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Chapter 6.3 
TNFα and TLR agonists increase 
susceptibility to HIV-1 transmission by 
Langerhans cells ex vivo. 
Lot de Witte1*, Marein A.W.P. de Jong1*, Sonja I. Gringhuis1, Philippe Gallay2 and 
Teunis B.H. Geijtenbeek1 

 

Genital co-infections increase the risk to acquire HIV-1 by sexual contact. Several mechanisms 
have been proposed, such as ulceration and bleeding. Here we demonstrate that Langerhans 
cells (LCs) are involved in the increased susceptibility to HIV-1 in the presence of co-infections. 
Although LCs are a target for HIV-1 infection in genital tissues, we demonstrate that immature 
LCs do not efficiently mediate HIV-1 transmission in an ex vivo skin explant model. Strikingly, 
the inflammatory stimuli TNFα and the Toll-like receptor (TLR)-1/2 ligand Pam3CSK4 strongly 
increase HIV-1 transmission by LCs through distinct mechanisms. TNFα enhances 
transmission by increasing HIV-1 replication in LCs, whereas Pam3CSK4 acts by increasing 
HIV-1 capture by LCs and subsequent trans-infection of target cells. Genital infections such as 
Candida albicans and Neisseria gonorrhea not only trigger TLRs but also induce TNFα in 
vaginal and skin explants. Thus, during co-infection, LCs can be directly activated by 
pathogenic structures and indirectly by inflammatory factors and thereby increase the risk of 
acquiring HIV-1. Our data demonstrate a decisive role for LCs in HIV-1 transmission during 
genital co-infections and suggest anti-inflammatory therapies as potential strategies to prevent 
HIV-1 transmission. 
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Introduction 
Human Immunodeficiency virus (HIV)-1 infection, the causative agent of AIDS, is still on the rise. It was 
estimated that 2 to 4 million people acquired HIV-1 in 2007 while already 31 to 36 million people are 
HIV-1 infected worldwide49. Thus, the HIV-1 pandemic is still growing for which there is currently no 
cure or vaccine available.  Heterosexual transmission of HIV-1 across genital epithelial tissue is the 
primary route of HIV-1 dissemination worldwide49,88. Therefore, increased knowledge about how sexual 
transmission of HIV-1 occurs and the identification of factors facilitating or enhancing this process are 
essential for the development of effective strategies to reduce new infections. 
Many biological factors are involved in sexual transmission of HIV-1 and the risk of HIV-1 acquisition 
varies depending on these factors, including viral loads48, viral variants and host susceptibility, which 
may include contraception, male circumcision and genital co-infection88. Moreover, different soluble 
factors in body fluids might influence transmission such as factors in breast milk72 and semen71. 
Furthermore, genital co-infections have been linked to increased susceptibility to HIV-1 and include 
ulcerative sexual transmitted diseases (STDs), such as genital herpes, gonorrhea, syphilis and 
chlamydial infections27, as well as yeast and bacterial vaginal infections14,43,109. However, the 
mechanisms accounting for increased HIV-1 susceptibility in the presence of genital co-infections are 
unclear. It is argued that these infections increase susceptibility by recruiting HIV-1 target cells into the 
site of infection91 or by causing ulceration and subsequent bleeding27. In addition, we hypothesize that 
pathogenic structures or inflammatory cytokines that are induced upon infection change the function of 
key players in the transmission of HIV-177. 
Langerhans cells (LCs) are a subset of dendritic cells (DCs) that reside in the epidermis of skin and in 
mucosal epithelia such as ectocervix, vagina and foreskin53,78. LCs are therefore likely to be the first 
cells that encounter HIV-1 upon sexual transmission. However, there is debate whether LCs are also 
the first cells infected by HIV-1, and are involved in the initiation of systemic disease18,53,95,116. Several 
ex vivo skin explant studies have shown that LCs are susceptible to HIV-1 and transmit HIV-1 to T 
cells53,81,85. We have recently demonstrated that HIV-1 infection of LCs and subsequent transmission to 
T cells is an inefficient process. Langerin, a C-type lectin specifically expressed by LCs, captures HIV-1 
and acts as a protective barrier for HIV-1 infection by targeting HIV-1 to Birbeck granules for 
degradation. However, when the Langerin function is blocked or saturated using high virus 
concentration this barrier can be overcome. These conditions allow LC infection and subsequent HIV-1 
transmission to occur18. Thus, LCs are an essential checkpoint where it is decided whether the virus is 
degraded or transmitted and we hypothesize that its activation state and the encountered viral loads are 
a decisive factor.  
Both inflammatory cytokines and pathogen-associated molecular patterns (PAMP) induce LC 
activation7,7,26,106, and these factors present during co-infections might breach the protective function of 
LCs to allow HIV-1 transmission. PAMPs are recognized by Toll-like receptors (TLRs) and TLR 
triggering on LCs results in LC maturation26. Here we set out to investigate the effect of bacterial and 
fungal co-infections on HIV-1 transmission by LCs. To mimic the epithelial environment, we developed 
an ex vivo skin explant transmission model to investigate the effect of co-infection on HIV-1 
transmission. We demonstrate that TLR agonists, bacterial and fungal pathogens induce the production 
of the pro-inflammatory cytokine TNFα. Strikingly, both TNFα and the TLR-1/-2 ligand 
Pam3CysSerLys4 (Pam3CSK4) strongly enhance HIV-1 transmission by LCs using distinct 
mechanisms. TNFα increases HIV-1 replication in LCs, whereas Pam3CSK4 enhances HIV-1 capture. 
Our data demonstrate that in response to inflammatory cytokines and pathogenic structures, present 
during genital co-infection, LCs mediate HIV-1 transmission. Identification of these risk factors that 
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increase HIV-1 susceptibility forces a re-evaluation of LC function in HIV-1 transmission and might help 
towards the development of strategies to prevent HIV-1 transmission.  
 

Results 

 

Figure 1. An ex vivo skin 
model to investigate the 
effect of inflammation on 
HIV-1 transmission.  
(A-C) Epidermal sheets 
were floated on medium 
in a 24-wells plate and 
where indicated 
stimulated with different 
stimuli. After 6 hours the 
sheets were inoculated 
with HIV-1 NL4.3-BaL-
eGFP. After three days 
the epidermal sheets 
were removed and 
CCR5+ Jurkat T cells 
were added for an 
additional seven days. 
(B) The migrated 
epidermal cells (day 3) 
were stained with 
antibodies against CD1a, 
Langerin, CD86 or CD3 
and analyzed by flow 
cytometry to determine 
their phenotype and HIV-
1 infection. R1 is gated 
on the larger cells in the 
population. Open 
histograms represent 
isotype-control; filled 
histogram specific 
antibody staining; the 
mean (+/- standard 
deviation) of the specific 
staining is depicted in the 
upper right corner. The 
percentage of GFP+, 
CD3+ and CD1a+ cells 
(+/- standard deviation) is 
depicted in the upper 
right corner of the 
dotplots. (C) Samples of 
the co-cultures (day 5, 7 
and 10) that were not 
stimulated with any 
stimulus were analysed 
for GFP expression by 
flowcytometry. The 
percentage of GFP+ cells 

