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 INTRODUCTION 
 The main entry portals of human immunodeficiency virus 

type-1 (HIV-1) during its sexual transmission are the mucosal 

surfaces of the female and male genital tracts, which are cov-

ered by different types of epithelial barriers. Simple epithelia 

consist of monolayers of epithelial cells having a polarized 

plasma membrane, separated by tight junctions into two 

domains, the apical and the basal, with different protein and 

lipid composition. In contrast, stratified epithelia are made of 

multiple layers of nonpolarized epithelial cells in which various 

immune cells are inserted. 1  

 The first steps of mucosal HIV-1 transmission have been 

investigated, to date, primarily in the different epithelia present 

in the female genitals and the gastrointestinal tract. In sim-

ple epithelia, such as the endocervix, rectum, and intestine, 

we and others have previously shown that HIV-1 may cross 

 in vitro  such an epithelial barrier by the transcellular pathway 

of transcytosis. 2 – 6  This process involves the formation, at the 

apical pole, of a viral synapse between HIV-1-infected cells and 

epithelial cells, which induces polarized virus budding at the 

contact area between the two cell types. 2,5,7 – 9  The newly budded 

virus is then rapidly internalized by the epithelial cells (without 

infecting the epithelial cells, as is the case  in vivo ), transcytosed 

toward the basal pole, and released, still infectious, into the 

basal environment. 2  Importantly, early studies including our 

own have shown that HIV-1 entry into mucosal epithelial cells 

is much more efficient when HIV-1 particles bud locally after 

contact between HIV-1-infected cells and uninfected epithelial 

cells, compared with cell-free HIV-1. 2,5,10  

 In stratified epithelia, such as the vagina, exocervix, and anus, 

early HIV-1 transmission is considered to involve epidermal 

Langerhans cells (LCs). These professional antigen-present-

ing cells (APCs), integrated within these epithelia, sample the 

mucosal surface for incoming foreign pathogens. In turn, LCs 

migrate to secondary lymphoid organs to present processed 

antigens to T cells (for review see Merad  et al.  11 ). Owing to 

their close proximity to the mucosal surface in normal tissue, 

LCs have been suggested to be among the first cells to capture 
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and / or become infected with HIV-1 during its mucosal trans-

mission, before transferring HIV-1 to T cells in the proximal 

lymph nodes (reviewed in Hladik and McElrath 12  and de Witte 

 et al.  13 ). HIV-1 enters purified LCs  in vitro  using its envelope 

glycoprotein subunit gp120 that binds the LC-specific C-type 

lectin langerin, 14 – 16  inducing in turn either virus capture and 

infection of LCs for further transfer to T cells or virus internali-

zation and degradation depending on the viral load. 16  

 Surprisingly, how HIV-1 enters the male genitals remains 

elusive. At the population level, more than 40 epidemiologi-

cal studies, 17  confirmed by three recent randomized control-

led trials, 18 – 20  have concluded that circumcision offers a 60 %  

reduction in HIV-1 transmission from infected women to men. 

However, a precise description of the initial events of HIV-1 

transmission in the different epithelia of the male genital tract 

is currently missing. 

 In the adult human foreskin, the apical surface of the outer 

foreskin is more keratinized than the inner one. 21 – 23  Such a 

higher degree of foreskin keratinization has been suggested to 

provide a protective barrier against HIV-1 transmission. 22,24  

Potential HIV-1 target cells expressing CD4, the principal recep-

tor for HIV-1, and the coreceptor CCR5 are present in the inner 

and outer foreskin. 21 – 23,25 – 27  To date, only two published studies 

of foreskin infection with HIV-1 have evaluated the entry of high 

doses of cell-free HIV-1 inocula at time points of     >    24   h. First, on 

polarized infection of agarose-sealed foreskin tissue explants, the 

inner foreskin appears susceptible to infection with R5, but not 

X4, cell-free HIV-1. 22  However, sealing efficiency and thereby 

polarization of the infection in this system, has been previously 

questioned. 28  Second, and more recently, using nonpolarized 

foreskin tissue explants in which HIV-1 can access to both tissue 

surfaces, inner and outer foreskins were infected to a similar 

degree with R5, but not X4, cell-free HIV-1. 27  

 Sexual transmission of HIV-1 is mediated  in vivo  by genital 

fluids, such as semen and cervicovaginal secretions (CVSs), 

which contain both cell-free HIV-1 and HIV-1-infected 

cells. However, the infectious potential of HIV-1-infected 

cells has been little evaluated in pluristratified mucosa. 29 – 31  

Furthermore, the role of genital fluids themselves in HIV-1 

transmission remains unclear. Recent studies showed either an 

inhibitory 32  or an enhancing 33  effect of seminal plasma (SP) 

on HIV-1 transmission. To date, no studies have addressed the 

possible contribution of genital fluids to HIV-1 transmission 

in the male genital tract. 

 A principal impediment in studying mucosal HIV-1 

transmission is the lack of proper  in vitro  viral transmission 

model systems that reflect the complex  in vivo  situation in 

the humans, as nonprimate animals (models / tissues) are not 

susceptible to HIV-1. 

 To describe the initial events of HIV-1 entry at the foreskin, 

we therefore developed two novel models of the foreskin epi-

thelium, namely,  ex vivo  polarized inner and outer foreskin 

explants and immunocompetent pluristratified foreskin epithe-

lia reconstructed  in vitro  from isolated primary inner or outer 

foreskin cells. These models were inoculated comparatively in a 

polarized manner with either cell-free HIV-1 or HIV-1-infected 

cells for 1   h. In addition, the role of male and female genital 

fluids in HIV-1 entry was evaluated. Our studies allowed for the 

 in vitro  investigation of the early events taking place during the 

first hour after exposure of the foreskin epithelium to HIV-1, 

in conditions mimicking the  in vivo  viral transmission during 

sexual intercourse.   

 RESULTS  
 Quantification of cells involved in HIV-1 transmission in 
the human foreskin 
 In addition to LCs, T cells, dendritic cells (DCs), and macro-

phages are potential targets for HIV-1. To investigate the pres-

ence, distribution, and density of these various cells in the 

foreskin epithelium, sections derived from either inner or outer 

normal foreskin tissues were stained for cell-specific markers, 

namely, langerin for LCs, CD3 for T cells, DC-specific inter-

cellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) 

for DCs, and CD68 for macrophages. 

 In inner foreskin, langerin     +      cells were present almost exclu-

sively in the epidermis ( Figure 1a ). The majority of CD3     +      cells 

were confined to the dermis ( Figure 1b ). In contrast, DC-SIGN     +      

and CD68     +      cells were detected throughout the dermis but not 

in the epidermis ( Figure 1c and d ). 

 When compared with outer foreskin, the density of epider-

mal LCs (that is, langerin     +      cells per mm 2  epidermis), as well 

as the density of epidermal and dermal T cells (that is, CD3     +      

cells per mm 2  epidermis or dermis) in inner foreskin was 

significantly higher ( Figure 1e ). In contrast, no significant 

difference was observed in the density of dermal DC-SIGN     +      

DCs and CD68     +      macrophages between inner and outer fore-

skins ( Figure 1e ). 

 In addition, expression of the HIV-1 coreceptor CCR5 on both 

epidermal LCs and T cells was evaluated by flow cytometry. 

Hence, single-cell suspensions prepared from normal foreskin 

epidermal sheets were double stained with anti-CCR5-fluores-

cein isothiocyanate (FITC) and either anti-CD3 allophycocyanin 

(APC) or anti-langerin-APC monoclonal antibodies (mAbs). 

The percentages of CCR5-expressing LCs (out of the total lang-

erin     +      cells) or T cells (out of the total CD3     +      cells) were then 

evaluated. In inner foreskin, CCR5 was expressed on 20.9 ± 1.6 %  

LCs and 35.5 ± 11.4 %  T cells. In outer foreskin, only 6.1 ± 3.1 %  

LCs and 5.3 ± 3.6 %  T cells were CCR5 positive ( P     =    0.0066 and 

0.0325, respectively,  n     =    3). 

 As LCs and T cells have been proposed to participate in 

mucosal HIV-1 foreskin transmission, 22  these results sug-

gest that the inner foreskin may be more susceptible to HIV-1 

infection compared with the outer foreskin.   

 Development of a novel  ex vivo  explant model of the foreskin 
epithelium 
 During the sexual transmission of HIV-1, virus entry takes 

place selectively through the apical / mucosal surface of the epi-

thelium. Thus, to mimic the early events in HIV-1 transmission, 

any mucosal tissue explant model must be designed to permit 

restricted access of the virus to the apical side. Accordingly, in 

our model, pieces of normal adult human foreskin tissues from 
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either inner or outer foreskin were placed with their epidermal /

 apical side facing up on top of a permeable membrane in a two-

chamber system. To restrict HIV-1 exposure through the apical 

side, hollow plastic cloning ring cylinders were adhered tightly 

to the epidermal surface of each tissue explant, using surgical 

glue ( Figure 2a ), resulting in the creation of a sealed apical 

chamber that permits for subsequent polarized inoculation of 

HIV-1. Sealing efficiency was routinely monitored as described 

in the Methods.   

 HIV-1-infected cells form viral synapses with apical 
keratinocytes in foreskin explants 
 Previous studies, including our own, have shown that HIV-1-

infected cells form direct contacts with epithelial cells at the 

apical surface of mucosal tissues, resulting in the creation of 

viral synapses. This leads to the polarized budding of newly 

formed viral particles, most likely increasing the local virus 

concentration at the contact area between the cells and thus 

virus infectivity. 2,5,10  

 At the ultrastructural level, when foreskin explants were exposed 

for 1   h to peripheral blood mononuclear cells (PBMCs) infected 

with a primary R5 clade B HIV-1 isolate (termed herein as V29), 

contacts were identified between HIV-1 V29-infected PBMCs 

and the apical surface of inner foreskin explants ( Figure 2b ). Such 

 contacts were not observed when foreskin explants were exposed 

to noninfected PBMCs serving as control. 

