for their capacity to prime DC for the instruction 

off regulatory T cell development. Cordycepin (a 3'-deoxyadenosine derived from the fungus 

Cordyceps)Cordyceps) and cholera toxin B (a toxin subunit produced by the bacterium Vibrio cholerae) 

bothh primed mature moDC to drive the development of regulatory T cells, in part mediated 

byy DC-derived IL-10 (cordycepin) or by a yet unknown membrane-bound molecule (cholera 

toxinn B). Furthermore, Chapte r 8 demonstrates that the probiotic bacteria Lactobacillus 

reuterireuteri and Lactobacillus case/, but not Lactobacillus plantarum, primed moDC for the 
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developmentt of regulatory T cells via binding of the C-type lectin DC-specific ICAM-3 

grabbingg non-integrin (DC-SIGN). This is in line with the hygiene hypothesis stating that 

certainn micro-organisms, in particular probiotic bacteria, may induce negative regulation, and 

mayy reduce susceptibility to develop allergic diseases. Chapte r 9 merges the findings of the 

lastt chapters and recent literature data into the concept that exposure to microbial and 

tissue-specificc signals can prime for the generation of either immature or mature regulatory 

DCC subsets that can drive the development of regulatory T cells. These DC subsets appear to 

exploitt unique mechanisms to drive regulatory T cells. It remains to be established whether 

theyy have distinct functions, apart from their overlapping roles in protective immunity. 
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Hett menselijk lichaam wordt voortdurend blootgesteld aan allerlei potentiële 

ziektenverwekkers,, zoals bacteriën, virussen, schimmels of parasieten, die via de huid, de 

luchtwegenn of het maag-darmstelsel binnen proberen te dringen. Als bescherming tegen 

dezee ziektenverwekkers heeft het menselijk lichaam een afweersysteem ontwikkeld, het 

zogehetenn immuunsysteem. 

Hett immuunsysteem kent twee belangrijke mechanismen om bescherming te 

bewerkstelligen,, namelijk een niet-specifieke afweerreactie en een specifieke afweerreactie. 

Hett niet-specifieke mechanisme komt heel snel op gang en is gericht op het zo veel mogelijk 

beperkenn van de verspreiding van binnendringende micro-organismen. De specifieke 

immuunreactiee komt veel langzamer op gang, maar activeert een hele cascade van effector 

immuuncellen,, die zich specifiek richten op het vernietigen van het binnendringende micro

organisme.. Het is duidelijk dat het bestrijden van microbiële ziektenverwekkers die zich in de 

cellenn van de weefsels genesteld hebben een andere aanpak behoeven dan micro

organismenn die zich tussen de cellen bevinden. Deze verschillende typen specifieke 

afweerreactiess worden aangeduid met type 1 en type 2 immuunreacties. 

Hett optreden van specifieke immuunreacties kan echter ook een bedreiging vormen 

voorr de weefsels van de gastheer zelf, bijvoorbeeld wanneer de reacties zich richten tegen 

eigenn weefsels of wanneer er langdurige of overdreven heftige reacties optreden tegen 

onschuldigee omgevingsstoffen. Wanneer deze immuunreacties niet of onvolledig worden 

gecontroleerdd kunnen respectievelijk auto-immuunziekten of allergieën ontstaan. Verder is 

hett van belang dat in gang gezette specifieke afweerreacties ook weer gestopt worden op 

hett moment dat de potentiële ziektenverwekker verwijderd is, teneinde onnodige schade aan 

dee weefsels van de gastheer te voorkomen. Dit wordt bewerkstelligd door middel van 

remmendee processen. 

Eenn centraal celtype in de aansturing van de bovenbeschreven immuun activerende 

enn remmende processen is de dendritische cel. Dendritische cellen bevinden zich overal in 

hett lichaam op grensvlakken met de buitenwereld en dus daar waar potentiële 

ziektenverwekkerss zullen proberen binnen te dringen, zoals in de huid, de longen of het 

maag-darmstelsel.. De functie van deze cellen is dan ook alarm te slaan wanneer een 

verdachtt micro-organisme naar binnen probeert te dringen. Dendritische cellen zijn specifiek 

toegerustt met antennes (zgn. receptoren) om deze micro-organismen te herkennen. Na 

activatiee van deze receptoren zullen de dendritische cellen zich losmaken uit het weefsel en 

zichh naar de weefsel drainerende lymfeklieren laten afvoeren alwaar ze de cascade van 

specifiekee immuunreacties, gericht tegen dit micro-organisme, zullen starten. Tijdens deze 
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reiss ondergaan dendritische cellen een sterke en definitieve verandering. Alle receptoren die 

gerichtt zijn op de herkenning, de opname en het afbreken van microbiële componenten 

verdwijnen.. Daarentegen zullen de dendritische cellen kleine stukjes van het opgenomen 

micro-organismee op hun celoppervlak presenteren en ontwikkelen ze eigenschappen die 

zorgdragenn voor de activatie van juiste type immuunreactie. Afhankelijk van het type micro

organismee dat de dendritische cellen in de perifere weefsels hebben opgenomen, worden 

dezee eigenschappen dusdanig ontwikkeld dat een type 1, een type 2 of een remmende 

immuunreactiee aangestuurd zal worden. 