(+/- standard deviation) is depicted in the upper right corner. As control for HIV-1infection, the same concentration of NL4.3-
BaL-eGFP was added to wells without epidermal sheets and processed similarly as the other conditions. 
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An ex vivo model to determine the effect of co-infection on HIV-1 transmission 
Bacterial and fungal co-infections of the genital tract result in increased risk of HIV-1 infection 13,27,109. To 
investigate the effect of different bacterial pathogens on HIV-1 transmission, we set up an ex vivo HIV-1 
transmission model using human epidermal sheets (Figure 1A). The advantage of this model is that LCs 
reside in their physiological cellular environment, which is essential for LC function99. Upon culture of 
the epidermal sheets, LCs migrate out of the epidermis, similar to LCs in the epithelial tissues that 
migrate towards the T cell rich area’s upon activation. 
We have used the recombinant R5-tropic HIV-1 strain NL4.3-eGFP-BaL, expressing the enhanced 
green fluorescent protein (eGFP) upon replication (referred to as HIV-1-eGFP) to investigate 
transmission of HIV-1 by LCs ex vivo, by adding the virus to epidermal sheets12. LC infection by HIV-1 is 
relatively inefficient and high virus concentrations are needed to infect LCs18. HIV-1 infection of LCs ex 
vivo was analysed by measuring GFP expression using flow cytometry, and indeed infection of 
unstimulated emigrated CD1a+ LCs was low (<0.5 %) and high virus concentrations (30ng p24; 1,2x104 
IU/sheet) were needed to detect infection of unstimulated emigrated LCs (Figure 1B). To optimise virus 
entry into the sheets and subsequent interaction with immature residing LCs, we have incubated the 
sheets with virus in a low volume and diluted the volume six-fold after 2 hours. LCs migrate out of the 
sheets after more than 12 hours (data not shown), strongly suggesting that the observed effects are due 
to HIV-1 infection of immature LCs in the epidermal sheets in situ. During the next three days, LCs, in 
contrast to keratinocytes, migrated out of the epidermis as determined by flow cytometry. The majority 
of migrated cells expresses CD1a and Langerin and therefore represents LCs (Figure 1B), although a 
minor population consisted of CD3+ T cells and might become infected by HIV-1 (Figure 1B). Moreover, 
the emigrated LCs expressed high levels of CD86, and thus have a mature phenotype (Figure 1B).  
At day 3, the epidermis was removed and CCR5+ Jurkat T cells were added to determine HIV-1 
transmission to T cells by LCs. The ex vivo LC transmission of HIV-1 to T cells was followed by flow 
cytometry. Viral infection of T cells was low but detectable after seven days (mean of 1.8%; figure 1C). 
This is in line with previous data that HIV-1 transmission by LCs is inefficient and that high virus loads 
are needed to induce infection18,51. At later time points, infection was more clearly detectable in the T 
cell culture (mean of 14.4% at day 10) (Figure 1C). At high virus concentrations, residual virus remains 
infectious after three days and can infect CCR5+ Jurkat cells independent of LCs, as demonstrated by 
the low infection of CCR5+ Jurkat cells in absence of epidermal sheets mean of 0.55% at day 7; figure 
1C). Thus, the ex vivo model is suitable to investigate the effect of LC activation on HIV-1 transmission 
in conditions of high virus concentrations, reflecting high viral loads of the infected partner in vivo. 
 
Exposure of skin and vagina biopsies to pathogens and TLR agonists results in TNFα production 
Microbes induce the production of several inflammatory cytokines and chemokines by interacting with 
TLR on epithelial cells or LCs, which might affect HIV-1 transmission. Since TNFα enhances HIV-1 
replication in T cells and macrophages by activation of the nuclear factor kB (NF-kB)65,74, we 
investigated whether bacteria or TLR agonists induce the pro-inflammatory cytokine TNFα. We 
incubated skin and vaginal biopsies from epithelial tissue with TLR agonists, Candida albicans and 
Neisseria gonorrhea, since these pathogens have been associated with reproductive tract 
infections25,73. After 24 hours supernatant was harvested and TNFα production was analysed. The 
cytokines were measured after 24 hours, when only a small number of cells had migrated out of the 
tissue, strongly indicating that the main effects of the pathogens are due to interactions with residing 
cells. Both Candida and Neisseria induced TNFα production in epidermal and vaginal biopsies (Figure 
2A,B). Notably, TLR agonists LPS, LTA, Pam3CSK4 and flagellin also induced TNFα production in the 
skin biopsies, indicating that TLR triggering mediates the production of TNFα (Figure 2C). 
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Figure 2. Different 
pathogens and pathogenic 
ligands induce TNFα 
production in skin and 
vaginal biopsies. 
(A,B,C) Skin or vagina 
epithelial biopsies were 
stimulated with Candida 
albicans, Neisseria 
gonorrhea, Pam3CSK4, 
LTA, LPS or flagellin. After 
24 hours the supernatant 
was collected, and TNFα  
production was measured 
by    ELISA      Error      bars 

 

represent the standard deviation of duplicates. For each panel, the 
different donors were measured in two independent experiments. 
 

In addition to TNFα, we analysed the production of the 
inflammatory cytokines IL-6, IL-1ß; and the chemokine IL-8. 
IL-6 and IL-8 were both highly produced in skin biopsies. 
However, no differences were observed between 
unstimulated and stimulated tissues after 24 hours 
(Supplementary figure 1) or 48 hours of culture ([L.de Witte 
and M. de Jong] unpublished data). Furthermore, the 
production of IL-1ß in the skin biopsies was below the 
detection  limit  (< 5pg/ml;  [L.de Witte and M. de Jong]    

unpublished data). Thus, bacterial and fungal pathogens associated with genital tract infections induce 
TNFα production both in epithelial and vaginal tissues and this can affect HIV-1 transmission. 
  
TNFα and TLR ligands affect HIV-1 transmission ex vivo 
Next, we investigated whether TNFα or TLR agonists influence HIV-1 transmission by LCs in the ex vivo 
transmission model. Extracellular bacterial and yeast microbes are mainly recognized by TLR-2 (alone 
or in combination with TLR-1 or -6), TLR-4 and TLR-573,104.  Therefore, we used the TLR agonists 
Pam3CSK4 (TLR-1/TLR-2), lipoteichoic acid (LTA; TLR-2/TLR-6), LPS (TLR-4) and flagellin (TLR-5). 
Epidermal sheets were pre-incubated with the TLR agonists or TNFα, and subsequently infected with 
HIV-1-eGFP. At day 3, CCR5+ Jurkat T cells were added and infection was followed in time by 
fluorescent microscopy and flow cytometry. Almost no infected cells were detected in the medium 
control condition, confirming that HIV-1 transmission to T cells is not efficient under normal conditions, 
even though we used high concentrations of virus (Supplementary figure 2 and figure 3A). Strikingly, 
many syncytia were observed in the TNFα-treated cultures at day 7 and high levels of GFP expression 
were detected in the T cells by fluorescent microscopy and flow cytometry (Figure 3A and 

supplementary figure 2). Further analyses by flow cytometry demonstrated that in the TNFα-treated 
condition up to 50% of the T cells were infected (Figure 3A,B). Although donor variation ranged from 25 
to 50%, the increase in HIV-1 transmission by TNFα was observed for all donors (Figure 3B).  
The TLR-1/2 ligand Pam3CSK4 also increased HIV-1 transmission to T cells (Supplementary figure 2 
and figure 3A) and about 5-50% of the T cells was infected (Figure 3A,B). Although the increased 
transmission was observed for all donors and did increase over time, the effect was more variable 
compared to TNFα (Figure 3B). TLR agonists LTA, LPS and flagellin marginally increased HIV-1 
transmission in some donors (Figure 3A,B). Enhancement of HIV-1 transmission by the different stimuli 
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was dependent on interaction of HIV-1 with the epidermis, since transmission was not increased by the 
different stimuli in absence of epidermal sheets (Figure 3A). The increased transmission in the 
presence of TNFα and Pam3CSK4 was statistically significant (p<0.001 and p<0.05 respectively), while 
overall, the effect of other TLR agonists was not significant (Figure 3B).  

