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ABSTRACT T 

Keratinocytess are constantly in contact with external stimuli and have the capacity to produce 

severall  soluble mediators constitutively or upon induction. Pathogens express pathogen-

associatedd molecular patterns (PAMPs) that are recognized, amongst others, by Toll-like 

receptorss (TLRs). The functional responses of human keratinocytes to different PAMPs have 

nott yet been fully established. We show here that keratinocytes constitutively express mRNA 

forr TLR1, 2, 3, 4, 5, 6, 9 and 10, but not for TLR7 and 8. Stimulation of keratinocytes with 

differentt TLR ligands resulted in differential expression patterns of cell surface molecules 

and,, in particular, of chemokines. CXCL8/IL-8 was significantly enhanced in response to all 

TLRR ligands tested, except for the TLR9 ligands CpG-ODN 2006 and 2216. A similar pattern 

wass evident in the production of CCL2/MCP-1 that, however, could not be induced by both 

CpGG ODNs and the TLR2/4 ligand lipoteichoic acid (LTA). CCL20/MIP-3a production was 

selectivelyy induced upon stimulation with the TLR3 ligand poly I:C, the TLR5 ligand 

flagellinn and the TLR2/6 ligand zymosan A. CCL27/CTACK production was selectively 

inducedd by poly I:C and flagellin. The expression of the Thl-attracting chemokines, 

CXCL9/Mig,, CXCL10/IP-10 and CXCL11/I-TAC was exclusively induced by poly I:C that 

iss known to induce a response type characterized by a predominance of Thl cells. 

Furthermore,, TNF-a mRNA was induced by CpG-ODN 2006, whereas CpG-ODN 2116 

inducedd both TNF-a and IFN-a mRNA. The ability CpG-ODN to activate keratinocytes was 

underscoredd by the translocation of the NF-KB subunits p50 and p65 to the nucleus. 

Altogether,, these findings stress an unexpectedly multifaceted role of keratinocytes in innate 

immunityy as evident by their differential, TLR-mediated responses to PAMPs associated with 

differentt classes of pathogens. 

INTRODUCTION N 

Keratinocytes,, the main constituent of the skin, not only form a passive barrier between 

externall  environment and internal organs, but upon external stimuli, such as trauma, bacterial 

andd viral infections, chemical substances, or ultraviolet irradiation, they produce various 

cytokiness and chemokines.1'2 Therefore, keratinocytes may represent the first line of defense 

againstt microbial pathogens in the skin. 

Thee innate immune system has evolved to recognize a broad spectrum of pathogens and is 

oftenn extremely successful as a first line of defense. Innate immune cells also provide 
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specificc immune cells with information required for a most effective second line of 

immunity,, which is indispensable when innate immunity fails."1 Recognition of pathogens by 

innatee immune cells is mediated by pattern-recognition receptors (PRRs) that recognize 

conservedd pathogen-associated molecular patterns (PAMPs). Toll-like receptors (TLR), 

amongstt others, function as PRRs and are of particular importance for translating the 

recognitionn of pathogen components to activation of the immune system.4,5 TLRs transduce 

signalss leading to the activation of NF-KB6 that subsequently drive the transcriptional 

inductionn of several cytokine, chemokine and adhesion molecule genes.7 In particular TLR1, 

togetherr with TLR2, recognizes microbial lipoproteins from Mycobacterium tuberculosis* 

TLR22 a variety of bacterial components, such as peptidoglycan (PGN),g and TLR3 double-

strandedd (ds)RNA polyriboinosinic polyribocytidylic acid (poly I:C).10 TLR4 is the main 

receptorr for LPS," TLR5 recognizes bacterial flagellin12 and TLR6, together with TLR2, 

coordinatee activation by zymosan, a cell wall component of the yeast Saccharomyces 

cerevisiaePcerevisiaeP Lipoteichoic acid (LTA), a cell wall component from Gram-positive bacteria, is 

recognizedd by both TLR21415 and TLR4,9 and both TLR7 and TLR8 recognize anti-viral 

compounds,, the imidazoquinolines.16 '7 TLR918 has recently been shown to mediate signals 

fromm unmethylated CpG motifs present in bacterial DNA. The ligand that is recognized by 

TLR100 is still unknown.19 Immune responses to different types of pathogens, or to their 

products,, are associated with different classes of immune responses. The variety of PRRs 

suggestt that the discrimination of the pathogen by TLRs, and the subsequent production of a 

specificc subset of cytokines and chemokines, may be the first point at which the immune 

systemm tailors its response to different classes of pathogens. 

Chemokiness are small, secreted proteins that regulate leukocyte migration.20,21 Members 

off  this superfamily share structural similarities, including four conserved cysteine residues 

thatt form disulphide bonds that are crucial for the tertiary structures.20 Chemokines can be 

subdividedd into four classes, the C-C, C-X-C, C and C-X3-C chemokines, depending on the 

locationn of the first two cysteines in their protein sequence.20 In general, CXC-chemokines 

havee chemotactic properties for neutrophils, T and B lymphocytes whereas CC-chemokines 

representt rather selective chemoattractants for monocytes, macrophages, dendritic cells (DC), 

differentt T lymphocyte subsets, basophils and eosinophils.22 Numerous in vitro studies have 

documentedd the increased expression of mRNA and/or protein for several chemokines by 

humann keratinocytes.1"' In particular, keratinocytes produce in response to proinflammatory 

cytokines,, such as interferon (IFN)-y and tumor necrosis factor (TNF)-a, the CXC 
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chemokiness IFN-inducible protein-10 (IP-10; CXCL10), monokine-induced by IFN-y (Mig; 

