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Chapterr 7 ~~ ~~ 

INTRODUCTIO N N 

Ann important question in immunology is how organisms defend themselves against the wide 

varietyy of pathogens they encounter. The immune response to pathogens has innate and 

specificc components that synergize in the clearance of pathogens. The innate, non-specific, 

immunee response is crucial in limiting the early replication and spread of infectious agents. 

Byy contrast, the specific immune response is mediated by T and B cells and it is characterized 

byy specificity and memory. In addition to these complementary activities, there is a 

fundamentall  connection between innate and specific immunity, since the magnitude and class 

off  the specific immune response is dependent on signals derived from the innate immune 

response.11 This chapter focuses on how kcratinocytes and immature dendritic cells (iDC), as 

innatee immune cells, support specific immunity by the expression of soluble factors, with 

speciall  emphasis on the role of chemokines herein. In addition, it is discussed how DC-

derivedd chemokines amplify antigen (Ag)-specific lymphocyte responses. 

Skin-derivedd chemokines link innate and specific immunit y 

Ass stated above, innate immune cells are capable of recognizing a wide variety of pathogens. 

Toll-lik ee receptors (TLRs) play a critical role in innate immunity by recognizing structurally 

conservedd bacterial, fungal, parasitic and viral components, termed pathogen-associated 

molecularr patterns (PAMPs).*  At present, ten human Toll-like receptors (TLRs) have been 

cloned.'' Upon penetration of the skin, pathogens activate innate cells, such as keratinocytes, 

byy selectively ligating TLRs (TLR1, 2, 3, 4, 5, 6, 9 and 10) (Chapter  2). Triggering of 

differentt TLRs on kcratinocytes induces the expression of different sets of cytokines and 

chemokiness (Fig. 1 and Chapters 2 and 3). Except for CpG motifs ligating TLR9, all the 

PAMPss indicated in Figure 1 induce the production of CXCL8/IL-8 by human keratinocytes 

(Chapterr  2). It is well documented that during the initiation of an acute, local inflammatory 

response,, CXCL8/IL-8 attracts peripheral blood CXCRT neutrophils, the first immune cells 

too arrive in significant numbers at the site of inflammation.4 Their major role is to 

phagocytosee and eliminate bacteria, fungi, protozoa and viruses.' Another chemokine 

producedd by keratinocytes upon pathogenic stimuli, is CCL2/MCP-1 (Chapter  2). This 

chemokinee attracts CCRt-positive monocytes and iDC, which contributes to the skin 

inflammation.66 Recently it was demonstrated that CCL2/MCP-1 produced by inflamed skin 

cellss (e.g. keratinocytes (Chapter 2) or, iDC and DC type 1, DC1 (Chapter  4)) may as well 

bee transported via the lymph to the luminal surface of high endothelial venules (HEV), where 
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itt triggers integrin-dependent arrest of rolling monocytes. In this way, inflamed tissues 

projectt their local chemokine profile to HEVs in draining lymph nodes (LNs) and thereby 

exertt "remote control" over the composition of leukocyte populations that home to these 

organss from the blood. As monocytes are leucocytes possessing a high plasticity for further 

differentiationn into macrophages or DC, this study suggest that within the LNs these cells 

mayy acquire the ability to process and present Ags and stimulate a vigorous specific immune 

response. . 
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Figuree 1. Schematic representation of cytokines and chemokines released by keratinocytes upon TLR triggering. 
Pathogenss or their PAMPs (PAMPs are shown here) can induce the production of soluble mediators by 
keratinocytess by hitting their TLRs. Such pathogen-induced chemokines may induce the selective recruitment of 
LCC precursors (CCL20/MIP-3a), iDC (amongst others, CXCL8/IL-8 and CCL2MCP-1). granulocytes that 
includee the neutrophils (CXCL8/IL-8), Thl cells (CCL27/CTACK. and CXCL9 Mig. CXCL10/IP'-1(). and 
CXCLII  1/I-TAC). PDC may also be recruited to the skin by responding to CXCL9/Mig, CXCLIO/IP-10. and 
CXCL11/I-TAC,, however this responsiveness is conferred by additional signals provided by CXCLI2 SDF-1. 
whichh is produced in inflamed skin by fibroblasts. iDC and endothelial cells. Abbreviations: LC, Langerhans 
cells:: iDC. immature dendritic cells: Thl. T helper type 1 cells: PDC. plasmacytoid dendritic cells. 