 

 

Figure 3. TNFα and Pam3CSK4 
enhance HIV-1 transmission ex 
vivo. 
(A-D) Epidermal sheets were 
stimulated with TNFα, Pam3CSK4, 
LTA, LPS or flagellin for six hours 
and ex vivo transmission was 
determined as in Figure 1. (A) Co-
cultures of donor #1-4 (day 7) 
were analysed for GFP expression 
by flow cytometry. HIV-1 
transmission is depicted as 
percentage of CCR5+ Jurkat T 
cells positive for GFP expression. 
Error bars represent the standard 
deviation of duplicates. (B) Results 
obtained with donors #1-8 are 
depicted and the values were 
analyzed for statistical differences 
by ANOVA (** = p<0.01;  *** = 
p<0.001 versus the no treatment 
condition). (C) Before addition of 
the CCR5+ Jurkat T cells the 
migrated cells were extensively 
washed. At day 7 supernatant was 
collected, and viral content was 
monitored by p24 ELISA. A 
representative experiment of two 
is depicted. (D) To analyze donor 
differences two different skin 
donors were incubated with TNFα, 
Pam3CSK4, LTA, LPS or flagellin 
at two different days and ex vivo 
transmission was determined as 
described in Figure 1. The 
samples were measured in time. 
Error bars represent the standard 
deviation of duplicates. 
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To validate that GFP expression upon infection with HIV-1-eGFP correlates with the amount of virus 
produced, numbers of viral particles in the supernatant were quantified by an HIV-1 capsid ELISA 
(Figure 3C). The ex vivo experiment was performed as described before, however migrated cells were 
washed before addition of the CCR5+ Jurkat cells, to remove death virus particles of the initial inoculum. 
Only low amounts of HIV-1 p24 were detected in the untreated sheets, whereas, as expected based on 
the GFP expression, high amounts of viruses were detected after TNFα and Pam3CSK4 treatment. 
These data demonstrate that GFP expression correlates with viral production (Figure 3C). Transmission 
to T cells by LCs from four different donors was followed over time (Figure 3D). The TLR-5 agonist, 
flagellin, increased HIV-1 transmission in three donors whereas LPS enhanced HIV-1 transmission in 
one out of four donors (Figure 3D). LTA did not enhance HIV-1 transmission. Thus, the effects of TLR 
agonists flagellin and LPS are donor dependent. 

Figure 4. TNFα and Pam3CSK4 
enhance HIV-1 transmission ex vivo. 
(A) Epidermal single cell 
suspensions were stimulated with 
TNFα and Pam3CSK4, after 2 hours 
the cells were inoculated with HIV-1-
eGFP. After 2 hours the cells were 
washed and CCR5+ Jurkat T cells 
were added for seven days and 
analysed for GFP expression by flow 
cytometry. A representative 
experiment out of two donors is 
depicted. (B) Epidermal sheets were 
stimulated with TNFα, Pam3CSK4, 
LTA, LPS or flagellin for six hours 
and ex vivo transmission was 
determined as in Figure 1 and 3. A 
part of the migrated cells was 
extensively washed before addition 
of the CCR5+ Jurkat T cells (right 
panel). HIV-1 transmission is 
depicted as percentage of CCR5+ 
Jurkat T cells positive for GFP 
expression. Error bars represent the 
standard deviation of duplicates. A 
representative experiment out of two 
donors is depicted. (C) Epidermal 
sheets were stimulated with TNFα 
and Pam3CSK4 before incubation 
with HIV-1-eGFP. After three days 
the migrated cells were washed and 
LCs were isolated by CD1a-
selection using magnetic beads. The 
CD1a+ and CD1a- fraction were 
used to measure transmission to 
CCR5+ Jurkat T cells. The co-
cultures were monitored by flow 
cytometry at different days. Error 
bars represent the standard 
deviation of duplicates. A 
representative experiment out of two 
is shown. 
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TNFα and Pam3CSK4 enhance HIV-1 transmission by LCs ex vivo 
TNFα and TLR ligands can induce LC migration55,86 and as such might contribute to enhances HIV-1 
transmission. We excluded the effect of LC migration by measuring transmission of HIV-1 by an LC-
enriched single cell suspension, consisting of 5-10% LCs.  Similar to the ex vivo model, both TNFα and 
Pam3CSK4 induce HIV-1 transmission by the LCs present in the epidermal single cell suspension 
(Figure 4A); demonstrating that increased transmission by these compounds is independent of LC 
migration.  
To further investigate a specific role for LCs during HIV-1 transmission ex vivo and to exclude direct 
effect of the TLR ligands, produced soluble of factors or cell-free HIV-1 on T cells, the migrated cells 
were washed before addition of the CCR5+ Jurkat cells. Pam3CSK4 and TNFα increased HIV-1 
transmission with the same fold-increase in this setting (Figure 4B), indicating that these compounds 
affect LC function during HIV-1 transmission. However, the values of infection were lower than the 
conditions that were not washed, indicating that the presence of de novo synthesized virus in the 
medium or the presence of soluble factors that act on the target cells. The effect of flagellin was 
abrogated after washing the migrated cells (Figure 4B), indicating that flagellin directly or indirectly acts 
on the CCR5+ Jurkat cells rather than on the LCs. To further confirm that Pam3CSK4 and TNFα 
increase HIV-1 transmission by LCs and to exclude effects of keratinocytes or the minor T cell 
contamination (Figure 1), we isolated the CD1a+ LCs from the migrated cells. Only the CD1a+ LC 
fraction mediated HIV-1 transmission (Figure 4C), demonstrating that the effect of TNFα and 
Pam3CSK4 is mediated by LCs and not by keratinocytes or T cells. Thus, using the ex vivo 
transmission model we demonstrate that TNFα and Pam3CSK4 increase HIV-1 transmission by LCs to 
T cells.  
 

TNFα enhances HIV-1 replication in LCs 
Next, we investigated whether the TNFα- and Pam3CSK4-mediated increase in HIV-1 transmission is 
the consequence of an increase in LC infection, since HIV-1 transmission by LCs under steady-state 
conditions depends on direct infection of LCs with HIV-118,52. Epidermal sheets were inoculated with 
replication competent HIV-1-eGFP in the presence of TNFα or Pam3CSK4 and the infection of LCs was 
determined by flow cytometry at day 3 (Figure 5A,B). Low infection of LCs was detected without stimuli 
(Figure 5A, B) as demonstrated previously18. Although donor variations were observed, both TNFα and 
Pam3CSK4 increased LC infection compared to the medium control (Figure 5B). Thus, both stimuli 
increase LC infection, which contributes to the observed increase in HIV-1 transmission by LCs (Figure 
3). We have investigated the expression of CD4, CCR5 and Langerin after the ex vivo stimulation of the 
cells with Pam3CSK4 and TNFα. The increased infection was independent of expression of the entry 
receptors CD4 and CCR5 or the expression of the protective receptor Langerin, since the expression 
levels did not significantly change after ex vivo stimulation (Supplementary figure 3). Notably, the fold 
increase in percentage of infected LCs after stimulation with either TNFα or Pam3CSK4 was less 
pronounced than the fold increase in transmission, indicating that LCs produce more virus progeny due 
to increased replication or that LCs transmit initial captured virus particles. First, we investigated 
whether the stimuli induced HIV-1 replication in LCs by measuring the presence of the multiply spliced 
mRNAs encoding the HIV-1 early genes tat and rev by quantitative real-time PCR, which is a method to 
determine HIV-1 replication16. Next, we investigated whether viral capture was altered by the stimuli by 
measuring the amount of LTR transcripts after 6 hours as a measure for viral particle copies. Epidermal 

single cell suspensions were incubated with HIV-1 in presence or absence of TNFα and Pam3CSK4. 