CXCL9),244 IFN-inducible T cell a-chemoattractant (I-TAC; CXCL1l),2" interleukin-8 (IL-8; 

CXCL8)266 and the CC chemokines monocyte chemoattractant protein-1 (MCP-1; CCL2),27 

macrophagee inflammatory protein-3a (MIP-3a; CCL20),28 and cutaneous T-cell-attracting 

chemokinee (CTACK; CCL27).29 The specific effects of chemokines on target cell types are 

mediatedd by specific 7-transmembrane G-protein-coupled receptors (GPCR), In this 

respect,, CXCL9/Mig, CXCL10/IP-10 and CXCL11/I-TAC chemokines specifically attract 

activatedd CXCR3+ T helper type 1 (Thl) cells31 and CXCL8/IL-8 selectively attracts 

CXCRl+2++ neutrophils.32 CCL2/MCP-1 attracts monocytes,11 DC and Langerhans cells 

(LC),277 memory T cells34 and natural killer cells35 via CCR2.36 CCL20/MIP-3a attracts both 

memoryy T cells37 and epidermal LC into the skin28 via CCR6 receptor. CCL27/CTACK is 

exclusivelyy and constitutively expressed by human keratinocytes and binds to the receptor 

CCR10.. This chemokine preferentially attracts skin-homing cutaneous lymphocyte-

associatedd antigen (CLA~CCR10~) memory T cells." " 

Althoughh it has long been recognized that keratinocytes are the main producers of 

cytokiness and chemokines in the skin,1'2 the knowledge of the mechanisms of this secretion 

inn response to microbial stimuli remained fragmented. Therefore, we examined the 

expressionn of TLRs by normal human keratinocytes and questioned whether these PRRs 

playedd a role in cytokine and chemokine production in response to different PAMPs. We 

demonstratee for the first time that, in addition to TLR439 human keratinocytes constitutively 

expresss mRNA for TLR1, 2, 3, 5, 6, 9 and 10, but not for TLR7 or 8. The fact that 

keratinocytess respond to TLR2, 3, 4, 5, 6 and 9 ligands, indicates that keratinocytes may play 

aa critical role in alerting the immune system to the presence of pathogens so that an 

immediatee response can be mounted to contain the infection. This suggests that keratinocytes 

functionn as a link between the innate and specific immunity. 

MATERIALL AND METHODS 

Keratinocytee cultures 

Primaryy keratinocyte cultures were prepared from plastic surgery skin obtained from healthy 

subjects.. Briefly, The skin was incubated with Dispase (0.3%; Boehringer, Mannheim, 

Germany)) for 16 h at 4°C. Epidermal sheets were removed from the dermis and single cell 

suspensionss were obtained by placing epidermal sheets in trypsin (0.025%; Life 

34 4 



Keratinocytess express TLRs 

Technologies,, Paisley, U.K.) for 5 min at 37°C. After neutralizing with equal volume of 

FCS,, {HyClone, Logan, UT) stratum corneum debris was removed and then thieved through 

sterilee nylon gauze to obtain a single cell suspension. Isolated epidermal cells were seeded at 

thee density of 8-10 x 104 cells/cm". At 70-80% confluence, keratinocytes were detached with 

0.025%% trypsin, 2 raM EDTA for 5 min at 37°C, and subcultured or frozen. Keratinocytc 

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

RNAA isolation and cDNA synthesis 

Keratinocytess were plated at the concentration of 1.5x 10̂  cells/3 ml (6-well plates, Costar, 

Cambridge,, MA), and cultured at least for 48 h before the cells were lyzed. Keratinocyte total 

RNAA was purified by using the NucleoSpin*  RNA II kit (Macherey-Nagel, Duren, Germany) 

accordingg to manufacture's instructions. cDNA was generated using the First strand cDNA 

synthesiss kit for RT-PCR (MBI Fermentas, St Leon-Rot, Germany). To anneal the primer to 

thee RNA, 9 u.1 of total RNA, 1 u.1 oligo(dT)is and 1 ul D(N)6 were added. This mix was then 

heatedd for 5 minutes at 94°C. 

PCRR analysis 

Thee primers sequences used are shown in Table I. Complementary (c)DNAs were amplified 

forr 45 cycles and were analyzed on a 1% agarose gel containing ethidium bromide. A 100 bp 

DNAA ladder standard (MBI Fermentas) was used as a size marker. 

