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ABSTRACT T 

Dendriticc cells (DC) play a key role in establishing the class of immune response against 

invadingg pathogens. Upon engagement with double-stranded RNA (dsRNA). a major 

bioactivee constituent of many virus types, immature DC (iDC) develop into type 1 

immunostimulatoryy DC (DO) that promote Thl responses. Immature DC reside in the 

epitheiiaa and are in close contact with keratinocytes. We studied to what extent DC can also 

adoptt a DC1 phenotype indirectly, as a result of the interaction with keratinocytes responding 

too dsRNA. In contrast to supernatants from keratinocytes activated by the combination of 

TNF-aa and IL-1 p, supernatants from keratinocytes activated by synthetic dsRNA, 

polyriboinosinicc polyribocytidylic acid (poly I:C) comprised TNF-a and type I IFNs, which 

inducedd maturation of human monocytc-derived iDC. In addition, DC matured in the presence 

off  these supernatants strongly biased the development of Thl cells from naive Th cells. This 

biass was dependent on keratinocyte-derived IFN-a/p and IL-18, since neutralization of both 

IFN-a/pp and IL-18 in the keratinocyte culture supernatant reduced the development of IFN-y-

producingg Th cells. These findings suggest that keratinocytes can contribute to the 

developmentt of selective Thl/Th2 responses through the induction of maturation and 

functionall  polarization of DC, indicating a novel role for keratinocytes as initiators and 

regulatorss of cutaneous T cell-mediated inflammation. In addition, these results support the 

conceptt that, in addition to direct interaction with pathogens, DC may also be activated and 

primedd by pathogen indirectly, via the effect of resident tissue cells responding to pathogen. 

INTRODUCTION N 

Thee skin is the primary interface between the body and the environment and provides the first 

linee of defense against microbial and chemical agents. The most damaging consequence of the 

disruptionn of skin is invasion by pathogenic microorganisms.' Epidermal epithelial cells, 

keratinocytes,, represent the major constituent of the skin and participate actively in the skin 

immunee system by producing, constitutively or upon stimulation, various soluble mediators, 

suchh as cytokines, chemokines, eicosanoids and growth factors.""' For instance, several 

bacteriall  and viral compounds induce in keratinocytes the release of the proinflammatory 

cytokinee TNF-a, which contribute to local inflammatory reactions within the epidermis. 

Specificc skin inflammation, such as infections, contact hypersensitivity and skin graft 

rejection,, is regulated by a complex and sequential mechanism involving dendritic cells (DC), 
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keratinocytess and T cells, and a variety of soluble mediators they produce/'*7 Immature 

dendriticc cells (iDC) are located in peripheral tissues (e.g., epidermal Langerhans cells and 

dermall  DC) in close contact with keratinocytes. DC are the only antigen-presenting cells that 

cann prime naive Th cells and initiate immune responses. After exposure to antigens, activated 

DCC migrate from peripheral tissues to T-cell areas of the draining lymph nodes. During this 

migration,, iDC undergo maturation from cells that have the capacity to take up antigen into 

potentt immunostimulatory effector cells.8'9 

DCC maturation can be induced in vitro by several factors including the combination of the 

proinflammatoryy cytokines IL-i p and TNF-a, type 1 IFNs, various microbial compounds, or 

CD40L.100 ,5 During their maturation, DC may also gain the capacity to polarize naive Th cells 

intoo Thl or Th2 cells. This ability is determined in peripheral tissues by the type of invading 

pathogenn or their bioactive compounds, and is established either upon the direct activation of 

iDCC by pathogen,16"18 or upon the indirect activation by mediators of the local inflammatory 

responsee of tissue cells in response to pathogen.19'20 

Double-strandedd RNA (dsDNA) is an intermediate within the replication cycle for RNA 

virusess and some DNA viruses, and is their major bioactive component."L" Polyriboinosinic 

polyribocytidylicc acid (poly I:C) is a synthetic dsRNA that is often used as a model of viral 

infection. . 

Consideringg the fact that iDC reside in the close vicinity of keratinocytes, these cells may 

playy an important role in the activation and polarization into Thl (DC1)- or Th2 (DC2)-

promotingg effector DC. This is corroborated by the study of Pastore et air in which it was 

demonstratedd that GM-CSF produced by keratinocytes enhanced the survival of DC. 

Therefore,, we studied whether and how factors produced by keratinocytes, upon activation by 

thee proinflammatory cytokines TNF-a/IL-l(3 or by a mimic for a virus infection, activate 

and/orr polarize DC. 

MATERIALSS AND METHODS 

Culturee of human keratinocytes 

Primaryy cultures of normal human keratinocytes were prepared from neonatal foreskins or 

adultt skin undergoing plastic surgery. The skin was incubated with thermolysin (500 ug/ml; 

Sigma-Aldrich,, St. Louis, MO) for 16 h at 4°C. Epidermal sheets were removed from the 

dermiss and single cell suspensions were obtained by placing epidermal sheets in trypsin 

53 3 



Chapterr 3 

(0.025%;(0.025%; Life Technologies, Paisley, U.K..) for 5 min at 37°C. After neutralizing with equal 

volumee of FCS. (HyClone, Logan, UT) stratum corneum debris was removed and then sieved 

throughh sterile nylon gauze to obtain a single cell suspension. Isolated epidermal cells were 

seededd at the density of 8-10xl04 cells/cm2. At 70-80% confluence, keratinocytes were 

detachedd with 0.025% trypsin, 2 mM EDTA for 5 min at 37°C, and subcultured or frozen. 

Keratinocytee cultures were maintained in Keratinocyte SFM medium (Gibco, Paisley, UK). 

Stimulationn of human keratinocytes 

Humann keratinocytes were plated at the concentration of 2.5x10 cells/ml (6-well plates, 

Costar,, Cambridge, MA) and after 48 h the cells were pulsed for 2 h with poly I:C (200 

ug/ml;; Sigma-Aldrich). Keratinocytes were then washed extensively (5 times in 5 ml of PBS, 

i.e.. > lxlO6 times diluted), fresh medium without hydrocortisone (5 ml) was added and the 

cellss were cultured for additional 46 h. Keratinocytes were also pulsed with the 

proinflammatoryy cytokines recombinant human (rhu)TNF-a (50 ng/ml, PBH, Hannover, 

Germany)) and rhuIL-ip (100 ng/ml; PBH). The culture supernatants were collected after the 

indicatee time, centrifuged to remove cells and store at 4°C before use or stored at -20°C for 

cytokinee measurements. The concentrations of IL-8, TNF-a, IFN-a and IL-18 in 46 h 

supernatantss were determined by ELISA (see below). Keratinocytes were also stimulated for 

44 h with the stimuli stated above, the cells were lyzed for examination of IFN-a and IFN-|3 

genee expression by RT-PCR (see below). 