After 6 hours, the cells were washed extensively and lysed for mRNA capture. Both TNFα  
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Figure 5. TNFα and Pam3CSK4 enhance HIV-1 infection. 
(A,B) Epidermal sheets were stimulated with TNFα or Pam3CSK4. After 6 hours the sheets were inoculated with HIV-1-
eGFP. After three days the epidermal sheets were removed, the migrated cells were harvested, stained for CD86 and 
subsequently analysed for GFP expression by flow cytometry. (A) Infection is depicted in dotplots. The percentage of GFP+ 
cells (+/- standard deviation) is depicted in the upper right corner. (B) HIV-1 transmission is depicted as percentage of cells 
positive for GFP expression. Error bars represent the standard deviation of duplicates. The three depicted donors are 
measured in two independent experiments. (C-E) Epidermal single cells suspensions were stimulated with TNFα or 
Pam3CSK4 for 30 minutes and inoculated with NL4.3-BaL. After six hours the cells were washed and analysed for 
transcription of (A) Tat/Rev and (B) LTR by quantitative real-time PCR analysis. The Ct values were normalized for cellular 
GAPDH and relative mRNA expression of HIV-1-inoculated medium control samples was set at 1. (C) Transcription per viral 
copy in cell was determined by the ratio of Tat/Rev and LTR transcripts.  A representative experiment out of four donors is 
depicted. Errors bars represent the standard deviation of duplicates. 

 
and Pam3CSK4 increased the production of Tat/Rev transcripts (Figure 5C), demonstrating that both 
stimuli induce HIV-1 production in LCs. Analysis of the LTR transcripts present in viral particles 
demonstrate that LCs treated with Pam3CSK4 contained a high amount of viral RNA (Figure 5D), 
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strongly suggesting that Pam3CSK4 increases HIV-1 capture by LCs. We did not observe any increase 

in viral RNA in TNFα-treated LCs, confirming that TNFα solely enhanced HIV-1 replication and not HIV-
1 capture. Next we determined the ratio between Tat/Rev and LTR transcripts in the different LCs as a 

measure for active HIV-1 replication per viral copy. Notably, TNFα induced a strong upregulation of 
HIV-1 replication per viral copy whereas Pam3CSK4 did not increase or in some donors decreased 
HIV-1 replication per viral copy (Figure 5E). Similar results were obtained with emigrated LCs ([M. de 
Jong and L. de Witte] unpublished observations), demonstrating that the isolation procedure does not 
interfere with the observed results. These data suggest that the increased Tat/Rev transcription 
observed in Pam3CSK4-treated LCs is due to increased HIV-1 capture and integration but not to 

increased rate of replication, in contrast to TNFα that solely enhances HIV-1 replication (Figure 5). 

Thus, TNFα and Pam3CSK4 induce HIV-1 infection of LCs through increased replication and viral 
uptake, respectively. 

 

 

 
Figure 6. Pam3CSK4 enhances trans-infection of HIV-1. 
(A,B) Epidermal sheets or (C,D,E) epidermal single cells suspensions were 
stimulated with TNFα or Pam3CSK4. After 6 hours the sheets/cells were 
inoculated with replication-competent HIV-1-eGFP or single cycle HIV-1-eGFP 
(HIV-1 NL4.3-eGFP-∆envelope pseudotyped with the BaL envelope). After three 
days the epidermal sheets were removed or the cell suspensions were washed 
after two hours and CCR5+ Jurkat T cells were added. At day 5 the co-cultures 
were analysed for GFP expression by flow cytometry. (A) The response to 
different virus doses is depicted. (B,D) The means of the responses of different 
donors are depicted, the values were analysed by ANOVA for statistical 
differences. **=p<0.01. n.s. =not significant. Error bars represent the standard 
deviation of duplicates. 
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Pam3CSK4, but not TNFα, increases trans-infection by LCs 
Both TNFα and Pam3CSK4 significantly enhance HIV-1 transmission ex vivo (Figure 3,4). However, 
both stimuli induced distinct responses among the different donors, suggesting that different 
mechanisms are involved (Figure 3,5). HIV-1 transmission from monocyte-derived dendritic cells 
(moDCs) to T cells can occur via de novo production of virus or via trans-infection103, in which DCs 
capture HIV-1 and transfer the same virus particle to T cells. Under normal conditions, LCs do not 
efficiently mediate trans-infection18 and transmission is mainly dependent on de novo virus production.  
We investigated whether infection of activated LCs is indeed essential to the observed increased HIV-1 
transmission using replication-defective HIV-1 (BaL-pseudotyped NL4.3-eGFP�env) in the ex vivo 
transmission model. Epidermal sheets were inoculated with replication-defective HIV-1 in the presence 
of TNFα or Pam3CSK4, and transmission to CCR5+ Jurkat T cells was determined. Notably, 
Pam3CSK4, increased HIV-1 trans-infection to T cells (Figure 6A,B). TNFα slightly enhanced trans-
infection in some donors, however this was not significant between the different donors (Figure 6B), 
demonstrating that Pam3CSK4 and TNFα increase HIV-1 transmission through different mechanisms. 
We measured trans-infection of single-cycle HIV-1 by LCs from an LC-enriched skin epidermal single 
cell suspension. Similar results were obtained using these cell suspensions (Figure 6C,D), 
demonstrating that HIV-1 trans-infection was not dependent on increased LC migration. Next, we 
compared transmission of single-cycle HIV-1 with replication competent HIV-1. Pam3CSK4 increased 
transmission of both viruses to similar levels, suggesting that a major part of the increase of HIV-1 
transmission by Pam3CSK4-stimulated LCs is mediated by trans-infection (Figure 6E). Thus, 
Pam3CSK4 but not TNFα enhances trans-infection of HIV-1 by LCs. 
 
Pam3CSK4 increases HIV-1 capture by Langerhans cells 
To further investigate the mechanisms that are involved in the increased trans-infection after 
Pam3CSK4 stimulation, we investigated the interaction of HIV-1 to Pam3CSK4-stimulated LCs by 
immunofluorescence microscopy. Emigrant LCs were stimulated for 1 hour, and subsequently 
inoculated with HIV-1 for 2 hours. Pam3CSK4 induced clustering of the emigrant LCs to clusters of 5-30 
cells (Supplementary figure 4A) and the cells had a more polarized morphology based on the 
morphology (Supplementary figure 4B), indicating that the cells are activated. In unstimulated cells, 
single HIV-1 particles were observed in approximately 1 out of 10 cells (different positive cells depicted 
in 7A and Supplementary figure 5). Strikingly, multiple HIV-1 particles were observed in about 30% of 
the Pam3CSK4-stimulated cells (Figure 7A,B and Supplementary figure 5). HIV-1 was often observed in 
clusters both on the cell membrane as well as in intracellular vesicles (Figure 7B and Supplementary 
figure 5B). These data further confirm that Pam3CSK4 increases capture of HIV-1 by LCs. Exosomes of 
dendritic cells have been implicated in trans-infection of HIV-1113. We therefore analysed whether HIV-1 
in Pam3CSK4-stimulated cells co-localized with HLA class-I, molecules that are abundantly present in 
exosomes113. In some cells, colocalisation of HIV-1 and HLA class-I was observed, however, virus was 
also observed in clusters on the cell membrane that did not colocalize with HLA class-I (Supplementary 
figure 6). Thus, in Pam3CSK4-stimulated cells HIV-1 is present both intracellularly and on the cell 
membrane.  
To investigate whether intracellular or extracellular HIV-1 is transmitted to the target cells, we treated 
the epidermal single cell suspension with trypsin after incubation with the single-cycle HIV-1. Strikingly, 
trypsin treatment abrogated the increased transmission induced by Pam3CSK4 (Figure 7C), 
demonstrating that primarily cell-bound HIV-1 is transmitted after Pam3CSK4 treatment. These data 
demonstrate that Pam3CSK4 increases HIV-1 binding to LCs and transmission of these virus mostly 
cell-bound particles to target cells.   
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Figure 7. Pam3CSK4 increases HIV-1 capture and primarily 
transmits cell-bound HIV-1.  
(A,B) Emigrant LCs were stimulated with Pam3CSK4 for 1 hour, 
and subsequently inoculated with NL4.3 BaL. After two hours, the 
cells were extensively washed. The cells were fixed, permeabilized 
and stained for the LC-marker CD1a and HIV-1 p24. The cells 
were counterstained with isotype-specific Alexa antibodies 
(red=HIV-1 p24; green=CD1a). Single HIV-1 particles are indicated 
with arrows. Pictures are taken at a magnification of 630X with a 
4X zoom. A representative experiment out of two is depicted. (C) 
Epidermal single cells suspensions were stimulated with 
Pam3CSK4. After 6 hours the cells were inoculated with single 
cycle HIV-1 (HIV-1 NL4.3-eGFP-∆envelope pseudotyped with the 
BaL envelope). After two hours the cell suspensions were washed, 
and subsequently the cells were treated with trypsin or a PBS 
control. CCR5+ Jurkat T cells were added and at day 5 the co-
cultures were analysed for GFP expression by flow cytometry. A 
representative experiment out of two is depicted.    