 In addition, at the light microscopy level, a higher density 

of contacts was observed after 1   h exposure to HIV-1 V29-

infected PBMCs, compared with similar exposure to nonin-

fected PBMCs. Thus, in inner foreskin, the average density of 

contacts per cm of apical length was 226 ± 59 compared with 

108 ± 83 for HIV-1 V29-infected PBMCs and noninfected 

PBMCs, respectively ( n     =    3;  P     =    0.0410). Similarly, in outer 

foreskin, the densities were 839 ± 210 compared with 78 ± 39 for 

HIV-1 V29-infected PBMCs and noninfected PBMCs, respec-

tively ( n     =    3;  P     =    0.0118). These results are in line with previous 

studies showing that HIV-1-infected cells are more adhesive 

on intestinal and cervical epithelial cells compared with non-

infected cells. 8  The interaction between HIV-1 V29-infected 

PBMCs and apical foreskin keratinocytes therefore represents 

genuine viral synapses, 34  similar to the ones previously reported 

to be formed between HIV-1-infected cells and mucosal epi-

thelia (as reviewed in Phillips 10  and shown more recently in 

Alfsen  et al.  5 ), which are induced after exposure of apical fore-

skin keratinocytes to HIV-1-infected cells.   

 HIV-1 enters inner foreskin explants, but is trapped within the 
thick layer of keratin of outer foreskin explants 
 To detect HIV-1 entry into the foreskin, inner and outer 

foreskin explants were exposed for 1   h to either HIV-1 V29-

infected PBMCs or noninfected PBMCs as control. Semi-thick 

4    � m sections derived from these explants were then stained 

for HIV-1 with either the mAb 2F5 that recognizes HIV-1 

gp41, a cocktail of several additional mAbs directed against 

HIV-1 gp41 / gp120 / gp160 / p24, or human sera derived from 

HIV-1-infected individuals, and examined by fluorescent and 

confocal microscopy. 

 In inner foreskin explants, numerous HIV-1 particles were 

detected within the epidermis by a cocktail of anti-HIV-1 mAbs 

after exposure to HIV-1 V29-infected PBMCs ( Figure 2c , mid-

dle and bottom left). In contrast, in outer foreskin explants, 

fewer HIV-1 particles entered the epidermis, and most viri-

ons were confined to the thick layer of keratin covering the 

outer foreskin surface ( Figure 2c , middle and bottom right). 

No staining was observed in foreskin explants (either inner or 

outer) exposed to noninfected PBMCs ( Figure 2c,  top). Similar 

results were obtained when the foreskin explants were stained 

with the 2F5 mAb or HIV-1     +      human sera (data not shown). 

Quantifying the number of 2F5-stained virions per mm 2  of epi-

dermis showed that 563 ± 150 compared with 197 ± 135 virions 

        Figure 1             Identification and quantification of potential human 
immunodeficiency virus type-1 (HIV-1) target cells in normal human 
foreskin. Representative images of normal inner foreskin tissues 
processed for immunohistochemistry using antibodies (Abs) to langerin 
( a ), CD3 ( b ), dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN) ( c ), and CD68 ( d ). Cells were visualized 
with either 3-amino-9-ethylcarbazole (AEC red;  a  and  c ) or di-amino 
benzidine (DAB brown;  b  and  d ) peroxidase substrates. Inserts show 
control negative staining with matched isotype controls. Bars    =    10    � m. 
( e ) Cell densities per mm 2  of either epidermis for langerin     +      and CD3     +      
cells or dermis for CD3     +     , DC-SIGN     +     , and CD68     +      cells; means ± s.e.m. 
derived of  n     =    10 – 15 normal foreskin tissues. For each foreskin, staining 
was performed in parallel in inner and outer parts and cells were counted 
in a minimum of 10 fields.  
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entered the epidermis of inner and outer foreskins, respectively 

( Figure 2d ). These results suggest that the higher degree of 

keratinization in the outer foreskin provides a physical barrier 

to HIV-1 entry into the foreskin.   

 Short-term polarized exposure of inner foreskin explants to 
HIV-1 induces changes in the density and distribution of LCs 
 To evaluate the role of LCs in the first hour of HIV-1 transmis-

sion in the foreskin, inner and outer foreskin explants where 

inoculated in a polarized manner with either cell-free HIV-1 

V29 (compared with RPMI medium) or with one million HIV-1 

V29-infected PBMCs, a quantity similar to that found in genital 

fluids of HIV-1-infected individuals 35  (compared with nonin-

fected PBMCs). Importantly, viral load in genital fluids of HIV-

1-infected individuals is known to vary significantly with time 

in a single individual, even within the same day. Thus, to mimic 

such variation, two different loads of virus were applied com-

paratively to the foreskin explants (see the Methods). 

 After 1   h of polarized exposure of such foreskin explants, 

semi-thick sections were immunolabeled with an anti-langerin 

          Figure 2             ( a ) A schematic representation of the experimental explant system developed to investigate short-term and polarized human 
immunodeficiency virus type-1 (HIV-1) infection of the human foreskin. Round 8-mm pieces of foreskin tissue explants are placed on top of a porous 
polycarbonate (PC) filter in a two-chamber system, and a hollow plastic cylinder is adhered to the apical surface of each explant with the aid of surgical 
glue. HIV-1 is later added in a polarized manner to the inner space of the cylinder. ( b ) HIV-1-infected peripheral blood mononuclear cells (PBMCs) form 
viral synapses with apical keratinocytes in foreskin explants. Electron micrographs of inner foreskin explant exposed for 1   h to HIV-1-infected PBMCs. 
Shown is the same HIV-1-infected PBMC in two serial sections, forming a close contact with the apical keratinocytes. Bars    =    1    � m. ( c ) HIV-1 entry into 
inner, but not outer, foreskin explants. Three-dimensional reconstructions from confocal image stacks of inner (left) and outer (right) foreskin explants, 
after 1   h exposure to either noninfected PBMCs (white arrows in top panel) or HIV-1 V29-infected PBMCs (yellow arrows in middle panel). Horizontal 
and vertical lines in middle panel represent the localization of the sectioned layers that are shown below and to the right of each image. Bottom panel 
shows higher magnifications of the epidermis with the xyz planes rotated. Sections were stained with a mixture of several anti-HIV-1 monoclonal 
antibodies (mAbs), followed by fluorescein isothiocyanate-conjugated anti-human- and mouse-IgG Ab. Single HIV-1 virions are detected as green 
dots (yellow arrowheads). Cell nuclei were counterstained with DAPI (4 � ,6-diamidino-2-phenylindole). Bars    =    5    � m. Images are representative of three 
independent experiments. ( d ) Means ± s.e.m. number of HIV-1 virions stained with 2F5 mAb in three independent inner (light gray bar) and outer (dark 
gray bar) foreskin explants following 1   h exposure to HIV-1 V29-infected PBMCs.  
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antibody (Ab) and fluorescence microscopy was used to detect 

epidermal LCs. In parallel explants, epidermis was separated 

from the dermis, single-cell suspensions were prepared from 

triplicate epidermal sheets, and the cells were labeled with anti-

langerin Ab and analyzed by flow cytometry. Of note, these two 

methodological approaches provide complementary informa-

tion: langerin staining in sections reveals the spatial localization 

and density of LCs in a given part of the epidermis, whereas 

langerin staining in epidermal single-cell suspensions reveals 

the percentage of LCs among the total cells within the whole 

epidermis. 

 When PBMCs weakly infected with HIV-1 V29 were applied 

for 1   h, the density of epidermal LCs, namely, langerin     +      cells 

per mm 2  epidermis, in both inner and outer foreskin explants 

remained similar to that observed in normal tissue (compare 

 Figure 3a  with  Figure 1e ). In contrast, LC density decreased by 

a third on inoculation with noninfected PBMCs, in inner, but 

not outer, foreskin explants ( Figure 3a ). Similar results were 

obtained when LC numbers were evaluated by flow cytometry 

of epidermal single-cell suspensions ( Figure 3b ) or staining with 

anti-CD1a Ab (data not shown). Exposure to a low concentra-

tion of cell-free HIV-1 V29 had the same effect in inner, but 

not outer, epidermal single-cell suspensions ( Supplementary 

Figure 1a ). These results suggest that in inner foreskin, low 

concentration of HIV-1 leads to retention of LCs within the 

epidermis during the first hour of viral exposure, regardless of 

the source of the virus. In contrast, the decrease in LC density 

after exposure to noninfected PBMCs probably represents the 

natural emigration of LCs from the epithelium, a known feature 

of these migratory cells that is routinely used experimentally for 

their isolation from mucosal epithelia. 

 Conversely, no changes in either the density of epidermal 

LCs ( Figure 3c ) or the percentage of LCs in epidermal single-

cell suspensions ( Figure 3d ) occurred in both inner and outer 

foreskin explants, following exposure to PBMCs highly infected 

with HIV-1 V29 or high concentration of cell-free HIV-1 V29 

( Supplementary Figure 1b ). 

 However, 1   h exposure of inner, but not outer, foreskin 

explants to PBMCs highly infected with HIV-1 V29 modified 

the spatial distribution of LCs within the epidermis ( Figure 3e ). 