Aann het begin van de cascade van immuuncellen, die deze verschillende typen 

specifiekee immuun reacties ten uitvoer brengen, staan de zogenaamde T helper (Th) cellen. 

Dezee cellen dragen op hun cel oppervlak receptoren die specifiek de kleine stukjes van de 

micro-organismenn herkennen, die door de dendritische cellen worden aangedragen. Het 

menselijkee lichaam bevat een uitgebreid repertoire van deze Th cellen die ieder een unieke 

receptorr bezitten, gericht tegen een uniek stukje lichaamsvreemd materiaal. Tesamen zijn ze 

inn staat om op nagenoeg elk willekeurig lichaamsvreemd materiaal te reageren. In de 

weefsell drainerende lymfeklieren bevinden zich ongedifferentieerde (naïeve) Th cellen. 

Dendritischee cellen, die lichaamsvreemd materiaal van potentiële ziektenverwekkers hebben 

meegenomen,, zullen dit vervolgens aan die Th cellen presenteren, die er de juiste 

receptorenn voor bezitten. Tijdens dit proces, waarbij de Th cel wordt geactiveerd, scheiden 

dee dendritische cellen signaalstoffen (cytokinen) om de differentiatie van de Th cellen te 

sturenn en af te stemmen op het type infectie. Op deze wijze kunnen effector Th cellen 

wordenn aangemaakt, die ofwel type 1 immuunreacties (Thl cellen), type 2 immuunreacties 

(Th22 cellen) of remmende immuunreacties (regulatoire T cellen) zullen uitvoeren. 

Dee studies beschreven in dit proefschrift zijn gericht op (i) de modulatie van de 

functiee van reeds bestaande effector Th cellen, met name van Th2 cellen die domineren in 

allergischee ziekten, maar ook op (ii) de modulatie van nog ongedifferentieerde naïeve Th 

cellen.. In het onderzoek naar de modulatie van reeds bestaande effector Th2 cellen is vooral 

aandachtt geschonken aan de bijdrage van de signaalstof Interleukine-12 (IL-12), dat 

geproduceerdd wordt door dendritische cellen en een sterke Thl-differentiërende werking 

heeftt op geactiveerde naïeve Th cellen. In de studies naar de modulatie van naïeve Th cellen 

is,, in het kader van de zogenaamde hygiëne hypothese, de invloed van verschillende 

microbiëlee componenten onderzocht op de capaciteit van dendritische cellen om 

verschillendee typen effector T cellen te laten onstaan, die op hun beurt verschillende typen 

immuunreactiess kunnen aansturen. 

Inn Hoofdstu k 2 worden experimenten beschreven waarin de stabiliteit van volledig 

uitgedifferentieerdee effector Th2 cellen en hun gevoeligheid voor het Thl-sturende cytokine 

IL-122 werden onderzocht. Th2 cellen worden tijdens hun ontwikkeling ongevoelig voor IL-12, 

omdatt de aanmaak van een onderdeel van de receptor voor dit cytokine, de IL-12 Receptor 

p22 (IL-12Rf52) keten, wordt geremd. Door deze conditie lijken Th2 cellen vast te zitten in een 

roll die aanleiding geeft tot allergische aandoeningen. Aangetoond werd echter dat door 
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herhaaldee stimulatie van Th2 cellen in aanwezigheid van IL-12 de aanmaak van de IL-12Rp2 

keten,, en daarmee de gevoeligheid voor IL-12, kon worden hersteld. Hiermee werd ook de 

allergie-gerelateerdee functie van deze cellen, te weten de hoge aanmaak van de Th2 

cytokinee IL-4 en de lage aanmaak van de Thl cytokine interferon (IFN)-y, grotendeels 

gecorrigeerd.. De aanmaak van de IL-12Rp2 keten blijkt dus bij elke hernieuwde T cell 

stimulatiee weer opnieuw onderhevig te zijn aan regulerende signalen uit de omgeving, in het 

bijzonderr van IL-12. De resulaten van deze studie suggereerden dat verhoging van de 

hoeveelheidd IL-12 in de lymfeklieren van allergische patiënten de allergische type 2 reactie 