Keratinocytee stimulation for analysis of cell surface expression 

Keratinocytess were plated at the concentration of 1.5x10" cells/3 ml (6-well plates, Costar, 

Cambridge,, MA), and cultured at least for 48 h. Keratinocytes were cultured in the presence 

off  peptidoglycan (PGN) from Staphylococcus aureus (100 u.g/ml; Sigma-Aldrich, St. Louis, 

MO),, or synthetic dsRNA poly I:C (50 u.g/ml; Sigma-Aldrich), or lipoteichoic acid (LTA) 

fromm 5". aureus (100 (ig/ml; Sigma), or LPS from Escherichia coli (100 (ig/ml; Sigma-

Aldrich),, or flagellin (100 ng/ml; a kindly gift from Dr. A.T. Gewirtz), or zymosan A from 

thee yeast Saccharomyces cerevisiae (100 fig/ml; Sigma-Aldrich), or the CpG-

oligodeoxynucleotidess (ODN) 2006 (5,-GGGGGGACGATCGTCGGGGGG-3')4° or CpG-

ODNN 2216 (5,-TCGTCGTTTTGTCGTTTTGTCGT-3,)4! (5 uM; Biosource International, 

Nivelles,, Belgium). After 48 h the cells were detached from the wells by incubating them 
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withh 1 ml of the cell dissociation solution (Sigma-Aldrich) for 15 min. at 37°C. Trypsin 

neutralizationn was performed by adding equal volume of FCS. After spinning for 10 min at 

8000 rpm the single cell suspension was analyzed for the expression of cell surface molecules 

byy FACS (see next). 

Tablee I. Primer sequences 

Gene e 

TLR1 1 
TLR2 2 
TLR3 3 
TLR4 4 
TLR5 5 
TLR6 6 
TLR7 7 
TLR8 8 
TLR9 9 
TLR10 0 

CXCL9/Mig g 
CXCL10/IP-10 0 
CXCL11/I--
TAC C 

TNF-a a 
IFN-a2 2 
IFN-p p 

32u u 

Forwardd primer 

AAAAGAAGACCCTGAGGGCC C 
AACCCTAGGGGAAACATCTCT T 
AAATTGGGCAAGAACTCACAGG G 
TACAAAATCCCCGACAACCTC C 
TGCATTAAGGGGACTAAGCCTC C 
TTGACAGTTTTGAGACTTTCCC C 
TCCAGTGTCTAAAGAACCTGG G 
TAATAGGCTGAAGCACATCCC C 
GTGCCCCACTTCTCCATG G 
TGACCACAATTCATTTGACTACTC C 

TGGTGTTCTTTTCCTCTTGGGCA A 
TCTAAGTGGG CATTCAAG GAGTACC 
GCTATAGCCTTGGCTGTGATATTG G 

GGCTCCAGGCGGTGCTTG G 
AGTCAAGCTGCTCTGTGGGC C 
GATTCATCTAGCACTGGCTGG G 

AAGATTCAGGTTTACTCACGTC C 

Reversee primer 

TCTGAAGTCCAGCTGACCCT T 
GGAATATGCAGCCTCCGGAT T 
GTGTTTCCAGAGCCGTGCTAA A 
AGCCACCAGCTTCTGTAAACT T 
AAAAGGGAGAACTTTAGGGACT T 
TGGACCTCTGGTGAGTCCTG G 
TGGTAAATATACCACACATCCC C 
TCCCAGTAAAACAAATGGTGAG G 
GGCACAGTCATGATGTTGTTG G 
TTGAATACTTTTGGGCAAGCACC C 

GG ACGAGAAC GTTGAG ATTTTCG AA 
CAGTAAATTCTTGATGGCCTTCGA A 
GATTTGG GGATTTAGGCATCGTTGT 

CAGATAGATGGGCTCATACCA A 
GTGAGCTGGCATACGAATCA A 
CTTCAGGTAATGCAGAATCC C 

TGATGCTGCTTACATGTCTCG G 

Analysiss of cell surface molecules expression 

Thee expression of cell surface molecules by keratinocytes wras determined using mouse anti-

humann monoclonal antibodies (mAbs) against the following surface molecules: ICAM-1 

(15.2,, IgGl; Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, 

CLB,, Amsterdam, The Netherlands), HLA-DR (L234, IgG2a; Becton Dickinson, San Jose, 

CA),, HLA-ABC (IgG2a; Halan Sera-Lab Ltd, Belton, UK), FasR/CD95 (ZB4, IgGl; 

Immunotech,, Marseille, France) and CD40 (5D12, IgGl; ATCC, Manassas, VA). FITC-

coupledd goat F(ab')2 anti-mouse IgG and IgM (Jackson ImmunoResearch Laboratories, West 

Grove,, PA) was used as a secondary reagent. Samples were analyzed on a FACScan (Becton 

Dickinson). . 
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Keratinocytee stimulation for cytokine/chemokine measurements 

Keratinocytess were plated at the concentration of O.lxlO4 cells/200 ul (96-well plates, 

Costar),, and cultured at least for 48 h before conducting experiments. To induce cytokine and 

chemokinee production, keratinocytes were cultured for 48 h in the presence of PGN, or poly 

I:C,, or LTA, or LPS, or flagellin, or zymosan A, or the CpG-ODN 2006 or CpG-ODN 2216 

att the concentrations above mentioned. 

Determinationn of cytokine and chemokine production by ELISA 

Measurementss of CXCL8/IL-8 and TNF-a were performed by ELISA using pairs of specific 

mAbss and recombinant standard obtained from BioSource International (Camarillo, CA). 

CCL2/MCP-11 was determined using the Ab pair, rat polyclonal 2052ID for coating and 

rabbitt polyclonal 20532D for detection and recombinant CCL2/MCP-1 19781T (BD 

Pharmingcn,, San Diego, CA). CCL20/MIP-3a was determined using a DuoSet Elisa 

purchasedd by R&D Systems. CXCL10/IP-10, CXCL9/Mig and CCL27/CTACK were 

determinedd using pairs of specific Abs and recombinant standard obtained from R&D 

Systems.. The limits of detection of these ELISA are as follows: CXCL8/IL-8, 30 pg/ml; 

TNF-a,, 20 pg/ml; CCL2/MCP-1, 40 pg/ml; CCL20/MlP-3a, 60 pg/ml; CXCL10/IP-10, 80 

pg/ml;; CXCL9/Mig, 40 pg/ml and CCL27/CTACK, 80 pg/ml. 

