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CHAPTERR 9 

Twoo faces of negativ e regulator y 
dendriti cc  cell s in infectio n 

Generall  Discussio n 

Hermelijnn H. Smits, Esther C. de Jong, Eddy A. Wierenga & Martien L. Kapsenberg. 



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 

165 5 



Twoo faces of negative regulatory dendritic cells in infection 

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) 

168 8 



Twoo faces of negative regulatory dendritic cells in infection 

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%) 

169 9 



Twoo faces of negative regulatory dendritic cells in infection 

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 

170 0 



Twoo faces of negative regulatory dendritic cells in infection 

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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99 ® O 
££ CL O 
tt l / l . 
cc ai " ^ 
i tt  ï ^ 

II o Q 
.ee E O 

0) ) 
l/> > 
<e e 0) ) 
§ § 

0 0 
ni i 

£ £ 

5.5 5 

il l 
"OO ' ^ 
CDD !/> 

88 1 

00 £ u 

££ cfl . 
cc Q u in 
(CC i " * -

11 O Q 
I C Ü t t i i 

cc  -P E 
—— ; L D i wi 
_55 o <« re w 

ü ii  c ajecr ca tb 

O n : " " " 
UU E nj h-

.2?? O 
UU c 
QQ 3> 
OO 'S 

oo Q £ = 
EE O .c x: 

gg «1 j) tp a; 

i !!  1 § I 



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 
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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 
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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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