zouu kunnen reduceren. Hoofdstu k 3 beschrijft de paradoxale bevinding dat het Th2 

cytokinee IL-4, net zoals het Thl cytokine IFNy, de productie van IL-12 kan verhogen in 

dendritischee cellen zoals die in de weefsels voorkomen. Deze bevinding suggereert dat in 

eenn Th2 cytokine milieu wel degelijk de productie van IL-12 geïnduceerd kan worden, mits 

err geen weefselfactoren aanwezig zijn die alsnog de productie van IL-12 blokkeren. Het is 

nogg onduidelijk of deze lokale IL-12 productie in de weefsels kan leiden tot essentiële 

veranderingenn van uitgedifferentieerde Th2 cellen. Hoofdstu k 4 geeft een overzicht van de 

eigenschappenn van uitgedifferentieerde Th2 cellen en de effecten van IL-12 op dit celtype. 

Tevenss wordt besproken in hoeverre IL-12-bevorderende therapieën van nut zouden kunnen 

zijnn voor de behandeling van (chronische) allergische ziekten. 

Hett immuunsysteem van pasgeboren kinderen is nog niet volledig ontwikkeld en 

wordtt gekenmerkt door afwezigheid van IL-12 en een overwegend type 2 karakter. Dit wordt 

verklaardd doordat type 1 responsen tijdens de zwangerschap schadelijk zijn voor de foetus. 

Aangezienn de dominantie van type 2 cellen het risico met zich mee brengt dat allergische 

ziektenn zich kunnen ontwikkelen, is het van belang zo snel mogelijk na de geboorte deze 

verstoordee balans te herstellen en de ontwikkeling van Thl cellen te bevorderen. Daarom 

werdd onderzocht of er alternatieve mechanismen bestaan die, in afwezigheid van IL-12, toch 

kunnenn leiden tot de ontwikkeling van Thl responsen. Hoofdstu k 5 beschrijft dat Thl 

cellenn zich daadwerkelijk kunnen ontwikkelen in afwezigheid van IL-12, gestuurd door de 

interactiee tussen celoppervlak moleculen, te weten leukocyte function-associated molecule-1 

(LFA-1)) op naïeve T cellen en intercellular adhesion molecule-1 (ICAM-1) op dendritische 

cellen.. Dit mechanisme speelt alleen een rol onder omstandigheden waarin lage 

hoeveelhedenn cytokines aanwezig zijn, zoals tijdens de eerste immuunreacties in 

pasgeborenen,, aangezien de sturende cytokines IL-12 en IL-4 dit systeem volledig 

overheersen. . 

Sindss de Tweede Wereldoorlog vindt er vooral in westerse landen een exponentiële 

toenamee plaats van de ontwikkeling van allergische ziekten onder jonge kinderen. Deze 

plotselingee toename kan niet verklaard worden door genetische veranderingen. Een 

alternatievee verklaring die steeds meer aanhang krijgt is de hygiëne hypothese, die stelt dat 

dee exponentiële stijging in het vóórkomen van kinderallergieën veroorzaakt wordt door een 

verminderdee blootstelling aan bepaalde micro-organismen gedurende de eerste levensfase. 

Belangrijkk in dit verband zijn met name bacteriën die de darmen van pasgeborenen 
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koloniseren.. De cellen die bij uitstek in contact komen met dergelijke micro-organismen en 

alss gevolg daarvan bepalen wat voor type immuunrespons er optreedt in reactie op deze 

infecties,, zijn de dendritische cellen. Daarom is in Hoofdstu k 6 onderzocht wat de 

modulerendee werking is van verschillende typen darmflora bacteriën op de T cel sturende 

eigenschappenn van dendritische cellen. Uit deze studie bleek dat met name een bepaalde 

groepp bacteriën, de zogenaamde Gram-negatieve bacteriën, de dendritische cellen aanzetten 

tott het sturen van Thl cel ontwikkeling, terwijl Gram-positieve bacteriën geen effect hadden 

opp dendritische cellen. Het is echter twijfelachtig of deze Thl sturing gewenst is. De 

gedachtee dat een snelle Thl ontwikkeling in pasgeborenen een tegenpool biedt voor 

neonatalee Th2 reacties wordt namelijk langzaam maar zeker verlaten en overgenomen door 

hett concept dat neonatale Th2 reacties eigenlijk beter kunnen worden onderdrukt om 

chronischee weefselschade te voorkomen. Dit zou kunnen worden bewerkstelligd door 

remmendee immuunreacties van zogenaamde regulatoire T cellen. Parellel aan deze 

gedachteverschuivingg gaat de hygiëne hypothese er nu dan ook van uit dat een verminderde 

microbiëlee blootstelling leidt tot een verminderde stimulatie van remmende immuunreacties. 