Detectionn of NF-KB subunits (p50, and p65) expression by immunohistochemistry 

Keratinocytess were plated at the concentration of O.lxlO4 cells/200 p.1 (Lab-Tek" chamber 

slides;; Life Technologies), and cultured at least for 48 h before conducting experiments. To 

inducee nuclear translocation of p50 and p65, keratinocytes were cultured for 4 h in the 

presencee of poly I:C, or CpG-ODN 2006, or CpG-ODN-2216, at the concentrations stated 

above.. After removal of the culture medium, the cells were fixed with acetone (-20°C) for 10 

min.. Blocking of non-specific staining was performed with 10 % human serum (Biowittaker, 

Walkersville,, MD) in PBS, for 20 min., followed by an incubation (1 h at 37°C) with the 

followingg primary antibodies (diluted in 0.1% BSA plus 0.1% saponin (Sigma-Aldrich)): p50 

(22 fig/ml, goat polyclonal G079, Santa Cruz Biotechnology, Santa Cruz, CA) and p65 (2 

ug/ml,, rabbit polyclonal E069, Santa Cruz Biotechnology). The cells then were washed with 

PBSS containing 1 % FCS and incubated (1 h at 37°C) with the following secondary antibodies 

(dilutedd in PBS containing 10% human serum): HRP-conjugatcd rabbit anti-goat (1:400, 
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Dakopatts.. Glostrup, Denmark) or HRP-conjugated goat anti-rabbit (1:400, Nordic 

Immunologicall  Laboratories. Tilburg. The Netherlands). After washing the cells with PBS. 

thee peroxidase activity was revealed using 3-amino-9-eth\icarbazole substrate (AEC, 

Sigma).. Slides were analysed with a wide field upright microscope (Leica DMRA. Wetzlar, 

Germany)) coupled to a CCD camera and Image-Pro Plus software (Media Cybernetics. 

Dutchh Vision Components. Breda, The Netherlands). 

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 

ANOVAA followed by Dunnett's multiple comparisons test. A P value <0.05 was considered 

ass the level of significance. 

RESULTS S 

Humann keratinocytes express TLR1, 2, 3 ,4 , 5, 6, 9 and 10, but not TLR7 and 8 

TLRss play a central role in innate immunity by mediating recognition of PAMPs.4 To gain 

insightt into kcratinocyte expression of TLRs, we examined the mRNA expression of all 

knownn TLRs (TLR1-TLR10) by RT-PCR. The purity of the keratinocytes was verified by the 

expressionn of the epithelial marker, cytokeratinc. and the fibroblast-specific marker (AS02) 

(dataa not shown), and was 99% (data not shown). As depicted on Fig. 1. keratinocytes 

constitutivclyy express mRNA for TLR1. 2. 3. 4. 5. 6. 9. and 10, but not for TLR7 and 8. 

Figuree 1. Detection ot'TLR mRNA by RT-PCR in cultured human keratinocytes. Human keratinocytes express 
TLR1.. 2. 3. 4. 5. 6. 9. and 10. but not TLR7 and 8. Kcratinocyte purity was verified by the expression of the 
epitheliall  cell marker, cytokeratinc to be 99%. Keratinocytes were plated in 6-well plates and cultured for at 
leastt 48 h before the cells were lyzed. cDNAs were amplified for 45 cycles and were separated on a 1 % agarose 
gell  containing ethidium bromide. The data shown are representative of four independent experiments. 
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Thee TLR ligands PGN, poly I:C, LPS and flagellin induce different patterns of 

surfacee molecule expression by keratinocytes 

Too study the effects of different TLR-ligands on the expression of surface molecules by 

keratinocytes,, keratinocytes were cultured for 48 h in the absence or in the presence of TLR-

ligandss that were selected according to the documented TLR expression: PGN (TLR2). LTA 

(TLR2/4),, poly I:C (TLR3). LPS (TLR4), flagellin (TLR5). zymosan A (TLR2/6), CpG-

ODNN 2006 or CpG-ODN 2216 (both TLR9). As shown in Fig. 2, poly I:C and flagellin were 

thee only ligands that induced the expression of ICAM-1 and MHC class I molecules (HLA-

ABC).. In contrast. MHC class II (HLA-DR) expression was induced by PGN. poly l:C and 

LPS.. None of the TLR ligands induced significant changes in FasR and CD40 expression, 

exceptt for poly I:C that moderately, but not significantly, upregulated the expression of these 

twoo surface molecules. These results demonstrate that human keratinocytes are able to 

respondd to selected TLR ligands by enhancing the expression of certain surface molecules. 

ICAM-11 HLA-DR HLA-AB C FasR CD40 

00 30 60 90 120 0 2 4 6 8 0 100 200 300 400 500 0 10 20 30 0 10 20 30 
\MFII iMFI AMFI AMFI \MFI 

Figuree 2. Keratinocytes modulate the expression of cell surface molecules in response to different stimuli. 
Keratinocytess were stained with antibodies to ICAM-1. HLA-DR. HLA-ABC. FasR or CD40, 48 h after 
exposuree to the indicated TLR ligands or to medium alone, and analyzed by F ACS. Results are expressed as 
meann of duplicate cultures. AMFI represents the difference between the various stainings and the isotype 
control.. Data are representative of four experiments with similar results. 

