
HAL Id: tel-00285597
https://theses.hal.science/tel-00285597

Submitted on 5 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

MECANISMES DE RECONNAISSANCE DES
SIGNAUX DE DANGER PAR LES CELLULES

DENDRITIQUES DE LA PEAU ET DES
MUQUEUSES : APPLICATION A L’ETUDE DE

L’INFECTION PAR LE VIH DANS UN MODELE DE
MUQUEUSE VAGINALE HUMAINE INTEGRANT

DES CELLULES DE LANGERHANS
Marielle Bouschbacher

To cite this version:
Marielle Bouschbacher. MECANISMES DE RECONNAISSANCE DES SIGNAUX DE DANGER
PAR LES CELLULES DENDRITIQUES DE LA PEAU ET DES MUQUEUSES : APPLICATION
A L’ETUDE DE L’INFECTION PAR LE VIH DANS UN MODELE DE MUQUEUSE VAGINALE
HUMAINE INTEGRANT DES CELLULES DE LANGERHANS. Immunologie. Université Claude
Bernard - Lyon I, 2007. Français. �NNT : �. �tel-00285597�

https://theses.hal.science/tel-00285597
https://hal.archives-ouvertes.fr


             

N° d’ordre : 183-2007           Année 2007 

     
     

THESE 

présentée 

devant l’UNIVERSITE CLAUDE BERNARD - LYON 1 

pour l’obtention du 

DIPLOME DE DOCTORAT

(arrêté du 7 août 2006) 

présentée et soutenue publiquement le 16 octobre 2007 

par

Marielle BOUSCHBACHER 

Mécanismes de reconnaissance des signaux de danger par 

les cellules dendritiques de la peau et des muqueuses : 

application à l’étude de l’infection par le VIH dans un 

modèle de muqueuse vaginale humaine intégrant des 

cellules de Langerhans 

Dr. Colette DEZUTTER-DAMBUYANT   Directrice de thèse 

Dr. Jenny VALLADEAU     Co-directrice de thèse 

Dr. Anne HOSMALIN      Rapporteur 

Pr. Pascale JEANNIN      Rapporteur 

Dr. Annie BLACK      Examinateur 

Pr. Alain CLAUDY      Examinateur 



�

UNIVERSITE CLAUDE BERNARD - LYON I 

Président de l’Université 

Vice-Président du Conseil Scientifique 

Vice-Président du Conseil d’Administration 

Vice-Président  du Conseil des Etudes et de la Vie  

universitaire  

Secrétaire Général 

M. le Professeur L. COLLET 

M. le Professeur J.F. MORNEX 

M. le Professeur J. LIETO 

M. le Professeur D. SIMON 

M. G. GAY  

SECTEUR SANTE 

Composantes 
UFR de Médecine Lyon R.T.H. Laënnec 

UFR de Médecine Lyon Grange-Blanche 

UFR de Médecine Lyon-Nord 

UFR de Médecine Lyon-Sud 

UFR d’Odontologie 

Institut des Sciences Pharmaceutiques et Biologiques 

Institut Techniques de Réadaptation 

Département de Formation et Centre de Recherche en 

Biologie Humaine 

Directeur : M. le Professeur D. VITAL-DURAND

Directeur : M. le Professeur X. MARTIN 

Directeur : M. le Professeur F. MAUGUIERE 

Directeur : M. le Professeur F.N. GILLY 

Directeur : M. O. ROBIN  

Directeur : M. le Professeur F. LOCHER 

Directeur : M. le Professeur  MATILLON 

Directeur : M. le Professeur P. FARGE 

SECTEUR SCIENCES  

Composantes 

UFR de Physique 

UFR de Biologie 

UFR de Mécanique 

UFR de Génie Electrique et des Procédés 

UFR Sciences de la Terre 

UFR de Mathématiques 

UFR d’Informatique 

UFR de Chimie Biochimie 

UFR STAPS 

Observatoire de Lyon 

Institut des Sciences et des Techniques de l’Ingénieur de 

Lyon 

IUT A 

IUT B 

Institut de Science Financière et d'Assurances 

Directeur : M. le Professeur A. HOAREAU  

Directeur : M. le Professeur H. PINON 

Directeur : M. le Professeur H. BEN HADID 

Directeur : M. le Professeur A. BRIGUET 

Directeur : M. le Professeur P. HANTZPERGUE

Directeur : M. le Professeur M. CHAMARIE 

Directeur : M. le Professeur M. EGEA 

Directeur : Mme. le Professeur H. PARROT 

Directeur : M. le Professeur R. MASSARELLI 

Directeur : M. le Professeur R. BACON 

Directeur : M. le Professeur J. LIETO 

Directeur : M. le Professeur M. C. COULET 

Directeur : M. le Professeur R. LAMARTINE 

Directeur : M. le Professeur J.C. AUGROS 



������������	




��� ������	� 
�� ���
�� �� ���� ���	�
�� ��������	������ 
��
� 	������� �������������� �!�"�


���#�������	��
$������%����	������������
�
��
���������
��
�	���������������&'(�
���#�������

	����$)�

���� 	����*��
���+,�

�

-$��� 
��.$�
/� 0�� 
$������� ����������	�� ��$)�

���� *�
��	�� 1������� ��� 	�� 
$������ ����

2$
��	����$�������$��� )���� 	��$������
�3���� ����$�����
�
����� ������	�
�� ���
�/� 	��
$������

 �����4	��5����	����$)�

���� 	�����	��
6��$�����$�����������
��0�#������������	�
�����
�,��

�

1�� 
$������� �$��� �������	��������� ���������� 	�
� 
$�����
� 1���6�7�		�
���� ����$	�����

%�8�����9%��.�6���/� :��� ��$��� 
$���� 	�$��$�������� 
�� ���	�
��� ������ ���
�� ;� 	���
� �<��
/�

�$�������$��������
�
�������������;�	��)$�
�
������)�:�������������
$���		������
��������
�


�������
������
�
��
$��$���,�1��	����
��
����$����

������$����$���
�	�
��$����

����
����	�
�


��$��9)����� 
������)�:��
� :���		�
� ��$��� ����
��
�=� 1���6� ��� 
$�� �+�����
�� 
�
� ��		�	�
�


��
����:��
/� �$	����� ��� 	�
��$
�	�
� ���
����
�$���	
� ������
� �����:���+� 
��
� $�.	���� 	��

7�2,�>�?�����+��$�.���
�
�
�
��

�$�
���� ���������$�
�:����$�
���$�
��������������/��$��

�
����������:������
��:��������)	�+�$��
������)�:���
��
$���
���	$���
,���)��/� 0�� 	�
����������

�$��� 	���
� 
�
�$��.�	���
/� 	���
� �$�.���+� �$�
��	
/� ���
�� :��� 	���� #����$
���� :��� ��$���

.����$��� ���$���
,� 1�� 	���� 
$������� .����$���
�� 
����
� 
��
� 	���� �$���	� �����$��������


������)�:������
����
��	��:�����
��
$����������
�$�������+�
��	���������������&'(,�

�

1������
�;���������������
�$�������+��$�������$���������		�����������������
����
��
$��

�:����� 
����� ;� �$���� 
������ 
�� 	��+� ������ ������������� �!�",������� ��

�� ;� �$���
� 	�
�

���
$���
�:��� 0��������<�$6������������@�$��4����
�����	�
��������	�����������+����
����
/�

����������
�������������
�
��	��:������6�$5���
����������
��$���	�������	�����+�������	/�	����

#����		�

�����	�
��#���.	�
��$����
/�.����:����$���
/���

�
��������+,��

�

���#���
�������;����
�����������
6/���
���������
��$		�#��
�
��	�.$/��$�������$���

�����������������	�
��	�.$���$��������	�
��������	���������;�	����	�������		�	��������;�	���#��������

��

�	����,� ��� #���
� �	��� 
�A�	� ;� ��
� �$����
� 
�� .�����/� @�������� ��� �����9 �
�,� 1�� 	�
�

��������� �$��� �$���
� �$
� #���
�
� 
�
��

�$�
� ����� 
������)�:��
� :��� ���
� ���
$���		�
/� �$
�

)$�
�����
���������
��$����
�
��
������/����.��)��$����$���
���
� 0$�����
���

��
���
��.	��

���	�.$,�1��
��
��#�	���������$����

�����;��
��		�/������:����$�
������$�
�
��	�
�	��#���
�

	�.$�
��"���� ��� �����:��� 0���� ���#���
��	��
��� ;� ������	,��������$��� 
��.$����������/� ��� 
��

�������
����
��������:��,��

�

1�� ��������� �#�	������ 	�
� 
$�����
� ��$�6��
/� 	�� ���
$���	� ��)������� 
�� .	$��

$�����$���� 
�� �������� 
�� >6���$	$#��� 
�� 	�2<����	� �
$���
� 2����$�� ���
�� 	�� ������#����

�	�
��:��������B��		� ��� 
$�� �:�����
�� 	�� �	���:������	���
��7��		��
��$��� 	�
����	�������
�

:���	
��$�
�$���)$����
,�

�

������;�	� �����$���	��.$��
��
�����
�����	�
�)����������
�
��	�.$�:�����$��������
�


�����	�
������������
�,��������#�	���������
$�������$�#����4$�
�	��$�������$���������		��




��
�
$��	�.$�
������:��	:��
��$�
���/�;����������>�������$�������$����������;�	�����$	$#������

;�	��������	���$��
��7�2,�

�

��� ���
� #���
� ������ ;� 	���
��.	�� 
�� ��
� ���
�=� ��+� ��

��
/� ��� �������	���� ��+�

�$����
�
��C�.���/���+�	6$����
��������
�
���$���#������
��.$�
����
/���+�%���$�

��$���

�$
������
�
��$����
�
��
$)�.�		������+���
���

,�������;��$�
��$���	����������,��

�

�	������
���;��������������C���		�,�@�
��$�
�
$���
�))���	�
�;���$������$����+�������

������$����

������$���	����
$�����/�	������
�����	���
����$���#�����
,�����������	����������

��+�C������8����4�	8��/�����$��������������;�1 C��$�������$���
$�����	��#$D��
��	��
�������

������$���#��
��
�	���$���
��
$��$����E.����:�����
�
��
�
$��	�.$�FG,�������;���
�������
����

���
A���E:���
����	������
�
������
�����FG��$��������
����$
�
�E0�����
��
���$���$������	��


���G,���)��/������� ;�>��
	�����$��� 
�����
����/� 
�����������:���
� 0�����
� 
������.	�/� ��� 
$��

���$�)$��,��

�

��������������
�����
��	����������;�%�0$�H���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

���������	���
���
�����������������������	�	��	����	����������������������
�������
���

 �
�������$�
�






���
�������	


ADN : Acide DésoxyriboNucléique 

ARN : Acide RiboNucléique 

ARNm : Acide RiboNucléique messager 

BG : Granule de Birbeck  

CARD : CAspase Recruiting Domain 
CD : Cluster de Différenciation  

CHS : Réaction d’HyperSensibilité de Contact 

CL : Cellule de Langerhans 

CLA : Cutaneous Lymphocyte Antigen 

CLIP : Class II-associated Ii peptide 
CMH : Complexe Majeur d’Histocompatibilité 

CPA : Cellule Présentatrice d’Antigène 

CTL : Lymphocyte T Cytotoxique 

DC : Cellule Dendritique 

DC-LAMP : Dendritic Cell-Lysosome 
Associated Membrane glycoProtein 
DC-SIGN : Dendritic Cell-Specific ICAM-3-

Grabbing Nonintegrin 
DDC : Cellule Dendritique Dermique 

DED : Derme DésEpidermisé  

DRIP : Defective Ribosomal Product 

DTR : Récepteur de la toxine Diphtérique 

Flt3 : fms-like tyrosine kinase 3 
GalCer : GalactosylCéramide 

GCDC : Cellule Dendritique des Centres 

Germinatifs 

GM-CSF : Granulocyte Macrophage-Colony 
Stimulating Factor 
HDMEC : Human Dermal Microvascular 

Endothelial Cell 
HSV : Virus de l’Herpès Simplex

IDC : Cellule Dendritique Interdigitée 

IFN : Interféron 

Ig : Immunoglobuline 

IL : Interleukine  

IST : Infection Sexuellement Transmissible 

ITAM : Immunoreceptor Tyrosine-based 
Activation Motif 
JAM : Junctional Adhesion Molecule 

KO : Knock-Out 
LPS : Lipopolysaccharide 

LSP1 : Leukocyte-Specific Protein 1 
LT : Lymphocyte T 

LTA : Acide lipoteichoïque 

LTR : Long Terminal Repeat 

MBV : Multivesicular Endosomal Body 
M-CSF : Monocyte-Colony Stimulating Factor 

MDA-5: Melanoma Differentiation-Associated 
gene -5 

mDC : Cellule Dendritique myéloïde 

MDP : Muramyl Di-Peptide 

MIP : Macrophage Inflammatory Protein 

MMR : Mannose Macrophage Receptor 
MoDC : Cellule Dendritique dérivée de 

monocyte 

NK : Natural Killer 
NLR : NOD-Like Receptor 

NOD : Nucleotide-binding Oligomerization 
Domain 

OMS : Organisation Mondiale de la Santé 

OVA : Ovalbumine 

PAMP : Pathogen Associated Molecular 

Pattern 
PBMC : Peripheral Blood Mononuclear Cell

pDC : Cellule Dendritique plasmacytoïde 
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PRR : Pattern Recognition Receptor 
RIG-I : Retinoic acid Inducible Gene-I 

RLR : RIG-Like Receptor 
RT : Transcriptase Reverse
SCF : Stem Cell Factor 

SDF : Stromal Derived Factor  
SI/NSI : Inducteur de Syncitium/ Non 

Inducteur de Syncitium 

SIDA : Syndrome de l’ImmunoDéficience 

Acquise 

SIV : Virus de l’Immunodéficience Simienne 

TAP : Transporter-Associated with antigen 

Processing 
TAR : Tat Responsible Region  

TCR : Récepteur des Lymphocytes T 

TEER : Trans Epithelial Electric Resistance
TGF : Transforming Growth Factor 

TLR : Toll Like Receptor 
TNF : Tumor Necrosis Factor 

VIH : Virus de l’Immunodéficience Humaine 

ZO : Zonula Occludens 
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Human Langerhans Cells Express a Specific TLR Profile and

Differentially Respond to Viruses and Gram-Positive Bacteria1

Vincent Flacher,2* Marielle Bouschbacher,† Estelle Verronèse,† Catherine Massacrier,*

Vanja Sisirak,‡ Odile Berthier-Vergnes,† Blandine de Saint-Vis,* Christophe Caux,*‡

Colette Dezutter-Dambuyant,† Serge Lebecque,3* and Jenny Valladeau4†

Dendritic cells (DC) are APCs essential for the development of primary immune responses. In pluristratified epithelia, Langerhans

cells (LC) are a critical subset of DC which take up Ags and migrate toward lymph nodes upon inflammatory stimuli. TLR allow

detection of pathogen-associated molecular patterns (PAMP) by different DC subsets. The repertoire of TLR expressed by human

LC is uncharacterized and their ability to directly respond to PAMP has not been systematically investigated. In this study, we

show for the first time that freshly purified LC from human skin express mRNA encoding TLR1, TLR2, TLR3, TLR5, TLR6 and

TLR10. In addition, keratinocytes ex vivo display TLR1–5, TLR7, and TLR10. Accordingly, highly enriched immature LC

efficiently respond to TLR2 agonists peptidoglycan and lipoteichoic acid from Gram-positive bacteria, and to dsRNA which

engages TLR3. In contrast, LC do not directly sense TLR7/8 ligands and LPS from Gram-negative bacteria, which signals through

TLR4. TLR engagement also results in cytokine production, with marked differences depending on the PAMP detected. TLR2 and

TLR3 ligands increase IL-6 and IL-8 production, while dsRNA alone stimulates TNF-� release. Strikingly, only peptidoglycan

triggers IL-10 secretion, thereby suggesting a specific function in tolerance to commensal Gram-positive bacteria. However, LC

do not produce IL-12p70 or type I IFNs. In conclusion, human LC are equipped with TLR that enable direct detection of PAMP

from viruses and Gram-positive bacteria, subsequent phenotypic maturation, and differential cytokine production. This implies

a significant role for LC in the control of skin immune responses. The Journal of Immunology, 2006, 177: 7959–7967.

