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General Introduction

Center of Infection and Immunity Amsterdam and Center for Experimental and 
Molecular Medicine, Academic Medical Center, University of Amsterdam, Amsterdam, 

The Netherlands.

Adapted (in part) from:

Innate signaling in HIV-1 infection of dendritic cells.
Michiel van der Vlist, Angelic M van der Aar, 
Sonja I Gringhuis and Teunis BH Geijtenbeek 
Curr Opin HIV AIDS. 2011 Sep;6(5):348-52. 

and:

Langerin functions as an antiviral receptor on Langerhans cells.
Michiel van der Vlist, Teunis BH Geijtenbeek.
Immunol Cell Biol. 2010 May-Jun;88(4):410-5.
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Inside the skin, dendritic cells (DCs) are professional antigen presenting cells 
(APC) that constantly sample their surroundings for invading pathogens1. 
Immature DCs are specialized to capture pathogens using pattern recognition 
receptors (PRRs). PRRs recognize pathogen associated molecular patterns 
(PAMPs), which are conserved motives expressed by pathogens. Upon pathogen 
capture, PRR-signaling leads to maturation of DCs and up-regulation of 
chemokine receptor CCR7, which initiates migration towards the lymph nodes 
(LN) (Fig. 1). Besides CCR7 up-regulation, maturation of DCs involves several 
other functional and phenotypic changes, including up-regulation of Human 
leukocyte antigen (HLA) class II (HLA-II), up-regulation of co-stimulatory 
molecules CD86 and CD80 and production of immune-modulating cytokines2, 
required to combat the pathogen recognized. In the LN, DCs have fully evolved 
to APCs and present processed antigen to T cells that become activated, start to 
proliferate and migrate towards to the side of infection. 

Simultaneous triggering of PPRs and cross-talk between PPR-signaling shapes 
the immune response induced by DCs. Depending on the array of PRRs triggered, 
DCs change the cytokines secreted to induce T helper (Th) cell types, of which 
the best studied are the Th1, Th2 and Th17 (ref. 1). Depending on the type of 
Th cell, they activate macrophages and neutrophils to phagocytose extracellular 
pathogens. Moreover, DCs can activate CD8+ T cells, which kill infected cells to 
clear intracellular infections. Hence, DCs play a crucial role in the induction of 
adaptive immune responses.

Langerhans cells

In this thesis we focused on two subsets of the DC family; the Langerhans cells 
(LCs) and DCs. LCs are located in the upper layers of the skin, the epidermis, and in 
mucosal tissue of the vagina and the glans penis3. With their dendrites, LCs form 
a dense network that functions as the first barrier against invading pathogens. 
Utilizing this network of dendrites, which penetrates through the tight junctions 
of the epithelium, LCs survey the mucosa/skin for pathogens and other danger 
signals4. Because the skin is in constant contact with the environment, LCs are 
most likely the first DC subset to encounter pathogens and commensal bacteria. 
However, LCs do not express the bacterial PAMP-recognizing PRRs Toll-like 
receptor (TLR) 4 and low levels of TLR2 and TLR5 (refs. 5, 6). This suggests 
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Figure 1. Adaptive immune responses are induced by DCs.

(a) Langerhans cells (LCs) and dendritic cells (DCs) screen for pathogens in the epidermis/
mucosa and dermis/sub mucosa, respectively. Pathogens are recognized by PRRs that 
signal to activate and mature LCs and DCs. This co-insides with up regulation of lymph 
node homing receptor CCR7. In the lymph node, DCs and LCs present pathogen-derived 
antigens to T cells which induces clonal expansion of the T cell. (b) After having clonally 
expanded, T cells transform in effector cells. Effector T cells migrate towards the side of 
infection where they can activate macrophages and neutrophils to phagocytose pathogens, 
or they can kill infected cells to clear the infection. 
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that LCs are less sensitive to bacteria and this could prevent over-sensitivity 
to commensal bacteria present in the skin. However, it might reflect a more 
specialized function for LCs in virus infections as shown by their protective 
function in HIV-1 transmission3. LCs interact with multiple pathogens including 
Herpes Simplex virus 2 (HSV-2) (ref. 7), HIV-1 (ref. 3) and several fungal species8. 
Hence, LCs are APCs that can induce immune responses against pathogens, but 
their coverage might be limited due to the specific PRR expression profile.

Dendritic cells

Whereas LCs reside in the outer layers of our body, DCs are localized in the 
dermis and sub-mucosa. Here they detect pathogens, which have penetrated 
the epidermis or mucosa. DCs express TLR1 through TLR8 (ref. 5). This array 
of PPRs allows them to recognize fungi, viruses, helminthes and bacteria. DCs 
furthermore express several C-type lectin receptors (CLRs) that bind pathogens 
and can modulate immune responses. Hence, DCs are involved in inducing 
immune responses against several classes of pathogens. However, some pathogens 
have adapted to take advantage of the migratory capacity of DCs to facilitate 
their dissemination: DCs have been shown to increase transmission of Ebola, 
Hepatitis B virus, HIV-1 and Measles Virus9-13.