Momenteell wordt veel internationale aandacht geschonken aan het zoeken naar microbiële 

componentenn die dendritische cellen zodanig beïnvloeden dat ze ongewilde 

ontstekingsreakties,, zoals auto-immuunreacties, allergische reacties en afstoting van 

transplantaties,, kunnen remmen. 

Inn de studie beschreven in Hoofdstu k 7 werden de microbiële componenten 

Cordycepinn (afkomstig van de schimmel Cordyceps, en veelvuldig gebruikt in de traditionele 

Chinesee geneeskunde) en cholera toxine B (afkomstig van de bacterie Vibrio cholerae) 

onderzochtt op hun immuunregulerende eigenschappen. Beide stoffen bleken dendritische 

cellenn aan te zetten tot het sturen van de ontwikkeling van regulatoire T cellen. Deze 

bevindingenn suggereren dat deze stoffen mogelijk interessant zijn voor de ontwikkeling van 

nieuwee therapieën binnen transplantatiedoeleinden of ter bestrijding van auto-immuun of 

allergischee ziekten. In dit kader werd door andere laboratoria gevonden dat bepaalde Gram-

positievee bacteriën, in tegenstelling tot Gram-negatieve bacteriën, een gunstig effect hebben 

opp het verloop of zelfs de preventie van bepaalde allergische ziekten. In overeenstemming 

mett deze bevindingen wordt in Hoofdstu k 8 beschreven dat bepaalde probiotische Gram-

positievee bacteriën, Lactobacillus reuteri en Lactobacillus casei, maar niet Lactobacillus 

plantarum,plantarum, dendritische cellen aan zetten tot de ontwikkeling van regulatoire T cellen. Deze 

immuunregulerendee invloed van L reuteri en L casei leek specifiek te verlopen via de 

bindingg van deze bacteriën aan de receptor 'dendritic cell specific ICAM-3 grabbing non-

integrin'' (DC-SIGN) op de dendritische cellen. Dit effect zou de positieve werking van 

sommigee probiotische bacteriën op het reduceren van allergische ziekten bij jonge kinderen 

kunnenn verklaren. 

Hoofdstu kk 9 plaatst de bevindingen in de Hoofdstukken 6 tot en met 8 in een 

brederr perspectief van recent gepubliceerde gegevens, waarbij de nadruk gelegd wordt op 

microbiëlee of weefselafkomstige componenten die dendritische cellen de eigenschap kunnen 
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gevenn om specifiek de ontwikkeling van remmende regulatoire T cellen te bevorderen. Zo 

blijktt ondermeer dat verschillende subtypen van dendritische cellen onderscheiden kunnen 

worden.. Verder onderzoek moet uitwijzen of deze subtypen nog unieke eigenschappen en 

functiess hebben. 
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Dankwoor d d 

Hett schrijven van dit dankwoord is een heel speciaal moment voor mij, niet alleen 

omdatt er nu echt niks anders meer te schrijven valt aan dit proefschrift, maar ook omdat het 

eenn afsluiting van een decennium voor mij betekent. Ik kan me voorstellen dat dit bij de 

meestee mensen wat vraagtekens oproept, maar gaandeweg de stroom mensen die ik 

allemaall moet bedanken voor hun enorme inzet en steun om dit proefschrift tot een feit te 

maken,, zal het allemaal wel duidelijk worden. 

Laatt ik beginnen met de meest recentelijke gebeurtenissen. Ik denk dat weinig 

mensenn zich zo gelukkig kunnen prijzen met hun promotor als ik. Zeker in de laatste fase 

vann mijn promotieonderzoek heb ji j, Martien, je ontzettend bemoeid en ingezet voor de 

continueringg en goede afloop van dit onderzoek. Je was letterlijk dagennacht bereikbaar en 

err zijn dan ook ontelbare e-mailtjes heen-en-weer gegaan. Dit was een hele grote drive voor 

mijj om er toch weer tegenaan te gaan en het allemaal tot de bodem uit te pluizen. Ik ben 

heell blij dat ik de afgelopen 6 jaar in jouw groep heb mogen vertoeven en alle 

wetenschappelijkee kwaliteiten die ik in die periode heb vergaard heb ik dan ook volledig 

hieraann te danken. Ik zal met heel veel plezier (en waarschijnlijk ook weemoed op z'n tijd) 

hieraann terug denken. 