D
endritic cells (DC)5 are APCs that are required for ini-

tiation of specific T cell-driven immune responses (1).

DC residing in nonlymphoid tissue, such as Langerhans

cells (LC) in the epidermis, are immature cells whose primary

function is to capture Ag. This function is principally achieved

through specialized surface-membrane endocytic structures. Con-

comitant with Ag processing in specialized organelles of the en-

docytic pathway, DC, upon exposure to pathogen-associated mo-

lecular patterns (PAMP) (2), undergo a series of phenotypic

modifications, termed maturation, and migrate to secondary lym-

phoid tissue. The maturation of DC results in expression of surface

MHC class II and costimulatory molecules, which eventually

translates into highly efficient presentation, by the appropriate

MHC molecules, of processed Ag to T cells (1).

The TLR represent a family of germline-encoded type I trans-

membrane proteins which are essential to the recognition of PAMP

by the innate immune system (3). Ten human TLR have been

described so far. Upon engagement of TLR, signal transduction

events are initiated by the cytoplasmic Toll/IL-1R domain. De-

pending on which TLR is engaged, a specific set of transcription

factors (including AP-1, IFN response factors, and NF-�B) is ac-

tivated, subsequently inducing expression of proinflammatory cy-

tokines, chemokines, and costimulatory molecules (4, 5).

TLR recognize a wide array of molecules whose origin can be

bacterial, viral, or parasitic. TLR2 and its associated receptors

TLR1 and TLR6 are mainly involved in the detection of molecules

from mycobacteria and Gram-positive bacteria (6, 7). Some

PAMP, such as lipoteichoic acid (LTA), only require TLR2 (7). In

contrast, TLR1 and TLR2 together detect triacylated lipoproteins

(8), whereas TLR2 associates with TLR6 to recognize diacylated

lipoproteins and peptidoglycans (PGN) (9, 10). Like TLR1 and

TLR6, TLR10 is highly homologous to TLR2 and is probably

another TLR2-associated receptor, but its function is still unknown

(11). TLR4 is the receptor for LPS, a characteristic component of

the cell wall of Gram-negative bacteria (12). Flagellin, a protein

typical of flagellated bacteria, is specifically identified by TLR5

(13). Finally, TLR3, TLR7, TLR8, and TLR9 are intracellular re-

ceptors for nucleic acids (4). Indeed, when detected in vesicular

compartments where these TLR reside, RNA and DNA character-

ize bacterial uptake or viral infection. TLR3 recognizes dsRNA

which constitute a viral genome or are generated during viral rep-

lication. TLR7 and TLR8 are engaged by viral ssRNA and by

synthetic small molecules mimicking features of nucleic acids,

such as imiquimod and R-848. Finally, TLR9 recognizes oligode-

oxynucleotides (ODN) containing unmethylated CpG motifs (CpG
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ODN), which are underrepresented in mammalian genomes, but

abundant in viral and bacterial DNA.

Hence, TLR have the capacity to directly initiate maturation of

DC exposed to potentially pathogenic microorganisms (2). Inter-

estingly, in humans, striking differences exist in TLR expression

from one DC subset to another. In the blood, DC of myeloid origin

(mDC) display TLR1–6, TLR8, TLR10, and low levels of TLR7,

whereas plasmacytoid DC (pDC), which are the main producers of

type I IFNs following viral challenge, only express TLR1, TLR6,

TLR10, and very high levels of TLR7 and TLR9 (14–17). This

restricts their reactivity to a defined pattern of PAMP and, conse-

quently, pathogens.

The distribution of TLR in human skin is incompletely defined.

Several studies demonstrated that keratinocytes differentiated in

vitro display TLR and respond to corresponding PAMP by pro-

ducing proinflammatory cytokines (18–22). Some discrepancies

remain, though, which likely result from differences in culture con-

ditions. In contrast, the TLR expression pattern of freshly isolated

human LC has never been systematically examined (23). More-

over, because ex vivo purification of LC by positive selection of

CD1a� cells from human skin is sufficient to drive a significant

spontaneous maturation (24), it has been proven difficult to mon-

itor PAMP-induced maturation of fresh LC (25). In this report, we

analyze the expression pattern of the 10 identified human TLR in

freshly isolated LC and keratinocytes. Furthermore, an extraction

procedure based on gradient density centrifugation allowed us to

avoid spontaneous phenotypic maturation and to address the issue

of maturation and cytokine production of LC exposed to defined

PAMP known as TLR agonists.

Materials and Methods
Media and reagents

The medium used was RPMI 1640 with Glutamax (Invitrogen Life Tech-
nologies), supplemented with 10% heat-inactivated FBS (Flow Laborato-
ries), penicillin, and streptomycin (referred to as complete medium). Staph-

ylococcus aureus PGN was obtained from Fluka. Poly(I:C), Escherichia

coli LPS (strain 011:B4), and Bacillus subtilis LTA were obtained from
Invivogen Life Technologies. Imiquimod was purchased from Sequoia Re-
search Products. CpG ODN 2216 was obtained from MWG Biotech. R-848
was synthesized at the Schering-Plough Research Institute. PGN, LTA,
imiquimod, and R-848 were shown to be free of endotoxin, as determined
by a Limulus-Amoebocyte Assay (BioWhittaker).

LC isolation from human skin

Human epidermal cell suspensions were obtained from normal skin of
patients undergoing abdominal reconstructive plastic surgery after patients’
informed consent and according to institutional guidelines. Skin was split-
cut with a keratome set and the dermoepidermal slices were treated for 18 h
at 4°C with 0.05% trypsin (Sigma-Aldrich) in HBSS without Ca2� and
Mg2� (Seromed; Biochrom). The epidermis was detached from the dermis
with fine forceps. Epidermal cell suspensions were obtained by subsequent
tissue dissociation and filtration through sterile gauze. Basal keratinocytes
were removed by adhesion on collagen-coated plates (Corning-Iwaki
Glass). Enrichment was obtained by two consecutive density gradient cen-
trifugations on Lymphoprep (Nycomed Pharma), which yielded 75.0 �

8.4% CD1a� LC based on 10 experiments. For quantitative PCR and some
activation experiments, LC were further purified by positive selection using
anti-CD1a MACS (Miltenyi Biotec). The CD1a-negative fraction con-
tained suprabasal keratinocytes. The LC fraction obtained by this technique
was �95% positive for CD1a expression.

DC isolation from human blood

Blood samples of healthy donors were obtained according to institutional
guidelines. PBMC were isolated by Ficoll-Hypaque centrifugation (Euro-
bio). The CD19� B cells and CD14� monocytes were removed from the
sample by CD19 and CD14 MACS purification using MiniMACS separa-
tion columns (Miltenyi Biotec). The remaining cells were further enriched
in MiniMACS columns using microbeads coated with anti-BDCA-1 or
anti-BDCA-4 mAbs (BD Biosciences), thereby selecting mDC and pDC,

respectively. Reanalysis of the sorted populations showed purity higher
than 98%.

Analysis of TLR expression by real-time quantitative PCR

Total RNA was extracted using an RNeasy Mini kit (Qiagen) and treated
with DNase I (Qiagen) for 15 min at room temperature. Then RNA was
reverse transcribed using a mix of random hexamer primers (Invitrogen
Life Technologies), oligo(dT)15 (Promega), and Superscript II RNase-H
reverse transcriptase (Invitrogen Life Technologies). Real-time quantita-
tive PCR was set up in an Icycler IQ (Bio-Rad), using TaqMan Universal
PCR Master Mix, no AmpErase UNG (Applied Biosystems), in a final
volume of 25 �l (0.4 �M of each primer, 0.2 �M TaqMan probe, and 25
ng of cDNA). Experiments were performed in triplicates. Primers and
probes of TLR and the CD4 promoter were designed using Primer 3 soft-
ware (Whitehead Institute), with a melting temperature of �60°C for prim-
ers and �70°C for probes. Sequences and dyes are detailed in Table I. The
absence of genomic DNA contamination was controlled using human CD4
promoter probe. cDNAs were normalized to 18S ribosomal RNA (rRNA)
with the TaqMan Ribosomal RNA Control Reagents (Applied Biosys-
tems). Real-time data were acquired and analyzed using Icycler IQ Optical
System software (Bio-Rad) with automatic adjustment of the baseline and
threshold parameters. Gene expression levels were determined using cycle
threshold values, directly transferred on the PCR standard curve, and trans-
formed into copy numbers. Results are expressed as copy numbers of a
specified gene for 105 copies of 18S rRNA.

Activation of LC by TLR agonists

Freshly extracted LC were incubated for 24 or 48 h with TLR agonists or
with CD40L transfected L cells. Briefly, 105 murine Ltk� fibroblastic L
cells stably transfected with the human CD40L gene (26) were irradiated at
7500 rad, then seeded together with 5 � 105 LC. Alternatively, LPS (1
�g/ml), PGN (10 �g/ml), LTA (10 �g/ml), poly(I:C) (25 �g/ml), R-848
(10 �M), imiquimod (25 �M), or CpG ODN 2216 (10 �g/ml) were added
to the culture medium.

Cytofluorimetric analysis

Cells were labeled with FITC-conjugated anti-CD1a, -CD86, -CD80
(DakoCytomation), -CD25, -CD83 (Beckman Coulter). Indirect stainings with
anti-DC-LAMP/CD208 (Beckman Coulter) or anti-TLR3 (clone 713E4; Ab-
cys) were revealed by goat anti-mouse IgG-FITC (DakoCytomation).
For intracytoplasmic phenotyping (DC-LAMP and TLR3), cells were
stained in Fix&Perm reagent (DakoCytomation), following manufacturer’s
instructions. Negative controls were performed with isotype-matched con-
trol Abs. Fluorescence was determined with a FACScan flow cytometer
(BD Biosciences) and data were analyzed using the CellQuest software
(BD Biosciences).

Cytokine production

Freshly purified LC (106 cells/ml) were cultured for 24 or 48 h with TLR
agonists at the indicated concentrations. As a control for IFN-� production,
blood pDC (5 � 105 cells/ml) were incubated for 24 h with 20 ng/ml IL-3
(R&D Systems), or formaldehyde-inactivated influenza virus (five cases, 1
hemagglutinin unit/ml; strain A/New Caledonia/20/99 IVR116; Aventis-
Pasteur). TNF-�, IL-6, IFN-�, and IFN-� levels were evaluated in the cell
culture supernatants using commercially available ELISA kits (TNF-� and
IL-6, R&D Systems; IFN-�, Abcys; IFN-�, Fujirebio). Cytokines were
quantified relative to a standard curve representing a range of dilutions of
recombinant cytokines. IL-10 and IL-8 levels were evaluated using cyto-
metric bead array (CBA) assays (BD Biosciences). Following acquisition
of sample data by flow cytometry, results were analyzed using the BD
Biosciences CBA analysis software. Standard curves, plotted using the
mean fluorescence intensity of the beads for cytokine values ranging from
0 to 5000 pg/ml, were used for quantifying cytokines.

Results
Isolation of immature human LC

To analyze LC activation, we used an isolation technique based on

two consecutive density gradients, as previously described (24).

This procedure permitted to obtain 75.0 � 8.4% purity as revealed

by CD1a staining. Contaminant cells appeared as large, CD1a-

negative cells (Fig. 1A). Pluristratified epithelia such as the epi-

dermis are constituted of basal, dividing keratinocytes and supra-

basal, differentiated keratinocytes. As basal keratinocytes were
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previously excluded by a collagen adhesion step, contaminant cells

therefore represent differentiated suprabasal keratinocytes.

Propidium iodide (PI) stainings showed that 69.1 � 10.1% of

LC cultured for 24 h were viable, whereas �50% of LC were still

viable after 48 h of culture (Fig. 1A and data not shown). In this

context, we used 24 h of maturation and FACS results were gated

on PI-negative cells.

Gradient-purified LC had an immature phenotype, as demon-

strated by the lack of CD25, CD83, or CD80, and low CD86 stain-

ing at day 0. The intracellular maturation marker DC-LAMP was

also absent (Fig. 1B). During extraction from the skin, disruption

of critical interactions of LC with keratinocytes and degradation of

the extracellular matrix may be directly or indirectly sensed by LC

(27). These events are probably sufficient to initiate a spontaneous

maturation, which is observed after 1 day of culture as judged by

a limited up-regulation of LC surface markers. Indeed, following a

24 h incubation in medium alone, expression of the maturation

markers CD83 and DC-LAMP, and the costimulatory molecules

CD80 and CD86 was increased (Fig. 1B). Interestingly, CD25 was

only slightly increased by the spontaneous maturation and was

therefore of particular interest. Considering that CD86 was rapidly

up-regulated in the majority of LC, we based our analysis of this

marker on mean fluorescence intensity rather than percentages of

positive cells. Due to biological variability, spontaneous matura-

tion judged by the percentage of CD83� cells was observed on

51.8 � 9.2% of LC after 24 h of culture. However, engagement of

CD40 by CD40L-expressing fibroblasts resulted in an increased

expression of costimulatory and maturation markers, showing that

this modest spontaneous maturation does not preclude further ac-

tivation of LC (Fig. 1B).

Freshly isolated LC are devoid of TLR4 and do not directly

respond to LPS

Expression of TLR by DC is a key element to explain their ca-

pacity to respond to many danger signals. The constitutive low

expression of TLR proteins (28) and the poorly defined specificity

of most of the commercially available Abs against TLR proteins

(personal observations) currently make PCR the most reliable way

to systematically analyze expression of these receptors. Therefore,

we evaluated mRNA expression of the 10 known TLR on LC by

real-time quantitative PCR, using specific primers and probes (Ta-

ble I). Of note, the high sensitivity of this technique enables the

detection of very low levels of TLR mRNA, which may not be

sufficient to express adequate amounts of functional protein. Be-

cause the pattern of expression of functional TLR was thoroughly

described in human blood mDC and pDC (14–17), we used these

DC populations as a reference to determine the level of signifi-

cance of PCR results. Our data regarding TLR displayed by blood

DC was consistent with the literature (see below).