Inn addition to chemokines. keratinocytes release cytokines upon pathogenic stimuli (Fig. I 

andd Fig. 2). For example, upon activation by double-stranded RNA (poly I:C. a viral 

compound),, keratinocytes produce various soluble mediators that induce maturation (TNF-a 
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andd IFN-o/p) and polarization (IFN-cc/p and IL-18) of DC (Fig. 2 and Chapter  3). In the skin 

environment,, these factors will induce the migration of both epidermal LC and dermal DC via 

lymphh towards secondary lymphoid organs. In most cases, pathogen-induced migration is 

accompaniedd by maturation of LC/DC from a processing stage into a more mature, 

costimulatoryy stage. In addition, inflammatory stimuli, such as TNF-a and IL-Ip\ and 

microbiall  agents can recruit LC/DC precursors from peripheral blood to infected tissues to 

replacee the migrated populations. In this respect, it has been demonstrated that CDla+ LC 

precursorss express CCR6 and respond selectively to keratinocyte-derived CCL20/MIP-3a 

(Chapterr  2).10'11 Within the lymph nodes, the matured DC present pathogen-derived peptides 

too T cell receptor (TCR) in naive T cells in the context of MHC (signal 1) and provide 

costimulationn (signal 2). " Additionally, these DC provide naive T cells with another signal 

thatt determines the class of the immune response towards T helper type 1 (Thl) or type 2 

(Th2)) development, proposed to be the T cell polarizing signal 3.13 For example, poly he-

activatedd keratinocytes induce the development of protective Th 1-promoting DC (DC1) via 

thee production of type 1 IFNs and IL-18 (Fig. 2 and Chapter  3). Once activated, effector Th 

cellss subsets selectively migrate to the sites of infection, which is determined by the 

differentiall  production of chemokines by pathogen-activated tissue cells and differential 

expressionn of chemokine receptors by Th subsets. While Thl cells selectively express 

CXCR33 and CCR5, Th2 cells selectively express CCR3, CCR4 and CCR8.14 Their 

immigrationn in infected tissue is determined by the particular chemokines induced by the 

pathogenn type that infects the tissue. While Thl cells are selectively attracted by CXCL9/Mig, 

CXCLIO/IP-IO,, CXCL11/I-TAC, CCL-3/MIP-la, CCL4/MIP-ip and CCL5/RANTES, Th2 

cellss are selectively attracted by CCL1/I-309, CCL11/eotaxin, CCL17/TARC and 

CCL22/MDC.15 5 

Forr example, stimulation of keratinocytes by dsRNA, results in the production of CXCR3 

ligandss (CXCL9/Mig, CXCL10/IP-10 and CXCL11/I-TAC) and CCL27/CTACK (binding to 

skin-homingg CCRlO-positivc T cells16) (Chapter  2), which will lead to the recruitment of 

CXCR3/CCR10-positivee anti-viral Thl cells into the skin. In addition to attracting Thl cells, 