Humann keratinocytes respond to different TLR ligands/PAMPs with differential 

chemokinee production patterns 

Ass the defense against different invading pathogens requires different types of immune 

responses,, we questioned whether PAMPs that trigger different TLRs. induce different 

patternss of expression of chemokines that are associated with the attraction of different types 

off  immune cells. To this aim. human keratinocytes were exposed for 48 h to different TLR 

ligandss PAMPs and the contents of different chemokines in culture supernatants was 
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analyzedd using specific ELISAs. As shown in Fig. 3. all the TLR Iigands, except the TLR9 

ligandss CpG-ODN 2006 and 2216. induced significantly large amounts of CXCL8/IL-8. The 

samee was observed for CCL2/MCP-1 production except for the fact that this chemokine was 

alsoo not produced in response to the TLR2/4 ligand LTA. CCL20/MIP-3a was induced 

exclusivelyy by TLR3 ligand poly l:C. TLR5 ligand flagellin and TLR2/6 ligand zymosan A. 

CCL27/CTACKK production was exclusively induced by poly I:C and flagellin. Altogether, 

thesee data demonstrate that human keratinocytes respond to different TLR ligands/PAMPs by 

showingg different patterns of chemokines that are associated with the attraction of different 

immunee cells. 

Ligand d 

medium m 

PGN N 

Polyy l:C 

LTA A 

LPS S 

Flagellin n 

Zymosann A 

CpGG 2006 

CpG2216 6 

TLR R 

none e 

2 2 

3 3 

2/4 4 

4 4 

5 5 

2/6 6 

9 9 

9 9 

0 3 6 99 12 0 2 4 6 8 0 1 2 3 0 2 4 6 

CXCL8/IL-88 (ng/ml) CCL2/MCP-1 (ng/ml) CCL20/MIP-3«:(ng/ml) CCL27/CTACK (ng/ml) 

Figuree 3. CXCL8/IL-8, CCL2/MCP-1, CCL20 MIP-3a. and CCL27/CTACK production by keratinocytes 
stimulatedd with microbial molecules that trigger different TLR signalling. Keratinocytes were cultured with 
PGNN (100 fig/ml), poly I:C (50 ng/ml), LTA (100 ng/ml), LPS (100 ng/ml), flagellin (100 pg/ml), zymosan A 
(1000 (.ig/ml). CpG-ODN 2006 or 2216 (5 uM). for 48 h, and the concentrations of chemokines in the cell-free 
supernatantss were measured with specific ELISA. Results, expressed as mean  SD of triplicate cultures are 
fromm one experiment representative of four. Data were analysed for statistical significance using ANOVA 
followedd by Dunnett's multiple comparisons test. *  P<0.01, **  PO.001. 

Thee expression of the Thl-attracting chemokines CXCL9/Mig, CXCL10/IP-10 and 

CXCL11/I-TACC is exclusively induced by the TLR3 ligand poly I:C 

'Thee selective recruitment of T helper (Th) cell subsets to an inflammatory site contributes 

stronglyy to the class of the specific immune responses. Therefore, we questioned whether the 

activationn of human keratinocytes by the different TLR ligands would result in differential 

patternss of Th type I (Thl)- (CXCL9 Mig. CXCL10 IP-10 and CXCL11/I-TAC) or Th2-

(CCL22/MDC,, CCL17TARC) -associated chemokine production.31 We could not detect 

CCL22MDCC and CCL17/TARC mRNA expression by human keratinocytes. in response to 

_ll I L 
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thee TLR ligands tested (data not shown). In addition, the levels of CCL22 MDC and 

CCL177 TARC were below the detection limit of the ELISAs (data not shown), as previously 

reported.. " Interestingly, only the TLR3 ligand poly I:C induced production (Fig. 4A) and 

expressionn (Fig. 4B) of the Th I-associated chemokines CXCL9/Mig. CXCL10/IP-10 and 

CXCL11/I-TAC. . 

Ligand d 

medium m 

PGN N 

Polyy l:C 

LTA A 

LPS S 

Flagellin n 

Zymosann A 

CpGG 2006 

CpGG 2216 

TLR R 

none e 

2 2 

33 I ! 
2/4 4 

4 4 

5 5 

2/6 6 

9 9 

9 9 

055 1.0 1.5 

CXCL9/Migg (ng/ml) 

00 1 2 3 

CXCL10/IP-100 (ng/ml; 

B B 

CXCL9/Mig g 

CXCL10/IP-10 0 

CXCL11/I-TAC C 

.2.. . 

Figuree 4. The TLR3 ligand poly I:C selectively induces the production and expression of Till-attracting 
chemokines.. (A) Keratinocytes were cultured for 48 h with PGN, poly l:C. LTA. LPS. flagellin. zymosan A or 
CpG-ODNN 2006 or 2216 and the concentrations of chemokines in the cell-free supernatants were measured with 
specificc ELISAs. Results, expressed as mean  SD of triplicate cultures are from one experiment representative 
off  four. Data were analysed for statistical significance using ANOVA followed by Dunnett's multiple 
comparisonss test. *  P<0.0\. **  P<0.00\. (B) Keratinocytes were cultured for 4 h with the stimuli stated above, 
andd the cells lyzed for RT-PCR analysis. The data shown are representative of four experiments. 