Because primary keratinocytes also display TLR (18, 22, 29,

30), we used magnetic beads purification of CD1a� LC and in-

vestigated TLR expression of suprabasal keratinocytes (i.e.,

CD1a� fraction) in parallel. To avoid the strong spontaneous mat-

uration that results from this isolation technique (Ref. 24 and our

unpublished data), RNA extraction was performed immediately

after purification.

Direct recognition of LPS by a given cell type requires expres-

sion of TLR4 (12). Keratinocytes and mDC expressed comparable

levels of TLR4 transcripts (Fig. 2A), which suggests that keratin-

ocytes, like mDC, respond to LPS (16, 31). In contrast, no TLR4

mRNA was detected in LC and pDC (Fig. 2A). To further dem-

onstrate the absence of functional TLR4, gradient-purified LC

were incubated for 24 h with LPS. Even in the presence of a high

dose (1 �g/ml) of LPS, only marginal increases of maturationT
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markers (CD25, CD83, DC-LAMP) and of costimulatory mole-

cules (CD80, CD86) were consistently observed (Fig. 2B). There-

fore, we conclude that freshly isolated human LC are unable to

directly sense LPS.

LC display TLR1, TLR2, and TLR6, and TLR2 agonists trigger

LC maturation

We next investigated expression of TLR2 and its associated re-

ceptors, TLR1, TLR6, and TLR10, which are notably involved in

the detection of Gram-positive bacteria (7). Real-time PCR anal-

ysis showed that LC expressed TLR1, TLR2, TLR6, and TLR10

mRNA, whereas keratinocytes displayed mRNA for TLR1, TLR2,

and TLR10. It is noteworthy that LC had particularly high levels

of TLR1 mRNA as compared with pDC and mDC (Fig. 3A), while

TLR10 mRNA expression was much weaker in keratinocytes and

LC than in both blood DC subsets. Expression of TLR2 mRNA in

LC was weak, as compared with blood mDC, but was confirmed

using different primer sets (data not shown and Ref. 23). More-

over, in line with the literature, TLR2 was not detectable in pDC

(14–16). Therefore, we considered the low levels of TLR2 mRNA

expressed by LC as significant. This was confirmed by exposure of

LC to TLR2 agonists. Indeed, we cultured gradient-purified LC for

24 h in the presence of PGN and LTA and found that TLR2 agonist

PGN reproducibly up-regulated expression of maturation markers,

while LTA induced weaker activation, based on CD25 staining

(Fig. 3B).

TLR3 is functionally expressed on purified LC

TLR3 is a receptor for dsRNA and is therefore thought to play

a critical role in the detection of many viruses (4). Similar to

Kadowaki et al. (15) who demonstrated that responsiveness of

blood mDC to dsRNA correlates with TLR3 expression, we found

that mDC, but not pDC, expressed high levels of this receptor.

Strikingly, keratinocytes presented constitutive levels of TLR3

mRNA that were even higher than in mDC (Fig. 4A).

TLR3 mRNA expression in highly purified LC was 10-fold higher

than in the dsRNA unresponsive pDC (Fig. 4A) (15). FACS analysis

confirmed that TLR3 is expressed intracellularly in human LC (Fig.

4B). Finally, activation assays definitively stated that LC display func-

tional TLR3: a particularly strong increase of CD25, CD83, CD80,

CD86, and DC-LAMP expression was observed following 24 h of

incubation with poly(I:C), a synthetic dsRNA analog (Fig. 4C). Thus,

LC can be directly and potently activated by viral dsRNA.

FIGURE 1. Immature LC purified ex vivo exhibit an

immature phenotype and mature following CD40 trig-

gering. LC were enriched by gradient purification as

described in Materials and Methods, then analyzed by

flow cytometry. A, Freshly isolated LC were gated as

PI-negative, CD1a-positive cells. B, Freshly isolated LC

were stained with anti-CD25, -CD83, -CD80, -CD86, or

-DC-LAMP mAbs (filled histograms) or isotype-

matched negative control Abs (open histograms). LC

were also stained after 24 h of culture (day 1) in medium

alone or in the presence of CD40L-expressing fibro-

blasts. Percentages of positive cells or mean fluores-

cence intensity (M) are shown in the upper right corner

of the histograms. Results are representative of at least

eight independent experiments.

FIGURE 2. Human LC do not express TLR4 and are

unresponsive to LPS. A, Real-time quantitative PCR for

TLR4 was performed on cDNA obtained from keratin-

ocytes, MACS-purified CD1a� LC, BDCA-4� blood

pDC, and BDCA-1� blood mDC. Results were ex-

pressed as copy numbers for 105 copies of 18S rRNA.

B, Gradient-purified LC were cultured in medium alone

with 1 �g/ml LPS or with CD40L-transfected L cells.

Twenty-four hours later, cells were harvested and

stained with anti-CD25, -CD83, -CD80, -CD86, and

-DC-LAMP mAbs (filled histograms) or isotype-

matched negative control Abs (open histograms). Per-

centages of positive cells or mean fluorescence intensity

(M) are shown in the upper right corner of the histo-

grams. Results are representative of three independent

experiments.
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TLR7, TLR8, and TLR9 are absent from LC, while keratinocytes

express TLR7

TLR7, TLR8, and TLR9 belong to a subgroup of the TLR family

(32). This classification is primarily based on sequence similarity

and closely related signal transduction pathways. Moreover,

TLR7/8/9 are intravesicular receptors of nucleic acids (DNA or

RNA oligonucleotides) or structurally related synthetic com-

pounds (imiquimod, R-848).

Real-time PCR analysis revealed very low signals for TLR7 in

LC; in contrast, keratinocytes exhibited �10 times more mRNA

for this receptor, which was present at levels comparable to mDC

(Fig. 5A) (17). Consistent with this, the response of mDC and

keratinocytes to the specific TLR7 agonist imiquimod was previ-

ously established (17, 33). TLR8 mRNA was detected in keratin-

ocytes, LC, and pDC at comparable intensities (Fig. 5A). Never-

theless, pDC were frequently demonstrated to be devoid of TLR8

(14–17) and a TLR8-specific agonist is unable to activate pDC (34).

Consequently, we considered the low levels of TLR8 expressed by

keratinocytes and LC as nonsignificant. Finally, the last member of

this subgroup, TLR9, was not detected in LC by real-time PCR and

keratinocytes expressed TLR9 mRNA at levels similar to mDC,

which are known to be unresponsive to CpG ODN (14–17) (Fig. 5A).

We next used activation assays to further establish the absence

of functional TLR7, TLR8, and TLR9 in LC. For this purpose, we

used synthetic agonists specific for TLR7 (imiquimod), for both

TLR7 and TLR8 (R-848), or for TLR9 (CpG ODN 2216). As

expected, expression of maturation markers was equivalent in LC

cultured in medium alone or incubated with imiquimod, R-848, or

CpG (Fig. 5B), thereby revealing that these cells do not express

functional TLR7, TLR8, or TLR9 proteins.

FIGURE 3. Human LC express TLR2 as well as ac-

cessory receptors TLR1 and TLR6 and mature in the

presence of PGN and LTA. A, Real-time quantitative

PCR for TLR1, TLR2, TLR6, and TLR10 were per-

formed on cDNA obtained from keratinocytes, MACS-

purified CD1a� LC, BDCA-4� blood pDC, and

BDCA-1� blood mDC. Results were expressed as copy

numbers for 105 copies of 18S rRNA. B, Gradient-pu-

rified LC were cultured in medium alone or with 10

�g/ml PGN or 10 �g/ml LTA. Twenty-four hours later,

cells were harvested and stained with anti-CD25,

-CD83, -CD80, -CD86, or -DC-LAMP mAbs (filled his-

tograms) or isotype-matched negative control Abs

(open histograms). Percentages of positive cells or mean

fluorescence intensity (M) are shown in the upper right

corner of the histograms. Results are representative of

three independent experiments.

FIGURE 4. Human LC express TLR3 and mature in

the presence of poly(I:C). A, Real-time quantitative

PCR for TLR3 was performed on cDNA obtained from

keratinocytes, MACS-purified CD1a� LC, BDCA-4�

blood pDC, and BDCA-1� blood mDC. Results were

expressed as copy numbers for 105 copies of 18S rRNA.

B, Fresh, gradient-purified LC were stained with anti-

CD1a or were permeabilized and stained with anti-

human TLR3 (filled histograms). Open histograms rep-

resent isotype-matched negative control Abs. C,

Gradient-purified LC were cultured in medium alone or

with 25 �g/ml poly(I:C). Twenty-four hours later, cells

were harvested and stained with anti-CD25, -CD83,

-CD80, -CD86, or -DC-LAMP mAbs (filled histo-

grams) or isotype-matched negative control Abs (open

histograms). Percentages of positive cells or mean flu-

orescence intensity (M) are shown in the upper right

corner of the histograms. Results are representative of

at least five independent experiments.
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LC produce cytokines following activation through TLR2 and TLR3

PAMP-driven maturation of DC is usually concomitant with the

production of cytokines and chemokines (1, 2). Therefore, we

examined the production of soluble factors induced by TLR

ligands in gradient-purified LC to address possible differences in

their respective activation capacity.

LC released substantial amounts of IL-6 when stimulated with

PGN, LTA, and, even more potently, poly(I:C) (Fig. 6A). A mod-

est secretion of IL-6 was detected following treatment of gradient-

purified LC with LPS and imiquimod. As LC do not undergo notice-

able maturation in response to these ligands, this low IL-6 production

might be attributable to the few contaminating keratinocytes, which

FIGURE 6. Production of IL-6 and IL-10 by human LC activated by TLR agonists. A and C, Gradient-purified LC were cultured in medium alone or

with 10 �g/ml PGN, 10 �g/ml LTA, 25 �g/ml poly(I:C), 1 �g/ml LPS, or 25 �M imiquimod. Twenty-four hours later, supernatants were harvested and

cytokine production was quantified by CBA assay (A, IL-6; C, IL-10). Note that, due to low numbers of LC yielded, CBA experiments were not duplicated

within each skin sample, but results are representative of at least four independent experiments. B, Production of IL-6 by MACS-purified LC activated by

TLR agonists was also analyzed on five independent donors. CD1a� LC were cultured in medium alone or with 25 �g/ml poly(I:C), 1 �g/ml LPS, or 25

�M imiquimod. Twenty-four or 48 hours later, supernatants were harvested and IL-6 production was quantified by ELISA.

FIGURE 5. Human LC are devoid of TLR7, TLR8,

and TLR9. A, Real-time quantitative PCR for TLR7,

TLR8, and TLR9 were performed on cDNA obtained

from keratinocytes, MACS-purified CD1a� LC,

BDCA-4� blood pDC, and BDCA-1� blood mDC. Re-

sults were expressed as copy numbers for 105 copies of

18S rRNA. B, Gradient-purified LC were cultured in

medium alone or with 25 �M imiquimod (Imiq.), 10

�M R-848, 10 �g/ml CpG ODN 2216 (CpG), or 25

�g/ml poly(I:C). Twenty-four hours later, cells were

harvested and stained as indicated with anti-CD25,

-CD83, -CD80, -CD86, or -DC-LAMP mAbs (filled his-

tograms) or isotype-matched negative control Abs

(open histograms). Percentages of positive cells or mean

fluorescence intensity (M) are shown in the upper right

corner of the histograms. Results are representative of

at least five independent experiments.
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express high levels of TLR4 and TLR7. Indeed, no more IL-6

production could be observed in response to LPS and imiquimod

when using MACS-purified LC (Fig. 6B). Treatment with poly(I:

C), LPS, or imiquimod did not stimulate IL-10 production (Fig.

6C). Interestingly, production of IL-10 was induced by PGN, but

not LTA, although recognition of both compounds relies on TLR2.

IL-8 and TNF-� can be secreted by LC, but they are also

strongly induced in activated keratinocytes (18–22, 31, 33, 35).

We showed that both keratinocytes and LC express TLR2 and

TLR3 and might therefore secrete cytokines in response to the

same agonists. Thus, evaluation of IL-8 and TNF-� secretion was

performed on LC enriched by CD1a MACS rather than gradient

purification. MACS-purified LC produced high constitutive levels

of IL-8 when cultured in medium alone (Fig. 7A), which is most

likely related to their spontaneous maturation. Yet, a notable in-

crease in IL-8 could be induced upon PGN, LTA, or poly(I:C)

exposure. We also noticed that only poly(I:C) stimulated produc-

tion of TNF-� (Fig. 7B).

In addition, neither CD40 triggering nor TLR agonists were able

to drive production of IL-1� and, most interestingly, bioactive IL-

12p70 (data not shown). Finally, as type I IFNs are of critical

importance in the context of viral infections, we evaluated the

production of IFN-� and IFN-� by LC exposed to poly(I:C) (Table

II). However, we were unable to detect significant concentrations

of these mediators in the supernatants of activated LC.

Discussion
To date, pathogen-derived molecules that directly drive maturation

of human LC through activation of TLR are insufficiently charac-

terized (25). Our systematic PCR analysis of LC freshly isolated

from human skin reveals expression of TLR1, TLR2, TLR3,

TLR6, and TLR10, as well as low levels of TLR5 mRNA (data not

shown). In parallel, human suprabasal keratinocytes display

TLR1–5, TLR7, and TLR10 mRNA. These TLR expression pat-

terns, extended by LC activation assays performed with defined

TLR agonists, shed light on the role of LC and keratinocytes in

human skin exposed to potentially pathogenic microorganisms.

Gram-positive bacteria represent the majority of commensal

microorganisms that colonize the skin of healthy individuals,

but also the bulk of virulent species developing on wounded

skin and causing severe skin infections (36). PGN and LTA,

which are characteristic PAMP shared by all Gram-positive

bacteria, trigger maturation of fresh human LC and enhance

IL-6 and IL-8 release. Interestingly, PGN is the only TLR ag-

onist inducing IL-10 production. This differential effect might

be explained by the fact that, while both PGN and LTA engage

TLR2, activation by PGN requires cooperation of TLR6 (9, 10),

which is highly expressed in LC. In line with our results, a

strong IL-10 production was found to be a hallmark of human

DC stimulated with PGN (37). IL-10 inhibits APC function and

migration of LC, most likely because it modulates proinflam-

matory cytokines secretions that enhance LC maturation (37–

39). For this reason, we hypothesize that IL-10 could be re-

quired to avoid immune responses to commensal bacteria.

Discrimination between unharmful and pathogenic Gram-posi-

tive bacteria may result from the level of PGN detection. In-

deed, PGN from commensal bacteria is only available to extra-

cellular TLR2 and TLR6 (10, 23), similar to our in vitro assays.