Ikk heb niet alleen geluk gehad met mijn promotor, maar ook mijn copromotor. Eddy, 

jee bent een kei. Niet alleen op wetenschappelijk gebied, maar ook nog eens op sociaal 

gebied.. Ondanks de strubbelingen die elk promotieonderzoek tussen promovendus en 

dagelijksee begeleider met zich mee brengen, heb jij altijd de vrede tussen ons weten te 

bewaren,, zelfs op momenten, dat ik het niet gemakkelijk voor je maakte. Wat moet je af en 

toee geleden hebben onder mijn koppigheid en (in)flexibiliteit .... Gelukkig heb je je altijd 

meerr als een collegiale vriend dan als een strenge begeleider opgesteld, waardoor ik het 

gevoell had mijn eigen 'ei' kwijt te kunnen en het toch allemaal gezellig bleef. Ik heb 

bewonderingg voor je capaciteiten om ingewikkelde concepten eenvoudig op papier te 

verwoordenn en ik hoop dat ik daar een klein beetje van jou heb meegekregen. Ik zal het 

enormm missen dat ik in de toekomst niet meer stukjes tekst bij je neer kan leggen, waarvan 

jijj dan weer een krachtig verhaal van weet te maken, zodanig datje er tranen van in je ogen 

krijgt. . 

Afgezienn van Eddy en Martien, is er nog een iemand uit de wetenschappelijke hoek 

diee mijn promotie van A tot Z heeft meegemaakt. Esther, jij vond mij in het begin een beetje 

bijdehandd voor iemand die net kwam kijken en je vond dat ik best wat meer respect voor je 

konn tonen, want jij was tenslotte een postdoc. Dat was pech, wat ik vind dat je respect niet 

kuntt krijgen, maar moet verdienen. Echter al snel ontpopte jij je tot een supergezellige en 

supersocialee collega, die het absoluut geen probleem vond om wat extra dingetjes voor 

iemandd anders te doen zonder hier onmiddellijk wat terug voor te verwachten. Inmiddels 

werkenn wij als een supergoed team samen en weten we er hopelijk iets leuks eruit te slepen. 
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Jee bent in de tijd niet alleen een leuke collega, maar ook een goede vriendin 

geworden,, waarbij het woord 'respect hebben voor' niet meer geheel op z'n plaats zou zijn! 

Ikk zal je enorm missen, maar wie weet wat de toekomst in petto heeft! 

Anna,, aan jou bewaar ik ook goede herinneringen. In dezelfde periode begonnen, 

zelfdee copromotor, maar heel ander onderzoek en toch altijd dikke pret. Je was samen met 

Estherr een belangrijke motor tot het organiseren van 'buitenschoolse activiteiten', dat is nu 

well te merken nu je ergens anders werkt... Ik mis je nu al! 

Inn de afgelopen periode zijn velen voor mij gepromoveerd bij ons in de groep en dit 

heeftt mij een grote steun gegeven dat er nog meer soortgenoten waren om samen over dito 

problemenn te klagen, maar ook om samen te lachen en nog leuke dingen buiten labtijd te 

doen:: Marco, Cristina, Pedro, Jeanine, Heleen bedankt voor jullie gezelligheid en 

collegialiteit.. Inmiddels is er weer een nieuwe garde: Lianne, Kirsten, Ellen en Astrid, jullie 

hebbenn het gat goed opgevuld en ook gezorgd voor een gezellige tijd (althans voor mij). 

Success met jullie promotieonderzoek! Kwestie van een lange adem ... als je maar lang 

genoegg blijft zitten dan haalt iedereen de eindstreep. 

Inn de beginfase van mijn promotieonderzoek waren Catharien en Pawel nog in de 

groep.. Toen heb ik naar hartelust van jullie capaciteiten en kennis geprofiteerd, waar ik vaak 

heell erg door geïmponeerd was. Bedankt voor de tijd die jullie aan een onwetend eerstejaars 

AIOO hebben besteedt. 

Ikk wil een aantal analisten toch zeker niet ongenoemd (en ongeroemd) laten. Frank, 

ikk heb altijd enorm veel lol met je gehad en bewondering voor de manier waarop jij in korte 

tijdd veel werk verzette, iets wat niet iedereen altijd even goed door had. Joost: de grote 

steunn en toeverlaat op ons lab. Nooit te beroerd om iets af te maken of uit te zoeken. Je 

ideeënn op gebied van flowcytometry zijn goud waard. Ik zal dat in de toekomst zeker 

missen,, maar hoop dat ik nog wel eens bij je mag aankloppen! Robert, je hebt mij in de 

laatstee fase van mijn onderzoek super uit de brand geholpen en ik vind het fantastisch hoe 

serieuss en nauwgezet je mij met een stukje onderzoek geholpen hebt. Heel erg bedankt. 