Cytokinee release by TLR-triggered kerat inocytes 

Severall  bacterial compounds induce in keratinocytes the release of the proinflammatory 

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

Therefore,, we analyzed the TNF-a production by ELISA in the supernatants of keratinocytes 
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thatt were stimulated in the absence or in the presence of the different TLR ligands. TNF-a 

wass only found in the supematants of poly I:C- and flagellin-stimulated keratinocytes (Fig. 

5A). . 

OO T-
OO o OJ 
J JJ CM CM 

Ligand d 

medium m 

PGN N 

Polyy l:C 

LTA A 

LPS S 

Flagellin n 

Zymosan A n A 

CpGG 2006 

CpG2216 6 

TLR R 

none e 

2 2 

3 3 

2/4 4 

4 4 

5 5 

2/6 6 

9 9 

9 9 

Figuree 5. Cytokine release by TLR-triggered human keratinocytes. (A) TNF-a production by keratinocytes is 
selectivelyy induced by the TLR3 ligand poly I:C and TLR5 ligand flagellin. Keratinocytes were cultured for 48 
hh with the stimuli stated above, and the concentrations of TNF-a in the cell-free supematants were measured 
withh a specific ELISA. Results, expressed as mean  SD of triplicate cultures are from one experiment 
representativee of four. Data were analysed for statistical significance using ANOVA followed by Dunnett's 
multiplee comparisons test. * PO.01, **  PO.001. (B) CpG-ODN 2006 induces TNF-a mRNA expression while 
CpG-ODNN 2216 induces both TNF-a and IFN-a mRNA expression. Poly I:C induces both TNF-a. IFN-a. and 
IFN-fii  mRNA expression by keratinocytes Keratinocytes were cultured for 4 h with the stimuli stated above. 
andd the cells lyzed for RT-PCR analysis. The data shown are representative of four experiments. 

Recentt reports indicate that in humans TLR9 is primarily expressed in plasmacytoid DC44 

andd B cells.4" We showed for the first time that human keratinocytes constitutivcly express 

TLR99 mRNA (Fig. I). However, culture of keratinocytes in the presence of the TLR9 

ligands.. CpG-ODN 2006 or 2216 did not result in the production of any of the chemokines 

and/orr cytokines when tested by ELISA. Therefore, we investigated whether these two CpG-

ODNss were able to induce keratinocyte mRNA expression for TNF-a, IFN-a. and IFN-p\ by 

RT-PCR.. As positive control, the TLR3 ligand poly I:C. was used. Indeed, both TLR9 

ligandss CpG-ODN' 2006 and 2216 induced the expression of TNF-a mRNA in 4 h-stimulated 

keratinocytess (Fig. 5B). indicating that keratinocytes arc able to respond to CpG motifs, 

consistentt with the presence of TLR9. Since CpG-ODN 2216 is known to induce the 

expressionn of type I IFNs. IFN-a and IFN-(3 in plasmacytoid DC.41 we investigated whether 
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IFN-c, , 

IFN-|S S 
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thesee cytokines are also expressed by keratinocytes upon activation with CpG-ODNs. Type I 

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

PCRR analysis readily revealed mRNA expression for IFN-a and IFN-p\ only in CpG-ODN 

2216-activatedd keratinocytes. Poly I:C also induced expression of mRNA for TNF-a, IFN-a 

andd IFN-p (Fig. 5B). 

Noo additions Polyy l:C CpGG 2006 CpG2216 6 

p50 0 

p65 5 

Figuree 6. Detection of NF-KB expression in poly I:C-, or CpG-ODN 2006-. or CpG-ODN 2216-stimulated 
keratinocytess by immunohistochemistry. The NF-KB subunits. p50 and p65 immunoreactivity in unstimulated 
keratinocytess was primarily in the cytoplasm, whereas after stimulation with the different microbial compounds 
aa more pronounced nuclear immunoreactivity was observed (original magnification 100.x). The data shown are 
representativee of four experiments. (rJ?' page 162). 

Activationn of TLR9 leads to nuclear translocation of the N F - K B subunits p50 and 

p65 5 

Too further substantiate the activation of keratinocytes by CpG-ODN. we have tested whether 

thesee compounds activate transcription factors of the N F - KB family. The N F - KB family of 

transcriptionn factors play an important role in regulating inflammatory and immune-response 

geness . TLR activate N F - KB and induce the expression of a variety of immune defense 

genes.66 To examine the molecular mechanisms of cytokine production in CpG-ODN-

activatedd human keratinocytes, these cells were cultured in slide-chambers in the presence or 

inn the absence of poly I:C, CpG-ODN 2006 or CpG-ODN 2216. After 4 h the cells were 

washed,, fixed in acetone and stained for the following N F - KB subunits p50 and p65. using 

Abss as described in Material and Methods. Fig. 6 shows that in unstimulated keratinocytes 

thee staining for the all the N F - KB subunits arc mainly visible in the cytoplasm. In contrast. 
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whenn keratinocytcs are stimulated with poly I:C or the CpG-ODN 2006 or 2216, a clear 

nuclearr translocation of p50 and p65 subunits is observed, indicating that these NF-tcB 

subunitss participates in TLR9 signalling in response to CpG-ODNs. 