In contrast, virulent S. aureus have an invasive phenotype and

release PGN intracellularly, where it could engage the cytoplas-

mic NOD receptors, present in other DC subsets (40). Alterna-

tively, IL-10 may keep immune responses under control,

thereby preventing organ injuries. Indeed, while murine DC ac-

tivated by S. aureus PGN produce high amounts of IL-10 (41),

Table II. Production of type I IFN by human LC activated by poly(I:C)a

IFN-� (pg/ml) IFN-� (pg/ml)

Langerhans cells (n 	 4)
Medium �31, 25 �50
Poly(I:C) �31, 25 �50

Blood pDC (n 	 3)
IL-3 �31, 25 ND
Influenza virus 26,219.4 � 9,830.4 ND

a Gradient-purified LC were cultured in medium alone or with 25 �g/ml poly(I:C).
Purified blood pDC were cultured with IL-3 (20 ng/ml) or formaldehyde-inactivated
influenza virus (1 HAU/ml). Twenty-four hours later, supernatants were harvested
and quantified for IFN-� and IFN-� production by ELISA. n represents the number
of independent donors tested.

FIGURE 7. Production of IL-8 and TNF-� by hu-

man LC activated by TLR agonists. MACS-purified

CD1a� LC were cultured in medium alone or with 10

�g/ml PGN, 10 �g/ml LTA, 25 �g/ml poly(I:C), 1

�g/ml LPS, or 10 �M R-848. Twenty-four hours later,

supernatants were harvested and cytokine production

was quantified by ELISA (A, IL-8; B, TNF-�). Results

are representative of three independent experiments.
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resistance of TLR2�/� mice to S. aureus infections is severely

impaired (42).

Human skin may also be exposed to Gram-negative bacteria,

although they are not resident and are rarely responsible for infec-

tions (36). Murine LC migrate following skin exposure to LPS and

have been suggested to express TLR4 (43, 44), but in vitro acti-

vation assays show poor correlation with these findings (43). Ac-

cordingly, and in line with earlier observations (23, 25), no TLR4

transcripts are present in human LC, and only negligible matura-

tion is achieved upon treatment with high doses of LPS in vitro.

To determine a role of human LC in the detection of viruses, we

investigated TLR3, TLR7/8, and TLR9, which are receptors for

viral nucleic acids, and have been frequently highlighted for their

capacity of inducing production of type I IFNs, a critical set of

cytokines with direct effects on viral replication. We did not study

expression of the cytoplasmic dsRNA receptors retinoic acid-in-

ducing gene-I and protein kinase R, whose expression pattern in

the skin is unknown so far (4). Freshly purified human LC dis-

played TLR3 mRNA, similar to murine LC (43, 45), as well as

intracellular TLR3 protein. Consequently, poly(I:C) very strongly

matured gradient-purified LC and augmented IL-6 secretion more

potently than other TLR agonists. This is probably due to the

unique ability of dsRNA to induce TNF-�, which likely amplifies

LC response. Nevertheless, poly(I:C)-stimulated LC do not release

type I IFNs. Hence, in contrast to pDC which produce high

amounts of type I IFNs, human LC do not act as innate effector

cells in viral infections.

Epicutaneous application of imiquimod, a specific agonist of

TLR7, induces emigration of LC (46, 47) and strong immune re-

sponses, which have been proven efficient for the treatment of viral

infection and cancers (48). Yet, we provide the first report of the

absence of TLR7 and TLR8 in freshly isolated human LC, in line

with lack of TLR7 in murine LC (43). Our findings explain and

extend previous observations showing that human LC do not ma-

ture after exposure to imiquimod and R-848 in vitro (49). Regard-

ing TLR9, mRNA has been described in purified murine LC (43),

and CpG ODN trigger migration and activation of these cells in

vivo (50, 51). However, activation of purified murine LC by CpG

ODN could not be achieved in vitro (43). Likewise, freshly iso-

lated human LC show no direct response to CpG ODN, consistent

with their lack of TLR9, and keratinocytes do not express TLR9

either. Thus, we propose that, in vivo, deep penetration of imi-

quimod cream into the dermis and s.c. injections of CpG ODN

activates nonepidermal cells, such as dermal DC, macrophages,

and fibroblasts, the migration of LC being secondary to a release

of proinflammatory cytokines. However, this hypothesis remains

to be specifically evaluated.

Thus, the detection of pathogen invasion through LPS and

ssRNA is not a primary function of LC, thereby suggesting a role

for keratinocytes in the recognition of these PAMP. Earlier pub-

lications describing TLR in keratinocytes mainly relied on undif-

ferentiated basal epidermal cells, isolated from foreskin, and dif-

ferentiated after long periods of in vitro culture, which resulted in

discrepancies (18–22). Here, we definitively state that suprabasal

keratinocytes directly isolated from human skin notably display

TLR4 and TLR7. Although other investigators could not detect the

latter (22, 35), in vitro-cultured keratinocytes stimulated by TLR4

or TLR7 ligands increase transcription and release of proinflam-

matory mediators (22, 31, 33, 35). In line with this, LPS and imi-

quimod triggered IL-6 release only in keratinocyte-contaminated

preparations of gradient-enriched LC. Yet, isolated suprabasal ker-

atinocytes did not produce TNF-� when exposed to TLR agonists,

presumably because their advanced state of differentiation pre-

cludes full activation in vitro (data not shown). Still, keratinocyte-

induced inflammation in vivo probably results in maturation and

migration of LC, as well as attraction of other immune cells (52,

53). Keratinocytes could therefore substitute to LC for the primary

detection of LPS and ssRNA, and also, because they express high

levels of TLR3, enhance dsRNA-induced LC maturation.

In summary, freshly purified human LC express a restricted set

of functional TLR, namely TLR2, TLR6, and TLR3, and are di-

rectly activated by their respective ligands, while cooperation of

keratinocytes and other cell types is probably essential for re-

sponse to Gram-negative bacteria and viruses in vivo. In particular,

lack of type I IFN production precludes a direct effector role of LC

in viral infections and further argues that the full development of

an immune response in the skin does not solely rely on these cells.

Of interest, activation of LC by different TLR agonists leads to

specific cytokine secretion profiles. Although the exact physiolog-

ical relevance of PGN-specific IL-10 secretion remains to be de-

termined, LC may contribute to the tolerance of commensal Gram-

positive bacteria that colonize the skin of healthy individuals

without causing inflammation. As no bioactive IL-12p70 was ob-

served following TLR engagement alone, the release of this key

Th1-polarizing cytokine may require additional signals provided

by PAMP combinations or engagement of CD40 by T cells, as

previously suggested for LC and other DC subsets (25, 54, 55). In

this context, it will be of critical importance to decipher the func-

tional influence of differential PAMP-driven activation of LC on

the tuning of skin immune responses and particularly on T cell

responses.
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ABSTRACT 

Residing in the epidermis, Langerhans cells (LC) play a critical role in initiating skin 

immune responses. Nevertheless, dermal DC (DDC), still barely studied, also contribute to 

the maintenance of cutaneous immunity by uptaking pathogens, rapidly migrating to lymph 

node and activating naive T lymphocytes. The purpose of our work was to complete the 

previous characterization of DDC by studying the expression and function of the innate 

receptors C-type lectins, Toll-Like Receptor (TLR) and scavenger receptor, using freshly 

isolated human DDC. By focusing on the HLA-DR
high

 DDC CD1c
+
 population, we found that 

DDC presented typical DC morphology and expressed DC markers such as DC-SIGN, MMR 

and Dectin-1. Furthermore, they expressed mRNA of scavenger receptor SRA, LOX-1, SR-

PSOX/ CXCL16 and CLA-1. Interestingly, as mRNA of MARCO was only expressed by 

macrophages, MARCO should be used as another specific human macrophage marker. Using 

real-time PCR, we complete the characterisation of the profile of their innate receptors by 

demonstrating that HLA-DR
+
 dermal cells expressed TLR1, 2, 4 and 6 and TLR3 and TLR8. 

To further attest the expression of functional receptors, we analysed the secretion of IL-6, IL-

10 and TNF-α upon activation with TLR ligands. Finally, DDC ability to uptake FITC-

Dextran and acetyl-low density lipoproteins was evaluated. In conclusion, we provided here, 

by identifying the profile of innate receptors of DDC, a better characterisation of human DDC 

that will be helpful to understand their function in cutaneous immunity. 
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INTRODUCTION 

Dendritic cells are sentinels distributed all around the organism. They sense danger 

signals like pathogen associated compounds and then direct the immune responses. After 

antigens capture, DC migrate to different sites and activate lymphocytes to promote either 

immunity or tolerance (Steinman, 2003). Langerhans cells (LC) have always been the 

prototype DC of the skin. Residing in the epidermis, they play a critical role in initiating skin 

immune responses. Dermal DC are still barely studied, although some previous studies have 

shown, by using different isolation techniques, that they contribute, as well as LC, to the 

maintenance of cutaneous immunity (Angel et al., 2006; Furio et al., 2005; Lenz et al., 1993; 

Nestle et al., 1993; Sepulveda-Merrill et al., 1994). Nevertheless, studies realized in mice 

suggested that DDC may play different role than LC in skin immunity (Kaplan et al., 2005; 

Kissenpfennig et al., 2005b; Allan et al., 2003; Zhao et al., 2003).

How danger signal are sensed by DDC is of importance as it will be the first and 

critical step in initiating the immune response. DC expressed several classes of innate 

receptors, including Toll-Like Receptors (TLR), C-Type Lectins Receptors (CLR) and 

Scavenger Receptors (SR). These Pattern Recognition Receptors (PRR) can recognize 

Pathogen Associated Molecular Patterns (PAMP) displayed at the cell surface of 

microorganisms. CLR, such as DC-SIGN or Langerin bind sugars in a calcium-dependent 

manner using highly conserved carbohydrate recognition domain. TLR represent a family of 

type I transmembrane proteins. Until now, 10 human TLRs have been described. They 

recognize bacterial (TLR1, 2, 4, 5 and 6), and viral components (TLR3, 7, 8 and 9) and 

directly activate signalling pathways in DC and other cell types. In human, differences exist in 

TLR expression from one DC subset to another. In blood, myeloid DC (mDC) express TLR1-

6, TLR8 and TLR10, whereas plasmacytoid DC (pDC) display TLR1, TLR6, TLR10 and high 

level of TLR7 and TLR9 (Jarrossay et al., 2001; Kadowaki et al., 2001). Finally, SR are cell 
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surface glycoproteins which were first described on macrophages by their ability to bind 

chemically acetylated or oxidized Low Density Lipoprotein (Ac or Ox-LDL) (Kodama et al., 

1990). Recent studies demonstrated that SR expression on other cell types such as DC have an 

important role in antigen uptake and presentation (Mukhopadhyay and Gordon, 2004). Thus, 

considering these new PRR, it appears of interest to search for their expression on different 

DC subpopulations, and especially on DDC whose primary function may be to capture 

antigens. 

In this paper, we performed studies on dermal dendritic cells freshly purified from 

human dermis. Focusing on the expression on PRR by these human DDC, we identified the 

expression of CLR, TLR and SR, specialized in the recognition of bacteria and viruses. 

Nowadays, vaccination is under intensive investigation. Thus, a better understanding of DDC 

and their role in immune responses would allow clinicians to improve direct exploitation of 

DDC in vaccination strategies. 

MATERIAL AND METHODS 

Media, cytokines and reagents 

Cells were cultured in RPMI-1640 (Gibco BRL, Gaithersburg, MD) supplemented with 10% 

heat-inactivated foetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 

100 U/ml penicillin (Gibco BRL) and 100 µg/ml streptomycin (Gibco BRL) (hereafter 

referred to as complete medium). rhGM-CSF (Schering-Plough Research Institute, 

Kenilworth, NJ) was used at a saturating concentration of 100 ng/ml (200 U/ml), rhSCF (25 

ng/ml), rhTNF-α (2.5 ng/ml), IL-4 (10 ng/ml) are all from R&D Systems (R&D Systems, 

Boston, MA). 
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Staphylococcus aureus peptidoglycan (PGN) (Fluka, Heidelberg, Germany) was used at 10 

µg/mL. Poly(I:C) (Invivogen, San Diego, CA) was used at 10 µg/ml, R-848 used at 10 µM 

was synthesised at the Schering-Plough Research Institute. Zymozan was used at 100 µg/ml 

(Molecular Probes, Invitrogen). 

Isolation of dermal dendritic cells and blood dendritic cells 

Skin was obtained according to institutional guidelines and after patients’consent. Skin was 

split-cut with a keratome set and the skin explants were incubated in 0,4 mg/ml of dispase II 

(Roche, Roche Diagnostics Corporation, Indianapolis, IN) in Hank's balanced salt solution 

(HBSS; Gibco BRL) overnight at 4°C. The dermis was detached from the epidermis with fine 

forceps. Dermal sheets were then cut into small sections and incubated with 1 mg/ml 

collagenase (Sigma-Aldrich) for 2 hours at 37°C. Cells were manually disrupted with a 

pipette, filtered through sterile mesh nylon gauzes and through a 70µm filter to separate the 

non digested tissue from the cell suspension (Tse and Cooper, 1990). Cells were purified 

using Macs Isolation kit with anti-HLA-DR or anti-CD1c antibodies (Miltenyi Biotec GmbH, 

Bergish Gladbach, Germany) using LS separation columns and according to the manufacters’ 

instructions. Blood samples of healthy donors were obtained according to institutional 

guidelines. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque 

centrifugation (Eurobio, Paris, France). The CD19
+
 B cells and CD14

+
 monocytes were 

removed from the sample by CD19 and CD14 MACS purification using MiniMACS 

separation columns (Miltenyi Biotech). The remaining cells were further enriched in 

MiniMACS columns using microbeads coated with anti-BDCA-1 or anti-BDCA-4 mAbs, 

thereby selecting BDCA-1
+
 mDC and BDCA-4

+
 pDC. Reanalysis of the sorted populations 

showed a purity higher than 98%.
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In vitro generation of dendritic cells and macrophages 

Monocytes were purified by immunomagnetic depletion (Moncytes Isolation Kit II, Miltenyi 

Biotech) after preparation of PBMC. Monocyte-derived DC (MoDC) were produced during 6 

days in the presence of GM-CSF and IL-4 (Sallusto and Lanzavecchia, 1994). CD34
+

haematopoietic cells were purified from cord blood by magnetic isolation (Indirect CD34 

MicroBead Kit, Miltenyi Biotech). CD34
+
 cells were cultured during 6 days in 200 ng/ml 

GM-CSF, 25 ng/ml SCF and 2,5 ng/ml TNF-�. Then, after 6 days cultured in medium 

supplemented with 200 ng/ml GM-CSF and 10 ng/ml IL4, CD34-derived dendritic cells were 

obtained. Monocyte-derived macrophages were produced during 6 days in IL-2 (50 U/ml) and 

5% normal human AB serum. 

Antibodies and Flow cytometry 

Cells were incubated 15 minutes at 4°C with affinity purified mAbs at the appropriate 

concentration or with the irrelevant isotype-matched mouse Igs. Anti-HLA–DR-PE or FITC 

(B8.12.2) and anti-CD11b-FITC (BEAR1) are from Immunotech (Marseille, France). Anti-

DC-SIGN-PE (120507) is from R&D Systems (Minneapolis, MN). Anti-MMR-PE (19.2) and 

anti-CD45-FITC and PE (HI30) are from BD Biosciences (San Jose, CA). Anti-CD1c-PE 

(AD5-8E7) is from Miltenyi Biotech. Anti-CD146 (24040704) is from Chemicon 

international (Ternecula, CA) and anti-Dectin-1 (MAB1859) from R&D Systems.  