CXCR33 ligands derived from dsRNA-activated keratinocytes may attract CXCR3-positive 

precursorr plasmacytoid DC (prePDC),1' the main producers of IFN-a, which limit the 

replicationn and spread of viruses. However, migration of prePDC in response to CXCR3 

ligandss may require additional signals provided by CXCL12/SDF-1 (binding to CXCR417) 

thatt is produced by iDC, fibroblasts and endothelial cells'*  (Fig. 1). Since CXCL12/SDF-1 
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expressionn was demonstrated in the high endothelial venules (HEVs) in lymph nodes it was 

postulatedd that CXCLI2 SDF-1 only played a role in the extravasation of PDC to the HEVs 

off  secondary lymphoid organs.17'19 The observation that this chemokine is also expressed in 

inflamedd skin18 indicates that CXCL12/SDF-1 may also play an important role in the 

recruitmentt of PDC to the skin. Indeed, the concept that PDC are also able to migrate from 

bloodd to peripheral non-lymphoid tissues, and not only from blood to secondary lymphoid 

organss is supported by recent observations demonstrating that PDC may also accumulate in 

cutaneouss lupus erythematosus lesions."' 

Lymphh node 

NK,, CTLs 

Figuree 2. The role of the mieroenvironment on DC maturation and function. When a pathogen invades the skin 
(e.g.. a virus is shown here), pathogen-activated kcratinocytes will release an array of soluble mediators (TNF-a. 
IFN-a/(33 and IL-18) that have profound effects on resident DC. TNF-a and IFN-a/p induce maturation of DC 
andd trigger their migration to lymphoid tissues (e.g. lymph node, as shown here). Concomitantly. DC are primed 
byy polarizing signals (IFN-a/p and IL-18) resulting in their maturation into effector DC that promote the 
developmentt of Thl cells. IL-12 production by sentinel iDC is IFN-a p-dependent. In addition, when both IFN-
a/pp and IL-18 are blocked. DC induce the development of a mixed population of Thl and Th2 cells. 

Whilee the production of Thl-associated chemokines by human kcratinocytes is well 

documented,, the production of Th2-associated chemokines is not fully established. Strikingly 

inn this respect, keratinocytes cultured from non-lesional skin of atopic dennatitis (AD) 

patients,, a Th2-associatcd disease.21 show, compared to healthy controls and patients with 
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psoriasis,222 elevated levels of CCL5/RANTES. a chemokine that preferentially attracts Thl 

cells.. However, in this study the production of Th2-associated chemokines by keratinocytes 

wass not addressed. Normal human keratinocytes release very low amounts of CCL17/TARC, 

CCL22/MDCC and CCL1/I-309, albeit only after additional IFN-y stimulation, suggesting that 

keratinocytess may attract Th2 cells after prior activation by Thl-derived cytokines.23 

Altogetherr these findings suggest that LC/DC (to be discussed below), rather than 

keratinocytes,, are the major source of Th2-associated chemokines in the skin environment. In 

summary,, both keratinocyte- and LC/DC-derived chemokines are key factors providing a 

pivotall  function at the interface between innate and specific responses. 

DC-derivedd chemokines and the initiatio n of the immune response 

Immaturee DC or DC precursors (monocytes) express receptors for inflammatory chemokines 

(e.g.. CCL2/MCP-1, CCL3/MIP-la and CCL5/RANTES), such as CXCR1, CCR1, CCR2 and 

CCR5,, to extravasate and migrate into inflamed tissues (Fig. 3, 2a). CCL2/MCP-1, 

CCL3/MIP-laa and CCL5/RANTES and, CXCR3 ligands are produced by iDC upon 

pathogenicc stimuli15 (Fig. 3, 2b and Chapter  4) and are of particular importance for the 

replacementt of the LC/DC population that have migrated out of the skin towards secondary 

lymphoidd organs. LC/DC maturation (Fig. 3, 3) and migration (Fig. 3, 4a) can be triggered 

directlyy by pathogens or their products,9 or indirectly, by the inflammatory cytokines they 

inducee in resident cells (Chapter  3). Moreover, a prerequisite for LC/DC migration is the 

upregulationn of CCR724 (Fig. 3, 4a) that guides them to the T and B cells areas of the draining 

lymphh nodes where CCR7 ligands (CCL19/MIP-3p and CCL21/6Ckine) are produced.252* 

However,, not all DC migrate to the secondary lymphoid organs upon inflammatory stimuli.27 

Thee observation that mature DC! constitutively express the inflammatory chemokines 

CCL2/MCP-1,, CCL3/MIP-la, CCL5/RANTES and CXCR3 ligands (Fig. 3, 4b and Chapter 

4),, may imply a new role for pathogen-primed mature DC in peripheral tissues, since these 

chemokiness are mainly produced at the site of pathogen entry. The initiation of a specific 

immunee response takes place in the draining lymphoid tissues and not in the tissue itself. 