RNAA isolation and cDNA synthesis 

Keratinocytee total RNA was purified by using the NucleoSpin*  RNA II kit (Macherey-Nagel, 

Duren,, Germany) according to manufacture's instructions. Complementary DNA was 

generatedd using the First strand cDNA synthesis kit for RT-PCR (MBI Fermentas, St Leon-

Rot,, Germany). To anneal the primer to the RNA, 9 \i\ of total RNA, 1 ul oligo(dT)u< and 1 ul 

D(N)66 were added. This mix was then heated for 5 minutes at 94°C. 

PCRR analysis 

Thee primers sequences were as follows: IFN-a2: sense, 5'-AGTCAAGCTGCTCTGTGGGC-

3';; anti-sense, 5,GTGAGCTGGCATACGAATCA-3\ defining a 571-bp product; HPLC-

treatedd IFN-p: sense, S'-GATTCATCTAGCACTGGCTGG^'; anti-sense, 51-
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CTTCAGGTAATGCAGAATCC-3',, defining a 186-bp product. Both primers have an 

annealingg temperature of 60 °C and 45 cycles. PCR products were analyzed on a 1% agarose 

gell  containing ethidium bromide. A 100 bp DNA ladder standard (MBI Fermentas) was used 

ass a size marker. 

Generationn of immature DC from peripheral blood monocytes 

Immaturee DC were generated from monocytes in cultures performed in Iscove's modified 

Dulbeccos'ss medium (IMDM; Life Technologies) containing 1% FCS (HyClone), rhuGM-

CSFF (500 U/mi; Schering-Plough, Uden, The Netherlands) and rhuIL-4 (250 U/ml; PBH), as 

describedd .24"25 

Effectt of keratinocyte supernatants on DC 

Inn order to study the effect of keratinocyte-derived soluble mediators on DC, supernatants 

fromm non- or TNF-a/IL-lp1- or poly I:C-activated keratinocytes were added to iDC at a 

concentrationn of 50% (v/v) of the culture. As controls, iDC were exposed to keratinocyte 

culturee medium or LPS plus TNF-a+IL-ip (LPS+MF, maturation factors). After 48 h, DC 

weree harvested and analyzed for their maturation status by cell surface expression determined 

byy FACS, their cytokine production upon CD40 ligation, their T cell stimulatory capacity, and 

theirr capacity to induce the development of Thl or Th2 cell responses in naive precursors. 

Whenn indicated, the following were added to keratinocyte supernatants before addition to 

iDC:: neutralizing antibodies against TNF-a (10 ug/ml, IgGl; Diaclone Research, Besancon, 

France),, or two neutralizing sheep antisera to human type I 1FN were used: Iivari (450.000 

neutralizingg U/ml anti-IFN-a + 3.000 U/ml anti-IFN-p) and Kaalepi (30.000 U/ml anti-IFN-a 

++ 30.000 U/ml anti-IFN-(3)26 or IL-18 binding protein (IL-18bp; 10 ug/ml, Amgen, Thousand 

Oaks,, CA). The following antibodies or serum were used as negative control Ig: sheep serum 

(Sigma-Aldrich)) and mouse IgGl (10 ug/ml, MOPC-21; Sigma-Aldrich). 

Analysiss of cell surface expression 

Thee expression of cell surface molecules associated with maturation of DC was determined 

usingg mAb against the following surface markers: CDlb (IgGl; Diaclone Research), CD86 

(BDD Pharmingen, San Diego, CA), CD80 (Pharmingen) CD83 (HB15a, IgG2b; Immunotech, 

Marseille,, France). FITC-coupled goat F(ab')2 anti-mouse IgG and IgM (Jackson 

55 5 



Chapterr 3 

ImmunoRescarchh Laboratories, West Grove, PA) was used as a secondary reagent. Samples 

weree analyzed on a FACScan (Becton Dickinson). 

IL-122 p70 production by immature DC 

Immaturee DC were washed and stimulated (2xI04 cells in 200 u.1) in 96-well flat-bottom 

culturee plates (Costar) in IMDM containing 10% FCS with either LPS (250 ng/ml; Sigma-

Aldrich)) and IFN-y (103 U/ml) or with irradiated (2500 Gy) CD40L-transfected J558 

plasmacytomaa cells (J558-CD40L, 2xl04 cells/well; a gift of Dr. P. Lane, Birmingham, UK) 

inn the absence or in the presence of 50% (v/v) keratinocytc supcrnatants. Supernatants wrere 

harvestedd after 24 h, and the concentrations of IL-12p70 were measured by ELISA (see 

below). . 

IL-122 p70 production by DC matured in the presence of keratinocyte supernatants 

Ass IL-12 production by DC is dependent on their maturation status," DC were matured by 

thee addition of keratinocyte supernatants (50% v/v) in the presence of a combination of rhuIL-

lpp (10 ng/ml; PBH), rhuTNF-a (50 ng/ml; PBH) (maturation factors, MF) and LPS (250 

ng/ml;; Sigma-Aldrich) to iDC. As a control iDC were mature in the presence of IL-i p plus 

TNF-aa plus LPS. On day 8, DC were washed and 2xl04 cells/well were stimulated in 96-well 

flat-bottomm culture plates (Costar) in IMDM containing 10% FCS in a Final volume of 200 ul 

withh irradiated (2500 Gy) CD40L-transfectcd J558 cells (2xl04 cells/well), which were 

previouslyy shown to induce IL-I2p70 in an IFN-y-independent way.14 Supernatants were 

harvestedd after 24 h. and the concentrations of 1L-I2p70 were measured by ELISA. 

Isolationn of CD4+CD45RACD4RO naive Th cells (ThN) 

ThNN were isolated from peripheral blood leukocytes with the negative selection human 

CD47CD45ROO column kit (R&D Systems, Minneapolis, MN). This method yielded highly 

purifiedd (>98%) CD4'CD45RA+CD45RO~ ThN as assessed by flow cytometry (data not 

shown). . 

Mixedd lymphocyte reaction (MLR) 

Maturee DC where also tested for their ability to stimulate allogeneic ThN in a MLR. ThN 

(2.5x1044 cells/200 u.1) were cocultured in 96-well flat-bottom culture plates with different 
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concentrationss of mature DC. After 5 days, cell proliferation was assessed by the 

incorporationn of [3H]thymidine ([JH]-TdR, Radiochemical Centre, Amersham, Little 

Chalfont,, U.K.) after a pulse with 13 KBq/well during the last 16 h, as measured by liquid 

scintillationn spectroscopy. 