Kim,, nooit was het jou teveel om bacteriën te kweken, wanneer ik heb ook aan je vroeg. Fijn 

datt je zo flexibel bent. Nu mag ik ons labengeltje natuurlijk niet vergeten ... Toni, je bent 

absoluutt je gewicht in goud waard. Het was zo heerlijk dat je altijd zonder te morren, zelfs 

zonderr dat ik het je hoefde te vragen, allerlei kleine 'kut'-klusjes uit mijn handen nam op het 

momentt dat ik het erg druk had. Zonder jou was het allemaal een stuk moeizamer gegaan. 

Bedankt! ! 

Wee hebben niet alleen een labengeltje, maar ook een secretarieel engeltje! Trees, 

bedanktt voor je hulp met de typemachine, het kopiëren, versturen van briefjes en allerlei 

ontelbaree kleine dingetjes tussendoor. 

Ikk heb hierboven alleen met naam en toenaam degenen genoemd die voor mij een 

belangrijkee bijdrage hebben geleverd, wat niet betekent dat andere collega's (die misschien 

niett genoemd zijn) ook zo hun steentje hebben bijgedragen. Ik wil daarom iedereen bij 

Celbiologiee bedanken voor hun inzet en gezelligheid. 
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Naastt 'interne' collega's heb ik ook goede herinneringen aan vruchtbare 

samenwerkingenn met collega's in het veld. Om de belangrijksten te noemen: Claudia 

Verhagen,, Marcel den Hartog en Antonio Ortiz Buijsse, Cor Verweij en Tineke van der Pauw 

Kraan,, Catharien Hilkens (nu vanuit Londen), Henk Schallig en Nel Kroon, Henri de Vries en 

Williamm Faber, Maarten Hoekstra, Patricia van de Graaff en Grada van Bleek, Christina Hessle 

enn Agnes Wold, Bas Zaat, Desiree van der Kleij en Maria Yazdanbakhsh, en Theo 

Geijtenbeek,, Anneke Engering en Yvette van Kooyk. Ook jullie allemaal hartelijk dank voor je 

beiangsteiiingg en hulpvaardigheid gedurende één of meerdere fases in mijn promotie

onderzoek. . 

Hett begin van een AIO-baan is voor veel mensen een nieuwe start, echter ik had nog 

eenn verleden ... Aangezien ik niet kersvers van de universiteit kwam rollen, had dit voor mij 

watt meer voeten in aarde. Eerst heb ik de HLO gevolgd, om daarna te gaan werken en in 

deeltijdd Biologie te gaan studeren. Dit kost natuurlijk tijd en vergde soms nog wel eens wat 

aanpassingenn van mijn toenmalige collega's. Als eerste wil ik Pieter Hiemstra, mijn 

toenmaligee directe baas, bedanken voor de mogelijkheid om deze studie met het werk te 

combineren.. Zonder dat had ik nooit zo snel aan dit promotieonderzoek kunnen beginnen. 

Ookk wil ik de beide promovendi, Katrien Grünberg en Hans in 't Veen, voor wie ik de 

klinischee studies moest ondersteunen, bedanken voor hun begrip en inzet om de afspraken 

mett proefpersonen dusdanig te plannen dat ik toch naar college kon of vrij kon nemen om 

voorr een tentamen te leren. Een heel enkele keer lukte dit niet, maar gelukkig wilde Sylvia 

dann altijd voor mij invallen. Fantastisch! Zonder dit begrip en deze behulpzaamheid zou ik 

nooitt in zo'n korte tijd tot het voltooien van de Biologiestudie zijn gekomen en dus ook niet 

tott dit promotieonderzoek. 

Wee zijn inmiddels negen jaar terug in de tijd beland. Ik wil nog één periode noemen 

diee naar mijn idee heeft bijgedragen tot de stap naar de wetenschap en dit 

promotieonderzoek.. Tijdens mijn HLO-opleiding heb ik stage gelopen bij TNO in Leiden in de 

groepp van Jan Verheijen. Toen ik daar begon zag ik het als een noodzakelijk kwaad om mijn 

opleidingg te kunnen voltooien en om daarna iets heel anders te gaan doen, wat ik vond het 

eenn afschuwelijke opleiding. Gelukkig is de praktijk heel anders dan de opleiding en al snel 

hadd ik het enorm naar mijn zin. Ik werd aan alle kanten in de watten gelegd door Karel 

Ronday,, toen zelf net begonnen met zijn promotieonderzoek, en Paul Quax, toen 

projectleiderr in de groep bij Jan. Bovendien was er een hele club Biomedische 

Wetenschappenn studenten, zodat het altijd een gezellige boel was. Al snel had ik door dat 

hett traject van een promotieonderzoek en werken als zelfstandig wetenschappelijk 

onderzoekerr mij veel meer aansprak dan wat mij op de HLO was voorgespiegeld. De keuze 

wass snel gemaakt. Echter zonder deze stimulerende omgeving zou het nooit zo ver gekomen 

zijnn en ik wil allen die hier bewust en meer waarschijnlijk onbewust een bijdrage aan hebben 

geleverd,, bedanken! 