 

Discussion 
In order to reduce the growing HIV-1 pandemic there is a strong pressure to understand HIV-1 
transmission. Sexual transmission of HIV-1 is the major route of infection worldwide49 and little is known 
about the factors governing HIV-1 transmission and susceptibility to HIV-1. Genital co-infection is a risk 
factor for acquiring HIV-188, indicating that pathogens or host-responses to the pathogens create a 
genital environment that favours HIV-1 transmission. Here we demonstrate a potential role for LCs in 
the increased susceptibility to HIV-1 during fungal and bacterial co-infections. 
Due to their epithelial localization and function, LCs are the first cells to encounter HIV-1 in the genital 
epithelial tissues53,78. Several studies suggest that HIV-1 subverts the function of LCs for viral transmission 
to T cells, thereby infecting the host52,85. However, other reports argue that not LCs but T cells and 
subepithelial antigen presenting cells are the first cells infected by HIV-140,95,116. Moreover, our recent data 
demonstrate that LCs are not efficiently infected by HIV-1 and form a barrier to HIV-1 infection through the 
function of the C-type lectin Langerin18; Langerin captures HIV-1, resulting in efficient virus degradation, 
which prevents infection. However, Langerin inhibitors or high virus concentrations (>100ng p24/1X106 
LCs) that saturate Langerin allow LC infection and subsequent HIV-1 transmission18. These data suggest 
that under normal conditions LCs function as a barrier but that specific conditions might change LC function 
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and promote transmission. Using an ex vivo transmission model, we demonstrate here that indeed HIV-1 
transmission by LCs is low and inefficient; high concentrations of HIV-1 (30 ng of p24 per epidermal 
sheets, containing approximately 1x105 LCs) were needed to observe transmission by LCs. Strikingly, 

activation of LCs by TNFα or Pam3CSK4 induces a strong increase in transmission of HIV-1, 
suggesting that under conditions of high viral loads and inflammation, LCs play a pivotal role in HIV-1 

transmission. No differences in surface Langerin expression were observed after TNFα or Pam3CSK4 
treatment. These results indicate that these compounds enhance HIV-1 transmission by LCs, 
independently of Langerin function. However, here we have used virus concentrations that were 
previously shown to saturate Langerin function18.  
Inflammatory conditions induce LC maturation, which includes down-regulation of antigen capture and 
processing, as well as migration from the periphery to the lymphoid tissues. Monocyte-derived LC-like 
cells are more susceptible to HIV-1 infection after activation with CD40L54. Moreover, a recent study 
demonstrated that CD34+-derived LC-like cells only efficiently transfer HIV-1 after activation by a 

combination of LPS and TNFα22. Although primary LCs are unresponsive to LPS26, these studies using 
LC-like models, suggest that LC activation is an important determinant in whether LCs protect against 
HIV-1 infection or transmit the virus to T cells. Moreover, the cellular environment might also be pivotal 
to LC function in HIV-1 transmission. Therefore, we have used an ex vivo skin model to investigate the 
role of primary LCs and the environment in HIV-1 transmission during co-infections and inflammatory 
conditions.  
Co-infections with pathogens activate LCs through TLR triggering. Therefore, we investigated whether 
different bacterial TLR agonists influence HIV-1 transmission in the ex vivo model. We demonstrated 
that TLR-2, -4 and -5 agonists increase HIV-1 transmission in tissues derived from some donors, 
whereas no increase was observed in other donors.  Notably, the TLR-4 agonist LPS did induce HIV-1 
transmission by LCs in some donors, even though LCs do not express TLR-4 ([L.de Witte and M. de 
Jong] unpublished data)26,106. These data suggest that the observed increase for at least the TLR-4 
agonist is due to an indirect activation of LCs, such as production of pro-inflammatory cytokines by 
keratinocytes, since keratinocytes and epithelial cells do express TLR-4106. Indeed, we observed the 

production of TNFα after LPS stimulation of skin biopsies. This might be variable throughout donors due 
to different levels of TLR expression and activity, resulting in the variation in HIV-1 susceptibility18. The 
TLR-5 agonist flagellin enhanced HIV-1 transmission in our ex vivo model in half of the donors. 
However, the effect of flagellin was indirect, since the increased transmission was abrogated after 
washing the emigrated LCs and flagellin did not increase HIV-1 capture or replication in LCs as 
determined by RT-PCR ([L.de Witte and M. de Jong] unpublished data). Moreover, flagellin itself did not 
increase susceptibility of CCR5+ Jurkat cells ([L.de Witte and M. de Jong] unpublished data), suggesting 
that flagellin induces the production of a soluble factor that enhances infection of T cells. Furthermore, 
TNF� neutralization by antibodies in the ex vivo experiment did not prevent the increase of transmission 
by flagellin (Supplementary Figure 7), suggesting that TNFα is not involved in the enhanced 
transmission by flagellin.  
In contrast to the other TLR agonists, Pam3CSK4 enhanced transmission in all donors tested. 
Pam3CSK4 is a synthetic tripalmitoylated lipopeptide that mimics the acetylated amino terminus of 
bacterial lipoproteins2,45. Recognition of Pam3CSK4 is mediated by a dimer of TLR-1 and TLR-2 75. LCs 
and keratinocytes both express TLR-1 and -226,100,106. Neutralizing antibodies against TNFα did not 
abrogate the Pam3CSK4-induction of HIV-1 transmission (Supplementary figure 7), demonstrating that 
Pam3CSK increased transmission independent of TNFα. Using a single cycle replication defective HIV-
1, we demonstrate that the increase in HIV-1 transmission by Pam3CSK4-stimulated LCs is 
independent of HIV-1 infection of LCs, demonstrating that the increase is at least partly due to trans-
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infection of T cells; HIV-1 capture by LCs is increased and the captured viruses are efficiently 
transmitted to T cells. This is supported by our finding that HIV-1 capture by LCs is strongly increased 
after Pam3CSK4 stimulation. Single particles and clusters of HIV-1 are observed intracellular and on 
the cell membrane, some colocalizing with HLA class-I molecules, which might reflect exosomes. 
Although HIV-1 was observed in intracellular vesicles, cell-bound HIV-1 was primarily transmitted after 
Pam3CSK4 stimulation. Pam3CSK4 might upregulate the expression of receptors that increase HIV-1 
capture, such as heparan sulphate proteoglycans 17. However heparinase treatment did not abrogate 
HIV-1 transmission after Pam3CSK4 treatment ([L.de Witte and M. de Jong] unpublished data), 
indicating that heparan sulphates are not involved. Possibly, Pam3CSK4 enhances the endocytic 
capacity of LCs, thereby increasing HIV-1 uptake, either receptor-mediated or not. Recent data 
demonstrate that TLR agonists induce a rapid increase in endocytosis by DCs followed by a long-term 
down-regulation of endocytosis112.  
This is further supported by our finding that the enhanced HIV-1 capture by Pam3CSK4 is observed 
within 30 minutes ([L.de Witte and M. de Jong] unpublished data) and that Pam3CSK4-stimulated LCs 
rapidly change phenotypically and form clusters. A recent report demonstrated that Pam3CSK4 
stimulation in T cells results in the activation of NF-κB and upregulation of the expression of CCR5. 
After 24 hours of stimulation, these activated T cell are more susceptible to both X4- and R5-tropic HIV-
1102. However, we observed increased trans-infection, which is independent of fusion of HIV-1 with LCs, 
strongly suggesting that increased HIV-1 capture but not infection is responsible for transmission after 
Pam3CSK4 stimulation.  
TLR agonists as well as whole pathogens can increase HIV-1 transmission indirectly by changing the 
cytokine environment. Indeed, TLR agonists, such as Candida albicans and Neisseria gonorrhea 