Inductionn of Thl or Th2 cell responses by mature DC 

ThNN (2xl04 cells/200 ul) were cocultured in 96-well flat-bottom culture plates with 

heterologouss DC (0.5xl04 cells/200 ul) matured in the different conditions stated above and 

coatedd with the superantigen Staphylococcus aureus enterotoxin B (SEB, 100 pg/ml; Sigma-

Aldrich).. On day 5, IL-2 (10 U/ml; Cetus, Emeryville, CA) was added and the cultures were 

furtherr expanded. After 14 days, resting memory Th cells were harvested, washed, and 

restimulatedd for 6 h with PMA (10 ng/ml; Sigma-Aldrich) and ionomycin (1 ug/ml; Sigma-

Aldrich)) in the presence of brefeldin A (10 ug/ml; Sigma) in order to analyze Th cell cytokine 

productionn profile at the single cell basis. The cells were fixed in parafolmadehyde (2%; 

Sigma-Aldrich),, pcrmeabilized with saponin (0.5%; Sigma-Aldrich), and labeled with FITC-

coupledd IFN-y mAb (Becton Dickinson) and PE-coupled IL-4 mAb (Becton Dickinson). The 

cellss were evaluated by FACScan (Becton Dickinson). When indicated, DC were co-cultured 

withh naive T cells in the presence of antibodies against IL-12 (10 ug/ml, rabbit polyclonal; a 

giftt of Dr. P. van der Meide, U-CyTech, Utrecht, The Netherlands). 

Evaluationn of cytokine production by ELISA 

Determinationn of IL-12p70 concentrations in culture supernatants was performed by specific 

solid-phasee sandwich ELISA as previously described." To determine IL-8, TNF-a and lFN-a 

inn culture supernatants, pairs of specific monoclonal antibodies and recombinant cytokine 

standardss were obtained from BioSource International (Camarillo. CA). The detection limits 

off  these ELISA arc as follows: IL-8, 30 pg/ml, TNF-a, 20 pg/ml, IFN-a, 100 pg/ml, IL-

12p70,, 3 pg/ml. To determine IL-18 in culture supernatants, an IL-18 ELISA kit was obtained 

fromm Diaclone Research (detection limit 62,5 pg/ml). 

Statisticall analysis 

Dataa are expressed as mean  SD. Data were analyzed for statistical significance with the 

GraphPadd InStat" software (version 3.00; GraphPad InStat, Inc., San Diego, CA) using 
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ANOVAA followed by Dunnett's multiple comparisons test. A P value <0.05 was considered 

ass the level of significance. 

RESULTS S 

Polyy I:C-activated, but not TNF-a/IL-lp-activated, keratinocytes induce DC 

maturation:: role of TNF-a and type I IFNs s 

Too evaluate whether keratinocyte-derived products can contribute to DC maturation, iDC 

weree exposed for 48 h to supernatants (50% v/v) from keratinocytes that were pulsed for 2 h 

withh poly I:C or TNF-a/IL-lp and cultured for further 46 h. The purity of the keratinocytes, 

ass verified by the expression of the epithelial marker cytokeratine, and the fibroblast-specific 

markerr (AS02) was more than 99% (data not shown). DC maturation was monitored by 

testingg for the induction of cell surface expression of CD83 and for the upregulation of 

expressionn of the costimulatory molecules CD80 and CD86. In a comparative assay with iDC 

maturedd in control conditions with the combination of LPS and maturation factors (MF, 

consistingg of TNF-a and IL-1 (3), we found that exposure of iDC to either supernatants from 

non-activatedd or TNF-a/IL-l(3-activated keratinocytes did not induce their maturation (Fig. 

1).. This immature phenotype was similar to the phenotype of cultured iDC, left untreated or 

treatedd with keratinocyte medium. In contrast, poly I:C-activated keratinocyte supernatants 

inducedd DC maturation in the majority of DC, as evident from the induction of CD83 

expression,, accompanied by upregulation of the costimulatory molecules CD80 and CD86 

(Fig.. 1). 

Next,, we questioned which factor(s) exclusively produced by poly I:C-activated 

keratinocytess are responsible for the DC maturation. Since TNF-a2K and type 1 IFNs2 can be 

readilyy expressed by keratinocytes and these soluble factors can induce DC maturation,10"12 

thee role of TNF-a and type I IFNs in keratinocyte-induced DC phenotypical changes was 

evaluatedd by adding neutralizing antibodies, or their respective control Ig or serum, to 

keratinocytee supernatants before their addition to the DC cultures. Surprisingly, neutralization 

off  either of these soluble factors strongly reduced the induction of CD83, CD80 and CD86 

expressionn by DC (Fig. 1), suggesting that both TNF-a and IFN-a/p produced by poly r e-

activatedd keratinocytes are involved in the induction of DC maturation. Addition of both 

antibodiess against TNF-a and IFN-a/p to keratinocyte supernatants did not result in further 
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inhibitionn of CD83. CD80 and CD86 expression by DC treated with poly I:C-activatcd 

keratinocytee supernatants. 

Additions s 

KCC medium 

LPS-MF F 

Clg g 

Sheepp serum 

--
--
--

KC C 
supernatants s 

unstimulated d 

polyy l:C 

polyy 1 C 

polyy l:C 

polyy l:C 

polyy l:C 

polyll C 

TNF-(./IL-1|l l 

anti-TNF-o o 

+ + 

+ + 

00 10 20 0 10 20 0 25 50 75 100 

AMFII AMFI AMFI 

Figuree 1. Supernatants from poly l:C-activated, and not TNF-a/IL-ip-activated, keratinocytes induce DC 
maturation.. Immature DC were cultured for 48 h in the presence of 50 % (v/v) supernatants from non-activated, 
polyy I:C- or TNF-aTL-ip-activated keratinocytes and assayed for maturation by determining the expression of 
CD83,, CD80 and CD86 by FACS analysis. As a control. DC were matured in the presence of the combination of 
LPSS and the maturation factors TNF-a and IL-i p (MF). In contrast to no additions, keratinocyte medium, non-
activatedd or TNF-a/IL-ip-activated keratinocyte supernatants. exposure of iDC to poly I:C-activated 
keratinocytee supernatants enhanced the expression of CD83. CD80 and CD86 to levels comparable to control 
DC.. The role of TNF-a and IFN-a'P in DC maturation was tested by adding neutralizing antibodies to TNF-a 
(100 ug/ml) or IFN-a/'P (two neutralizing sheep antisera to human type I [FN were used: livari (450.000 
neutralizingg U/ml anti-lFN-a + 3.000 U/ml anti-IFN-p) and Kaalepi (30.000 U/ml anti-IFN-a + 30.000 U/ml 
anti-IFN-P).:<'' or their respective control Ig (Clg and sheep serum, respectively), to the supernatants from poly 
I:C-activatedd keratinocytes, prior to the administration of these supernatants to the DC cultures. Addition of these 
antibodiess to poly I:C-activated keratinocyte supernatants blocked the induction of CD83. CD80 and CD86 
expressionn by DC. AMFI represents the difference between the various stainings and the isotype control. Results 
arcc one representative experiment out of three. 