Hence, the mean distance of LCs from the apical surface 

in inner foreskin shortened significantly after exposure to 

PBMCs highly infected with HIV-1 V29 compared with 

exposure to noninfected PBMCs (19.1 ± 3.9    � m compared with 

26.3 ± 3.8    � m, respectively; calculated from three independent 

experiments). In outer foreskin, no such change was observed, 

with the respective mean distances being 23.3 ± 7.5    � m and 

20.3 ± 3.6    � m after exposure to HIV-1-infected or noninfected 

PBMCs, respectively. 

 Finally, in the dermis, the percentage of single CD3     +      T cells 

and DC-SIGN     +      DCs did not change after short-term exposure 

to either cell-free HIV-1 V29 or HIV-1 V29-infected cells in any 

of these explants (data not shown), as compared with controls. 

 Taken together, these results suggest that LCs are the  initial 

target cells interacting with HIV-1 in the inner foreskin. 

Moreover, depending on the nature and concentration of the 

HIV-1 inocula, LCs are either retained in the mucosal side of 

the epidermis or migrate toward the apical surface.   

 LC – T cell conjugates permit transfer of HIV-1 from LCs to T cells 
 Previous studies showed that not only could single LCs and 

T cells emigrate from skin explants but so could LC – T cell 

conjugates, in which active transfer of HIV-1 from LCs to 

T cells can take place. 36 – 40  We therefore investigated whether 

such LC – T cell conjugates formed within the foreskin, by 

double labeling epidermal single-cell suspensions for lang-

erin and CD3. Exposure of inner, but not outer, foreskin to 

PBMCs highly infected with HIV-1 V29 for 1   h resulted in an 

increase in the percentage of LC – T cell conjugates compared 

with exposure to noninfected PBMCs ( Figure 4a ). In contrast, 

LC – T cell conjugate formation was not detected after similar 

exposure to a high concentration of cell-free HIV-1 V29 of 

either part of the foreskin ( Supplementary Figure 1c ). 

 Next, the localization of LCs and T cells within the inner fore-

skin was investigated at the ultrastructural level. When inner 

foreskin explants were exposed for 1   h to PBMCs highly infected 

with HIV-1, conjugates between LCs, identified by their typical 

Birbeck granules in the cytoplasm, and T cells, identified by 

the typical morphology and shape / size of their nucleus, were 

detected in the epidermis, positioned above the basement mem-

brane at the epidermal – dermal interface ( Figure 4b ). HIV-1 

virions were detected either in distinct vesicular compartments 

in the LC cytoplasm ( Figure 4c ) or at the contact area between 

the two cell types ( Figure 4d and e ). This suggests that the virus 

is first internalized by LCs, and then transferred to T cells across 

a viral synapse. In contrast, only isolated T cells were detected at 

the epidermal – dermal interface on exposure of inner foreskin 

explants to noninfected PBMCs ( Figure 4f ).   

 Development of a novel  in vitro  immunocompetent 
reconstructed model of the foreskin epithelium 
 A major technical limitation in studying HIV-1 entry at mucosal 

sites using tissue explants is the short time frame during which 

the tissue retains structural and morphological integrity. 

Moreover, owing to tissue sectioning, migratory cells, such as 

LCs and T cells, quickly emigrate out of these explants, thus 

limiting the evaluation of their exact role in early HIV-1 trans-

mission. Therefore, we sought to establish an alternative  in vitro  

model to study the mechanisms of early HIV-1 transmission 

across the foreskin. 

 Establishment of such reconstructed foreskin models (see the 

Methods) is based on our previous successful reconstruction 

of an immunocompetent vaginal epithelium 29  and on method-

ologies used thus far for the development of skin equivalents 

(reviewed in MacNeil 41 ). Briefly, as schematized in  Figure 5a , 

establishment of collagen-rich dermis-like structures is initiated 

by seeding purified primary inner or outer foreskin fibroblasts 

in the apical compartment of a two-chamber system, followed by 

culture under submerged conditions in the presence of growth 

factors and supplements that were previously described to pro-

mote collagen production. 42  As a result, after 21 days, multi-

layered fibroblasts expand on both sides of the filter. Purified 
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       Figure 3             ( a, b ) Retention of Langerhans cells (LCs) in the epidermis following exposure to low concentration of human immunodeficiency virus 
type-1 (HIV-1). ( a ) Representative fluorescent microscopy images of inner (top panel) and outer (bottom panel) foreskin explants, exposed for 1   h to either 
peripheral blood mononuclear cells (PBMCs) weakly infected with HIV-1 (left) or noninfected PBMCs (right). Explants were stained with goat-anti-human 
langerin antibody (Ab), followed by fluorescein isothiocyanate (FITC)-conjugated anti-goat-IgG Ab. Green arrowheads point to langerin    +     cells. Cell 
nuclei were counterstained with DAPI (4 � ,6-diamidino-2-phenylindole). Bars    =    10    � m. Images are representative of three independent experiments. 
The calculated means ± s.e.m. density of epidermal LCs (that is, langerin     +      cells per mm 2  epidermis) derived of three independent experiments are 
also shown (graph). ( b ) Representative flow cytometry histograms of cells in epidermal single-cell suspensions prepared from inner foreskin explants 
exposed for 1   h to PBMCs weakly infected with HIV-1 (top left) or noninfected PBMCs (bottom left). Cells were stained with either phycoerythrin-
conjugated anti-human langerin mAb (thick lines) or matched isotype control (thin lines). Numbers represent the percentage of positive cells in the 
M1 region. Images are representative of three independent experiments. The means ± s.e.m. fold decreases in the percentage of epidermal langerin     +      
cells (calculated as (percentage of langerin     +      cells after exposure to noninfected PBMCs / percentage of langerin     +      cells after exposure to PBMCs 
weakly infected with HIV-1 V29)), in inner (light gray bar) and outer (dark gray bar) foreskin explants, are derived of three experiments (graph). ( c, d ) 
Calculated mean folds ± s.e.m. of either epidermal LCs density in foreskin explants ( c ) or percentage in epidermal single-cell suspensions ( d ), after 
1   h exposure of inner (light gray bars) and outer (dark gray bars) foreskin explants to noninfected PBMCs (compared with PBMCs highly infected with 
HIV-1 V29) derived of three experiments. ( e ) Representative fluorescent microscopy images of inner foreskin explants, exposed for 1   h to either PBMCs 
highly infected with HIV-1 (left) or noninfected PBMCs (right). Explants were stained with goat-anti-human langerin Ab, followed by FITC-conjugated 
anti-goat-IgG Ab. Cell nuclei were counterstained with DAPI. Bars    =    20    � m. Images are representative of three independent experiments. Distances 
between each individual langerin-positive cell and the mucosal surface (orange dotted line) were measured, and the calculated means ± s.e.m. distance 
of epidermal LCs from the mucosal surface derived of three independent experiments are shown (graph).  
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primary human inner or outer foreskin keratinocytes are then 

seeded on the dermis-like sheets of fibroblasts, together with 

immature LCs / DCs that are differentiated  in vitro  from CD14     +      

blood monocytes. Of note, owing to technical limitations, 

fibroblasts and keratinocytes used for a given reconstruction 

are routinely derived from foreskins of different individuals, 

thus preventing the incorporation of T cells into these recon-

structions. As keratinocytes differentiate upon culture at the 

air – liquid interface 43,44  and to mimic the structure of either the 

low keratinized inner or highly keratinized outer foreskin epi-

dermis, 21 – 23  foreskin reconstructions are cultured for various 

time periods at the air – liquid interface. 

 When compared with normal foreskins, reconstructions 

present similar morphological and structural characteristics 

( Figure 5b – d ). Dermis-like structures rich in collagen fibers are 

detected by Masson ’ s trichrome staining in both inner and outer 

foreskin reconstructions ( Figure 5b ). Reconstructions of outer 

foreskin show more layers of differentiated keratinocytes and a 

thicker epidermis compared with inner foreskin reconstructions 

( Figure 5b ). These features are also observed at the ultrastruc-

tural level by electron microscopy ( Supplementary Figure 2a ). 