induced the pro-inflammatory cytokines TNFα in vaginal and skin tissues ex vivo. Therefore, we 

investigated what the effect of pro-inflammatory cytokine TNFα was on HIV-1 transmission. Our data 

demonstrate that TNFα strongly upregulated HIV-1 transmission by LCs ex vivo, suggesting that LC 

activation by TNFα leads to increased susceptibility to HIV-1 under co-infection circumstances. Further 
study of the molecular mechanism demonstrates that TNFα increased the level of HIV-1 replication in 
infected LCs, which results in enhanced HIV-1 transmission to T cells. This is further supported by the 

need for HIV-1 infection in LCs, since TNFα- in contrast to Pam3CSK4-treated LCs do not transmit 

replication-defective HIV-1 to T cells ex vivo. Moreover, TNFα did not increase HIV-1 capture by LCs 
but enhanced initiation of HIV-1 transcription as determined by the increase in the multiply spliced 
transcripts of the early HIV-1 genes tat and rev. These data are supported by previous studies 
demonstrating that TNFα enhances replication of HIV-1 in T cells and macrophages65. These data 
strongly suggest that co-infections abrogate the protective barrier function of LCs and allow LC infection 
and subsequent HIV-1 transmission. Inflammation not only affects LC function but also epithelial and 
sometimes sub-epithelial tissues, resulting in the production of inflammatory factors, influx of immune 
cells, ulceration and bleeding. Different mechanisms have been proposed to explain the increased risk 
of HIV-1 acquisition during co-infection, such as genital ulceration 27. However, we here demonstrate 
that the role of LCs should be taken into account. 
Since the development of an effective vaccine or a curative treatment for HIV-1 is not progressing 
rapidly, the WHO stated that focus should be on the development of an agent that prevents HIV-1 
transmission, and that can be applied topically, such as a genital cream49. Our results indicate that co-
infection results in a changed LC phenotype that can result in transmission, mediated through different 
mechanisms. To prevent LC infection and subsequent transmission it is attractive to try to block the 
entry receptors of HIV-1 on the LCs, such as CD4 and CCR550. However, by TLR activation in the 
presence of co-infections other uncovered mechanisms and receptors can account for increased HIV-1 
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transmission, such as increased capture and subsequent trans-infection by Pam3CSK4. Since these 
mechanisms are potential targets for therapies these need to be further unravelled. Since TNFα 
enhances LCs infection and subsequent transmission, the cytokine itself or its receptor represent 
targets to prevent HIV-1 transmission. Moreover, these results emphasize that prevention and fast 
intervention to treat co-infections and especially chronic co-infections should be taken as a serious point 
in the prevention of HIV-1 transmission. 