Recognition of Pathogens

DCs need to discriminate between different classes of pathogens to induce proper 
adaptive immune responses. Discrimination of pathogens depends on the array 
of PRRs expressed on the DC. Several classes of PRRs are expressed by DCs, 
including TLRs, NOD-like receptors, RIG-I like receptors and CLRs14. These 
PRRs induce signaling events that activate immune responses and tailor the 
responses to be specific for the type of pathogen detected. Therefore the array 
of PRRs that recognizes a pathogen determines the type of adaptive immune 
response that is induced by DCs. TLRs and CLRs recognize PAMPs at the cell 
surface or after uptake in endosomes/lysosomes, and are therefore able to sense 
pathogens prior to infection of the cell. Once infected, the PAMPs released into 
the cytosol are recognized by sensors such as NOD- and RIG-I-like receptors. 
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DC-SIGN

The C-type lectin DC-SIGN is highly expressed by DCs and interacts with both 
mannose- and fucose-expressing pathogens, which include bacteria, viruses and 
helminthes. Recent reports show that DC-SIGN is crucial in shaping adaptive 
immune responses to specific pathogens15,16 (Fig. 2). DC-SIGN triggering alone 
does neither result in DCs maturation nor in transcription of inflammatory 
genes. Nevertheless, DC-SIGN signaling shapes immune responses by modifying 
signaling cascades activated by other PRRs. Therefore DC-SIGN either enhances 
or suppresses specific pro-inflammatory cytokines16. Notably, signaling induced by 
DC-SIGN discriminates between mannose- and fucose-containing pathogens16. 
Mannose-carrying pathogens such as HIV-1 trigger signaling via a signalosome 
that is pre-assembled at the cytosolic domain of DC-SIGN. This signalosome 
contains KSR, CNK and Raf-1, that link to the cytoplasmic domain of DC-SIGN 
through the adaptor protein LSP1. The signalosome is required for the constitutive 
recruitment of Raf-1 to DC-SIGN. Upon binding of mannose-containing 

Figure 2. DC-SIGN signaling discriminates between mannose and fucose.

Mannose expressing pathogens activate a signaling cascade that requires a signalosome 
consisting of KSR, CNK and Raf-1. This signalosome is attached to the cytosolic domain 
of DC-SIGN via adaptor protein LSP1. Ligation of DC-SIGN by mannose results in 
phosphorylation of Raf-1 which subsequently leads to phosphorylation of NF-kB subunit 
p65 at lysine 276. This allows for further acetylation of several lysine residues of p65, that 
results in increased and prolonged transcription IL10, IL12B and IL12B. Fucose binding 
to DC-SIGN detaches the signalosome from DC-SIGN, while LSP1 stays attached. This 
results in reduced transcription of IL10, IL12A and IL12B.
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pathogens by DC-SIGN, Raf-1 becomes activated by recruitment of the upstream 
effectors LARG and RhoA to the DC-SIGN signalosome. Signaling downstream 
of Raf-1 induces phosphorylation of the NF-kB subunit p65 at serine 276, which 
allows subsequent acetylation of p65 at different lysine residues15. Acetylation of 
p65 prolongs its activity and also enhances its transcription rate at genes such 
as IL12A, IL12B and IL6 (ref. 15). Thus, p65 acetylation enhances expression of 
pro-inflammatory cytokines that are required for Th1 differentiation17. Because 
Raf-1 activation alone does not induce NF-kB activation, prior triggering of 
other PRRs such as TLRs is required to activate NF-kB subunit p65. In contrast, 
fucose-expressing ligands actively disassociate KSR, CNK and Raf-1 from 
DC-SIGN, which results in activation of a signaling cascade that suppresses 
pro-inflammatory cytokines16. It has become clear that binding of DC-SIGN 
to pathogens such as HIV-1 induces signals that shape adaptive immunity and/
or promote HIV-1 infection and transmission. HIV-1 triggering of DC-SIGN 
activates Raf-1, which enhances TLR-induced pro-inflammatory cytokines 
IL-12p70 and IL-6 , as well as the suppressive cytokine IL-10 (refs. 15, 16). These 
data suggest that HIV-1 can use this modulatory signaling pathway to affect 
adaptive immune responses in HIV-1-infected individuals. Currently, it is unclear 
whether the modulation is beneficial to the host or virus. 

Figure 3. Structure of Langerin

The crystal structure mannose 
bound to the CRD of Langerin 
(PDB ID: 3P7G, ribbon generated 
with Cn3D 4.3). Mannose is bound 
by the primary calcium-dependent 
(gray sphere) carbohydrate binding 
site. The secondary carbohydrate 
binding site is separated from 
the primary site by the long loop 
region. Alpha-helixes are colored 
green, beta-sheets are colored 
orange.
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Langerin

LCs express the C-type lectin Langerin that has a carbohydrate specificity with 
similarities to that of DC-SIGN. Although Langerin is solely expressed by LCs 
in humans18, Langerin-positive dermal DCs have been identified in mice19-21. 
Because of the similarities between the carbohydrate recognition domain (CRD) 
of DC-SIGN and Langerin, it is not surprising that Langerin has a similar 
pathogen recognition profile as DC-SIGN. Indeed, Langerin and DC-SIGN 
both bind to HIV-13,22 and M. tuberculosis23,24, and both C-type lectins are able 
to internalize antigens and process them for antigen presentation18,25. However, 
their function in HIV-1 transmission is completely opposite; whereas DC-SIGN 
promotes HIV-1 transmission to T cells, Langerin chelates HIV-1 and prevents 
its transmission3. This specialized function of Langerin might reflect an antiviral 
function of LCs. 