Specific immunolabeling of semi-thick sections shows that 

expression of the epithelial differentiation cell markers cytok-

eratin (CK) 14 ( Figure 5c ), as well as CK10 and involucrin 

( Supplementary Figure 2b, c ) in reconstructed foreskin resem-

bles that of normal foreskin. Finally, CD1a     +      LCs / DCs, detected 

by immunohistochemistry, are integrated into the reconstructed 

foreskin ( Figure 5d ). Evaluating the density of CD1a     +      cells (that 

is, CD1a     +      cells per mm 2  epidermis) shows that 1441 ± 62 and 

914 ± 83 cells per mm 2  are integrated in inner and outer foreskin 

       Figure 4             Langerhans cells (LCs) transfer human immunodeficiency virus type-1 (HIV-1) to T cells across conjugates. ( a ) Higher percentage of 
epidermal LC – T cell conjugates following exposure to peripheral blood mononuclear cells (PBMCs) highly infected with HIV-1 V29. Representative 
flow cytometry profiles of epidermal single-cell suspensions double stained with CD3-allophycocyanin (APC) and langerin-phycoerythrin (PE) 
monoclonal antibodies (mAbs). Cells were first gated on CD3     +      cells (R1 gate, top left profile, insert shows staining with matched isotype control). 
The percentages of cells in R1 that show high forward scatter and are also langerin     +      (compared with matched isotype control, top right profile) were 
evaluated in suspensions prepared from inner foreskin explants exposed for 1   h to PBMCs highly infected with HIV-1 V29 (bottom right) or noninfected 
PBMCs (bottom left). Numbers represent the percentage of CD3     +      / langerin     +      / high FSC conjugates. Images are representative of three independent 
experiments. The calculated mean ± s.e.m. fold increases in the percentage of epidermal LC – T cell conjugates after 1   h exposure of inner (light gray 
bar) and outer (dark gray bar) foreskin explants to PBMCs highly infected with HIV-1 V29 (normalized against noninfected PBMCs) derived from three 
independent experiments are also shown (graph). ( b – f ) Electron microscopy images of inner foreskin explant exposed for 1   h to HIV-1 infected PBMCs. 
( b ) LC – T cell conjugates are detected within the epidermis at the epidermal – dermal interface above the basement membrane (black dotted line); 
Bar    =    1    � m. ( c ) Higher magnification of the single starred frame in ( b ), showing a short rod-shaped Birbeck granule in the LC cytoplasm (black arrow), 
as well as an HIV-1 particle within a vesicular compartment (white arrowhead); Bar    =    0.2    � m. ( d, e ) Higher magnifications of the double and triple 
starred frames in ( b ), showing HIV-1 particles (white arrowheads, higher magnification insert in ( d )) in the contact area between the LC and T cell; 
Bar    =    0.1    � m. ( f ) Electron microscopy image of inner foreskin explant exposed for 1   h to noninfected PBMCs, showing an isolated and nonconjugated T 
cell within the epidermis at the epidermal – dermal interface above the basement membrane (black dotted line); Bar    =    1    � m.  
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        Figure 5              In vitro  reconstruction of the human foreskin epithelium. ( a ) A schematic representation of the experimental protocol used to reconstruct 
 in vitro  an immunocompetent foreskin epithelium, consisting of primary human foreskin fibroblasts and keratinocytes, as well as immature Langerhans 
cells (LCs) / dendritic cells (DCs) (D; day of culture). ( b ) Masson ’ s trichrome staining of normal and reconstructed inner (left) and outer (right) foreskins. 
The white double-headed arrows emphasize the increased cell number / thickness of the keratinocytes layers in outer compared with inner foreskin 
reconstructions. Fb, fibroblasts; Ker, keratinocytes. ( c ) Fluorescence microscopy images of normal and reconstructed inner (left) and outer (right) 
foreskins, stained with mouse-anti-human CK14 monoclonal antibody (mAb), followed by fluorescein isothiocyanate-conjugated anti-mouse antibody 
(Ab). Cell nuclei were counterstained with DAPI (4 � ,6-diamidino-2-phenylindole). ( d ) Immunohistochemistry of normal and reconstructed inner (left) 
and outer (right) foreskins, stained for the expression of the LC / DC common marker CD1a (brown; DAB peroxidase substrate). Black arrows point to 
CD1a     +      cells in foreskin reconstructions. All images are representative of at least three experiments performed with different normal or reconstructed 
foreskins for each morphological / structural characteristic. Bars    =    10    � m.  
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reconstructions, respectively ( n     =    3;  P     =    0.0183). These values 

are in agreement with that calculated for normal epidermis: 

1370 ± 187 and 677 ± 120 cells per mm 2  in normal inner and outer 

foreskins, respectively ( n     =    3;  P     =    0.0194). 

 Taken together, the above findings show that we successfully 

established novel immunocompetent  in vitro  models of both 

inner and outer foreskins, with the structural and morphologi-

cal characteristics of normal foreskin. Foreskin reconstructions 

were next inoculated with high doses of cell-free HIV-1 or HIV-1-

highly infected cells and the effects of these two types of viral 

inoculation were compared.   

 HIV-1 buds locally at viral synapses formed in foreskin 
reconstructions 
 When inner and outer foreskin reconstructions were exposed 

for 1   h to HIV-1 V29-infected PBMCs, a higher number of 

           Figure 6             ( a – c ) Electron microscopy images of outer foreskin reconstruction exposed for 1   h to human immunodeficiency virus type-1 (HIV-1)-infected 
peripheral blood mononuclear cells (PBMCs). Shown are two different HIV-1-infected PBMCs in contact with the apical keratinocytes ( a, c ). Higher 
magnification of the single starred frame in  a  is presented in  b  and shows HIV-1 particles (white arrowheads, higher magnification inserts) in the contact 
area between the HIV-1-infected PBMC and apical keratinocyte. ( d – g ) HIV-1 translocation across foreskin reconstructions. ( d, e ) Outer and inner 
foreskin reconstructions were exposed for 1   h to either HIV-1 V29-infected PBMCs ( d ) or cell-free HIV-1 V29 ( e ). Apical and basal supernatants were 
then collected, and the amount of HIV-1 was measured by p24 enzyme-linked immunosorbent assay (ELISA). Results are derived from 3 to 5 different 
paired reconstructions of either outer / inner foreskins, and are presented for each experiment as the percentage of HIV-1 translocation (p24 in basal 
chamber / p24 in apical chamber × 100).  P     =    0.0314 and 0.0500, inner vs. outer, for cell-associated and cell-free HIV-1, respectively. ( f, g ) Outer and inner 
foreskin reconstructions were exposed for 1   h to decreasing amounts (that is, 1, 0.25, 0.1, and 0.025 × 10 6 ) of HIV-1 V29-infected PBMCs ( f ) or cell-free 
HIV-1 V29 ( g ), and the percentage of HIV-1 translocation was evaluated as described above. Shown are means ± s.d. derived from two independent 
experiments performed.  *  P     <    0.0001 and  *  *  P     <    0.0001, inner vs. outer. ( h ) A mixture of seminal plasma (SP) and cervicovaginal secretions (CVS) 
decreases HIV-1 translocation. Inner foreskin reconstructions were exposed for 1   h to HIV-1 V29-infected PBMCs, which were resuspended either in 
RPMI medium alone or in RPMI medium in the presence of 1:10 diluted SP and / or 1:4 diluted CVS. Apical and basal supernatants were then collected, 
the amount of HIV-1 was measured by p24 ELISA, and the percentage of HIV-1 translocation (p24 in basal chamber / p24 in apical chamber  × 100) was 
calculated separately for each sample. Results are presented as the normalized percentage of translocation (percentage of translocation in the presence 
of genital fluids / percentage of translocation with RPMI medium alone), and are derived from seven independent inner foreskin reconstructions.  
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infected cells adhered to the apical surface compared with 

noninfected PBMCs. Thus, in inner foreskin, the average 

density of viral synapses per cm of apical length was 158 ± 60 

compared with 54 ± 54 for HIV-1-infected PBMCs and non-

infected PBMCs, respectively ( n     =    3;  P     =    0.0088). Similarly, 

in outer foreskin, the densities were 245 ± 98 compared with 

54 ± 37 for HIV-1 V29-infected PBMCs and noninfected 

PBMCs, respectively ( n     =    3;  P     =    0.0466). These results are 

in line with our observations made with foreskin explants 

( Figure 2 ). At the ultrastructural level, viral synapses were 

identified at the apical surface of foreskin reconstructions 

exposed to HIV-1 V29-infected PBMCs ( Figures 6a and c ), 

as already shown for foreskin explants ( Figure 2b ). HIV-1 

virions were detected at the contact area between the virus-

infected cells and foreskin keratinocytes ( Figure 6b ). These 

virions had a typical morphology of immature doughnut-

shaped particles with electron-lucent centre, as previously 

described. 5,45 – 47    

 Exposure of inner foreskin reconstructions to HIV-1-infected 
cells results in efficient translocation of HIV-1 
 In all secretions vectorizing HIV-1, the virus is present either 

as cell-free particles or as virus-infected cells. To compare the 

relative infectious potential of these different sources of HIV-1, 

inner and outer foreskin reconstructions were exposed either 

to HIV-1 V29-infected PBMCs or to cell-free HIV-1 V29. 

Noninfected PBMCs or RPMI medium alone served as con-

trols, respectively. After 1   h exposure, translocation of HIV-1 

to the basal compartment of the chambers was evaluated by 

a p24 enzyme-linked immunosorbent assay (ELISA) and the 

mean ± s.e.m. percentage of translocation was calculated. In 

inner foreskin, translocation of HIV-1 induced by contact with 

HIV-1-infected cells ( Figure 6d ) was 90.5 times more efficient 

compared with translocation of cell-free HIV-1 ( Figure 6e ). 

Thus, 8.15 ± 3.12 %  of HIV-1 translocated when HIV-1 was pro-

duced apically by infected cells compared with 0.09 ± 0.04 %  for 

cell-free HIV-1 ( P     =    0.0483). Similarly, in outer foreskin, trans-

location induced by HIV-1-infected cells ( Figure 6d ) was 61.0 

times more efficient compared with translocation of cell-free 

HIV-1 ( Figure 6e ), the respective mean ± s.e.m. percentage of 

translocation being 1.22 ± 0.75 %  and 0.02 ± 0.02 %  ( P     =    0.0244). 

Importantly, these results also reveal that HIV-1 translocation is 

more efficient across inner compared with outer foreskin recon-

structions, irrespective of the source of virus ( Figure 6d and e ). 

Similar results were also obtained following exposure to cell-free 

HIV-1 JR-CSF (data not shown). 

 For both forms of HIV-1 inocula, that is, V29-infected 

PBMCs and cell-free HIV-1 V29 ( Figure 6f and g ), HIV-1 

translocation was concentration-dependent, and was always 

higher when induced from HIV-1-infected cells compared with 

cell-free HIV-1. 

 This set of results shows that efficient HIV-1 translocation 

occurs when induced by HIV-1-infected cells and through inner 

foreskin reconstructions. In contrast, cell-free HIV-1 poorly 

translocates and outer foreskin reconstructions are much less 

permissive to HIV-1 translocation.   