 
Material and Methods 
Antibodies and reagents. The following reagents were used: The synthetic tripalmitoylated lipopeptide 
Pam3CysSerLys4 (Pam3CSK4; Invivogen, San Diego, CA, USA), lipoteichoic acid (LTA) derived from 
Staphylococcus aureus (Sigma, St. Louis, MO, USA), lipopolysaccharide (LPS) derived from Salmonella Typhosa 
(Sigma, St. Louis, MO, USA), flagellin derived from Bacillus Subtilis (Invivogen, San Diego, CA), recombinant 
human tumour necrosis factor-alpha (TNFα; Strathmann biotec, Germany). The following antibodies were used: 
DCGM4-PE (anti-Langerin; Beckman Coulter Inc., Miami, Floride, USA), HI149-FITC (anti-CD1a; Pharmingen, 
San Diego, CA, USA), goat anti-mouse-FITC (Zymed Laboratories Inc., South San Fransisco, CA, USA), 
HA5.2B7-PE (CD86; Immunotech, Marseille, France), 2D7-PE (anti-CCR5; Pharmingen, San Diego, CA, USA), A-
07751-PE (anti-CD4; Beckman Coulter Inc., Miami, Floride, USA), KC57-RD1-PE (anti-HIV-1 p24; Beckman 
Coulter Inc.), HLA-ABC-m3-FITC (anti-HLA-B27; Abcam, Cambridge, UK), NA1/34 (anti-CD1a; IgG2a, Dako 
Cytomation Denmark, Glostrup, Denmark). The following plasmids were generously provided by C. Aiken: BaL 
envelope, pNL4.3eGFP-delta envelope and the pNL4.3eGFP-BaL, in which wild-type NL4.3 envelope was 
switched for the R5 BaL envelope and which encodes the GFP gene instead of the Nef gene.  The human CCR5 
lentiviral vectors pLOX (LV-CCR5) replacing the green fluorescent protein (GFP) marker gene was generously 
provided by V. Piguet4,5.  
Cell lines and viruses. Jurkat T-cells expressing chemokine (C-C motif) receptor 5 (CCR5+ Jurkat T cells) were 
generated by retroviral transduction with the lentiviral construct (LV-CCR5), as previously described 4,5. TZM-bl 
cells (generously contributed by Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc. through the NIH AIDS 
Research and Reference Reagent Program) express CD4, CXCR4 and CCR5 and contain an integrated 
Escherichia coli lacZ gene driven by the HIV-1 LTR111. Initially transfecting 293T cells with NL4.3-BaL or 
NL4.3eGFP-BaL proviral obtained NL4.3-BaL or NL4.3eGFP-BaL viruses derived from T cells plasmids (9 µg) 
together with VSV-G envelope plasmid (1 µg). At day 2, VSV-G pseudotyped viruses were harvested and used to 
acutely infect Jurkat T cells. Two days post-infection, de novo viruses produced from Jurkat T cells were 
harvested. For single-round infection assay, 293T cells were transfected with pNL4.3-eGFP-delta envelope (4 µg) 
and BaL envelope plasmids (2 µg), virus was harvested on day 3 and amounts of viruses produced were 
quantified by measuring amounts of viral capsid in the supernatant of transfected 293T cells by p24 ELISA (Perkin 
Elmer Life Sciences, Walthem, MA, USA). All virus stocks were titrated using the indicator cells TZM-bl 111, which 
were seeded at a density of 1 × 105 cells per well in a 24-wells plate. The next day, the cells were inoculated with 
tenfold dilutions of the virus stocks and after 6 hours indinavir (generously provided by NIH AIDS Research and 
Reference Reagent Program; 1µM) was added to prevent de novo infection of target cells. After 48 hours the cells 
were fixed with PBS/3% paraformaldehyde and stained by addition of 5-bromo-4-chloro-3-indolyl-β-
galactopyranoside (X-Gal; 0.4 mg/ml in phosphate-buffered saline containing 4 mM potassium ferricyanide, 4 mM 
potassium ferrocyanide, and 40 mM magnesium chloride). Blue-stained cells were counted as infectious units and 
used to determine the titres. 
Ex vivo infection and transmission assay. Healthy skin was obtained from plastic surgery and cut into 3 mm thick 
slices using a dermatome within 3 hours after surgery. The split skin was incubated with 1 mg/ml Dispase II 
(Roche Diagnostics, Penzberg, Germany) in complete IMDM (Iscoves Modified Dulbecco’s Medium (IMDM), 10% 
FCS and 10 µg/ml gentamycine) at 4°C for 18 hours. Dermal and epidermal tissues were separated mechanically 
and cut into pieces of 1 cm2. The epidermal sheets were floated on 200 µL IMDM in a 24-wells plate, the 
epidermal site upwards. Subsequently, the epidermal sheets were incubated with Pam3CSK4 (5 µg/ml), LPS (10 
µg/ml), LTA (10 µg/ml), flagellin (1 µg/ml) or TNFα (0.1 µg/ml). TNFα was titrated in the ex vivo experiments for 
mediating optimal HIV-1 transmission. For Pam3CSK4 we used the concentration that has been shown to 
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enhance HIV-1 infection of Jurkat cells ([M. de Jong and L. de Witte], unpublished observation). For the other 
ligands we used concentrations that have previously shown the activate DCs and used high concentrations that 
are not toxic. After 6 hours the sheets were inoculated with HIV-1 NL4.3-BaL-eGFP (30 ng p24; 12x103 IU) or the 
single-round BaL-pseudotyped-NL4.3-eGFP delta envelope  (10 or 100 ng p24; 5x102 and 5x103 IU/sheet) by 
pipetting the virus underneath the sheets into the medium. After 2 hours, 1.5 ml complete IMDM was added and 
the sheets were cultured for 3 days. The epidermal sheets were removed and CCR5+ Jurkat T cells (2x105) were 
added for an additional seven days.  
To determine the role of LCs and soluble factors that act on the CCR5+ Jurkat T cells, emigrated cells were 
washed extensively using 5 ml IMDM and centrifugation three times before adding CCR5+ Jurkat T cells. In 
addition, a control containing wells with only stimulus and HIV-1, without epidermis, either with or without washing 
the wells at day 3 were also included. The co-cultures were monitored by immunofluorescence microscopy. 
Pictures were taken at a magnification of 200X using a Leica DMIL fluorescence microscope (Leica Microsystems 
Wetzlar, Germany) and pictures were taken using a Leica DFC 320 camera (Leico Microsystems). The exposure 
times for GFP were equal for the different samples. Migrated epidermal cells (day 3) and samples of the co-
cultures on different days were harvested, fixed in 4% paraformaldehyde/PBS and analysed for HIV-1 infection by 
GFP expression using flow cytometry and p24 ELISA. To determine the role of TNFα in the transmission model, 
sheets were pre-incubated with anti-TNFα (Biovision, Moutain View, CA, USA; 1µg/ml), for 30 minutes before 
proceeding with the transmission assay as described above. 
To measure LC infection samples of the migrated cells were taken at day 3, and all cells were measured by flow 
cytometry (ranging from 2200 events to 7000 events per sample). To determine the phenotype of the migrated cell 
population, epidermal sheets were incubated with the different stimuli without HIV-1 and cultured for 3 days. The 
migrated population was analysed by flow cytometry for CD4, CCR5 and Langerin expression. To determine the 
contribution of the CD1a negative population to HIV-1 transmission, approximately 80% of a 10 cm2 petridish was 
filled with epidermal sheets in 5 ml of complete IMDM medium. The sheets were pre-incubated with either TNFα 
(0.1 µg/ml) or Pam3CSK4 (5 µg/ml) for 6 hours and inoculated with HIV-1 NL4.3-BaL-eGFP (150ng p24; 6x104 
IU/sheets. After 2 hours, 3 ml complete IMDM was added. After the sheets were cultured for 3 days, the cells were 
harvested and CD1a-positive MACS isolation (Miltenyi Biotec GmbH, Gladbach, Germany) was performed 
according to manufacturer’s protocol and as described before 18. The collected fractions were divided over three 
wells and CCR5+ Jurkat T cells (2x104) were added. Transmission of HIV was measured over time by flow 
cytometry as described above. The different skin donors that were used in the different experiments were 
numbered specifically (#) per figure.  
LC transmission and infection. LC-enriched epidermal single cell suspensions were generated by incubating 
epidermal sheets with PBS containing DNAse I (20 units/ml; Roche Applied Science, Basel, Switzerland) and 
trypsin (0.05% Beckton Dickinson, Franklin Lakes, NJ, USA) for 30 minutes at 37°C. Trypsin digestion was 
inactivated using FCS and a single cell suspension was generated using pipette and gauze. Cells were layered on 
a Ficoll gradient. Subsequently, cell suspension were analysed for Langerin and CD1a. As determined by CD1a-
staining these LC-enriched epidermal single cell suspensions generally contained 5-10% LCs. Although we can 
not exclude that trypsin digestion might result in loss of some CD4 expression64, isolated LCs can still become 
infected by HIV-118 (Figure 5) . 
Epidermal cells (1.5x105) were pre-incubated with Pam3CSK4 (5 µg/ml) or TNFα (0.1 µg/ml) for 4 hours in a 96-
wells round bottom plate and subsequently inoculated with HIV-1 NL4.3-BaL-eGFP (20 ng p24; 8x103 IU) or the 
single-round  BaL-pseudotyped NL4.3-eGFP∆envelope (50 ng p24; 2.5x103 IU) and cultured in a total volume of 
200 µL complete IMDM medium. At day 3 the cells were washed and CCR5+ Jurkat T cells (2x105) were added for 
an additional 4 days. PFA-fixed CCR5+ Jurkat T cells were analysed for GFP expression using flow cytometry to 
determine transmission of HIV-1 to CCR5+ Jurkat T cells. 
Trypsin treatment. Epidermal cell suspensions were produced as described above. 5x104 cells were pre-incubated 
with Pam3CSK4 (5 µg/ml) for 30 minutes in a 96-well round bottom plate and subsequently inoculated with the 
single-round  BaL-pseudotyped NL4.3-eGFP∆envelope (50 ng p24; 2.5x103 IU) for 2 hours. To cleave off cell-
bound HIV, cells were washed in PBS and subsequently incubated with 50 µl 0.05% trypsin for 10 minutes. By 
washing three times in complete IMDM medium, trypsin was inactivated and removed, and CCR5+ Jurkat T cells 
(2x104) were added for an additional 4 days to determine transmission of HIV-1 to CCR5+ Jurkat T cells by flow 
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cytometry. Viability of the cells after trypsin treatment was determined by trypan blue staining and was more than 
90%. 
Ex vivo stimulation of skin and vaginal biopsies 
Biopsies of fresh skin and vagina tissue were taken within 3 hours after the operation using a 6 mm biopsy-punch 
(Microtek Medical, the Netherlands). The biopsies were floated in a 48 well plate on 250 µL IMDM 10% FCS and 
10 µg/ml gentamycine and stimulated with heat-killed Candida albicans (0.25x106/ml), generously provided by 
M.J. Oudhoff47, paraformaldehyde-inactivated Neisseria gonorrhoea LGTD (2.5x106/ml), generously provided by 
Dr. E. C. Gotschlich35, LPS (10 µg/ml) or LTA (10 µg/ml). We used heat-killed Candida albicans since the viable 
Candida quickly forms hyphae. However, the cytokine responses were similar as to the heat-killed Candida ([L.de 
Witte and M. de Jong] unpublished data). After 24 hours, supernatant was collected and frozen. The samples 
were analyzed for the presence of TNFα, IL-6, IL-8 and IL-1β by ELISA (Biosource International, CA, USA).  
Viral capture and replication. Epidermal single cells (5x104) were pre-incubated with Pam3CSK4 (5 µg/ml) or 
TNFα (0.1 µg/ml) for 30 minutes in a 96-well v-bottom plate and inoculated with HIV-1 NL4.3-BaL (20 ng p24; 
2x103 IU) in complete IMDM medium. After 6 hours, cells were washed extensively with PBS and host mRNA and 
viral RNA were specifically isolated with the mRNA capture kit (Roche, Basel, Switzerland), which recognize poly-
A tail, which are also present in the viral RNA in HIV-1 virions. cDNA was synthesized with the Reverse 
transcriptase kit (Promega, Madison, WI, USA). For real-time PCR analysis, PCR amplification was performed in 
the presence of SYBR green, as previously described30. Specific primers for HIV-1 LTR, Tat/Rev and GAPDH 
were designed by Primer Express 2.0 (Applied Biosystems). Transcription was adjusted for GAPDH transcription 
and relative mRNA expression of HIV-1 infected control samples was set at 1.  
Immunofluorescence microscopy. Emigrant LCs (2x105) were seeded in 96-wells v-bottom plates and pre-