DISCUSSION N 

Heree we have shown for the first time that human keratinocytes constitutively express 

mRNAA for TLR1, 2, 3, 5, 6, 9, and 10, but not for TLR7 and 8. Activation of keratinocytes 

withh different PAMPs resulted in differential expression patterns of cell surface molecules, 

chemokiness and cytokines. These data indicate that signals emanating from different TLRs 

arcc not equivalent and that these PRRs may differentially contribute to the innate immunity. 

AA major challenge to innate immune cells is the discrimination of foreign pathogens. 

Innatee immune cells possess germline-encoded PRRs that recognize and are triggered by 

evolutionaryy conserved molecules essential to pathogen function but absent in the host.4,5 

Thee activation of TLRs by innate immune cells has been extensively studied in monocytes, in 

macrophagess and in different subsets of DC.4'44 Recently, it was reported that non-immune 

cellss also express TLRs. In particular, tracheobronchial epithelial cells express TLR1, 2, 3, 4, 

5,, and 6,45 intestinal epithelial cell lines express TLR2, 3, and 4}
4647 and renal tubular 

epitheliall  cells express TLR1, 2, 3, 4, and 6, but not TLR5 or 9.4K These findings also 

indicatee that the expression of TLRs is tissue-specific. Thus far, in keratinocytes only the 

expressionn of TLR4 has been documented.39 Here wc show that, in addition to TLR4, human 

keratinocytess also express mRNA for TLR1, 2, 3, 5, 6, 9, and 10, but not for TLR7 and 8. 

Stimulationn of keratinocytes with the different TLR ligands resulted in differential 

patternss of cell surface molecules expression. These data suggest that by expressing different 

TLRs,, human keratinocytes can discriminate different PAMPs. Ligation of these TLR may 

evokee different signaling cascades, subsequently, to a particular pattern of surface molecule 

expression.. The expression of 1CAM-1, HLA-DR and CD40 is of particular importance since 

thesee molecules participate in the contact between skin infiltrating T cells and keratinocytes. 

Thiss contact may result in the triggering of the release of a second wave of chemokines and 

cytokiness by both T cells and keratinocytes, which will further amplify the inflammatory 

responsee contributing to efficient elimination of the pathogen. In addition, MHC class I-

expressingg keratinocytes that have been activated with the TLR3 ligand poly I:C or the TLR5 

ligandd flagellin may be target for lysis by CD8' cytotoxic T cells (CTL), which recognize 

microbiall  antigens expressed on the epithelial cell surface. This is particularly efficient in 
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casee of poly I:C, since dsRNA-bearing pathogens are viruses (that are inside cell 

cytoplasm).499 In case of flagellin this is less clear, however this widely and conserved PAMP 

iss present in many intracellular bacteria."0 The fact that FasR expression by keratinocytes was 

selectivelyy induced by poly I:C may not be surprising since this molecule is necessary for the 

Fas-mediatedd apoptosis of virally-infected cells by CTLs.5' 

Keratinocytess secrete various soluble mediators that orchestrate the immune response. " 

Thus,, chemokines released from keratinocytes may determine whether and which types of 

immunee cells are attracted to the skin epithelium. We found that all the TLR ligands, except 

forr the TLR9 ligands CpG-ODN 2006 and 2216, induced significantly high levels of 

CXCL8/1L-8.. The neutrophil is the major cell type accumulating early in subcutaneous tissue 

inn response to inflammatory signals induced by various pathogen types.52'32 Therefore, the 

migrationn of these cells to sites of pathogenic exposure is considered as a key event in the 

immunee response.32 The current data indicate that CXCL8/IL-8 production is driven by 

ligandss of most TLRs, i.e. TLR2, 3, 4, 5 and 6. The induction of CCL2/MCP-1 production by 

keratinocytess showed an almost similar pattern as the induction of CXCL8/IL-8 production. 

However,, CCL2/MCP-1 could also not be induced by TLR2/4 ligand LTA, in contrast to the 

otherr cell-wall component from Gram-positive bacteria, PGN, which did induce CCL2/MCP-

1.. The broad induction profile of CCL2/MCP-1 expression will promote the immigration of 

monocytes,333 DC and LC, 7 memory T cells34 and natural killer cells35 into the skin in case of 

mostt pathogen infections. Optimal LTA recognition requires the expression of both TLR2 

andd 4.9 The observation that LTA does not induce CCL2/MCP-1 whereas TLR2 or TLR4 

ligandss do, may be due to differences in the function of TLR2 as the PGN and LTA receptor 

associatedd with differential intracellular signal transduction pathways by PGN and LTA,"3 or 

withh an exclusive function of TLR2 as an PGN receptor, as proposed recently. 

Thee recruitment of immature DC into the epidermis is a key step in the development of 

specificc immunity. It was recently reported that keratinocyte-derived CCL20/MIP-3a is 

importantt not only in recruiting precursors of LC to the epidermis," but also memory T 

cells.377 The expression of CCL20/MIP-3a by keratinocytes was observed previously in 

responsee to the proinflammatory cytokines TNF-a and IL-1J3.54 Our data demonstrate that 

thiss chemokine can also be release by keratinocytes in response to the TLR3 ligand poly I:C, 

thee TLR5 ligand flagellin, and the TLR2/6 ligand zymosan A. In addition, our data confirm 

thee specificity of flagellin as one of the major bacterial PAMPs that induces the production of 

CCL20/MIP-3aa by epithelial cells, in contrast to LPS.55 The migration of LC could be 
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essentiall  for the uptake of the pathogens followed by antigen processing and presentation 

necessaryy for the induction of specific immune responses in the skin. 