Endocytosis assay  

To evaluate uptake ability, 10
5
 cells were incubated in at 37°C with 1 mg/ml FITC-dextran 

(molecular weight: 70) or 5 µg/ml Alexa 488-Acetylated-Low Density Lipoprotein (Ac-LDL) 

both from Molecular Probes (Carlsbad, CA). Uptake was stopped by two washes with ice-
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cold 1% FBS-sodium azide PBS. Endocytosis was evaluated by FACS analysis comparing 

with control samples kept at 4°C.  

Immunohistochemistry analysis 

Normal human skin were cryofixed and 6-µm sections were cut. Indirect 

immunohistochemistry stainings were performed with a streptavidin-biotin-peroxidase assay 

(LSAB2 Kit, Dako, Glostrup, Denmark). Negative controls were conducted using unrelated 

isotype-matched mouse immunoglobulins. Counterstaining was carried out with Hematoxylin. 

May-Grünwald Staining and Ultrastructural analysis 

For transmission electron microscopy, cell pellets were fixed in 2% glutaraldehyde in 

cacodylate buffer at 4°C for at least 3 days then postfixed for 1 hour with 1% osmium 

tetroxide in cacodylate buffer with sucrose. After deshydratation, they were embedded in 

epoxy resin. Ultrathin sections were examined on a JEOL 1200 EX electron microscope at 

80kV accelerating voltage (CMEABG, Université de Lyon, Lyon, France). Cells were spun 

onto glass slides with a Shandon Cytospin 2 during 5 minutes at 500g, air dryed, fixed with 

cold acetone and stained with May-Gründwald Giemsa (Sigma-Aldrich). 

RT-PCR and real-time quantitative PCR 

Total RNA was extracted from freshly isolated DDC. Total RNA was extracted using RNeasy 

Mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions and treated with 

DNase I (Qiagen) for 15 min at room temperature. RT-PCR was performed with Iscript One-

Step for Probes kit (Bio-Rad, Hercules, CA). The primers used for PCR amplification are 

detailed in Table 1. 30 ng of each RNA sample was used. The cycling parameters were as 

follows: 10 min 50°C/ 5 min 95°C/ 15 sec 95°C, 30 sec 60°C for a total of 35 cycles. PCR 
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products were separated by electrophoresis on a 1% agarose gel and visualised by ethidium 

bromide staining. For real-time quantitative PCR, RNA was reverse transcripted using a mix 

of random hexamer primers (Invitrogen), oligo (dT)15 (Promega), and Superscript II RNase-H 

reverse transcriptase (Invitrogen). Real-time quantitative PCR was set up in an Icycler IQ 

(BioRad, Hercules, CA), using Taqman Universal PCR Master Mix, no AmpErase UNG 

(Applied Biosystems, Foster City, CA), in a final volume of 25 µL (0.4 µM of each primer, 

0.2 µM TaqMan probe and 25 ng cDNA). Experiments were performed in triplicates. Primers 

and probes of TLR and CD4 promoter were designed using Primer 3 software (Whitehead 

Institute, Cambridge, MA), with a melting temperature of ~60°C for primers and ~70°C for 

probes. Sequences and dyes are detailed in Table 2. The absence of genomic DNA 

contamination was controlled using human CD4 promoter probe. cDNAs were normalized to 

18S ribosomal RNA (rRNA) with the Taqman Ribosomal RNA Control Reagents (Applied 

Biosystems). Real-time data were acquired and analyzed using Icycler IQ Optical System 

software (Bio-Rad) with automatic adjustment of the baseline and threshold parameters. Gene 

expression levels were determined using cycle threshold values, directly transferred on the 

PCR standard curve and transformed into copy numbers. Results are expressed as copy 

numbers of a specified gene for 10
5
 copies of 18S ribosomal RNA. 

Cytokine production 

Fresh purified DDC (10
6
 cells/ml) were cultured for 24 hours with TLR ligands or zymozan at 

the indicated concentration. IL-6, IL-10 and TNF-� were evaluated using cytometric bead 

array assays (CBA, BD Biosciences). Following acquisition of sample data by flow 

cytometry, results were analysed using the BD Biosciences CBA analysis software. Standard 

curves, plotted using the mean fluorescence intensity of the beads for cytokine values ranging 

from 0 to 5000 pg/ml were used for quantifying cytokines. 
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RESULTS 

Fresh DDC contained two populations of DC without LC characteristics  

To better understand the biological functions of human dermal dendritic cells, we 

needed to isolate them from human dermis. For this aim, a dermal cell suspension was 

obtained after epidermis and dermis separation and a subsequent collagenase treatment. The 

mean number of dermal cells isolated was 58.7 ± 33.3 millions for about 620 ± 160 cm
2
 of 

skin. Interestingly, based on HLA-DR staining, three populations were detected: a population 

expressing high level of HLA-DR (R1: 9.1% ±3.3), another population expressed low level of 

HLA-DR (R2: 21.7 % ±6.3) and a population HLA-DR negative (Figure 1a). To have a global 

outline of the dermal suspension, we analysed the expression of different cell type markers. 

The majority of the dermal population (HLA-DR
-
) was obviously composed of fibroblasts 

(data not shown). Besides, HLA-DR negative cells co-expressing CD3 represent T 

lymphocyte population of the dermis (data not shown). As expected, HLA-DR
high

 population 

co-expressed CD45 (Figure 1b). Focusing on the HLA-DR
+
 population and especially on the 

HLA-DR
high

 population we observed that CD11b, CD11c and CD1c were expressed on HLA-

DR
high

 cells, indicating that HLA-DR
high

 cells are dermal DC. These cells do not contain 

phagolysosomes, characteristics of macrophages. Moreover they present typical features of 

DC, i.e. a bean-shaped nuclei and surface dendrites, confirming that they were DDC and not 

macrophages (Figure 1c). Furthermore, these cells do not express langerin at the cell surface 

nor intracellularly confirming they were not LC that might have migrated into the dermis 

(data not shown). Interestingly, we observed that the HLA-DR
low

 CD45
-
 cells displayed 

markers of endothelial cells such as CD146, CD34, and CD31 (Figure 1b). Hence, HLA-

DR
low

 population appeared to be dermal endothelial cells (HDMEC). To further investigate 

the characterisation of the DDC population, i.e. HLA-DR
high 

population, we purified 

exclusively DDC using a two step magnetic purification method. About 1.4 millions of DDC 
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were isolated using an indirect staining with CD1c antibody (Macs Miltenyi Biotech). 

Nevertheless, by our isolation method based on enzymatic dissociation of the dermis, we may 

purified both DDC and dermal macrophages, contrary to previous methods harvesting DC 

migrating from dermis explants (Furio et al., 2005; Nestle et al., 1993).  

Fresh DDC express specific C-type lectin receptors MMR, DC-SIGN and Dectin-1 and 

express some Scavenger Receptors 

Skin DDC are immature DC specialized in the recognition of signal dangers and 

pathogens. We thus examined the Pattern Recognition Receptor (PRR) profile of DDC. We 

first analyzed the expression of C-type Lectins (CLR). Langerin, a type II protein, is 

specifically expressed by LC (Valladeau et al., 2000), whereas BDCA-2 was shown to be 

expressed by plasmacytoïd DC (Dzionek et al., 2001). We confirmed here that DDC clearly 

expressed MMR/CD206 (Turville et al., 2002). On the contrary, expression of DC-SIGN by 

freshly isolated DDC was low. Then, we investigated the expression of Dectin-1. Dectin-1 is a 

type II CLR containing an immunoreceptor tyrosine-based activation motif in its cytoplasmic 

tail, recently described on macrophages and on blood myeloid DC (Brown, 2006). Dectin-1 

recognizes β-glucans and binds many fungal and it has been demonstrated in vitro and in vivo

that Dectin 1 mediates antifungal cellular responses (Leibundgut-Landmann et al., 2007; 

Rogers et al., 2005; Taylor et al., 2007). For the first time, we revealed by 

immunohistochemestry, bright Dectin-1 positive cells within human dermis (Figure 2b). We 

did not observe any Dectin-1 positive Langerhans cells. Flow cytometry analysis confirmed 

that DDC, HLA-DR
high

, expressed Dectin-1 (Figure 2c). 

Then, we analysed the expression of scavenger receptors (SR). SR were first described 

on macrophages by their ability to bind Ox and Ac-LDL. They are also implicated in the 

recognition of various ligands derived from bacteria, viruses and host (Mukhopadhyay and 
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Gordon, 2004; Peiser et al., 2002). According to their multi-domain structures, they were 

divided into six different classes (A to F) (Krieger, 1997): Expression of SR by DC and 

especially by human DC is poorly defined. SRA, the first cloned SR, has been shown to be 

expressed on human in vitro generated DC (Harshyne et al., 2003). In addition, LOX-1 and 

SR-PSOX/CXCL16, ligand of CXCR6, were also shown to be expressed on human blood 

myeloid and MoDC (Delneste et al., 2002; Tabata et al., 2005). On the contrary MARCO and 

CLA-1 are not yet identified on human DC. To analyzed SR expression, we used RT-PCR 

analysis as rare antibodies against human SR were available (Figure 2d). DDC clearly 

expressed SRA but lesser than macrophages. Furthermore, DDC expressed SR-

PSOX/CXCL16 in similar levels as macrophages and a slight expression of CLA-1 was 

detected. Interestingly, DDC do not express MARCO, contrary to the bright expression 

revealed in macrophages. Therefore, as no specific macrophage markers exist in human, 

MARCO would be a remarkable candidate to clearly distinguish between macrophages and 

DDC.   

Fresh DDC express TLR1, 2, 4 and TLR6 and TLR3 and TLR8  

The TLR represent a family a type I transmembrane proteins which are essential for 

the recognition of PAMP and the induction of signalling cascades by the immune system. To 

date, 10 human TLR have been described. These receptors recognize a wide variety of 

molecules from diverse origins. Until now, the distribution of TLR in skin is hardly defined. 

We have recently demonstrated that freshly isolated LC expressed TLR1, 2, 3 and 6 (Flacher 

et al., 2006). In this study, we assessed TLR expression on DDC by real-time PCR as rare 

TLR antibodies were available. As controls, we included myeloid DC (mDC) and 

plasmacytoïd DC (pDC) purified from human blood as TLR expression is well described in 

these cells, and added the negative fraction from the magnetic DDC purification composed 
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mainly of dermal fibroblasts (Figure 3a). The first six TLR members, excluded TLR3, 

principally recognize bacteria molecules: TLR1, 2 and 6 are mainly involved in the detection 

of molecules from Gram-positive bacteria (Schwandner et al., 1999) whereas TLR4 is the 

receptor of lipopolysaccaride from Gram-negative bacteria (Qureshi et al., 1999) and TLR5 

for the flagellin derived from flagelled bacteria (Hayashi et al., 2001). Real-time PCR analysis 

showed that DDC expressed significant levels of TLR1, 2 and 6 and high level of TLR4. 

DDC do not express TLR5. The other TLR (TLR3, 7, 8 and 9) are specialized in the 

recognition of nucleic acids. DDC displayed high level of TLR3, receptor for double-stranded 

RNA (Kawai and Akira, 2006). They did not express TLR9 mRNA contrary to pDC which 

are caracterised by the expression of TLR7 and TLR9. As it is undoubtedly proved that mDC 

do not express TLR7, we concluded that DDC do not also express TLR7. DDC expressed 

TLR8, intravesicular receptor of single strand nucleic acids or structurally related synthetic 

compounds (R-848, Imiquimod). This is of particular interest as LC do not express TLR8 

(Flacher et al., 2006). To confirm this divergent TLR8 expression between DDC and LC, we 

generated CD34-derived DC (Figure 3b). At day 6 of the culture, CD1a
+
 and CD14

+
 cells 

were FACS-sorted as previously described (Caux et al., 1996). By classical RT-PCR, we 

demonstrated that only CD34-derived DDC expressed TLR8 mRNA.  

Production of cytokines induced by TLR ligands and zymozan may help us to address 

the presence of functional TLR on DDC and DDC activation capacity (Figure 3c). DDC 

released high amount of IL-6 (1,7 ng/ml) in control medium, and IL-6 was more potently 

produced with Poly(IC) and with PGN. We next investigated the production of IL-10 and 

TNF-�. High amount of IL-10 were also measured in control medium. IL-10 production is 

induced by Poly (IC), PGN and zymozan while TNF-� secretion is only strongly induced by 
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Poly(IC). Cytokine secretion induced by Poly(IC) is concomitant with the bright TLR3 

mRNA expression.  

Fresh DDC efficiently take-up FITC-Dextran but low Ac-LDL 

Immature DC are able to efficiently take up and process antigens. This function is a 

key function of immature DC. In Figure 2, we showed that freshly isolated DDC express 

innate receptors and in particular CLR such as MMR, DC-SIGN and Dectin-1. Thus, we 

examined DDC ability to take up fluorescently labelled dextran. First, we analysed CD34-

derived DC (CD34-DC) generated in GM-CSF and IL-4 and monocyte-derived DC (MoDC) 

phenotype, as these in vitro generated DC are mainly used in vaccination strategies as DC 

models. As shown in Figure 4a, CD34-DC and MoDC expressed high level of CD1a, 

intermediate level of HLA-DR and no CD14. Besides they displayed high DC-SIGN and 

MMR, contrary to DDC. This difference may be due to the presence of IL-4 during our 

CD34-DC and MoDC culture (Steinbach et al., 1998). We demonstrated in Figure 4b that in 

vitro generated DC showed high levels of endocytic activity whereas DDC internalised less 

particles, certainly due to their higher expression of surface C-type lectins. Then, we analysed 

DDC capacity to internalize Alexa488-Ac-LDL to study their expression of functional SR. As 

shown in Figure 4c, uptake of Ac-LDL by DDC was low whereas monocyte-derived 

macrophages, used as control, did endocytose Ac-LDL with a bright efficiency. This result 

was in accordance with the SR expression level in DDC which is much weaker than in 

macrophages.  
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DISCUSSION 

Although LC are well characterized and studied, only few data concerning DDC are 

available. Indeed, purifying DDC from total dermis is difficult but cells obtained by this 

technique are very different from those obtained after skin explants migration. Indeed, our 

DDC do not express CD40, CD80, CD83 and CD86 (not shown) contrary to DDC collected 

after migration, which have already begun a maturation process (Furio et al., 2005; McLellan 

et al., 1998). In contrast to other groups, we did not observe any langerin positive cells within 

the DDC population, contrary to Angel et al. who demonstrated in a recent study that 11% of 

the HLA-DR
+
 cells were langerin positive (Angel et al., 2006). Furthermore, our results were 

in disagreement with those of Larregina et al. (Larregina et al., 2001), who isolated cells from 

total skin explants and demonstrated that CL were CD1a
+
 CD14

-
, DDC were CD1a

-
 CD14

-

and the last population CD14
+
 were LC precursors (Larregina et al., 2001; Morelli et al., 

2005). In our study, freshly isolated DDC did not expressed CCR7, in contrast to Angel et al.