 SP mixed with CVSs decreases HIV-1 translocation through 
inner foreskin reconstructions 
  In vivo , during sexual intercourse, HIV-1 is transmitted by 

genital fluids such as SP and CVS. To evaluate the impact of 

these fluids on HIV-1 entry at the foreskin, the apical poles of 

inner foreskin reconstructions were inoculated with HIV-1 V29-

infected PBMCs alone or together with various genital fluids, at 

dilutions of 1:10 for SP and 1:4 for CVS, to mimic their natural 

dilution during sexual intercourse. 48  These dilutions of genital 

fluids were not toxic to the cells, as judged by cell viability evalu-

ated by trypan blue exclusion (data not shown). To mimic the 

 in vivo  events during heterosexual intercourse between unin-

fected men and HIV-1-infected women, SP from HIV-1-negative 

men was mixed with CVS from HIV-1-positive women (or from 

HIV-1-negative women for control). HIV-1 translocation to the 

basal chamber was evaluated by p24 ELISA 1   h later. 

 The presence of either SP or CVS alone had no effect on 

the translocation of HIV-1 induced from HIV-1 V29-infected 

PBMCs across inner foreskin reconstructions ( Figure 6h ). 

In contrast, the mixture of SP and CVS from HIV-1-positive 

women significantly decreased HIV-1 translocation to the basal 

chamber ( Figure 6h ). A similar effect was found for a mix-

ture of SP and CVS from HIV-1-negative women, although the 

decrease of HIV-1 translocation was smaller. The decreased 

translocation was not a result of inhibition of virus budding /

 production, as HIV-1 p24 amounts in the apical chambers were 

similar in the presence or absence of genital fluids (data not 

shown). To our knowledge, this is the first demonstration of 

an interaction between SP and CVS that leads to a decrease in 

HIV-1 transmission.    

 DISCUSSION 
 According to an updated report on the global AIDS epidemic 

(see http: /  /  www.unaids.org ), nearly 15 million men are currently 

infected with HIV-1 worldwide. Although clear evidence now 

points to the protective effect of circumcision in preventing 

HIV-1 transmission from women to men, 17 – 20  the exact mecha-

nisms responsible for HIV-1 acquisition in the male genital tract 

in general, and in the foreskin epithelium in particular, are to a 

large extent unknown. 

 Previous studies have documented the presence of possi-

ble HIV-1 target cells in the human foreskin. However, they 

have reached contradictory results regarding the densities of 

CD1a     +      and CD4     +      cells in inner compared with outer fore-

skin, reporting either a similar density, 21  a higher density in 

outer foreskin, 23  or a higher density in inner foreskin. 22,27  

These discrepancies may be related to the fact that CD1a and 

CD4 are not cell-specific markers, therefore complicating the 

identification and quantification of distinct cell populations. 

Moreover, in these studies, cellular densities were evaluated in 

foreskin regions that combined both the epidermal and dermal 

compartments. 

 In contrast, in the studies reported here, we performed immu-

nohistochemical staining of inner and outer foreskin with Abs 

that target cell-specific markers, namely, langerin for LCs, CD3 

for T cells, as well as DC-SIGN for DCs and CD68 for macrophages. 
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Respective cell densities were evaluated in either the epidermis 

or dermis. This approach showed that the inner foreskin is rich 

in langerin     +      LCs and CD3     +      T cells (see  Figure 1 ), suggesting 

(as shown later herein) that the higher densities of LCs and T cells 

contribute to the increased susceptibility of the inner foreskin 

to HIV-1. 

 Interestingly, isolated langerin     +      LCs were also detected in the 

foreskin dermis in a third of all foreskin tissues that we exam-

ined (data not shown). Whether these langerin     +      cells represent 

epidermal LCs that have migrated from the epidermis to the 

dermis or rather a distinct subpopulation of dermal langerin     +      

cells, as recently identified in mouse skin, 49 – 51  is currently an 

open question. 

 A major problem in investigating mucosal HIV-1 transmission 

is the lack of suitable  in vitro  models. Moreover, nonprimates 

are not susceptible to HIV-1, and experiments with primates 

are expensive and time elaborating. Thus, two approaches may 

be applied to overcome these obstacles: the use of mucosal 

tissue explants  ex vivo  or the development of novel and relevant 

mucosal models  in vitro . 

 In previous studies, foreskin / skin tissue explants 22,27  or single 

LCs emigrating from skin epidermis 36,38,52  seemed permissive to 

infection with R5, but not with X4, HIV-1. Skin-derived HIV-1-

infected LCs could subsequently transfer the virus to either coc-

ultured or conjugated T cells. 36,38,52  However, in these studies, 

HIV-1 infection was not always initiated in a polarized manner, 

that is, restricted to the apical side as occurs  in vivo . Moreover, 

these studies investigated only infection by high concentra-

tions of cell-free HIV-1, and infection was evaluated in LCs 

emigrating from skin explants     >    24   h after exposure to the 

virus, a time point at which the barrier function of the tissue 

may no longer be intact. 

 Alternatively, much progress has been made recently in tissue 

engineering and in  in vitro  reconstruction of mucosal epithelia. 

Seeding human epithelial cells onto various dermal equiva-

lents generates such three-dimensional models of the human 

oral, vaginal, and skin epithelia, which present the structural 

and morphological characteristics of their respective normal 

tissues. Importantly, immunocompetent mucosal equivalents 

can be produced by integrating LCs / DCs into these recon-

structions. 29,53 – 59  The integrated cells present their normal 

features (for example, maturation state, expression of various 

cell markers) and are retained within the epithelia, in con-

trast to their rapid emigration out of mucosal tissue explants. 

LCs / DCs integrated in reconstructed vaginal epithelia were 

permissive to high loads of cell-free HIV-1. 57,59  Yet, immuno-

competent skin reconstructions have never before been used 

to investigate the possible mechanisms of HIV-1 transmission 

in the foreskin. 

 Herein, we developed novel  ex vivo  explants of inner and 

outer foreskins adapted for polarized infection by HIV-1 (see 

 Figure 2 ). Migratory cells, such as LCs and T cells, emigrate out 

of mucosal explants after few hours (a feature that is routinely 

used in many studies to collect these cells), thus preventing 

the testing of their exact role in early HIV-1 transmission. We 

therefore restricted our investigations using foreskin explants to 

the first hour after exposure to the virus, a time frame in which 

migratory cells are still present within the tissue. In parallel, 

 in vitro  reconstructed models of the human inner and outer 

foreskin, which present the major characteristics of normal 

foreskin and also include LCs / DCs, were also developed (see 

 Figure 5 ). Using these newly developed models, we investi-

gated the pathways used by HIV-1 to penetrate the foreskin. 

Importantly, these two novel models are complementary, as 

foreskin explants are better suited for morphological studies 

(that is, detection of various HIV-1 target cells, and modifica-

tions in their density or distribution within the explants after 

exposure to HIV-1), whereas foreskin reconstructions permit 

studies of HIV-1 translocation and screening for various factors 

that may modify this process. 

 Our results show that efficient entry / translocation of HIV-1 

takes place through inner, but not outer, foreskin. Moreover, the 

outer foreskin seems less susceptible to HIV-1, as no changes in 

the percentage or distribution of LCs within the epidermis were 

observed in outer foreskin explants after 1   h of viral exposure. 

This suggests that the more keratinized outer foreskin provides 

a physical barrier to HIV-1 entry, by trapping HIV-1 particles 

(as indeed shown here), and may possibly prevent the sampling 

and internalization of the virus by LCs. In contrast, our results 

show that both the higher density of LCs and T cells and the 

lower degree of keratinization correlate, and therefore most 

likely contribute, to the increased susceptibility of the inner 

foreskin to HIV-1. The less keratinized inner foreskin provides 

no efficient barrier against HIV-1, enabling virus entry. In line 

with our observations, skin abrasion was necessary to enable 

infection of LCs with HIV-1 in previous skin explant studies, 36,38  

probably to remove the protective thick keratin layer of 

normal skin. The reduced permissiveness of the outer foreskin 

to HIV-1 may also reflect functional differences between LCs in 

outer and inner foreskin. In addition, different set of cytokines /

 chemokines could be secreted by each tissue part that could 

affect LCs mobility, and thereby antigen sampling capacity in 

inner and outer foreskin. Further studies should focus on factors 

secreted by inner and outer foreskin tissues in various infection 

conditions. 

 We further compared in our studies for the first time the rela-

tive infectious potential of cell-free vs. cell-associated HIV-1, and 

showed that HIV-1 transmission is much more effective when 

the foreskin is inoculated with HIV-1-infected cells. Indeed, 

only HIV-1-infected cells induced the formation of LC – T cell 

conjugates in inner foreskin explants, and translocation of cell-

associated HIV-1 across foreskin reconstructions was more 

efficient compared with that of cell-free HIV-1. Of note, the 

HIV-1-infected cells themselves did not enter / translocate across 

either the foreskin explants or the reconstructions, as fluores-

cently loaded HIV-1-infected cells were never detected within 

the epithelium or the basal compartment after their inocula-

tion at the apical surface (data not shown). These results may 

explain why a very high concentration of cell-free HIV-1 was 

needed in previous studies to detect infection in the tissues or 

in emigrating LCs. 22,27,36,38,52  Viral synapses formed between 

HIV-1-infected cells and apical foreskin keratinocytes, which 
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lead to polarized viral budding, were also detected in our stud-

ies. This suggests that the newly budded virus, which concen-

trates locally in the synaptic cleft, may increase virus infectivity, 

which in turn may enter more efficiently into foreskin explants 

and induce LC – T cell conjugate formation, or be translocated 

across foreskin reconstructions. 