Withinn the lymph nodes, mature Ag-loaded DC use CCR7- or CXCR4-mediatcd mechanisms 

too respectively enter the T or B cell zones of the lymph nodes (Fig. 3, 5), where they initiate a 

specificc immune response by activating cither naive T (Fig. 3, 6a and 6b) or B. Depending on 

thee nature of eliciting stimulus, mature DC will display a particular pattern of chemokines 
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(Chapterr  4) that may be released in secondary lymphoid organs, or in the peripheral tissues 

whenn they fail to migrate. DO and DC2 preferentially express the CCR7 ligands 

CCL19/MIP-3PP and CCL21/6Ckine,25'26 respectively {Fig. 3, 6a and Chapter  4). Moreover, 

thee expression of Thl- (CXCL9, 10 and 11) or Th2-associated (CCL22/MDC) chemokines by 

DCC is correlated with the expression of DC1 or DC2 effector phenotype (Fig. 3, 6b and 

Chapterr  4). The functional significance of Thl- and Th2-attracting chemokines produced by 

effectorr DC1 or DC2 in lymphoid tissues is unclear, but it cannot be ruled out that they 

controll  Thl/Th2 responses by mechanisms that are unknown to date. While some T cells 

upregulatee CXCR528 and then become directed toward the B-cell follicle to deliver help to B 

cellss (Fig. 3, 7), other activated T cells leave lymphoid tissue and find their way back to the 

sitee of inflammation29 (Fig. 3, 8) to deliver the specific effector response. This recruitment to 

thee site of inflammation may be the result of chemokines released by keratinocytcs (Chapter 

2),, iDC and non-migratory mature DC (Chapter  4). In this respect, dsRNA-activated 

keratinocytess (Chapter  2) and iDC (Fig. 3, 2b and Chapter  4) and dsRNA-primed mature 

DCC (Fig. 3, 4b and Chapter  4) are an important source of CXCR3 ligands (CXCL9, 10 and 

11)) that recruit CXCR3-positive Thl cells to the periphery (Fig. 3, 8b). 

Peripherall  blood DC in health and disease: migration from blood to peripheral 

tissuess or  to LNs 

Sincee their original identification, there has been increasing evidence that DC represent a 

heterogeneouss population of cells with distinct origins, stages of differentiation/maturation, 

andd specific functions.411 The characterization of different DC subsets both in peripheral blood 

andd tissues is based on a panel of different cell surface markers. In particular, BDCA1, 

BDCA33 and BDCA4 Ags define three peripheral blood DC subsets.30 BDCAT DC are of 

myeloidd origin and represent a CD1 Ic+HLA-DRhlgh population in blood31).3" Although 

BDCA3ff DC are of myeloid origin as well,30 this subset is characterized by a distinct 

anatomicall  localization and function (Chapter  5). The BDCA4* DC subset is of lymphoid 

originn (also known as precursor PDC, or type I IFN-producing cells).32,3 The distribution of 

thesee three DC subsets in nonlymphoid and lymphoid tissues is of particular interest. In 

steady-statee conditions BDCAT, BDCA3+ and BDCA4+ DC are all present in human dermal 

skin.. While BDCA1' and BDCA3* DC are abundant in the epidermis, BDCA4' DC are 

absentt (Chapter  5) in this skin compartment. It is, therefore, tempting to speculate that 