CLAA identifies a skin-associated population of memory T cells that preferentially 

extravasatee and migrate into normal or inflamed skin.'6 CCL27/CTACK is a chemokine that 

iss skin-restricted and has an important role in both skin homeostasis and the initiation of skin 

inflammation.29'"77 We show that CCL27/CTACK production by keratinocytes was selectively 

inducedd by the TLR3 ligand poly I:C and the TLR5 ligand flagellin. CCR10+CLA+ T cells 

thatt will be attracted to the skin by keratinocyte-derived CCL27/CTACK, in response to poly 

I:CC or flagellin, may encounter their specific antigen and release effector mediators, which 

inducee more and different chemokines to sustain a state of inflammation that finally leads to 

efficientt clearance of the virus or bacteria, respectively. 

Effectorr T cells are characterized by their responsiveness to numerous inflammatory 

chemokiness that are produced at the site of pathogen entry and tissue injury."" The selective 

recruitmentt of T helper (Th) cell subsets to an inflammatory site is of particular importance 

inn determining the character of the immune responses. CXCL9/Mig, CXCL10/IP-10 and 

CXCL11/I-TACC are CXCR3 ligands that attract mainly activated Thl cells. In the skin these 

chemokiness are mainly produced by keratinocytes.24 Recently, we have reported that poly 

I:C-activatedd promote Thl responses by inducing a type-1 polarized phenotype in DC, DC1 

(M.C.. Lebre et ah, in press). Here we show that poly I:C further promotes local Thl 

responsess by inducing the expression of Th 1-attracting chemokines in keratinocytes. The 

experimentss with poly I:C as model for virus infection, thus suggest that keratinocytes may 

bee important players in cutaneous anti-viral responses by participating in both initiation 

phasee of the immune response, by inducing the DC 1 phenotype and, in the effector phase, by 

attractingg polarized Thl cells to the site of virus entry. When these Thl cells interact with 

keratinocytess via surface molecules58 and cytokine release,42 keratinocytes will become an 

importantt source of chemotactic factors that direct the recruitment of additional specific 

leukocytee populations and thus regulate the quality, magnitude and duration of the 

inflammatoryy response. " 

Thee release of TNF-a protein by keratinocytes was exclusively induced by poly I:C and 

flagellin,, viral and bacterial PAMP, respectively. Our findings are in line with previous 

studiess that demonstrated that this cytokine is required for the host defense against 

intracellularr pathogens such as viruses and bacteria."'''"4" Moreover, TNF-a is the main 
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proinflammatoryy mediator produced by several cell types in response to dsRNA, poly I:C 

(M.C.. Lebre et al., in press) or flagellin.60 

Thee immune system uses TLR9 to detect the presence of unmethylated CpG motifs.18 In 

humans,, the expression of TLR9 is thought to be restricted to B cells and plasmacytoid 

DC.40'444 Here we show for the first time that TLR9 is also expressed by human keratinocytes. 

Remarkably,, the TLR9 ligands CpG-ODN 2006 or 2216 did not induce detectable protein 

levelss of any of the chemokines and/or cytokines tested. However, mRNA analysis revealed 

thatt CpG-ODN 2006-activated keratinocytes show upregulated mRNA expression for TNF-

a,, whereas CpG-ODN 2116-activated keratinocytes have both upregulated TNF-cc and IFN-

aa mRNA, which is consistent with the type I IFN-inducing capacity of this CpG motif.44 

Comparedd to TNF-a,1"2 type I IFNs are rapidly expressed by keratinocytes61 and participates 

inn the innate immune response both as a signal for the presence of bacterial and viral 

infectionss and as an effector molecule inhibiting the spread of infection.62 In addition, our 

dataa indicate that TLR9 present in human keratinocytes is functional. 

TLRR activation results in activation of NF-KB6 that induces a genetic program that is 

essentiall  for host defense, including the induction of a subset of surface molecules 

expression,, cytokines and chemokines.7 NF-KB is present in the cytoplasm as an inactive 

complex,, which is rapidly translocated into the nucleus upon stimulation.7 To confirm that 

TLR99 expression by human keratinocytes is functional, we investigate whether its ligation 

resultt in NF-KB translocation. Indeed, we demonstrate that the NF-KB subunits p50 and p65 

aree translocated to the nucleus upon keratinocyte activation with the TLR9 ligands, CpG-

ODNN 2006 and 2216, indicating that signaling via these receptors led to NF-KB activation. 

Thesee findings support the notion that NF-KB is one of the most important cellular factors 

involvedd in the regulation of the host innate antimicrobial response.7 Moreover, these data 

pointt to an also important role of NF-KB in epidermal biology. 

Thee early expression of certain cell surface molecules, chemokines and cytokines is 

essentiall  in shaping the innate and specific immune responses. The present study strongly 

suggestss that keratinocytes are not merely a barrier but actively contribute to the induction of 

thee immune response through the differential activation of TLRs resulting in differential 

patternss of expression of genes involved in the inflammatory responses. 
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