 Importantly, our results further show that the viral load is 

crucial in determining the outcome of foreskin exposure to 

HIV-1. Virus-induced LC – T cell conjugate formation in inner 

foreskin explants, and translocation of HIV-1 across inner fore-

skin reconstruction, were evident only at high concentrations of 

the virus. At low concentrations of HIV-1 (either cell-free or cell-

associated), LCs are retained in the inner foreskin, probably to 

sample and degrade the virus, as previously reported. 16  In con-

trast, higher concentrations of the virus overcome the protective 

barrier capacity of langerin against HIV-1 infection. 16  In these 

conditions, LCs internalize the virus, but instead of degrading 

it, transfer the virus to T cells across conjugates formed between 

these two cell types ( Figure 4 ). High concentrations of cell-free 

HIV-1 could not induce such conjugate formation, suggesting 

that different molecular events take place after exposure of inner 

foreskin to highly infected cells or to high concentration of cell-

free virus. This suggests that infected cells forming synapses with 

the foreskin surface may transmit signals to keratinocytes or 

directly to LCs, thus affecting trafficking of LCs to the mucosal 

surface and / or the epidermal / dermal interface and conjugation 

with T cells. 

 Langerhans cell – T cell conjugates detected in our experi-

ments formed very rapidly, within the first hour of viral 

exposure. However, this time frame is too short to lead to 

productive infection of either LCs or T cells with HIV-1, pre-

venting the direct testing of their infection rate in the present 

experimental settings. In addition, this time period is probably 

too short to allow migration of the conjugates and / or isolated 

migratory cells out of the explants into the basal chambers. 

Accordingly, the contents of the basal chambers were also col-

lected after 1   h of polarized exposure of foreskin explants to 

either cell-free HIV-1 or HIV-1-infected cells. When added to 

reporter-activated PBMCs to amplify and quantify the amount 

of HIV-1 that might have translocated through the explants, 

no signal was detected (data not shown). Moreover, visual 

examination of the basal chambers did not reveal the pres-

ence of emigrants with a typical LC or T cell morphology (data 

not shown). These findings suggest that during the very first 

hour of viral exposure, HIV-1 has the capacity to modify the 

density / spatial distribution of LCs and T cells within the inner 

foreskin epidermis. In contrast, HIV-1-mediated emigration 

of LCs / T cells out of the foreskin may be evident only at later 

time points. 

 HIV-1 transmission occurs mainly through sexual inter-

course, which involves mixing of genital fluids (for example, 

SP and CVSs). Thus, in order to mimic these  in vivo  events, 

inner foreskin reconstruction was exposed to cell-associated 

HIV-1 (that is, conditions in which efficient HIV-1 transloca-

tion takes part, as we show) in the presence of genital fluids. This 

experimental approach revealed for the first time the existence 

of interplay between these fluids that leads to decreased HIV-1 

translocation. These novel findings thus suggest that HIV-1 

transmission  in vivo  (in the foreskin in particular, and perhaps 

also in other mucosal tissues) may be lower than that routinely 

evaluated  in vitro . Previous studies have shown that SP can 

induce secretion of chemokines by the female genital mucosa, 

leading to subsequent transient attraction of mononucleated 

cells, 48  which may in turn increase the susceptibility to HIV-1 

infection. Two recent studies have investigated the role of SP 

in HIV-1 infection, but have reached contradictory results, 

by showing that semen may either amplify HIV-1 infection of 

T cells or  trans -infection of T cells by DCs, 33  or inhibit the cap-

ture and transfer of HIV-1 by DCs. 32  In fact, the role of genital 

fluids in models of HIV-1 infection is rarely evaluated, and the 

exact factors in such fluids that may increase or decrease HIV-1 

sexual transmission are mostly undefined. Thus, further studies 

are needed to clearly identify these factors and their contribu-

tion to HIV-1 infection. Identification of these molecular factors 

in genital fluids that contribute to HIV-1 transmission may be 

of clinical importance, and may be used to develop novel anti-

HIV-1 agents. 

 On the basis of the present study, we propose, as schematized 

in  Figure 7 , that the main pathway for HIV-1 entry at the fore-

skin results from interaction of HIV-1-infected cells with the 

inner part of the foreskin. The inner foreskin might be exposed 

to HIV-1     +      cells either during intercourse or later on after fore-

skin retraction that may trap HIV-1     +      cells. Such contact would 

lead to viral synapse formation, resulting in HIV-1 budding and 

capture by epidermal LCs. In turn, within 1   h, LCs loaded with 

HIV-1 would rapidly migrate to the epidermal / dermal interface, 

form conjugates with T cells, and transfer the virus to T cells. 

Such infected T cells might initiate the spread of the infection. 

Molecular signals, such as chemokines that could be induced 

by HIV-1 within the foreskin tissue and that may drive LCs 

migration to the mucosal surface and / or to the dermal compart-

ment, are currently under investigation. Together, our results 

rationalize at the cellular level the apparent protective outcome 

of circumcision against HIV-1 acquisition by men: both sur-

faces of the foreskin are invaded by HIV-1, especially on con-

tact with HIV-1-infected cells. Thus, removal of the foreskin 

(and especially the inner aspect) after circumcision results in 

the elimination of a mucosal surface rich in HIV-1 target cells 

(for example, LCs and T cells), which serves as an HIV-1 entry 

portal in men.   

 METHODS  
 Tissue and genital fluids 
 Normal foreskin tissues were obtained from the Geoffroy Saint-Hillaire 
Clinic and the Urology Service at the Necker Hospital in Paris, France, 
from healthy adults (mean age 42 years old, range 17 – 87 years) undergo-
ing circumcision due to personal reasons or phimosis. Foreskin tissues 
removed because of cancerous or infectious pathologies were discarded 
and never used in the current study. Informed consents were obtained 
from all individuals. Tissues were placed in phosphate-buffered saline 
(PBS) supplemented with 20    � g   ml     −    1  gentamicin (Gibco Invitrogen, 
Carlsbad, CA), transported to the laboratory immediately after circum-
cision, and processed within the next 2   h. Foreskin tissues were separated 
mechanically into inner and outer parts, distinguished by their different 



518 VOLUME 3 NUMBER 5 | SEPTEMBER 2010 | www.nature.com/mi

ARTICLES

colors and morphology, and any remaining fat and muscle tissue was 
removed from the dermal side. 

 Cervicovaginal secretions from HIV-1 seropositive women were col-
lected at the Pasteur Institute from Phnom Penh, Cambodia, as previously 
described, 4  following approval by the local ethics committee. Informed 
consents were obtained from all individuals. For genital secretions, ethics 
approval was obtained from the Cambodian National Ethics Committee. 
CVSs from HIV-1 seronegative women and SP from HIV-1 seronega-
tive men were obtained from individuals attending the Reproductive 
Biology Service at the Cochin hospital, Paris, France (following approval 
by the Cochin Hospital ethical Person Protection committee (Comit é  de 
Protection des Personnes de Cochin)). Informed consents were obtained 
from all individuals. All samples were centrifuged, aliquoted, frozen, and 
kept at     −    80 ° C for further use.   

  Ex vivo  polarized foreskin tissue explants 
 Round pieces of foreskin tissue, from either inner or outer foreskin, were 
cut using a 8   mm Harris Uni-Core, and placed with their epidermal side 
facing up on top of a polycarbonate membrane (12    � m pore size, 12   mm 
diameter) of a two-chamber Costar Transwell permeable insert (Corning, 
Corning, NY). Hollow plastic cloning ring cylinders of 6   mm inner diam-
eter (VMR, Strasbourg, France) were glued to the apical surface of each 
tissue piece, using the two-component biological fibrin sealant Tissucol 
kit (Baxter, Vienna, Austria) that is used clinically for tissue sealing dur-
ing surgery. 60  A 10    � l drop of 4   U   ml     −    1  thrombin solution was mixed with 
a 10    � l drop of fibrinogen solution (both solutions prepared according to 
the manufacturer ’ s instructions), which simulates the key features of the 
physiological coagulation process. The mixture was rapidly applied to one 
side of each cloning ring, which was then pressed gently with fine forceps 

onto the apical surface of the tissue for 10   s, permitting the cylinders to 
be firmly glued to the apical surface of each tissue explant and resulting 
in the creation of a sealed and polarized apical chamber. 

 Firm attachment of the cylinders was evident by their retention on 
the epidermal surface, even when the two-chamber system inserts were 
inverted to an upright position. Furthermore, to verify that the cylin-
der-based apical chambers are indeed completely sealed, 100    � l of either 
RPMI 1640 medium or trypan blue solution (Gibco) was added to the 
inner space of the cylinders, and the explants were incubated for 1 – 4   h 
at 37 ° C. After incubation, no signs of leakage were detected, as evident 
by the ability to completely recover the total volume of medium initially 
added and the complete absence of trypan blue traces around the cylinder 
edges or in the basal chamber.   

 Purification of primary foreskin cells 
 Tissues were cut into 5 × 5   mm 2  pieces that were incubated with their 
epidermal side facing up in 100   mm culture dishes containing 10   ml 
RPMI 1640 medium (Gibco) supplemented with 2.4   U   ml     −    1  Dispase II 
(Roche Diagnostics GmbH, Mannheim, Germany) overnight at 4 ° C. The 
epidermis was then separated from the dermis using forceps. 