BDCAT,, BDCA3+ and BDCA4" DC may represent three DC subsets in the dermis that may 
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playy an important role in cutaneous immune responses. In addition, since BDCAT and 

BDCA3~~ DC are found in the epidermis, they may represent a pool of LC in steady-state 

conditions,, as recently described.14 The homing of these three subsets from the blood to the 

skinn is not surprising due to their expression of the skin-homing Ag,3- cutaneous lymphocyte-

associatedd Ag (CLA).30 While the BDCAT and BDCA4" DC subsets have been extensively 

studied,3'11 the functional roles of the BDCA3 subset are still emerging. In fact, BDCA3' DC 

subsett consists of two subpopulations, BDCA3hl and BDCA310*, the latter with highest 

frequencyy in PBMC31 (Chapter  5). It is interesting to note that BDCA3~ DC subset expresses 

significantlyy higher levels of CD40 and DEC205/CD205 but the lower levels of CD86 than 

otherr myeloid populations.31 DEC205 is an endocytic receptor with 10 membrane-external, 

contiguouss C-typc lectin domains1, which mediates the efficient processing and presentation 

off  Ags on MHC class II molecules in vivoiH suggesting a major role for BDCA3' DC in Ag-

uptakee both in the skin and lymphoid organs (Chapter  5). Moreover, BDCA-3h' DC 

selectivelyy express TLR1, 3 and 10 (Chapter  5) which may imply a highly specialized 

functionn in the recognition of pathogen-derived signature molecules. 

Too date, there are no reports on chemokine receptors expression profile of the BDCA3' 

DCC subset. In contrast, freshly isolated BDCA1 ' and BDCA4+ DC subsets express relatively 

highh levels of CCR2, CCR5, and CXCR4.l9 On the other hand, CCR7 and CXCR3 expression 

iss diverged. CCR7 is negligible on BDCAT DC but very high on BDCA4+ DC, whereas 

CXCR33 expression is weak on BDCA1 and relatively high on BDCA4* DC.ig In contrast to 

thee overall similar pattern of chemokine receptor expression, with the exception of CCR7, 

circulatingg BDCAl' and BDCA4+ DC exhibited profoundly different migration capacity in 

responsee to these chemokincs. While BDCAt DC were able to migrate in response to 

CCL2/MCP-1,, CCL5/RANTES and CXCL12/SDF-1, BDCA4 DC migrated only in response 

too CXCL12/SDF-1.14 The demonstration that BDCA4' DC subset is able to respond to 

CXCR33 ligands in the presence of CXCL12/SDF-1,'7 is consistent with their important role in 

duringg viral infections. In response to viral infection, CXCR3 ligands that arc produced 

locallyy by keratinocytes (Chapter  2) and, iDC and DC type 1 (Chapter  4) will attract 

BDCA44 DC, the precursor DC that arc able to produce extremely large amounts of type I 

IFNs.1""  The selective capacity of BDCAT DC to migrate in response to inflammatory 

chemotacticc signals may imply a role for this subset in the replacement of migrated DC 

populationss from peripheral tissues. Thus, the divergent migration programs of BDCA1' and 
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BDCA44 DC are consistent with their specialized roles in the induction and regulation of the 

immunee response. 

Periphery y 

Figuree 3. Selective expression of chemokines and chemokine receptors orchestrates the afferent and effector 
phasess of the immune response. The critical migratory steps and cellular interactions in the immune response are 
highlighted,, together with some of the molecules involved. (I) Monocytes and iDC are recruited by 
inflammatoryy chemokines to sites of pathogen entry. (2) Pathogens or tissue-derived factors induce DC 
maturationn (3) and the release of additional inflammatory chemokines by iDC (2b). Maturation of DC results in a 
switchh in chemokine receptor expression (4a) allowing mature DC to enter lymphatic vessels and to be actively 
drainedd to lymphoid tissues, where they home to the T cells areas. (4b) At the same time, mature DC that failed 
too migrate to the lymph nodes produce an array of inflammatory chemokines. (5) Naive T (Tn) and B cells home 
too the T- and B-cell areas of the lymph nodes (LN). T cells interact with differently polarized DC (6a and 6b) 
andd are activated. (7) Effector Th cells migrate to B-cell areas where they stimulate Ag-spccific B cells and (8) 
Thll  or Th2, migrate to peripheral tissues. 
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Ann interesting question is whether these DC subsets exhibit phenotypical and/or functional 