Thee role of TNF-a and type 1 IFNs from supernatants of poly I:C-activated keratinocytes 

inn DC maturation was further confirmed by studying the expression of these cytokine by 

differentlyy stimulated keratinocytes. Therefore, keratinocytes were pulsed for 2 h with either 

polyy I:C or TNF-a/IL-ip, cultured for additional 46 h and the supernatants analyzed by 

ELISA.. Whereas poly I:C- and TNF-a/IL-ip-activated keratinocytes produced similar levels 

off  IL-8 (Fig. 2B). only keratinocytes activated by poly I:C produced TNF-a (Fig. 2A). Type I 

IFNss were undetectable by standard ELISA in all groups (data not shown). However, RT-

PCRR analysis readily revealed that only poly I:C-activated keratinocytes were able to 

upregulatee mRNA expression for IFN-o. and IFN-p (Fig. 2D). 

anb-IFN-c/pp CD83 CD80 CD86 
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Figuree 2. Poly LC-activated, and not TNF-aïL-l|3-activated. keratinocytes produce significant amounts of 
TNF-aa and IL-18, and express IFN-cx and IFN-(3. Normal human keratinocytes were pulsed for 2 h with either 
polyy I:C or TNF-a/IL-l(3. washed extensively (5 times in 5 ml) and cultured for additional 46 h in the presence 
off  fresh medium. Supernatants were harvested and TNF-a (A), 1L-8 (B). IL-18 (C) and IFN-a (data not shown) 
weree determined by ELISA (see Material and Methods). Fig. D shows the expression of IFN-a and IFN-P 
mRNAA in 4 h stimulated keratinocytes. RNA was extracted for RT-PCR analysis. Each figure shows one 
representativerepresentative out of three independently performed experiments. 

DCC matured in the presence of poly I:C- or TNF-a/IL-lf3-activated keratinocyte 

supernatantss exhibit similar capacity to support naive Th cell proliferation 

Wee subsequently studied whether the exposure of maturing DC to keratinocyte supernatants 

affectss their ability to stimulate allogeneic naive Th cells in MLR conditions. As the capacity 

off  DC to induce a particular Th development is dependent on their maturation status we added 

LPS-MFF to all DC cultures to synchronize their maturation. As shown in Fig. 3. maturing DC 

exposedd to non-activated, or poly l:C- or TNF-a/IL-l{3-activated keratinocyte supernatants 

weree as effective in inducing Th cell proliferation as DC matured with LPS+MF only. As 

expected.. iDC were less effective in inducing Th cell proliferation. While the proliferative 

responsee of iDC compared to all mature DC groups was statistically significant, the 

comparisonn of the proliferative response between the mature DC groups with each other did 

notnot reach the level of significance. These results indicate that the exposure of DC to 

keratinocytee supernatants does not affect their ability to stimulate naive Th cell proliferation. 
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- A -- iDC 

- A -- DC+LPS+MF (no additions) 

- G -- DC+LPS+MF+KC supernatants (unstimulated) 

—— DC+LPS+MF+KC supernatants (poly l:C) 

- B -- DC+LPS+MF+KC supernatants (TNF-«/IL-1(() 

1022 103 104 106 

DCC / well 

Figuree 3. DC matured in the presence of poly I:C- or TNF-a/IL-ip- activated keratinocyte supernatants exhibit 
similarr capacity to support naive Th cell proliferation. Maturation of DC was induced by cither a combination of 
keratinocytee supernatants (50% v/v) and LPS-MF or LPS-MF alone. Immature DC or differentially mature DC 
weree cultured at different numbers with 2.5xl04 allogeneic naive (CD45RA) CD4~ Th cells. After 5 days, the 
cellss were pulsed during the last 16 h with [ H]thymidine ([ H]-TdR). Immature DC (open triangles). 
DC-LPS+MFF (close triangles). DC+LPS-MF+keratinocyte supernatants: unstimulated (open circles), poly I:C 
(closee circles), TNF-a/IL-lp (open squares). Results arc expressed in counts per minute (cpm). Data were 
analyzedd for statistical significance using ANOVA followed by Dunnett's multiple comparisons test using iDC 
ass control. * P<0.05, **P<0.01. Results arc representative of three independent experiments. 

DCC matured in the presence of poly I:C-activated keratinocyte supernatants 

acquiree the ability to induce Thl- l ike responses: role of type I IFNs and IL-18 

Too test whether the presence of keratinocyte supernatants during DC maturation primes these 

cellss for the capacity to bias for the development of Thl or Th2, synchronized mature DC 

weree cocultured with naive Th cells in the presence of superantigen. as previously described. 

Afterr 14 days, the percentage of cells producing 1L-4 and/or IFN-y was evaluated by 

stimulationn of effector cells with PMA/ionomycin and analysis of intracellular cytokine 

expressionn at the single cell basis by FACS. While the priming of naive Th cells with DC 

maturedd in control conditions (LPS+MF) or DC cultured in the additional presence of 

supernatantss from non-activated or TNF-a/IL-lp-activated keratinocytes resulted in the 

developmentt of a mixed population of Thl and Th2 cells after rcstimulation. DC matured in 

thee presence of poly l:C-activated keratinocyte supernatants induced a strong bias toward the 

developmentt of Thl cells (Fig. 4). 

Typee I IFNs and IL-18 have been implicated in the virus-induced development of Thl-type 

immunee responses." Indeed, we found that poly I:C-activated keratinocytes not only produce 

typee I IFNs (Fig. 2D) but also IL-18 (Fig. 2C). In addition, neutralization of type I IFNs or IL-

188 in the supernatants of poly I:C-activated keratinocytes partially inhibited Thl polarization 

(Fig.. 5A). However, when the two soluble factors were neutralized we observed no further 

decreasee in the percentage of IFN-y-producing T cells to levels close to neutral conditions. 
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Thesee data indicate that poly I:C-activated keratinocytes produce both type I IFNs and IL-18 

thatt prime for DC inducing the development of Thl cells. 

IFN-y y 

DCC maturation 

KCC supernatanls 

166 7 I 16.2 

JJ 40;3|27.8 

ppsfe e 

11.9|| 12.7 

45.99 I 29.4 

 . . . . . 