(Angel et al., 2006). Finally, we did not detect any plasmacytoïd DC in the dermal cell 

suspension, based on BDCA2 expression, contrary to the work of Ebner et al. (Ebner et al., 

2004), as previously demonstrated by Wollenberg et al. (Wollenberg et al., 2002). 

  

To date, few specific markers of human macrophages or human DDC exist. 

Previously, DC-SIGN was defined as the specific marker of the dermal DC population 

(Geijtenbeek et al., 2000b) as langerin for LC (Valladeau et al., 2000). Nevertheless, recent 

studies demonstrated that macrophages can also expressed DC-SIGN (Granelli-Piperno et al., 

2005; Soilleux et al., 2002). Furthermore, CD36 was demonstrated to be express on the 

dermal macrophages population (Gonzalez-Ramos et al., 1996), however, CD36 was also 

shown to be expressed by DDC (Furio et al., 2005; Nestle et al., 1993). Thus, as macrophages 

do not express CD1c, we used CD1c to phenotypically distinguished dermal DC from dermal 
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macrophages (Furio et al., 2005; Lenz et al., 1993). Besides, the absence of phagolysosomes 

and low ability to endocytose ac-LDL confirmed that we did not isolated macrophages. 

Furthermore, we showed that mRNA of the SR MARCO is specifically expressed on 

macrophages. Thus, MARCO would provide an interesting marker to differentiate 

macrophages from DDC.  

In this paper, we demonstrated that DDC express a specific PRR profile. First, DDC 

clearly express MMR and Dectin-1. We provided here that DDC did not display the same 

TLR pattern. DDC expressed TLR1, 2, 4 and 6 and high levels of TLR3, and 8, whereas LC 

expressed TLR1, 2, 3, 5 and 6 (Flacher et al., 2006). Recently, Van der Aar et al. described 

the TLR profile of dermal DC, freshly purified through their expression of CD11c (van der 

Aar et al., 2007). They demonstrated that DDC express all TLR except TLR9 and 10. 

Contrary to them, we may have failed to detect TLR5 expression on DDC, as its expression 

seems to be very low. Furthermore, comparing TLR7 expression between LC {Flacher, 2006 

#1499} and DDC, our results were in agreement with those of Van der Aar et al., who 

showed that DDC expressed more TLR7 than LC.   

DDC expressed specific CLR shown to be implicated in HIV binding such as DC-SIGN 

(Curtis et al., 1992; Geijtenbeek et al., 2000a; Turville et al., 2002), and MMR (Turville et al., 

2002). We showed here that DDC expressed HIV co-receptor CCR5 and CXCR4 as CL 

(Zaitseva et al., 1997) and demonstrated that they displayed mRNA of SR-PSOX/CXCL16, 

ligand of the HIV minor co-receptor CXCR6/Bonzo (Tabata et al., 2005) (Matloubian et al., 

2000). Besides, TLR8, ligand of single strand nucleic acid or structurally related synthetic 

compounds (Heil et al., 2004), can be triggered by HIV single strand RNA (Diebold et al., 
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2004). Therefore, DDC express different PRR involved in the recognition of virus such as 

HIV, indicating that they might be specialized in recognition of virus.  

Innate receptors may collaborate together for the recognition of pathogens and for the 

activation of inflammatory responses. It has been shown recently that TLR2 can collaborate 

with Dectin-1 for the recognition of fungal (Gantner et al., 2005; Netea et al., 2006). In 

addition, SR-PSOX/CXCL16 favour CpG ODN-D endocytosis leading to TLR9 dependent 

IFN-α secretion by pDC (Gursel et al., 2006). Another example is provided by CD36 which is 

associated with heterodimers TLR2/6 and TLR1/2 for the recognition of di or tri-acetylated 

lipoproteins {Triantafilou, 2006 #3697}. 

Although viral and microbial pathogens are mainly detected by the TLR family, viral 

infection, in particular, can also be detected by TLR-independent mechanisms (Akira et al., 

2006). The newly described cytosolic DExD/H Box RNA helicases, RIG-I and MDA-5, were 

shown to recognize viral double-stranded RNA (Andrejeva et al., 2004; Yoneyama et al., 

2004). These receptors may be preferentially used for the recognition of virus by mDC (Kato 

et al., 2005). Thus, to further characterize the role of DDC in the recognition of virus, it would 

be of great interest to examine the expression of these receptors and their potential interaction 

with other PRR in the initiation of anti-viral responses.  

Previous studies on human DDC showed that they were potent stimulators of T cell 

proliferation (Furio et al., 2005; Nestle et al., 1998; Sepulveda-Merrill et al., 1994). Studies in 

mice depleted of LC pointed out that after contact hypersensitivity immune responses were 

still occurring, indicating that they were mediated by other immune cells such as DDC 

(Bennett et al., 2005; Kissenpfennig et al., 2005a). Besides, after inoculation of vagina 

mucosa with Herpes Simplex Virus (HSV2), submucosal DC, equivalent to DDC, were 
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recruited beneath the infected epithelium and were responsible for the presentation of HSV2 

peptides to CD4
+
 T cells (Zhao et al., 2003). Moreover, after skin inflammation, it has been 

demonstrated that dermal DC migrated faster to lymph nodes than LC and colonized distinct 

areas (Kissenpfennig et al., 2005a). Therefore, DDC seem to respond differently than LC to 

skin infection or immunization and may induce different adaptative immune responses.  

To summarize, our work focused on the expression of innate receptors by freshly 

isolated human DDC. We demonstrated that they presented a profile of innate receptors 

specialized in the recognition different pathogens. Hence, based on its PRR profile, DDC 

might play an important role in initiating the immune response. Today, vaccination, which is 

under intensive investigation, employs, in skin, either direct intracutaneous injection of 

antigen or injection of antigen-loaded DC, generally in vitro generated DC. However, these in 

vitro generated DC may not respond exactly in the same way as in vivo dermal DC. Thus, a 

better characterisation of DDC and a better comprehension of their role in skin immunity 

would improve their exploitation in vaccination strategies.  
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FIGURES LEGENDS 

Figure 1:  Dermal dendritic cells and microvascular endothelial cells are present in the HLA-

DR positive populations of the dermis.

(a) HLA-DR staining of total dermal cell suspension analysed by flow cytometry shows 

two HLA-DR positive populations (R1 and R2). Open histogram represent the isotype 

match control. 

(b) Flow cytometry staining on total dermal suspension. One representative dot for each 

marker is shown. 

(c) May-Grünwald-Giemsa coloration of DDC. Scale bars: 1µm. 

(d) Electron microscopy of DDC showing the multilobed nucleus, their long dendrites and 

the absence of phagolysosomes. Scale bars: 1µm. 

Figure 2: DDC express specific C-type lectins and scavenger receptors 

(a) Flow cytometry staining of the dermal suspension with MMR, DC-SIGN clone 120507 

and DC-SIGN clone 1B10. One representative dot is shown. 

(b) Immunohistochemestry on normal human skin with Dectin-1. Magnification x 200. 

(c) Expression of Dectin-1 on total dermal cell suspension. 

(d) RT-PCR analysis of scavenger receptor expression on DDC (lanes 1-4) and monocyte-

derived macrophages (lanes 5-7). Each lane represents different donors. 

Figure 3:  DDC express TLR1, 2, 4 ,6 and TLR3 and TLR8. 

(a) Real-time quantitative PCR were performed on cDNA obtained from fibroblasts, 

purified HLA-DR
+
 cells, CD11c

-
 pDC, and CD11c

+
 mDC.  Results were expressed as 

copy numbers for 10
5
 copies of 18S ribosomal RNA. 
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(b) RT-PCR of CD34-derived LC and CD34-derived DDC of TLR7, 8, 9 and 10. Results 

were analysed on two independent donors (1 and 2) 

(c) Freshly isolated DDC were cultured in medium alone or with 10 µM R848, 10 µg/ml 

Poly(IC), 10 µg/ml PGN or 100 µg/ml zymozan. After 24 hours of culture, 

supernatants were harvested and cytokine production was quantified by CBA assay 

(IL-6, IL-10 and TNF-� ). Results were analysed on three independent donors. 

Figure 4:  DDC endocytose dextran and Ac-LDL but less efficiently than in vitro generated 

DC and macrophages. 

(a) Flow cytometry analysis of CD34-derived DC (CD34-DC) and monocyte-derived DC 

(MoDC) phenotype. 

(b) Comparison of the endocytic capacity of DDC, MoDC and CD34-DC using FITC-

Dextran.   

(c) Uptake of Alexa 488-AcLDL by DDC and monocyte-derived macrophages 

Table 1     Sequences of primers used for semi-quantitative RT-PCR analysis. 

Table 2 : Sequences of primers and probes used for real-time quantitative PCR. 

The quencher dye, TAMRA, was placed at the 3’ end of probes. The reporter dyes, linked to 

the 5’ end, were HEX, FAM or VIC (18S ribosomal RNA) 



Table 1: Primers used for semi-quantitative RT-PCR analysis

Gene Forward primer (5'-3') Reverse primer (5'-3')

CLA1 CGG CGG TGA TGA TGC AGA AT GGC GTT GAG GAA GTG AGG ATG

LOX1 ACT GGA GGG ACA GAT CTC AGC GGC ACC CAA GTG ACA AAG AAT

MARCO TCA ATG TTC CAA AGC CCA AGA GCC TGT TGC TCC ATC TCG TC

SRA ACT GAT AGC TGC TCC GGA ATC T GGT CTG AGA ATG TTC CCA ATC

SR-PSOX CTC CTG AAC CGA ACC GAA TC GTT TCA TTG GGA CGA GTG AGC

�-actin GGA GCA ATG ATC TTG ATC TTC AAG ATG ACC CAG ATC ATG TTT GAG

Table2 : Primers and probes used for Taqman analysis

The reporter dye, placed on the 5’ end of the probes, was HEX for TLR5, 6, 7, 8, 10, FAM for the CD4 promoter, TLR1, 2, 3, 4, 

9, and VIC for 18S rRNA . At the 3’ end of all probes, the quencher dye was TAMRA

Gene Forward primer (5'-3') TaqMan Probe Reverse primer (5'-3')

TLR1 CCC ATT CCG CAG TAC TCC AT [5’FAM] AGC TCA AAA GTC TCA TGG CCA GGA GGA[3’TAMRA] TTT TCC TTG GGC CAT TCC A

TLR2 CCC ATT GCT CTT TCA CTG CT [5’FAM] GTA GTT GTG GGT TGA AGC ACT GGA CAA T [3’ TAMRA] CTT CCT TGG AGA GGC TGA TG

TLR3 TGG TTG GGC CAC CTA GAA GTA [5’FAM] ACC TGG GCC TTA ATG AAA TTG GGC AA [3’TAMRA] TCT CCA TTC CTG GCC TGT G

TLR4 CTG CAA TGG ATC AAG GAC CA [5’FAM] AGG CAG CTC TTG GTG GAA GTT GAA CG [3’TAMRA] TTA TCT GAA GGT GTT GCA CAT TCC

TLR5 TGC CTT GAA GCC TTC AGT TAT G [5’HEX] CCA GGG CAG GTG CTT ATC TGA CCT TAA CA [3’TAMRA] CCA CCA CCA TGA TGA GAG CA

TLR6 CCC TCA ACC ACA TAG AAA CG [5’HEX] ACC GAC TTG GAA ATG CCT GGT CAG [3’TAMRA] GAG ATA TTC CAC AGG TTT GG

TLR7 TTA CCT GGA TGG AAA CCA GCT ACT [5’HEX] AGA TAC CGC AGG GCC TCC CGC [3’TAMRA] TCA AGG CTG AGA AGC TGT AAG CTA

TLR8 AAC TTT CTA TGA TGC TTA CAT TTC TTA TGA C [5’HEX] CCA AAG ATG CCT CTG TTA CTG ACT GGG TG[3’TAMRA] GGT GGT AGC GCA GCT CAT TT

TLR9 TGA AGA CTT CAG GCC CAA CTG [5’FAM] AGC ACC CTC AAC TTC ACC TTG GAT CTG TC [3’TAMRA] TGC ACG GTC ACC AGG TTG T

TLR10 TTT GAT CTG CCC TGG TAT CTC A [5’HEX] AGG TCA ATG CAC ACA AAC ATG GCA CA [3’TAMRA] AGT TGT TCT TGG GTT GTT TTC CTA AC

CD4 promoter TTC CAC ACT GGG CCA CCT AT [5’FAM] CAC TGG ACA CAA TTG CCC TCA GG [3’TAMRA] TTG TGG GCT TAC CAC TGC TG
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Abstract 

Objective: The early steps of HIV entry into intact vaginal mucosa still need to be 

clarified. Here we investigated how HIV translocated across the vaginal pluristratified 

epithelium, either by transcytosis or by uptake in Langerhans cells (LC).   

Methods: Using human primary fibroblasts and vaginal epithelial cells, we developed 

an in vitro model of vaginal mucosa in which LC could also be integrated. Due to the 

absence of T lymphocytes and macrophages, we specifically studied the role of LC in 

HIV transmission and the transcytosis of cell-associated HIV. 

Results: Our model has a normal mucosal tissue architecture and LC were efficiently 

integrated within the pluristratified epithelium. In addition, tight junction (TJ) proteins’ 

expression, high transepithelium resistance and low FITC-BSA passage confirmed the 

integrity and impermeability of the reconstruction. Furthermore, we showed that human 

LC also expressed TJ proteins. Then, we demonstrated that neither transcellular nor 

intercellular transport of free infectious virus released by R5 or X4-infected PBMC 

inoculated apically occured in the vaginal mucosa, irrespective to the presence of LC.  

Conclusions: For the first time, we documented that, within 4 hours following contact 

with HIV-infected cells, translocation of free HIV particles across a pluristratified 

mucosa is not detectable and that, in this context, it seemed that LC do not increase HIV 

transmission. Moreover, we provided a useful model for the development of strategies 

preventing HIV entry into the female genital tract, especially for testing the efficiency 

of various microbicides.  

Key words: vaginal mucosa / HIV infection / Langerhans cells 

Abstract word number: 238 words 
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Introduction  

The genital tract is the main route of natural infection for HIV. Understanding the 

mechanisms of how HIV is transmitted is crucial for the development of effective 

strategies designed to prevent HIV infection and pandemic. In the initial phase of sexual 

transmission, virus crosses mucosal epithelium and is spread to proximal lymphoid 

organs where a permanent infection is established (reviewed in [1]).   

Multiple hypothesis have been proposed for HIV transmission : disruption of the 

integrity of the mucosa [2, 3], direct infection of epithelial cells [4], transcytosis across 

epithelial cells [5], or virus uptake and/or infection of immune cells [6]. Several studies 

have demonstrated that virus transcytosis occurs within the first 2 hours of HIV 

infection using monostratified intestinal epithelial cells [7, 8]. By contrast, ex vivo

genital mucosa organ cultures showed that cervix epithelial cells are not susceptible to 

infection and do not transcytose virions, and that transmission is mediated by immune 

cells [9, 10]. Indeed, in female rhesus monkeys, Langerhans cells (LC), resident 

immature dendritic cells (DC) located within the epidermis and the epithelia of various 

mucosa, have been shown to be infected following non-traumatic intravaginal exposure 

to SIV [11]. Zhang et al. also demonstrated that activated and resting CD4
+
 T cells were 

predominantly infected [12]. Similarly, human studies using mucosal ex vivo explants 

have implicated sub-mucosal CD4
+
 T cells [13], LC [6, 9, 14] or both cell types [15]. 