differencess in pathological states. As BDCA1' and BDCA4' DC subsets in AD patients show 

differentt cytokine profiles compared to from healthy control DC (Chapter  6), it is likely that 

theyy express different chemokine secretion and chemokine receptor expression patterns as 

well.. It has been recently proposed that the selective recruitment of the different DC subsets 

too the epidermal skin lesions is dependent on the type of skin disease.19 In this respect, only a 

feww PDC (BDCA4* DC) could be detected in epidermal single cell suspensions of both 

normall  healthy controls and lesional AD patients. In contrast, patients suffering from 

psoriasis,, contact dermatitis or lupus erythematosus exhibit elevated numbers of epidermal 

PDC.. At the site of inflammation, BDCA1' DC along with their plasmacytoid counterparts 

BDCA4!! DC (PDC) may conceivably capture Ags, while receiving additional stimuli, which 

promotee their maturation (e.g. TNF-a, herpes simplex virus). Once mature, both BDCA1 ~ and 

BDCA4'' DC upregulate CCR7 expression allowing them to migrate to LN where they can 

participatee in the initiation of Ag-specific T cell responses.19 In addition, since BDCA1 and 

BDCA4""  DC accumulate in lesional skin from AD patients (Chapter  6), they may have the 

capacityy to stimulate memory T cells directly. Besides their roles as APCs, the cytokines and 

chemokincss produced locally by BDCAT and BDCA4' DC may be of great importance. In 

healthyy controls, BDCAT and BDCA4+ DC were shown to produce CXCL10/IP-10, 

CCL3/MIP-la,, and CCL5/RANTES in response to influenza virus.17 In AD patients, the 

capacityy of BDCA 1+ and BDCA4~ DC to produce virus-specific chemokincs may be deficient 

and,, together with the defective production of IL-12 and IFN-a, respectively (Chapter  6), 

thesee aberrant phenotypes may account for the survival of the opportunistic herpes virus 

simplex,, which is observed in these patients. Moreover, the susceptibility of these patients to 

skinn infections may be the result of combinatorial factors that were stated above and in 

addition,, defective skin barrier, deficiency in the expression of antimicrobial peptides in the 

skin.411 It remains to be investigated whether the increased susceptibility to Staphylococcus 

aureusaureus infections observed in AD patients may be due to the presence of a polymorphism in 

TLR22 gene as described by Lorcnz et ai. " as well. Moreover, the abnormal expression of 

certainn molecules by keratinocytes may also contribute to the pathogenesis of AD, such as the 

exaggeratedd GM-CSF. This local GM-CSF production may account for the 

generation/survivall  of BDCAT and BDCA3 DC subsets that arc present in normal skin 

(Chapterr  5), since these two subsets require GM-CSF for their survival.30 
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Concludingg remarks 

Thee initiation and maintenance of an acute inflammatory response is driven by a 

multifactoriall  system in which chemokines play an important role. In normal situations, the 

responsee of resident cells to an initial stimulus rapidly sets in motion a sequence of leukocyte-

recruitingg events, which culminates in the clearance of the pathogen and the resolution of the 

response.. The sustained recruitment and activation of leukocytes found in pathological 

conditions,, such as in multiple sclerosis,44 rheumatoid arthritis,44 atopic asthma,45'46 

psoriasis,47"488 allergic contact dermatitis4*4'49 and AD,4850 is associated with a dysregulation of 

thiss process. 
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