Somss bedenk mij nog wel eens waarom ik nou zo'n moeilijk traject heb gekozen en 

niett meteen naar de universiteit ben gegaan. Snel schiet mij dan binnen dat ik anders jou, 
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lievee Ed, nooit op TNO tegen het lijf zou zijn gelopen. Het heeft zo moeten zijn. Ik weet nog 

goedd dat toen ik net begonnen was met mijn stage, dat jij toen op één van de labcomputers 

bezigg was met een zelfgeschreven computerprogramma-tje je handtekening punt voor punt 

naa te laten tekenen. Je was hier een hele middag mee aan het klooien (toen kon dat nog 

tijdenss je stage). Mensen die jou goed kennen, weten dat dit zeer typerend voor jou is! Jij 

hebtt de hele mikmak meegemaakt: alle momenten dat ik geen tijd voor je had, omdat ik 

moestt studeren, alle twijfels omdat de resultaten weer tegenvielen en ik toch echt een 

anderee baan ging zoeken. En in de laatste fase heb je de zorg voor Joska op je genomen, 

zodatt ik aan mijn proefschrift kon schrijven. Ik wil je bedanken voor je steun en vertrouwen 

enn je onbaatzuchtigheid om ook mij de ruimte te geven naast je eigen ambities en carrière. 

Jee bent mijn grote held. Toppertje-Top! 

Err is nog één iemand die een belangrijke bijdrage heeft geleverd aan mijn 

persoon(lijkheid),, die mij altijd gestimuleerd heeft zo goed mogelijk te presenteren op 

school,, die altijd gehamerd heeft op een goede opleiding en financiële onafhankelijkheid als 

vrouw,, die mij altijd gesteund heeft bij mijn keuzes op belangrijke momenten in het leven, 

enn die altijd een rots in de branding is geweest, ook in roerige tijden. Mam, je bent een 

groott voorbeeld voor mij. 

Ditt is het sluitstuk van een decennium en een prettige tijd om aan terug te denken. 

Nogmaalss allen bedankt die hier een bijdrage aan hebben geleverd! 
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Curriculu mm Vitae 

Dee auteur van dit proefschrift werd geboren op 1 maart 1971 te Voorburg. In 1989 behaalde 

zijj het V.W.O-diploma aan het Huygens Lyceum te Voorburg. Een jaar later deed zij V.W.O.-

staatsexamenn Natuurkunde en behaalde zij haar propedeuse Maatschappelijk Werk aan de 

Haagsee Hogeschool, te Den Haag. Na een afwijzing voor de Politie-Academie te Apeldoorn, 

besloott zij van studie te veranderen en startte zij de H.L.O.-opleiding aan de Hogeschool 

Rotterdamm en Omstreken, te Delft. In 1994 behaalde zij haar diploma in de richting 

Biochemie,, na een stage-periode aan het Gaubius Laboratorium (TNO-PG), te Leiden, onder 

begeleidingg van Dr. K. Ronday en Dr. J.H. Verheijen. Vervolgens kreeg zij een betrekking als 

research-analist,, bij de afdeling Longziekten, LUMC, te Leiden. In hetzelfde jaar startte zij de 

studiee Biologie aan de Universiteit van Utrecht en behaalde het doctoraal examen in 1997. In 

dee doctoraal fase verrichtte zij immunologisch onderzoek bij de afdeling Longziekten, LUMC, 

tee Leiden, onder begeleiding van Dr. P.S. Hiemstra. Aansluitend begon zij haar promotie

onderzoekk op een door het Nederlands Astma Fonds (NAF)-gesubsidieerd project, naar vde 

regulatiee van de IL-12Receptor|}2 keten op humane T helper cellen'. Dit project werd onder 

begeleidingg van Dr. E.A. Wierenga uitgevoerd bij de afdeling Celbiologie en Histologie van de 