Although those studies demonstrated the presence of provirus in immune cells, they did 

not describe how HIV is transmitted across the vaginal mucosa then reached the 

submucosal immune cells in non-traumatic conditions. 

Definitive studies of the early infection steps in the human vaginal epithelium are 

lacking, leading us to the investigation reported here. Indeed, it is still unknown whether 
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HIV is able to cross a pluristratified mucosa as a cell-free viral particle as demonstrated 

in monostratified mucosa. In this context, by exposing a reconstructed vaginal mucosa 

to HIV-R5 and -X4 infected cells, we established that no translocation of free released 

virus was detected within the first 4 hours following apical inoculation. Furthermore, 

we demonstrated that LC are not capable of enhancing HIV passage during these initial 

events.   

Methods 

Primary cell cultures 

From the Lyon Clinical Investigation Center, according to institutional guidelines, 

normal human fibroblasts and vaginal epithelial cells were obtained from foreskins and 

hysterectomy vaginal biopsies, respectively. Primary fibroblast cultures were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL Life 

Technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal calf 

serum (FCS, Gibco BRL), 100 U/ml penicillin, 100 µg/ml streptomycin (Sigma). 

Collagenase (1 mg/ml 2 hours, 37°C, Sigma) and trypsin/EDTA (overnight, 4°C) 

enzymatic treatments were used to isolate vaginal epithelial cells; the cell suspension 

was cultured in serum-free culture medium (KSFM, Gibco BRL) supplemented with 50 

µg/ml Bovine Pituitary Extract (BPE, Gibco BRL), 5 ng/ml Epidermal Growth Factor 

(EGF, Gibco BRL).  

Preparation of vaginal mucosa reconstructions 

Lamina propria equivalent 

3.10
5
 fibroblasts were seeded underneath a 12µm porosity polycarbonate membrane 

Transwell
®

 (Corning Costar Corporation, Portsmouth, NH), then cultured for 3 weeks in 
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complete DMEM supplemented with 10 ng/ml EGF and 50 µg/ml vitamin C (Aguettant, 

Lyon, France).  

Vaginal mucosa reconstruction

5.10
5
 vaginal epithelial cells were seeded over the lamina propria equivalent and then 

cultured for 10 days in modified DMEM/ HamF12 (2:1) medium supplemented with 

10% FCS (Hyclone, Logan, UT). Then, serum concentration decreased from 10% to 1% 

and CaCl2 (Sigma) concentration raised to 1.7mM for the 8 following days. During the 

last 2 days, reconstructions were elevated at the air-liquid interface to improve 

stratification and differentiation.  

Langerhans cells’ generation and isolation  

CD34
+
 haematopoietic progenitors, purified from cord blood by magnetic isolation 

(Miltenyi Biotech, Bergisch Gladbach, Germany), were cultured during 6 days in 200 

ng/ml GM-CSF (Schering-Plough Research Institute, Kenilworth, NJ), 25 ng/ml SCF 

(R&D Systems, Boston, MA), 2.5 ng/ml TNF-� (R&D Systems) and 0.5 ng/ml TGF-�

(R&D Systems). 2.10
5
 LC precursors were seeded on the vaginal reconstructions. For 

confocal microscopy analysis, LC precursors were labeled with Orange Cell Tracker 

CMTMR (Molecular Probes, Leiden, The Netherlands) before seeding. Fresh LC 

isolated from human skin were obtained and characterized as previously described [16].  

Immunohistochemistry analysis and flow cytometry 

Normal human vagina and vaginal reconstructions were embedded in Histowax
® 

paraffin according to the manufacter’s procedure (Intertiles, Brussels, Belgium). 

Indirect immunohistochemistry stainings were performed on 6 µm sections with a 

streptavidin-biotin-peroxidase assay (LSAB2 Kit, Dako, Glostrup, Denmark). Negative 
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controls were conducted using unrelated isotype-matched mouse immunoglobulins. 

Counterstaining was carried out with Hematoxylin. Antibodies used were the following: 

anti-cytokeratin 13 (CBL176, Cymbus Biotechnologies, Chandlers Ford, Hants, UK), 

anti-involucrin (NCL-INV, Novocastra, Newcastle upon Tyne, UK), anti-Collagen IV 

(COL-94, Sigma), anti-Claudin 1 (2H10D10, Zymed, San Francisco, CA), anti-Claudin 

4 (3E2C1, Zymed), anti-ZO-1 (ZO1-1A12, Zymed), anti-Occludin (OC-3F10, Zymed), 

anti-CD45 (2D1, BD Biosciences, San Jose, CA), and anti-loricrin (rabbit polyclonal, 

Babco, Richmond, CA). Same antibodies were used for intracellular stainings by flow 

cytometry analysis as previously described [17]. 

Ultrastructural observation by transmission electron microscopy 

Vaginal mucosa reconstructions were fixed in 2% glutaraldehyde in cacodylate buffer at 

4°C for at least 3 days then postfixed for 1 hr with 1% osmium tetroxide in cacodylate 

buffer with sucrose. After dehydration, they were embedded in epoxy medium. 

Ultrathin sections were analyzed on a JEOL 1200 EX electron microscope at 80kV 

accelerating voltage (Centre des Microstructures, Villeurbanne, France). 

TransEpithelial Electrical Resistance (TEER) and FITC-BSA transmission 

TEER was measured with a potentiometer accordingly to the manufacter’s guidelines 

(MilliCell, Millipore, Molsheim, France). FITC-BSA passage was evaluated as 

followed: 100 µl of FITC-BSA (2 mg/ml; Molecular Probes) were added to the apical 

chamber of vaginal reconstructions. After 4 hours of incubation at 37°C, FITC-BSA 

was removed, basal media were harvested, and then analyzed on a spectrofluorimeter 

(SpectraMax M5, Molecular Device, Sunnyvale, CA).  
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RT-PCR  

Total RNA was extracted from freshly isolated epidermal LC, human vaginal epithelial 

cells and foreskin keratinocytes. Total RNA was extracted using Absolutely RNA 

Microprep Kit (Stratagene, La Jolla, CA) then mRNA was reverse-transcribed to cDNA 

using Reverse Transcription System (Promega, Madison, WI). For PCR amplification 

with Taq DNA polymerase (Promega), primers used are detailed in (Table 1). The 

cycling parameters were as follows: 40 sec 94°C/ 1 min 94°C, 1 min 55°C, 2 min 72°C 

for a total of 35 cycles.  

Virus and PBMC infection  

We used the primary isolates 92BR025 (Non Syncitium Inducing, R5) and 91US054 

(Syncitium Inducing, X4) obtained from the NIH AIDS Research and Reagent 

Reference Program. PBMC were stimulated with PHA (1 µg/ml; Sigma) and IL-2 (0.5 

ng/ml; Roche, Roche Diagnostics Corporation, Indianapolis, IN), and PBMC infection 

was carried out as previously described [18]. HIV-infected PBMC were harvested at the 

optimal virus released day. The amount of virus produced by PBMC (revealed by HIV 

p24 Ag concentration) in 4 hours was 2.6 ng/ml for 92BR025 and 9 ng/ml for 91US054 

and % of infected-PBMC were 2 to 2.5% (p24 positive cells) with 92BR025 and 1.75 to 

1.93% for 91US054. 

HIV transmission across vaginal mucosa reconstructions  

Reconstructions were exposed to 1.10
6
 HIV infected PBMC. After 4 hours of 

incubation, the inoculum was removed, then basal media were harvested and 

centrifuged. Supernatants and cell pellets were used either for direct quantification of 

HIV p24 Ag by ELISA (Innotest HIV Antigen mAb, Innogenetics N.V., Gent, Belgium; 
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detection limit 10 pg/ml) or added to PHA/IL-2 stimulated indicator PBMC for a 

secondary-co-culture. Those co-cultures supernatants were harvested on day 4, 5 and 7, 

and analyzed for HIV p24 Ag.  

Confocal microscopy 

Vaginal mucosa reconstructions containing CMTMR labeled LC alone or inoculated 

with HIV-infected PBMC labeled with Green Cell Tracker CMFDA (Molecular Probes) 

were fixed for 40 minutes with 4% formaldehyde after 4 hours of infection. Samples 

were labeled with DAPI (Molecular Probes), mounted using Vectashield (Vector 

Laboratories, Orton Southgate, Peterborough, UK), then analyzed using a Leica TCS 

SP2 (Centre Commun de Quantimétrie, Lyon, France). 

Results 

Vaginal mucosa reconstructions and normal human vagina present similar 

architecture 

To evaluate the initial events in HIV entry through the human female genital tract, we 

developed an in vitro 3D model of vaginal mucosa using primary human vaginal 

epithelial cells and fibroblasts (Fig. 1A). Mucosa is reconstructed on a 12 µm porosity 

Transwell
®

 semi-permeable membrane in order to allow cells to migrate freely within 

the reconstruction. The histological organization of the reconstructed mucosa was first 

evaluated by immunohistochemistry (Fig. 1B). Fibroblasts seeded underneath the 

membrane, expanded, migrated and synthesized extracellular matrix on both side of the 

membrane. Among neo-synthesized collagens, Collagen IV was largely found in all the 

extracellular matrix and not strictly located to the epithelial-chorion membrane zone as 

in skin’s reconstructions [19]. Althought reconstructed epithelium was apparently 
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thinner than normal human vagina, specific differentiation markers like Cytokeratin 13 

and Involucrin were clearly expressed. Moreover, as expected, loricrin, a late epidermal 

differentiation marker found in the skin, was absent (Fig. 1B). 

In order to analyze LC role in HIV transmission, we integrated DC-precursors (obtained 

from CD34
+
 hematopoietic progenitors) in mucosa. As previously described in 

reconstructed skin, terminal differentiation of CD34
+
 precursors occurs in the 

reconstructed tissue [20]. Thus, LC could be detected within the recontructed epithelium 

as demonstrated by the presence of CD45
+
 cells (Fig. 1C). However, we noted that LC 

density was lower than in normal human vagina, as previously observed by Regnier et 

al. who identified fivefold fewer LC in their skin reconstructions than in normal human 

epidermis [21]. Moreover, to further observe LC in vaginal reconstructions, we used LC 

precursors labeled with Orange Cell Tracker CMTMR before seeding. As demonstrated 

in (Fig. 1D), CMTMR-positive LC were integrated within the reconstructed vaginal 

epithelium.  

Tight junction proteins are expressed by both vaginal epithelial cells and 

Langerhans cells  

Cell-cell adhesion within stratified epithelium is mediated by adherens junctions and 

desmosomes. As expected, reconstructed vagina similarly to normal human vagina 

expressed E-Cadherin, a typical protein of the cell junctional complexe (Fig. 2A). 

However, Tight Junctions (TJ) have been previously described as a hallmark of single-

layered epithelia where they seal cells together. Although TJ were described in some 

pluristratified mucosa such as in nasal one [22] or in skin [23], they have not been 

detected in human vagina. TJ complexes are composed of transmembrane proteins, the 

Claudin family and Occludin, and of cytoplasmic proteins such as Zonula Occludens 
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proteins (ZO) [24]. In normal human vagina, immunohistochemistry revealed a strong 

expression of Claudin 1 and Claudin 4 and a low expression of Occludin and ZO-1, as 

observed in the vaginal mucosa reconstructions (Fig. 2A). However, Claudin-1, 

Occludin and ZO-1 are not gradiently expressed in reconstructed mucosa due to the 

thinner epithelium obtained. Presence of TJ complexes was confirmed by transmission 

electron microscopy. Indeed, a typical TJ is observed between two neighboring cells, 

numerous desmosomes beeing also present surrounding most epithelial cells (Fig. 2B). 

Furthermore, we also assessed the TransEpithelial Electric Resistance (TEER) (Fig. 

2C), an obvious correlation to the presence of functional proteins in the tissue. TEER of 

mucosal reconstructions reaching 250 Ohms/cm
2
 was lower than TEER of epithelial cell 

monolayers [25]. Due to the presence of the corneified layer, TEER of skin 

reconstructions used as positive controls were higher (530 Ohms/cm
2
). On the contrary, 

TEER of lamina propria equivalent alone were low (123.5 Ohms/cm
2
) almost identical 

to control TEER (data not shown). Furthermore, we noticed a significant difference 

between TEER of mucosal reconstructions and mucosal reconstructions containing LC. 

To further rule out the impermeability to macromolecules and to confirm the integrity of 

the vaginal mucosa reconstructions, we monitored FITC-BSA passage (mean diameter 8 

nm) (Fig. 2D). After 4 hours, a slight amount of FITC-BSA was measured in vaginal 

mucosa reconstructions integrating or not LC. Furthermore, the presence of LC in 

reconstructed mucosa decreased the amount of FITC-BSA measured after the same time 

lapse. Therefore, we asked whether LC could express TJ proteins thereby interacting 

with mucosal epithelial cells. For the first time, we demonstrated that freshly human 

skin isolated LC expressed mRNA of Claudin 1 and ZO-1 (Fig. 3A). mRNA encoding 

for TJ proteins by freshly isolated human vaginal epithelial cells and keratinocytes was 

also illustrated (mRNA of Claudin 1, Claudin 4, Occludin and ZO-1). Expression of TJ 
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was further detected at protein level by flow cytometry (Fig. 3B). Indirect 

immunofluorescence analysis revealed that freshly isolated LC expressed  ZO-1 (Fig.3C 

a). Moreover ZO-1 seemed to be implicated in adhesion point with surrounding 

keratinocytes, as observed by a bright ZO-1 expression at the contact zone between a 

large keratinocyte, identified by phase-contrast, and a small LC (Fig. 3C b). 

Neither R5 nor X4 viral particles cross human vaginal mucosa in 4 hours 

irrespective to the presence of Langerhans cells 

Transcellular transport of virus across a pluristratified mucosa remains an open question 

and its efficiency could be different for either free virions or released virions by infected 

cells upon contact with the epithelium. No translocation of cell-free HIV inoculated 

apically was detectable (data not shown) in agreement with Van Herrewege et al. [26] 

and as already shown for monostratified epithelia [27]. We therefore inoculated 

reconstructions with HIV-infected PBMC (Fig. 4A). Briefly, reconstructions were 

exposed to 1.10
6
 92BR025 (R5-virus) or 91US054 (X4-virus) infected PBMC. After 4 

hours, basal media were collected and centrifuged  to separate basal cell-free fractions 

(supernatants) from basal cell fractions. We first investigated whether translocation of 

free HIV particles, released upon contact of infected cells with the mucosa had occured. 

Hence basal supernatants were analyzed for both p24 level and subsequent co-culture 

with indicator PBMC up to 7 days. Interestingly, we could not detect significant p24 

level for R5 and X4-virus in basal supernatants after 4 hours (Fig. 4B), indicating that 

no transcytosis or passive passage of HIV occurred. In this context, using lamina 

propria equivalent alone, significant level of p24 were found (1.9 ng/ml) revealing that 

the barrier function is not achieved by this sub-epithelial compartment (data not shown). 