 To purify epidermal keratinocytes, the epidermal sheets were incu-
bated in 5   ml 0.05 %  Trypsin / EDTA (Gibco) for 10   min at 37 ° C. Trypsin 
was then inactivated with 5   ml fetal bovine serum (FBS; PAN Biotech 
GmbH, Aidenbach, Germany), and a single-cell suspension was obtained 
by mechanical disruption using a 10   ml pipette, followed by filtration 
through a 40    � m nylon cell strainer and centrifugation. The resulting 
keratinocytes were grown in keratinocyte serum-free medium con-
taining  L -glutamine, supplemented with 25    � g   ml     −    1  bovine pituitary 
extract, 0.25   ng   ml     −    1  epidermal growth factor, 5    � g   ml     −    1  gentamicin, 

  Figure 7             Schematization of the initial events occurring in the foreskin during human immunodeficiency virus type-1 (HIV-1) transmission. (Left) 
In inner foreskin, HIV-1-infected cells form viral synapses resulting in HIV-1 particle budding (1). Low concentration of HIV-1, either from cell-free 
inoculums or budded from cells weakly infected with HIV-1, induces retention of Langerhans cells (LCs) within the epidermis, and results in virus 
internalization and degradation by LCs (2). In contrast, cells highly infected with HIV-1 (3) attract LCs to the mucosal surface, which capture HIV-1 (4) 
and then migrate back to the epidermal – dermal interface. There, LCs form conjugates with T cells allowing HIV-1 transfer to T cells (5). We speculate 
that this process may lead either to emigration of HIV-1-positive LC – T cell conjugates and / or isolated T cells, and potentially also to transfer / emigration 
of dermal dendritic cells (DCs) that in turn would disseminate the infection (6). High loads of cell-free HIV-1 remain inefficient at LC – T cell conjugate 
formation. (Right) In outer foreskin, HIV-1-infected cells also form viral synapses with the apical foreskin surface (7). However, both newly budded 
HIV-1 particles and cell-free HIV-1 virions remain trapped within the thick layer of keratin at the mucosal surface (8). Thus, virus entry into the epidermis 
is limited, and infection may not be disseminated (9).  
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and 5    � g   ml     −    1  amphotericin B (Gibco). To purify dermal fibroblasts, 
the dermal pieces were incubated in 2.5   ml RPMI 1640 medium sup-
plemented with 2   mg   ml     −    1  collagenase type IV-S (Sigma, St Louis, 
MO) and 200   U   ml     −    1  DNase I (Roche) for 2   h at 37 ° C. After inactiva-
tion with 5   ml FBS, tissue pieces were disrupted by vortexing for 30   s, 
and the resulting cell suspension was filtered through a 100    � m nylon 
cell strainer and centrifuged. The resulting fibroblasts were grown in 
Dulbecco ’ s modified Eagle ’ s medium (DMEM) supplemented with 10 %  
FBS, 2   m M L -glutamine, 100   U   ml     −    1  penicillin, and 100    � g   ml     −    1  strep-
tomycin (Gibco). 

 For both cell types, culture media were changed three times a 
week. Cells were grown to confluence, split with Trypsin / EDTA, and 
second passage cells were aliquoted and stored at     −    80 ° C for further 
use. Keratinocytes were only used at passages 2 – 4 and fibroblasts at 
passages 2 – 7.   

 Purification of PBMCs and preparation of DCs and LCs 
 Peripheral blood mononuclear cells from healthy donors were separated 
from whole blood by a standard Ficoll gradient. CD14     +      monocytes were 
obtained from PBMCs using a CD14-negative magnetic selection kit 
(Stemcell Technologies, Grenoble, France), according to the manufac-
turer ’ s instructions, and were cultured (1 × 10 6  cells per 1   ml per 12-well 
plate) in RPMI 1640 medium supplemented with 10 %  FBS, 2   m M L -
glutamine, 100   U   ml     −    1  penicillin, and 100    � g   ml     −    1  streptomycin. DCs 
and LCs were generated from CD14     +      monocytes by adding 10   ng   ml     −    1  
IL-4 and 100   ng   ml GM-CSF (Peprotech, Rocky Hill, NJ) for DCs, as 
well as 10   ng   ml     −    1  TGF � 1 (R & D systems, Minneapolis, MN) for LCs, as 
previously described. 61  On days 2 and 4 of culture, 0.5   ml fresh medium 
supplemented with the same cytokines at a similar concentration was 
added to each well. The resulting cells were used at day 7 of culture. 
Alternatively, a mixed population of DCs / LCs was obtained by culturing 
CD14     +      monocytes in a similar manner in medium supplemented with 
10   ng   ml     −    1  IL-13 (R & D systems), 200ng   ml     −    1  GM-CSF, and 10   ng   ml     −    1  
TGF � 1, as described. 62    

 Virus and infected PBMCs 
 Virus was obtained from the NIH AIDS reagent program. The HIV-1 
primary isolate 93BR029 (clade B, R5 tropic, termed herein as V29) was 
amplified on phytohemagglutinin-stimulated PBMCs as described. 63  The 
cell-free HIV-1 JR-CSF molecular clone (clade B, R5 tropic) was produced 
by transfection of HEK293   T cells with proviral DNA as described. 64  
HIV-1 p24 antigen was quantified by the p24 Innotest HIV-1 ELISA 
(Innogenetics, Gent, Belgium), and viral stocks were aliquoted for single 
use and stored at     −    80 ° C. Two doses of cell-free HIV-1 were tested, that is 
either 20 or 100   ng of p24, referred to in the text as low and high cell-free 
HIV-1 loads, respectively. 

 Peripheral blood mononuclear cells were infected with V29 as 
described. 63  Briefly, phytohemagglutinin / IL-2-stimulated PBMCs 
(5 × 10 6  cells in 10   ml RPMI 1640 medium supplemented with 10 %  
FBS, 2   m M L -glutamine, 100   U   ml     −    1  penicillin, 100    � g   ml     −    1  strep-
tomycin, and 10   U   ml     −    1  IL-2 (Roche)) were inoculated with either 
60 or 200   ng p24 of HIV-1 V29. After 2 days, further noninfected 
phytohemagglutinin / IL-2-stimulated cells were added (20 × 10 6  cells 
in 10   ml of the same medium containing 20   U   ml     −    1  IL-2). Infection 
was monitored in culture supernatants by p24 ELISA and by p24 
intracellular staining and flow cytometry analysis. Infected cells were 
used between days 7 and 14 after addition of virus. A total of 1 × 10 6  
cells, infected either with low or high doses of HIV-1 V29, released 
20   ng and 100   ng p24, respectively, after 1   h incubation at 37 ° C and 
are referred to in the text as PBMCs weakly or highly infected with 
HIV-1 V29. In addition, 1 – 2 %  and 5 – 7 %  of the PBMCs weakly and 
highly infected with HIV-1 V29 were positive for p24, respectively, 
as evaluated by p24 intracellular staining.   

  In vitro  foreskin reconstruction 
 Foreskin fibroblasts (from either inner or outer foreskin) were 
seeded on top of a polycarbonate membrane (3    � m pore size) of a 

two-chamber 12-mm diameter Costar Transwell insert (2 – 5 × 10 5  
cells per insert), and were grown under submerged conditions (0.5 
and 1   ml medium in apical and basal chambers, respectively) in a 
medium that was previously reported to promote the formation of 
a dermis-like collagen-rich fibrous sheet. 42  This medium consisted 
of a 3:1 mixture of DMEM and Ham ’ s nutrient mixture F12 with 
 L -glutamine (Gibco), supplemented with 10 %  FBS, 100   U   ml     −    1  
penicillin, 100    � g   ml     −    1  streptomycin, 5   ng   ml     −    1  epidermal growth 
factor (Invitrogen), 5    � g   ml     −    1  insulin (Gibco), 0.4    � g   ml     −    1  hydrocor-
tisone, 5    � g   ml     −    1  transferrin, and 10   pM Triiodothyronine (Sigma). 
In addition, 5   mg   ml     −    1  ascorbic acid (Sigma) was added fresh at each 
medium change (three times a week). After 3 weeks of submerged 
culture, foreskin keratinocytes (from either inner or outer foreskin) 
were seeded on top of the fibrous sheet (2 – 5 × 10 5  cells per insert). 
LCs / DCs (0.5 – 1 × 10 5  cells per insert, a mixture of cells differenti-
ated alone or obtained as a mixed population, see above) were added 
twice, first together with the keratinocytes and then alone, 1 week 
later. Reconstructions containing keratinocytes and LCs / DCs were 
cultured in the same medium described above, but from which epi-
dermal growth factor was eliminated. Inner foreskin reconstructions 
were further cultured for 2 weeks under submerged conditions, and 
then for 2 additional weeks at the air – liquid interface (0.5   ml of the 
medium in basal chamber only). Outer foreskin reconstructions were 
cultured for 4 weeks at the air – liquid interface.   

 Short-term polarized infection assay 
 Foreskin explants and reconstructions were exposed apically and 
in a polarized manner (by adding 100    � l into the inner space of 
the cloning ring cylinders adhered to the tissue explants or 200    � l 
to the apical chamber of the foreskin reconstructions) to either 
HIV-1 V29-infected PBMCs or cell-free HIV-1 (V29 or JR-CSF). 
Noninfected PBMCs or RPMI 1640 medium alone served as nega-
tive controls. Lower chambers were supplemented with 0.5   ml RPMI 
1640 medium. In some experiments, foreskin reconstructions were 
exposed to V29-infected PBMCs in the presence of SP from HIV-1 
seronegative men (diluted 1:10) and CVSs from HIV-1 seropositive /
 seronegative women (diluted 1:4), either alone or mixed together. 
After 1   h incubation at 37 ° C, the content of both apical and basal 
chambers was removed, centrifuged, and the supernatant fractions 
were aliquoted and stored at     −    80 ° C for further quantification of 
HIV-1 by p24 ELISA. The explants / reconstructions were then fixed 
in 4 %  paraformaldehyde for further morphological evaluation. In 
other experiments, foreskin explants were processed for flow cytometry 
analysis (see below).   