incubated with Pam3CSK4 (5 µg/ml) for 1 hour at 37°C. The cells were inoculated with HIV-1 NL4.3-BaL (200 ng 
p24; 2x104 IU). The cells were washed, fixed with PFA (3% in PBS), and permeabilized using saponine (0.1% in 
TSM). After blocking the cells with TSA (2% BSA in saponine 0.1% /TSM), the cells were doublestained with 
mouse IgG1 anti-HIV-1 p24 (KC57-RD1;1/160) and mouse IgG2a anti- CD1a (NA1/34; 10 µg/ml) or mouse IgG2a 
anti HLA-class-I-FITC (HLA-ABC-m3-FITC, 1:50, the donor was typed for B27 HLA-class-I subtype), for 45 
minutes at room temperature. The cells were washed and the sections were counterstained with isotype-specific 
Alexa anti-mouse and antibodies, for 30 minutes at room temperature. The cells were washed and mounted onto 
glass slides coated with poly-L-lysine (0.1%) and analyzed by confocal microscopy (Leica AOBS SP2 confocal 
lasers scanning microscope (CSLM) system containing a DMIRE2 microscope with glycerol objective lens (PL 
APO 63x/NA1.30). Images were acquired using Leica confocal software version 2.61).  
Statistical Analysis. Values for percentage of GFP-expressing CCR5+ Jurkat T cells for one donor are calculated 
as the mean of duplicate measurements and represented as the mean +/- the standard deviation of the duplicate. 
To determine the variation in transmission among different donors, the mean values of GFP expression of CCR5+ 
Jurkat T cells of different donors were used in a one-way analysis of variance (ANOVA). When the overall F test 
was significant, differences among the donors were further investigated with the post hoc Bonferroni test using 
Graphpad Prism software. A probability of p < 0.05 was considered statistically significant. 
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The Supplementary CD contains the supplementary figures and all the figures in full colour. 
 
Supplementary figure 1. The IL-6 and IL-8 response of skin to different pathogens and pathogenic ligands. 
(A,B) Skin biopsies were stimulated with Candida albicans, Neisseria gonorrhea, TNFα, Pam3CSK4, LTA, LPS or flagellin. 
After 24 hours the supernatant was collected, and IL-6 and IL-8 production was measured by ELISA. Error bars represent the 
standard deviation of duplicates. 
Supplementary figure 2. TNFα and Pam3CSK4 enhance HIV-1 transmission ex vivo. 
Epidermal sheets were stimulated with TNFα, Pam3CSK4, LTA, LPS or flagellin for six hours and ex vivo transmission was 
determined as in Figure 1 and 3. The co-cultures were monitored by fluorescence microscopy at day 7. Lower panels show 
HIV-1-eGFP expression and the upper panels the overlay with bright field. A representative experiment out of two is depicted.  
Supplementary figure 3. The expression of Langerin, CD4 and CCR5 after stimulation with TNFα and Pam3CSK4 
Epidermal sheets were stimulated with TNFα, Pam3CSK4, LTA, LPS or flagellin. After three days the cells were harvested and 
stained for the expression of CD4, CCR5 and Langerin by specific antibodies and subsequently analysed by flow cytometry. 
The mean fluorescence intensity of the staining is depicted. The three donors were measured in different experiments.  
Supplementary figure 4. Pam3CSK4 activates LCs.  
(A) Emigrant LCs were stimulated with Pam3CSK4 for 2 hours and stained with CD1a and counterstained with Alexa-488 and 
mounted on glass slides. The cells were analysed for clustering by fluorescence microscopy. Pictures are taken at a 
magnification of 40X. (B) LCs stimulated with Pam3CSK4 were analysed for morphologic changes by bright field microscopy. 
Pictures are taken at a magnification of 400X (lower panels are zoomed in).  
Supplementary figure 5. Pam3CSK4 increases HIV-1 capture by LCs 
(A-B) Emigrant LCs were stimulated with Pam3CSK4 for 1 hour and where indicated subsequently inoculated with NL4.3 BaL. 
After two hours, the cells were extensively washed. The cells were fixed, permeabilized and stained with HIV-1 p24 and for the 
LC-marker CD1a. The cells were counterstained with isotype-specific Alexa antibodies and analysed by confocal microscopy. 
Left panels show CD1a staining, middle panels HIV-1 p24 staining and right panels overlay. Pictures are taken at a 
magnification of 630X with a 4X zoom.  
Supplementary figure 6. HIV-1 captured by LCs partially co-localizes with HLA Class-I.  
Emigrant LCs were stimulated with Pam3CSK4 for 1 hour and where indicated subsequently inoculated with NL4.3 BaL. After 
two hours, the cells were extensively washed. The cells were fixed, permeabilized and stained with HIV-1 p24 and HLA class-I. 
The cells were counterstained with isotype-specific Alexa antibodies and analysed by confocal microscopy. Left panels HLA 
class-I, middle panels HIV-1 p24 staining, right panels overlay. Pictures are taken at a magnification of 630X with a 4X zoom. 
Supplementary figure 7. TLR ligands induce HIV-1 transmission independent of TNF� 
Epidermal sheets were pre-incubated with anti-TNFα for 30 minutes and subsequently stimulated with TNFα, Pam3CSK4, 
LTA, LPS or flagellin for six hours  before HIV-1-eGFP was added. Ex vivo transmission was determined as in Figure 1. Co-
cultures (day 7) were analysed for GFP expression by flow cytometry. HIV-1 transmission is depicted as percentage of CCR5+ 
Jurkat T cells positive for GFP expression. Error bars represent the standard deviation of duplicates. A representative 
experiment of two donors is depicted. 

 