Observation of infected mucosa by transmission electron microscopy confirmed the 
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absence of free HIV particles in the epithelium either into epithelial cells or in 

intracellular spaces (Fig. 4C). In addition, no productive infection could be detected 

after co-culture with indicator PBMC (data not shown). Thus, neither free infectious R5, 

nor X4 viral particles released by infected PBMC, translocated through the vaginal 

mucosa by paracellular (intercellular) passage or transcellular transport during early 

infection. Interestingly, no change is observed in the presence of LC indicating that they 

may have no role in the transmission of HIV free particles across this reconstructed 

mucosa in the first 4 hours of infection.  

Langerhans cells may not enhance R5 or X4-HIV transmission and infection 

during the initial phase of  transmission 

To analyze more precisely the role of LC in the penetration of HIV in this mucosa, we 

used the same protocole as described above, but instead of analyzing basal supernatants 

we focused on basal cell fractions. No significant levels of p24 were detected in the 

basal cell fractions (data not shown). After co-culture with indicator PBMC, only a low 

infection was observed after 5 days of co-culture with both virus type (Fig. 4D). 

Surprizingly, no differences were found in the culture from mucosa containing LC or 

not, indicating that LC might not influence HIV transmission in early events. By flow 

cytometry analysis, and within the limit of sensitivity, no infected PBMC or LC were 

detected in basal compartments after 4 hours (data not shown), suggesting that no 

migration of infected cells or passive passage by damages within the reconstructed 

mucosa occured during the first 4 hours of contact with infected PBMC. Furthermore, 

using a mucosal reconstruction integrating CMTMR labeled LC (Orange) and 

inoculated by CMFDA labeled infected PBMC (Green), close interaction between a cell 

of PBMC inoculum and a LC forming a conjugate is observed within the reconstructed 
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epithelium (Fig. 4E). Therefore, our results established that very few infectious virions 

carried by cells are transmitted in the first 4 hours, a time by which a significant LC 

migration may occur in vivo [28].  

Discussion 

To study HIV transmission at the femal genital tract, we established a new 3-D human 

vaginal mucosa model. Our reconstructed mucosa differs from the most well-known 

models. Indeed, in contrast to previous studies using epithelial cell lines [29] or 

mimicking only the epithelium compartment [30, 31 , 32], we developed a model 

comprising, as in vivo, both the epithelium and the lamina propria using human 

primary cells. Histological and biochemical data clearly assessed the quality of this 

mucosa and our model, integrating only LC and excluding other immune cell types, 

allow studies strictly restricted to the individual role of LC in HIV transmission. In this 

context, previous models have not yet allow specific analysis of LC function due to the 

presence of intraepithelial T cells and subepithelial lymphocytes and macrophages [6, 9, 

13, 15]. Furthermore, our reconstructed vagina, giving differential and independent 

access to both apical and basal media, is suitable for the evaluation of HIV and cell 

migration in contrast to model developped on dead desepidermized dermis [14]. 

In polarized monostratified epithelium, TJ form a barrier which regulates epithelial 

permeability and paracellular diffusion. For the first time, we demonstrated that human 

vaginal pluristratified epithelium expressed TJ proteins, in agreement with previous 

studies in animals’ vagina [33] or in other human pluristratified tissues [22, 23]. We 

also provided evidence that human LC expressed TJ proteins, in particular Claudin 1 

and ZO-1. Expression of TJ proteins in DC, especially in human DC is poorly described 
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and only Takano et al. demonstrated that HLA-DR
+
 CD11c

+
 DC in human nasal 

mucosa of allergic rhinitis express TJ proteins [22]. Studies in mouse models 

established that submucosal intestine DC express Occludin, Claudin-1 and ZO-1 [34], 

skin LC express Claudin-1 [35] and a particular mouse subset of lung DC Langerin
+

expresses Claudin-1, -7 and ZO-2 [36]. To date, TJ functions in pluristratified 

epithelium especially in vagina and in DC, are still obscure. An interesting observation 

is that TEER was higher in the presence of LC in the reconstructed mucosa. Similarly, 

translocation of FITC-BSA in a 4 hours period was slower when LC are present in 

mucosa confirming that LC may influence the mucosal reconstruction barrrier function. 

Thus, in steady-state, LC may directly enhance the cohesive structure within the 

epithelium or may release factors that influence this cohesion.  

Previous works have established efficient transcytosis of HIV across monostratified 

epithelium. Transcytosis is a rapid transcellular transport of virions. Virions, budding at 

the contact site of HIV infected cells and epithelial cells forming a synapse [27] are 

internalized into epithelial endosome-like structures then released at the opposite pole of 

the cells. While transcytosis has been demonstrated in intestinal cell lines [5], no 

evidence of such mechanism has been observed in pluristratified mucosa [9, 10]. 

Bobardt et al. recently demonstrated that a very limited translocation of free virus 

particles occurred through a pseudo-monostratified genital mucosa after 16 hours [37]. 

Therefore, we provided new results showing that no transcellular or paracellular passage 

of HIV exist in pluristratified genital mucosa in the first hours of HIV infection.  

Numerous studies have attributed to LC a crucial role in HIV spreading from mucosal 

sites in accordance to their location, phenotype and DC functionnal properties [6, 14, 
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30]. However, recent data suggested, in complete discrepancy with all previous studies, 

that LC does not mediate HIV transmission but rather prevent it [38]. They showed that 

virions were captured by Langerin and internalized into Birbeck granules before 

degradation. Therefore, the role of LC in HIV transmission across genital mucosa is still 

ambiguous and further studies should be done to clarify this question. Here, we showed 

that LC alone may not influence HIV transmission during the early infection steps. 

Nevertheless, LC role in HIV transmission may be dependent of their density within 

vaginal epithelium. Thus, whether LC density modulate vaginal HIV transmission, as 

proposed for foreskin transmission [39], has to be adressed. Several hypothesis can be 

proposed to explain HIV transmission across the vaginal mucosa. First, disruption of the 

vaginal integrity during trauma sex or caused by ulcerative lesions may enhance HIV 

infection [40]. Secondly, infection may occur by transmigration of infected 

mononuclear cells present in semen. This mechanims was first decribed by Tan et al. 

who reported that HIV infected T cells or monocytes adhere to monolayers of cervical 

epithelial cells then transmigrated [4]. Further in vivo studies confirmed that a limited 

transmigration of infected mononuclear cells exist through the mice vagina [41, 42].  

Finally, LC or others vaginal immune cells may be involved in HIV transmission. A 

recent paper provided evidence that HIV enters simultaneously LC and intraepithelial T 

cells. Associated in conjugates, those cells migrate out of the mucosa to disseminate 

HIV. These interesting results indicate that LC and other immune cells such as 

intraepithelial T cells are both responsible for HIV spreading [15]. Therefore, the role of 

LC in HIV transmission at later infection stages and the role of infected cells, capable of 

forming conjugates with LC within the vaginal epithelium, remain to be studied.  
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HIV entry through vaginal mucosa after sexual intercourse represents the initial step of 

the majority of HIV worldwide infection. In this context, microbicides are urgently 

needed to prevent its sexual transmission. Unfortunately, different clinical trials testing 

nonoxynol-9 [43] or cellulose sulfate were suddently interrupted as an increase in HIV 

infection occurred in the control groups. Thus, to avoid such disappointing experience, 

promising microbicides should be preclinically tested on appropriate models in order to 

better evaluate any cell cytoxicity. Thus, we present here an interesting and effective 

model for the evaluation of potential microbicides before their use in clinical trials. 

Indeed, providing histological and electron microscopy examination, we can evaluate 

physical disruptions and clues of inflammation, by examining the released of 

inflammatory cytokines and chemokines in supernatants and analysing LC phenotype 

and functions. In conclusion, our reconstructed vagina will open new perspectives in 

microbicides exploration and in studying the early HIV infection events.  
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Figures legend 

Table 1: Primers used for RT-PCR analysis

Figure 1: Vaginal mucosa reconstruction and normal human vagina present 

similar morphology 

A. Schematic representation of the various step of vaginal mucosal reconstruction. 

B-C. Immunohistochemical analysis of normal human vagina and vaginal mucosa 

reconstructions. Collagen IV, Cytokeratin 13, Involucrin, Loricrin expression are shown 

in (B) and CD45 in (C). CD45
+
 cells are noted by arrows.  

D. Confocal microscopy of Langerhans cells integrated in the vaginal mucosa 

reconstruction. Langerhans cells precurseurs were labeled with orange CMTMR (red) 

before seeding in the reconstructions. Nucleus were labeled with DAPI and 

reconstructions were subsequently analyzed by confocal microscopy. A top view of the 

mucosa reconstruction is shown. Scale bars = 20 µm. Open arrow shows the 

polycarbonate membrane containing 12µm pores.  

Figure 2: Vaginal mucosa reconstruction expresses tight junction proteins 

A. Immunohistochemical analysis of E-cadherin and tight junction proteins expression 

in normal human vagina and in vaginal mucosa reconstructions (Claudin 1, Claudin 4, 

Occludin and ZO-1). Scale bars = 20 µm. 

B. Ultrastructure analysis of epithelial cell junctions. At the apical zone, tight junctions 

(yellow arrow) are present between 2 epithelial cells while desmosomes (white arrows) 

are widely displayed with surrounding epithelial cells. Scale bar = 3 µm.  

C. TransEpithelial Electrical Resistance (TEER) values of reconstructed vaginal mucosa 

integrating or not Langerhans cells (LC). Values were representative of twelve 

independent reconstructions. (*** P <0.001). 
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D. FITC-BSA passage through the vaginal mucosa reconstruction during 4 hours. 200 

µg of FITC-BSA were incubated in the apical chamber, basal media were harvested and 

FITC-BSA amount were determined using a spectrofluorimeter. Values are 

representative of 3 different reconstructions. (* P <0.05). 

Figure 3: Freshly isolated Langerhans cells express tight junction proteins 

A. RT-PCR analysis of mRNA encoding tight junction proteins on freshly isolated 

human Langerhans cells (LC), freshly isolated human epithelial cells (Ep) and freshly 

isolated human keratinocytes (K).  

B. Flow cytometry analysis of tight junction proteins on freshly isolated Langerhans 

cells. Opened histograms represent the isotype match controls. 

C. Immunofluorescent microscopy of ZO-1 expression on Langerhans cells (LC) (a) 

and at the junction between a keratinocyte (K) and a LC (b).  Magnification : x 400. 

Figure 4: HIV particles are not transmitted across the human vaginal mucosa and 

Langerhans cells do not increase HIV transmission 

A. Schematic representation of HIV transmission assay across human vaginal 

reconstructions. 

B. Reconstructed vaginal mucosa were exposed to 1.10
6
 PBMC infected with 92BR025 

(R5-virus) or 91US054 (X4-virus). After 4 hours of incubation, basal media were 

harvested and supernatants were separated from cell fractions. Supernatants were 

analyzed for HIV p24 level. 3 differents reconstructions were analyzed for each point. 

NS= no significative level (< 10 pg/ml). 
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C. Ultrastructural analysis of infected reconstructed mucosa. No viral particles were 

observed within epithelial cells or in intercellular spaces after 4 hours of infection with 

R5-virus. 3 differents blocks from 8 inserts were analyzed. Scale bar = 200 nm. 

D. Reconstructed vaginal mucosa were exposed to 1.10
6
 PBMC infected with 92BR025 

(R5-virus) or 91US054 (X4-virus). After 4 hours of incubation, basal media were 

harvested and supernatants were separated from cell fractions. The cell fractions were 

further added to indicator PBMC for co-culture up to 7 days. Supernatants of these co-

cultures were then analyzed for HIV p24. Results were representative of 3 independent 

reconstructions. NS= no significative level (< 10 pg/ml). 

E. Prior to integration, LC were labeled with CMTMR (Orange) and HIV-infected 

PBMC were labeled with CMFDA (Green) before inoculation. After 4 hours of 

inoculation at the apical compartment, reconstructions were analyzed by confocal 

microscopy. Scale bar = 10 µm. 
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RESUME 
A l’interface entre l’immunité innée et adaptative, les cellules dendritiques (DC) jouent un rôle clef 
dans l’induction de la réponse immunitaire. Dans la peau et les muqueuses, deux types de DC sont 
présentes : les cellules de Langerhans (CL) dans l’épiderme et les épithéliums et les DC dans le derme 
et le chorion (DDC). Dans une première partie, nous nous sommes intéressées aux DDC humaines, qui 
contrairement aux CL, restent méconnues. Les principales caractéristiques phénotypiques et 
fonctionnelles des DDC humaines isolées ex vivo à partir de derme humain ont été étudiées et 
notamment leur expression des récepteurs de l’immunité innée tels que les Toll Like Receptor (TLR) 
ou les lectines de type C. En parallèle, le profil d’expression des TLR par les CL humaines 
fraîchement isolées a également été analysé. Ainsi, par l’expression différentielle des récepteurs de 
l’immunité innée, les CL et les DDC joueraient chacune un rôle spécifique dans l’immunité de la peau 
et des muqueuses. Au sein des muqueuses génitales, plus particulièrement, elles interviennent dans la 
transmission de l’infection par le Virus de l’Immunodéficience Humaine (VIH). Dans une seconde 
partie, nous avons examiné les événements précoces dans la transmission du VIH à travers la 
muqueuse vaginale ainsi que le rôle des CL dans ce mécanisme. Pour cela, nous avons développé, à 
partir de cellules primaires humaines, un modèle de muqueuse vaginale reconstruite intégrant des CL. 
Nos travaux ont permis de mieux caractériser les populations de DC de la peau et des muqueuses ainsi 
que leur potentiel rôle dans l’immunité périphérique, ce qui devrait être utile pour le développement de 
futures thérapies anti-infectieuses dans lesquelles de telles DC sont ciblées.  
 

TITLE: Mechanisms of recognition of danger signals by skin and mucosal dendritic cells : application 
to the study of HIV infection using a model of vaginal mucosa integrating Langerhans cells. 
 

ABSTRACT  
Residing at the interface between innate and adaptative immunity, dendritic cells (DC), and 
particularly Langerhans cells (LC) of epidermis and epithelia and DC of dermis or lamina propria 
(DDC), play a key role in the initiation of immune responses. In a first time, we analyzed the main 
phenotypic and functional characteristics of freshly isolated human dermal DC, as they were still 
barely studied contrary to human LC. We focused especially on the expression of innate receptors 
such as Toll Like Receptors (TLR) and C-type lectins. In parallel, TLR expression was also assessed 
in freshly isolated human LC. Thus, by their differential expression of innate receptors, LC and DDC 
would play each a specific role in cutaneous and mucosal immunity. Notably, within genital mucosa, 
they contribute to the transmission of HIV infection. Therefore, in a second time, we examined the 
early events in HIV entry into the vaginal mucosa and the precise role of LC in this transmission. For 
that purpose, we developed an in vitro model of vaginal mucosa, using human primary vaginal cells, 
in which LC could be integrated. In conclusion, we provided here a better characterisation of human 
LC and DDC as well as their potential function in peripheral immunity that should be useful for the 
development of future immunotherapies in which such DC are targeted. 
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