 Preparation of epidermal and dermal single-cell suspensions 
for flow cytometry 
 Triplicate foreskin explants were inoculated with HIV-1 as described 
above, and after removal of the cloning ring cylinders, pooled tissue 
pieces were incubated with their epidermal side facing up in 1   ml RPMI 
1640 medium supplemented with 2.4   U   ml     −    1  Dispase II (in a 12-well 
plate) overnight at 4 ° C, after which epidermis and dermis were mechani-
cally separated using forceps. 

 Epidermal single-cell suspensions were prepared by incubating pooled 
epidermal sheets from each triplicate in 1   ml of 0.025 %  Trypsin / EDTA 
(Clonetics, Cambrex Bio Science, Walkersville, MD) for 10   min at 37 ° C, 
followed by inactivation of trypsin with 1   ml FBS, mechanical disruption 
using a 5   ml pipette, filtration of released cells through a 40- � m nylon cell 
strainer, and centrifugation. In some experiments, after similar Dispase 
treatment, single-cell suspensions were prepared from epidermal sheets 
derived from normal foreskin tissues. 

 Dermal single-cell suspensions were prepared by incubating pooled 
dermal pieces from each triplicate in 1   ml RPMI 1640 medium sup-
plemented with 2   mg   ml     −    1  Collagenase and 200   U   ml     −    1  DNase for 2   h 
at 37 ° C, followed by inactivation with 1   ml FBS, tissue disruption by 
vortexing for 30   s, filtration through a 100- � m nylon cell strainer, and 
centrifugation.   
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 Flow cytometry 
 For immunofluorescent staining of surface CD3, CCR5, langerin, and 
DC-SIGN in epidermal and / or dermal cell suspensions (prepared from 
HIV-1-infected or control foreskin explants, as well as normal foreskins), 
cells were resuspended in PBS (devoid of Ca 2    +      / Mg 2    +      ions) supplemented 
with 2 %  FBS and 1   m M  EDTA (that is, staining buffer), and transferred 
to a round-bottomed 96-well plate (0.1 – 0.5 × 10 6  cells per well). For sin-
gle staining, cells were incubated for 30   min on ice with 5 – 10    � g   ml     −    1  of 
APC-conjugated mouse-anti-human mAbs to CD3 (BD Pharmingen, 
San Jose, CA) or DC-SIGN (R & D systems). For double staining, cells 
were incubated for 30   min on ice with 5 – 10    � g   ml     −    1  of APC-conjugated 
mouse-anti-human mAbs to either CD3 or langerin (R & D systems) and 
FITC-conjugated mouse-anti-human CCR5 mAb (BD Pharmingen). 
All Abs were diluted in staining buffer to a final volume of 50    � l per well. 
Cells were then washed with staining buffer, centrifuged, and fixed for 
15   min at room temperature with 4 %  paraformaldehyde. 

 For immunofluorescent staining of intracellular langerin, parafor-
maldehyde-fixed cells were permeabilized for 15   min at room tempera-
ture with PBS containing 0.1 %  saponin, and then incubated for 30   min 
at room temperature with 5 – 10    � g   ml     −    1  of phycoerythrin-conjugated 
mouse-anti-human langerin mAb (Beckman, Marseille, France), diluted 
in PBS / 0.1 %  saponin to a final volume of 50    � l per well. 

 Cells stained with matched isotype control Abs served as negative 
controls. Fluorescence profiles were recorded using a FACSCalibure 
(BD Biosciences, Rungis, France) and results were analyzed using the 
CellQuest Pro software (BD Biosciences, Rungis, France).   

 Immunofluorescent microscopy and immunohistochemistry 
 After infection and fixation, foreskin tissue explants and insert-grown 
foreskin reconstructions were embedded in paraffin, and serial 4- � m sec-
tions were cut. Sections were deparaffinized in xylene and graded alcohol 
solutions, microwave heated in 10   m M  citrate buffer (pH    =    6.0) for antigen 
retrieval, cooled down in the same buffer, and washed in PBS. 

 For immunofluorescent and confocal microscopy, sections were 
blocked in PBS containing 20 %  horse serum (Vector Laboratories, 
Burlingame, CA) and 0.1 %  tween (Sigma) for 1   h at room temperature. 
After several washes in PBS, sections were incubated overnight at 4 ° C 
with primary Abs (50    � l per section, diluted in PBS / 2 %  horse serum / 0.1 %  
tween), including mouse-IgG3-anti-human CK14 at 1    � g   ml     −    1  
(Labvision, Fremont, CA), mouse-IgG1-anti-human CK10 at 0.5    � g   ml     −    1  
(DakoCytomation, Glostrup, Denmark) goat-IgG-anti-human langerin 
at 20    � g   ml     −    1  (R & D systems), human serum positive for anti-HIV-1 Abs 
at 1:100 dilution (positive control from the New Lav Blot HIV-1 kit; Bio-
Rad Laboratories, Marnes-la-Coquette, France), the human mAb 2F5 
that recognized HIV-1 gp41 at 5    � g   ml     −    1  (NIH, AIDS reagent program), 
and a cocktail of several mouse and human mAbs (5 – 10    � g   ml     −    1 ) rec-
ognizing HIV-1 gp41 / gp120 / gp160 / p24: D50 (NIH), 2G12 (NIH), 41A 
(Hybridolab, Pasteur Institute, Paris, France) and Kal-1 (Dako). Sections 
were then washed with PBS and incubated for 1   h at room temperature 
with appropriate secondary Abs (50    � l per section, diluted in the ratio 
1:50 to 1:100 in PBS), including FITC-conjugated anti-mouse-IgG3 
(SouthernBiotech, Birmingham, AL), TRITC (tetramethyl rhodamine 
isothiocyanate)-conjugated anti-mouse-IgG1 (SouthernBiotech), FITC-
conjugated anti-goat-IgG (Jackson Immunoresearch, West Grove, PA), 
TRITC-conjugated anti-human IgG (Jackson Immunoresearch), FITC-
conjugated anti-human IgG (Jackson Immunoresearch), and FITC-con-
jugated anti-mouse-IgG (Jackson Immunoresearch). Cell nuclei were 
then stained with 5    � g   ml     −    1  DAPI (4 � ,6-diamidino-2-phenylindole; 
Sigma; 50    � l per section, 10   min at room temperature), and the sec-
tions were washed again in PBS and mounted with MOWIOL medium 
(Calbiochem Merck Darmstadt, Germany). 

 For immunohistochemistry, the LSAB2 System-HRP (Dako-
Cytomation) was used according to the manufacturer � s instructions. All 
Abs, including mouse-IgG2b-anti-human langerin (Abcam, Cambridge, 
UK), mouse-IgG1-anti-human CD3 (Dako), mouse-IgG2b-anti-human 
DC-SIGN (R & D systems), mouse-IgG1-anti-human CD68 (Dako), 
mouse-IgG1-anti-human CD1a (Immunotech, Marseille, France), and 

mouse-IgG1 anti-human involucrin (Sigma) were diluted to 10    � g   ml     −    1  
in Ab diluent (Dako), incubated with tissue sections for 10 – 30   min at 
room temperature (50    � l per section), and visualized with either AEC red 
(3-amino-9-ethylcarbazole) or DAB brown (di-amino benzidine) sub-
strates. Sections were counterstained for 30   s with hematoxyline solution 
(Dako) and mounted as described above. In some experiments, Masson ’ s 
trichrome staining was performed according to standard techniques. 

 For immunofluorescent microscopy and immunohistochemistry, 
images were taken using an  × 40 objective of a Nikon E600 micro-
scope (Nikon, Tokyo, Japan) equipped with a CCD QICAM camera 
(QImaging, Surrey, BC, Canada). For cell quantification, the ImageJ 
software (NIH) was used to count the number of positively stained 
cells in a minimum of 10 separate fields and calculate the surface of 
either the epidermis or dermis in each field. Measurement of the dis-
tance between LCs and the mucosal surface was evaluated using the 
Arcgis V9.3 program (ESRI, Redlands, CA) analysis. Distances of 183 
(inner, noninfected), 166 (inner, infected), 67 (outer, noninfected), and 
163 (outer, infected) cells were measured and statistically analyzed (see 
 http://resources.esri.com/help/9.3/ArcGISDesktop/com/Gp_ToolRef/ 
coverage_tools/near_coverage_.htm ). For confocal microscopy, stain-
ing was visualized with a Leica TCS SP spectral microscope (Leica 
Microsystems, Wetzlar, Germany), and acquired image stacks were 
analyzed with Imaris Software (Bitplane AG, Zurich, Switzerland).   

 Electron microscopy 
 Foreskin explants or reconstructions were fixed for 1   h with 3 %  glu-
taraldehyde. Samples were then postfixed in 1 %  osmium tetroxide in 
0.1    M  PBS and dehydrated in increasing graded alcochol solutions. After 
10   min incubation in a mixture of 1:2 epoxy propane and epoxy resin, 
the samples were embed in gelatine capsules with freshly prepared epoxy 
resin and polymerized at 60 ° C for 24   h. Sections (80   nm) were then cut 
with an ultramicrotome (Reichert Ultracut S, Reichert Technologies, 
Depew, NY), stained with uranyl acetate and Reynold ’ s lead citrate, 
and observed with a transmission electron microscope (JEOL 1011, 
JEOL, Tokyo, Japan), equipped with a GATAN numerical camera 
(Gatan, Munich, Germany). Pictures were taken and digitalized with 
Digital Micrograph software (Gatan, Munich, Germany).   

 Statistical analysis 
 Statistical significance was analyzed by the Student ’ s  t -test. For comparing 
HIV-1 translocation in inner foreskin reconstructions in the presence 
of different genital fluids, pair-wise comparisons were performed by the 
nonparametric Mann – Whitney  U -test.       

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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