LPS+MF F 
noo additions 

10'' 10' 10* 

LPS+MF F 
unstimulated d 

2.66 I 10.8 

31.211 55.5 

10  10' I0 ! ' 0 ' IC' 

LPS+MF F 
polyy l:C 

Figuree 4. DC' matured in the presence of supernatants from poly I:C-activated keratinocytes have the ability to 
inducee Thl-like responses. Maturation off  DC was induced as indicated in Fig. 3. Differentially matured DC were 
loadedd with SEB and cocultured with naive Th cells. After 14 days, resting memory Th cells were restimulated 
forr 6 h with PMA+ionomycin in the presence of brefeldin A. The expression of IL-4 and IFN-y was assessed by 
intracellularr staining. Results are expressed as the percentage of cells in each population. Data are representative 
off  six independent experiments. 
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Figuree 5. Both IFN-a |5 and IL-18 produced by poly l:C-activatcd keratinocytes and II.-12 produced by mature 
DCC contribute to the development of Thl cells. DC were matured as described in Fig. 3. After 48 h. DC were 
thoroughlyy washed, loaded with SEB and cocultured with naive Th cells. After 14 days, responding Th cells 
weree analyzed as described in Fig. 4. (A) Blockage of both IFN-u |3 and or IL-18 in poly I:C-activated 
kcratinocytee supernatants reduced the frequency of Th cells expressing IFN-y. This effect was more evident 
whenn neutralizing antibodies against IL-12 were added to DC Th naive cocultures (B). This figure shows one 
representativee out of four independently performed experiments. 
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Thll  polarizat ion induced by poly I:C-activated kerat inocytes is part ial ly mediated 

byy DC-derived IL-12 

1L-122 is a major Thl-driving cytokine, promoting cell-mediated immunity and can be 

producedd by DC and other antigen presenting cells upon CD40 ligation by CD40L expressed 

byy activated T cells.14 An indication for a role of IL-12 in the enhanced Thl polarization by 

polyy I:C-activated keratinocytes was the finding that the presence of such supernatants, and 

notnot supernatants from TNF-a/IL-ip-activatcd keratinocytes. enhanced the production of 1L-

12p700 in CD40L-stimulated iDC (Fig. 6A). This enhanced production was blocked entirely 

byy the additional presence of neutralizing antibodies against IFN-a/p in the keratinocyte 

supernatantss (Fig. 6A). indicating that keratinocytes enhance IL-12p70 production by CD40L-

activatedd iDC via the release of IFN-a/p. 

polyy I.C 
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TNF-u/IL-ip p 

B B DC C 

LPS+MF F 
LPS+MF F 
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Figuree 6. Poly I:C-activated keratinocyte supernatants enhanced IL-12 production by iDC upon CD40 ligation 
whereass it did not prime for high IL-12 production in mature DC. (A) Immature DC were stimulated with 
CD40L-transfectedd J558 cells (each 20.000 cells well) in the absence or in the presence of poly I:C- or TNF-
aa IL-lp-activated keratinocytes supernatants (50%. v.v). In addition, supernatants of poly I:C-activated 
keratinocytess were incubated with neutralizing antibodies against IFN-a/p were added to iDC. Poly r e-
activatedd keratinocytes enhance bioactivc IL-12 production by CD40L-stimuIated immature DC via the release 
off  type I IFNs. (B) IL-12p70. IL-6 and TNF-a production by mature DC. Differentially activated keratinocyte 
supernatantss do not modulate the bioactivc IL-12 production of mature DC. Maturation of DC was induced by 
eitherr a combination of keratinocyte supernatants (50% v/v) and LPSfMF or LPS+MF alone. After 48h DC 
weree thoroughly washed and stimulated with CD40L-transfected J558 cells. IL-I2p70. IL-6 and TNF-a 
concentrationss in 24 h supernatants were determined by ELISA. Results, expressed as mean  SD of triplicate 
cultures,, are from one representative experiment out of three with similar results. Data were analyzed for 
statisticall  significance using ANOVA followed by Dunnett's multiple comparisons test using DC mature in the 
presencee of LPS+MF-unstimulated KC supernatants as control. * P<0.05. **P<().0\. 
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However,, it remained to be established to what extent keratinocyte-derived supernatants 

weree able to prime for enhanced 1L-12 production, i.e. do DC matured in the presence of 

keratinocyte-derivedd supernatants show enhanced IL-12 in response to CD40L. As the 

maturationn status of DC may readily determine their ability to produce IL-12," these 

experimentss were performed with DC with a synchronized maturation status by adding LPS 

andd MF to the all iDC groups, which does not alter the ability to produce IL-12 in the mature 

DC.""  After 48 h, the mature DC were extensively washed and restimulated for 24 h with 

CD40L.. In contrast to the above-mentioned experiments with iDC, the CD40L-induced IL-

12p700 production by DC matured in the presence of poly I:C-activatcd keratinocytes 

supernatantss was not significantly different from DC matured in the presence of supernatants 

fromm non-activated or to TNF-a/IL-Inactivated keratinocytes (Fig. 6B). In addition, the 

capacityy of IL-12p70, IL-6 and TNF-a production by differently matured DC upon CD40 

activationn was not, or only marginally, altered upon neutralization of type I IFNs or IL-18 in 

thee keratinocyte supernatants (Fig. 6B). 

Inn order to analyze the contribution of the moderate levels of T cell-induced DC-derived 

IL-122 in the enhanced Thl polarization, neutralizing antibodies against IL-12 were added to 

coculturess of DC and naive Th cells. As depicted in Fig. 5B, neutralization of IL-12 inhibited 

Thll  polarization in any condition, including Thl polarization induced by DC matured in the 

presencee poly I:C-activated keratinocyte supernatants. This effect was more evident when 

simultaneouslyy type I IFNs and/or IL-18 were neutralized in the keratinocyte supernatants, 

indicatingg that both soluble factors produced by poly I:C-activated keratinocytes and IL-

12p700 produced by matured DC are involved in the observed Thl polarization. 

DISCUSSION N 

Inn the present study it is demonstrated for the first time that soluble mediators from pathogen-

activatedd keratinocytes can profoundly affect DC function and consequently the class of the 

immunee response by demonstrating that supernatants from poly I:C-activated keratinocytes, 

butt not from TNF-a/lL-lp-activated induce iDC to mature into effector DC, and that these 

DCC appeared to be type 1 DC (DC1) that bias the development of Thl cells from naive T 

cells. . 
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Keratinocytess and viral infections 

Humann keratinocytes are target of several viruses such as, herpes simplex virus,"11'32 human 

papillomaviruss (HPV),JJ and varicella-zoster virus.34 In particular, it was reported that 

infectionn of human keratinocytes with HPV type 1635 or herpes simplex virus31 induces the 

secretionn several soluble mediators. Moreover, it was suggested that herpes simplex virus 

doess not directly infect DC but epithelial cells36 indicating a crucial role for keratinocyte-

derivedd factors in this viral infection. 