Universiteitt van Amsterdam in het Academisch Medisch Centrum te Amsterdam. In 2001 

vervolgdee zij haar promotie-onderzoek met de studie naar vde modulatie van 

immuunresponsenn door darmflorabacterien in relatie tot de ontwikkeling van allergieën bij 

jongee kinderen' en vanaf oktober 2002 onderzocht zij 'de inductie van regulatoire T cellen 

doorr probiotische bacteriën als kandidaat-therapeutisch middel tegen de ontwikkeling van 

allergie'.. Beide projecten werden gefinancieerd door Stichting Astma Bestrijding (SAB) en 

uitgevoerdd onder begeleiding van Dr. E.A. Wierenga en Prof. Dr. M.L. Kapsenberg. Vanaf 

januarii 2004 zal zij werkzaam zijn als post-doc bij de afdeling Parasitologie van het LUMC in 

dee groep van Dr. M. Yazdanbakhsh. Zij zal zich daar gaan bezig houden met 'het 

onderzoekenn van de immuno-regulatoire eigenschappen van componenten van de worm 

SchistosomaSchistosoma mansoni in een experimenteel astma model in muizen'. Dit onderzoek zal 

wordenn uitgevoerd in samenwerking met Dr. B.N. Lambrecht, Afdeling Longziekten, Erasmus 

Medischh Centrum, te Rotterdam. 
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Stellinge n n 

Behorendd bij het proefschrift: 

'Instructionn of effector T cell programs by flexible dendritic cells' 

1.. De expressie van de p2 keten van de IL-12 receptor door Th2 cellen wordt in humane 

cellenn anders gereguleerd dan in muizen cellen, hetgeen onderstreept dat de 

extrapoleerbaarheidd van muizenmodellen binnen de humane immunologie soms op 

belangrijkee punten te wensen overlaat, (dit proefschrift) 

2.. Naast IFN-y is ook het Th2 cytokine IL-4 in staat om IL-12 te induceren in immature 

dendritischee cellen, (dit proefschrift) 

3.. De interactie tussen ICAM-1 op dendritische cellen en LFA-1 op naïeve T helper cellen 

leidtt tot de ontwikkeling van effector Thl cellen, mits hier geen sterk polariserende 

cytokiness bij aanwezig zijn. (dit proefschrift) 

4.. Dendritische cellen blootgesteld aan Gram-negatieve darmflora bacteriën, ondersteunen 

dee ontwikkeling van Thl cellen, in tegenstelling tot dendritische cellen die blootgesteld 

zijnn aan Gram-positieve darmflora bacteriën, (dit proefschrift) 

5.. In navolging van immature dendritische cellen kunnen ook volledig gematureerde 

dendritischee cellen de ontwikkeling van regulatoire T cellen ondersteunen, (dit 

proefschrift) ) 

6.. Sommige probiotJsche bacteriën kunnen via de aktivatie van de dendritische cel receptor 

DC-SIGNN de ontwikkeling van regulatoire T cellen induceren, (dit proefschrift) 

7.. Tienduizenden jaren hebben mensen samengeleefd met hun darmflora en heeft zich een 

delicaatt immunologisch evenwicht ingesteld dat leidt tot afdoende afweerreacties tegen 

invaderendee ziektenverwekkers, maar niet tegen lichaamsvreemde darmflora bacteriën 

off onschuldige stoffen, zoals allergenen. Plotselinge veranderingen in de samenstelling 

vann deze darmflora in landen met een westerse levensstijl hebben geleid tot het 

verstorenn van deze immunotogische balans en dientengevolge tot een toename van 

allergischee ziekten bij jonge kinderen in Westerse landen. 

8.. Bij huisartsen en consultatiebureauartsen is allergie tot een modebegrip geworden. 

Wanneerr bij een baby een vlekje of piepje wordt geconstateerd in combinatie met een 

positievee familiegeschiedenis wordt onmiddellijk aan allergie gedacht en vaak ten 

onrechtee hypoallergene voeding of babypuffers voorgeschreven. 



9.. Het idee leeft dat een zichzelf respecterende promovendus, dag en nacht, 7 dagen in de 

week,, aan zijn proefschrift moet besteden. Sommigen proberen dit dan ook krampachtig 

naa te streven. De efficiëntie en opbrengst van een dergelijke werkwijze op de lange 

termijnn moet echter in twijfel getrokken worden. 

10.. Hoogopgeleide vrouwen zien vaak als een berg op tegen het stichten van een gezin, in 

dee veronderstelling dat dit niet te combineren zou zijn met hun werk, Dit is vaak 

onterecht:: de praktijk wijst uit dat na gezinsuitbreiding het 'oude' leven gewoon 

doorgaat,, alleen nu mét kind. 

11.. Alcohol ts niet noodzakelijk om het gezellig te hebben, maar maakt het wel stukken 

makkelijker. . 

12.. Onlangs is een melkproduct op de markt verschenen, waaraan probiotische bacteriën 

zijnn toegevoegd en wat de naam Mrtvmel' heeft meegekregen. Gezien de bevindingen in 

ditt proefschrift, had dit product beter de naam 'Supreme!' of 'RegumeV kunnen krijgen. 

Hermelijnn H. Smits 

Novemberr 2003 
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