DCC maturation induced by keratinocyte-derived TNF-a and IFN-ct 

Syntheticc dsRNA (poly I:C) is often used as a model of viral infection. It has been reported 

thatt poly I:C induces maturation of human DC1337 via binding to Toll-like receptor 3.3K In 

addition,, poly l:C-matured DC acquired the capacity to trigger naive T cells and drive 

polarizedd Thl responses,13 a phenomenon which is partially dependent of IL-12.39 Our current 

experimentss extended these observations by demonstrating that poly !:C can also modulate 

DCC function via the activation of keratinocytes. Indeed, in a separate study we found that 

keratinocytess express various TLR types, including high levels of TLR3 (Lebre et al., 

manuscriptt submitted). Experiments with neutralizing antibodies indicated that poly I:C-

activatedd keratinocytes induce DC maturation through the production of TNF-a and IFN-a/p, 

twoo well-known DC-maturation inducing factors.10 The importance of TNF-ct-dependent 

maturationn of local DC in activating adaptive immune response to virus infection is supported 

byy a study showing that DC from TNF-deficient mice cannot mature in response to virus 

infection.40 0 

IFN-a-- and IL-18-dependent Thl response 

Inn a search for the soluble factors driving the type 1 phenotype of DC matured in response to 

thee supernatants from poly I:C activated DC, we identified the cytokines type I IFNs and IL-

18.. Upregulation of expression of type I IFNs is one of the earliest cellular responses upon 

contactt with infectious agents, in particular viruses. The rapid induction of type I IFNs 

reflectss the crucial role that these cytokines play in the inhibition of viral spread before the 

generationn of a specific immune response.41 In addition, because of this early expression, the 

typee I IFNs are ideal signaling molecules alerting the specific immune system to the presence 

off  viral infection which requires protective Thl cell responses. Thus, type I IFNs have a 
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potentt antiviral function which is not only due to their direct effects on infected cells (i.e. by 

inhibitingg virus replication), but also by their indirect effects (i.e. by stimulating of iDC 

maturationn resulting in Thl-biased responses).4" Consistently, keratinocyte-derived type I 

IFNss belong to the molecules Unking innate and adaptive immunity. 

Importantly,, the DC maturation observed is not due to carry over of poly I:C present in 

keratinocytee supernatants since the addition of supernatants derived from paraformaldehyde-

fixedd keratinocyte, after poly I:C activation, did not result in upregulation of CD83, CD80 and 

CD866 by DC (data not shown). Moreover, after exposure to poly I:C, keratinocytes were 

washedd 5 times in 5 ml of PBS, i.e. > lxlO6 times diluted. When the last wash (PBS) was 

addedd to iDC for 48 h, no induction of DC maturation was observed (data not show). 

Altogether,, these data suggest that keratinocyte secreted factor(s), rather than poly I:C carry-

over,, induce(s) DC maturation. 

IL-188 is widely expressed by both leukocyte and non-leukocytes, and IL-18 expression in 

keratinocytess was shown before.43,44 One of the most well known activities of IL-18 is the 

stimulationn of IFN-y production during inflammation, in particular the lL-12-induced IFN-y 

productionn by Thl cells.45,46 Our data are in line with an earlier report proposing that 

keratinocyte-derivedd IL-18 is involved in the cutaneous Thl-type immune response. 

Rolee of DC-derived IL-12 

Wee found that Thl polarization induced by poly I:C-activated keratinocytes is partially 

mediatedd by DC-derived IL-12. IL-12 is an important factor in the induction of Thl 

responses,4**  although DC-derived IFN-ct and IL-18 have also been implicated.2g IL-12 is 

producedd by both iDC and mature DC upon CD40 ligation14'44"51 and is regulated by cytokines 

andd PGE:.20"52'53 Here, we have shown that type I IFNs from poly I:C-activated keratinocytes 

enhancee CD40L-induccd IL-12 production in iDC. Surprisingly, these keratinocytes did not 

primee for enhanced IL-12 production in CD40L-activated mature DC. This discrepancy is 

alsoo found when DC are directly activated by poly I:C, which induces high levels of IL-12 in 

iDC13,3'' but not docs not prime for high IL-12 in mature DC.3'' The enhanced IL-12 

productionn by iDC, may be primarily important for the optimal and rapid activation of local 

effectorr cells, e.g. primed Th cells, MHC class I-restricted cytotoxic T lymphocytes or NK 

cells,, to eliminate virus-infected keratinocytes. The lack of enhanced IL-12 production in DC 

primedd by poly I:C-activated keratinocytes and the partial inhibition of the development of 

Thll  cells indicate that additional DC-derived factors have contributed to the development of 
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thesee Thl cells. Since it has been suggested that dsRNA and influenza virus can induce DC 

maturationn and confer the capacity to prime a Thl response through the production of both 

IL-122 and type I IFNs13 and that DC-derived IL-18 enhances the IL-12-induced production of 

IFN-yy by Thl cells,4554 type I IFNs and IL-18 are likely candidates. Clearly, the direct 

activationn of iDC by pathogen will contribute to the initiation and regulation of the specific 

immunee response to this pathogen by committing the functional phenotype of the DC after 

theirr maturation. 

DCC polarizing capacity: role of microenvironment 

However,, it has been proposed that tissue-derived "danger" signals can also be vital in this 

respect.""  The nature of these signals is dependent on the type of tissue and type of pathogen 

involved.. The present data suggest that viruses can commit DC indirectly to become DC1 by 

thee activation of keratinocytes located in the vicinity of DC. It may be speculated that other 

stromall  cells of the skin, e.g. fibroblasts that are also capable to produce TNF-a or IFN-a in 

responsee to virus infection, may also be able to initiate maturation and polarization of DC. 

Recently,, Soumelis et al.56 reported that thymic stromal lymphopoietin (TSLP) is elevated in 

humann keratinocytes from atopic dermatitis (AD) patients and that TSLP can induce the 

developmentt of a Th2 cell-promoting DC phenotype DC2, characterized by the capacity to 

biass naive Th cells into Th2 cells. The authors, therefore, proposed that enhanced levels of 

TSLPP may contribute to the allergic inflammation in AD. However, in contrast to our study, 

thiss study does not show direct evidence that TSLP present in keratinocyte culture 

supernatantss is a factor crucial in inducing the effector DC2 phenotype. Our data and the data 

fromm the study of Soumelis et ai~G were obtained by targeting monocyte-derived DC and 

peripherall  blood CD1 lc+ DC, respectively, and it was hypothesized that such DC comprise 

precursorss of epidermal DC.57 Although it remains to be established in full detail, Langerhans 

cellss may also be responsive to keratinocyte-derived signals, since all DC populations assayed 

soo far, have shown a high degree of plasticity in response to environmental stimuli.5* 

Concludingg remarks 

Inn summary, the present study demonstrates that pathogen-induced keratinocyte-derived 

factorss can activate DC and modulate their function. These data support the notion that iDC as 

sentinelss of specific immunity can respond to pathogen-associated molecules not only directly 
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viaa pattern recognition receptors,54 but also indirectly, as a result of their reactivity to factors 

producedd by tissue cells in response to those pathogens.'"° 

ACKNOWLEDGMENTS S 

Thiss work was support by Fundacao para a Ciência e a Tecnologia, Lisbon, Portugal (grant 

no.. PRAXIS XXI/BD/13678/97 to M.C.L.). ECJ and TMMC were financially supported by 

Haarlemss Allergenen Laboratorium (HAL) BV. 

REFERENCES S 

1.. Robert C, Kupper TS. Inflammatory skin diseases, T cells, and immune surveillance. N F.ngl J Med. 
1999:341:1817-1828. . 

2.. Fujisawa H, Kondo S, Wang B. Shivji GM, Sauder DN. The expression and modulation of IFN-alpha and 
IFN-betaa in human keratinocytes. J Interferon Cytok Res. 1997;17:721-725. 

3.. Luger TA, Schwarz T. Evidence for an epidermal cytokine network. J Invest Dermatol. 1990;95:100S-
104S. . 

4.. Köck A. Schwarz T, Kimbauer R et al. Human keratinocytes are a source for tumor necrosis factor a: 
evidencee for synthesis and release upon stimulation with endotoxin or ultraviolet light. J Exp Med. 
1990;172:1609-1614. . 

5.. Ezepchuk YV, Leung DYM, Middleton MH et al. Staphylococcal toxins and protein A differentially 
inducee cytotoxicity and release of tumor necrosis factor-a from human keratinocytes. J Invest Dermatol. 
1996;107:603-609. . 

6.. Grabbe S, Bruvers S, Gallo RL et al. Tumor antigen presentation by murine epidermal cells. J Immunol. 
1991;146:3656-3661. . 

7.. Grabbe S. Bruvers S, Lindgren AM et al. Tumor antigen presentation by epidermal antigen-presenting 
cellss in the mouse: modulation by granulocyte-macrophage colony-stimulating factor, tumor necrosis 
factorr alpha, and ultraviolet radiation. J Leukoc Biol. 1992;52:209-217. 

8.. Stcinman RM. The dendritic cell system and its role in immunogenicity. Annu Rev Immunol. I99l;9:271-
296. . 

9.. Banchereau J. Steinman RM. Dendritic cells and the control of immunity. Nature. 1998:392:245-252. 
10.. Verhasselt V, Buelcns C. Willems F et al. Bacterial lipopolysaccharide stimulates the production of 

cytokiness and the expression of costimulatory molecules by human peripheral blood dendritic cells: 
evidencee for a soluble CD14-dependent pathway, J Immunol. 1997:158:2919-2925. 

11.. Luft T, Pang Kt \ Thomas E et al. Type 1 IFNs enhance the terminal differentiation of dendritic celts. J 
Immunol.Immunol. 1998;161:1947-1953. 

12.. Luft T, Luetjens P, Hochrein H et al. IFN-a enhances CD40 ligand-mediated activation of immature 
monocyte**  derived dendritic cells. Int Immunol. 2002;14:367-380. 

13.. Cella M. Salio M, Sakakibara Y et al. Maturation, activation, and protection of dendritic cells induced by 
double-strandedd RNA. J Exp Med. 1999; 189:821 -829. 

14.. Cella M. Scheidegger D, Palmer-Lehmann K et al. Ligation of CD40 on dendritic cells triggers production 
off  high levels of interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC activation. J 
Expp Med. 1996;184:747-752. 

15.. Sparwasser T, Koch ES, Vabulas RM et ai. Bacterial DNA and immunostimulatory CpG oligonucleotides 
triggerr maturation and activation of murine dendritic cells. Eur J Immunol. 1998;28:2045-2054. 

16.. Paschen A. Dittmar KEJ, Grenningloh R et al. Human dendritic cells infected by Listeria monocytogenes: 
inductionn of maturation, requirements for phagolysosomal escape and antigen presentation capacity. Eur J 
Immunol.Immunol. 2000;30:3447-3456. 

17.. Whelan M, Harnett MM. Houston KM et al. A filarial nematode-secreted product signals dendritic cells to 
acquiree a phenotype that drives development of Th2 cells. J Immunol. 2000;164:6453-6460. 

18.. Rescigno M. Granucci F. Ricciardi-Castagnoli P. Molecular events of bacterial-induced maturation of 
dendriticc cells. J Clin Immunol. 2000;20:161-166. 

68 8 



dsRNA-activatedd keratinocytes induce DC1 

19.. Kalinski P, Hilkens CMU. Wierenga EA, Kapsenberg ML. Type t and type 2 polarized DC: one more 
messagee for naive Th cells? Immunol Today. 1999;20:561-567. 

20.. Vieira PL, de Jong EC, Wierenga EA, Kapsenberg ML, Kalinski P. Development of Thl-inducing 
capacityy in myeloid dendritic cells requires environmental instruction. J Immunol. 2000:164:4507-4512. 

21.. Colby C. Duesbcrg PH. Double-stranded RNA in vaccinia virus infected cells. Nature. 1969;222:940. 
22.. Haines DS, Strauss Kl, Gillespie DH. Cellular response to double-stranded RNA. J Cell Biochem. 

1991;46:9. . 
23.. Pastore S, Fanales-Belasio E, Albanesi C et al. Granulocyte macrophage colony-stimulating factor is 

overproducedd by keratinocytes in atopic dermatitis. Implications for sustained dendritic cell activation in 
thee skin. J Clin Invest. 1997;99:3009-3017. 

24.. Satlusto F, Lanzavecchia A. Efficient presentation of soluble antigen by cultured human dendritic cells is 
maintainedd by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregulated by 
tumorr necrosis factor alpha. J Exp Med. 1994;179:1109-1118. 

25.. Kalinski P, Schuitemaker JHN, Hilkens CMU, Kapsenberg ML. Prostaglandin E2 induces the final 
maturationn of IL-12-deficient CDUXD83* dendritic cells: the levels of IL-I 2 are determined during the 
finalfinal dendritic cell maturation and are resistant to further modulation. J Immunol. 1998;161:2804-2809. 

26.. Mogensen KE, Pyhala L, Cantell K. Raising antibodies to human leukocyte interferon. Acta Pathol 
Microbioll  Scand. 1975;83:443-450. 

27.. Kalinski P, Schuitemaker JHN, Hilkens CMU, Wierenga EA, Kapsenberg ML. Final maturation of 
dendriticc cells is associated with impaired responsiveness to IFN-y and to bacterial IL-12 inducers: 
decreasedd ability of mature dendritic cells to produce IL-12 during the interaction with Th cells. J 
Immunol.Immunol. 1999;162:3231-3236. 

28.. Uchi H, Terao H, Koga T, Furue M. Cytokines and chemokines in the epidermis. J Dermatol Sci. 
2000;24:S29-S38. . 

29.. Sareneva T, Matikainen S, Kurimoto M, Julkunen I. Influenza A virus-induced 1 FN-alpha/beta and IL-18 
synergisticallyy enhance IFN-gamma gene expression in human T cells. J Immunol. 1998;160:6032-6038. 

30.. O'Garra A. Cytokines induce the development of functionally heterogeneous T helper cell subsets. 
Immunity.. 1998;8:275-283. 

31.. Mikloska Z, Danis VA, Adams S et al. In vivo production of cytokines and beta (C-C) chemokines in 
humann recurrent herpes simplex lesions—do herpes simplex virus-infected keratinocytes contribute to their 
production?? J Infect Dis. 1998;177:827-838. 

32.. Mikloska Z, Kesson AM, Penfold ME, Cunningham AL. Herpes simplex virus protein targets for CD4 and 
CD88 lymphocyte cytotoxicity in cultured epidermal keratinocytes treated with interferon-gamma. J Infect 
Dis.. 1996:173:7-17. 

33.. Cho YS, Kang JW, Cho M et al. Down modulation of IL-18 expression by human papillomavirus type 16 
E66 oncogene via binding to IL-18. FEBS Lett. 2001;501:139-145. 

34.. Nahass GT, Penneys NS, Leonardi CL. Interface dermatitis in acute varicella-zoster virus infection: 
demonstrationn of varicella-zoster DNA in keratinocytes by in situ polymerase chain reaction. Br J 
Dermatol.. 2001;135:150-151. 

35.. Nees M, Geoghegan JM, Hyman T et al. Papillomavirus type 16 oncogenes downregulate expression of 
interferon-responsivee genes and upregulate proliferation-associated and NF-kappaB-responsive genes in 
cervicall  keratinocytes. J Virol. 2001 ;75:4283-4296. 

36.. Kumaraguru U, Rouse BT. The IL-12 response to herpes simplex virus is mainly a paracrine response of 
reactivee inflammatory cells. J Leukoc Biol. 2002;72:564-570. 

37.. Verdijk RM. Mutis T, Esendam B et al. Polyriboinosinic polyribocytidylic acid (poly(l:C)) induces stable 
maturationn of functionally active human dendritic cells. J Immunol. 1999;163:57-61. 

38.. Alexopoulou L, Holt AC. Medzhitov R, Flavell RA. Recognition of double-stranded RNA and activation 
ofNF-kappaBB by Toll- like receptor 3. Nature. 2001;413:732-738. 

39.. de Jong EC, Vieira PL, Katitïski P et al. Microbial compounds selectively induce Thl cell-promoting or 
Th22 ceil- promoting dendritic cells in vitro with diverse th cell-polarizing signals. J Immunol. 
2002;168:1704-1709, , 

40.. Trevejo JM, Marino MW, Philpott N et al. TNF-alpha -dependent maturation of local dendritic cells is 
criticall  for activating the adaptive immune response to virus infection. Proc Natl Acad Sci USA. 
2001;98:12162-12167. . 

41.. De Maeyer E, Maeyer-Guignard J. Type I interferons. Int Rev Immunol. 1998; 17:53-73. 
42.. Bogdan C. The function of type I interferons in antimicrobial immunity. Curr Opin Immunol. 

2000;12:419-424. . 
43.. Companjen AR, Prens E. Mee JB, Groves RW. Expression of IL-18 in human keratinocytes. J Invest 

Dermatol.. 2000;! 14:598-599. 

69 9 



Chapterr 3 

44.. Companjen AR. van dV, V, Vooys A et al. Human keratinocytes are major producers of IL-18: 
predominantt expression of the unprocessed form. Eur Cytokine Netw. 2000; 11:383-390. 

45.. Ahn HJ, Maruo S, Tomura M et al. A mechanism underlying synergy between IL-12 and IFN-gamma-
inducingg factor in enhanced production of IFN-gamma. J Immunol. 1997:159:2 i 25-2131. 

46.. Kohno K, Kataoka J, Ohtsuki T et al. IFN-gamma-inducing factor (IG1F) is a costimulatory factor on the 
activationn of Thl but not Th2 cells and exerts its effect independently of IL-12. J Immunol. 
1997:158:1541-1550. . 

47.. Naik SM Cannon G. Burbach GJ et al. Human keratinocytes constitutively express interleukin-18 and 
secretee biologically active interleukin-18 after treatment with pro- inflammatory mediators and 
dinitrochlorobenzene.. J Invest Dermatol. 1999; 113:766-772. 

48.. O'Garra A. Cytokines induce the development of functionally heterogeneous T helper cell subsets. 
Immunity.. 1998;8:275-283. 

49.. Koch F. Stanzl U, Jennewein P et al. High level of IL-12 production by murine dendritic cells: 
upregulationn via MHC class II and CD40 molecules and downregulation by IL-4 and IL-10. J Exp Med. 
1996:184:741. . 

50.. Hilkens CMU. Kalinski P, de Boer M, Kapsenberg ML. Human dendritic cells require exogenous 
interleukin-12-inducingg factors to direct the development of naive T-helper cells towards the Thl 
phenotype.. Blood. 1997:90:1920. 

51.. Kalinski P, Hilkens CMU, Snijders A. Snijdewint FGM, Kapsenberg ML. IL-12-deficient dendritic cells, 
generatedd in the presence of prostaglandin E2, promote type 2 cytokine production in maturing human 
naivee T helper cells. J Immunol. 1997:159:28-35. 

52.. Kalinski P. Smits HH, Schuitemaker JHN et al. IL-4 is a mediator of IL-12p70 induction by human Th2 
cells:: reversal of polarized Th2 phenotype by dendritic cells. J Immunol. 2000;165:1877-1881. 

53.. Kalinski P, Vieira PL, Schuitemaker JHN, de Jong EC, Kapsenberg ML. Prostaglandin E2 is a selective 
inducerr of interleukin-12 p40 (IL-12p40) production and an inhibitor of bioactive IL-12p70 heterodimer. 
Blood.. 2001;97:3466-3469. 

54.. Robinson D, Shibuya K, Mui A et al. IGIF does not drive Thl development but synergizes with IL-12 for 
interferon-gammaa production and activates IRAK and NF-KB. Immunity. 1997;7:571-581. 

55.. Matzinger P. Tolerance, danger, and the extended family. Annu Rev Immunol. 1994;12:991-1045. 
56.. Soumelis V, Reche PA, Kanzler H et al. Human epithelial cells trigger dendritic cell mediated allergic 

inflammationn by producing TSLP. Nat Immunol. 2002. 
57.. Ito T, Inaba M, Inaba K et al. A CDlaVCDl lc' subset of human blood dendritic cells is a direct precursor 

ofLangerhanss cells. J Immunol. 1999;163:1409-1419. 
58.. Shortman K, Liu Y-J. Mouse and human dendritic cells. Nat Rev Immunol. 2002;2:151-161, 
59.. Janeway CA. The immune system evolved to discriminate infectious nonself from noninfectious self. 

Immunoll  Today. 1992:13:11-16. 

70 0 