Upon discovery of Langerin26, sequence analysis of its CRD revealed high 
similarity to the Mannose Receptor and Mannose Binding Lectin, which are other 
mannose binding lectins. The CRD of Langerin contains an EPN (Glu-Pro-Asn) 
motive, which is predictive for mannose specificity27. Langerin was shown to 
bind to mannose, fucose, N-acetylglucosamine (GlcNAc) structures28, sulfated 
carbohydrates29 and β-glucans8. Recent studies using crystallography confirmed 
these in silico data, demonstrating that the Langerin CRD has high structural 

Figure 4. Langerhans cells bind and 
degrade HIV-1

(a) Langerin binds to HIV-1 and 
internalizes the virus into Birbeck 
granules (BG). After internalization 
the virus is degraded, preventing 
infection of the Langerhans cells 
(LCs) and surrounding cells. (b) LC 
become infected by HIV-1 when 
Langerin is inhibited, or in presence 
of coinfections. After binding to 
CD4 and CCR5, the HIV-1 receptors 
expressed on LC, the virus integrates 
into the host genome. Consequently, 
new virions are produced and 
transmitted to T cells. 
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similarities to that of other typical C-type lectins30. Two anti-parallel beta-sheets 
divide the CRD into two lobes (Fig. 3). The upper lobe contains the long loop 
region with an extra alpha helix compared to other CRD and forms the primary 
calcium-dependent carbohydrate binding site. Co-crystallization of Langerin 
with maltose or mannose revealed a second, calcium-independent binding site. 
This additional binding site is formed by an extra two stranded beta-sheet, which 
is, compared to the primary binding site, located on the other side of the long 
loop region. Modeling high-mannose structures in a crystal structure suggested 
the presence of a third binding site for high-mannose31. Although it is not clear 
whether these additional binding sites are functional without the primary 
binding site, it suggests that these sites strengthen the interaction of ligands with 
the primary binding site of Langerin. 

Figure 5. Langerhans cells are a barrier against HIV-1 infection.

(a) Immature Langerhans cells (LCs) capture and degrade HIV-1 through Langerin in 
healthy mucosa preventing infection and spreading of the virus. (b) However, in presence 
of coinfections (such as C. albicans) or inflammation, LC are rendered susceptible to 
HIV-1 infection. Infected LC migrate towards the lymph nodes and transmit the virus 
to T cells. (c) When the LC are removed by abrasions or bypassed by micro-cuts, HIV-1 
has direct access to the mucosal DC-SIGN+ dendritic cells. These efficiently capture and 
transmit HIV-1 to T cells in the lymph node and initiate the viral dissemination. 
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Sequence analysis of Langerin in several populations revealed single nucleotide 
polymorphisms (SNPs) that alter the amino acid sequence of Langerin. These 
SNPs can affect Langerin stability and affinity for certain carbohydrates32. 
The most common SNP with an allele frequency of 48% (rs741326), results in 
an alanine substitution for a valline at position 278, which neither influences 
carbohydrate binding nor protein stability. However, a rarer SNP resulting in 
an asparagine (Asn, N) substituted for an aspartic acid (Asp, D) at position 
288 (rs13383830), causes an at least ten-fold lower affinity for mannose-BSA32. 
It is currently unknown whether these SNPs also affect Langerin binding to 
pathogens, and LC function.

Viral infections

HIV-1 and Measles virus (MV) are two lymphotropic and myelotropic viruses 
used in this thesis to study the interaction of viruses with DCs and LCs. HIV-1 
is a RNA virus which has two genomic single stranded RNA strands that need to 
be reverse transcribed into DNA before integration into the genome of the host. 
The genome of MV contains RNA strands that, in contrast to the HIV-1 genome, 
do not become integrated into the host DNA. Instead, it replicates in the cytosol 
of the infected cell. Both viruses are most prevalent in sub-Saharan Africa33,34, 
where they are a major cause of mortality and morbidity. Following infection, 
severe immune suppression causes opportunistic pathogens to infect patients, 
which are the major cause of HIV-1-related mortality34 and increase the mortality 
of MV33. 

DCs capture both viruses through DC-SIGN and increase transmission to 
T cells13,22. In strong contrast, immature LCs have been shown to protect 
against HIV infection via the C-type lectin Langerin3. The consequence of 
pathogen recognition by Langerin is for most pathogens unknown. Recent data 
strongly suggest that Langerin has an antiviral function by capturing HIV-1 for 
degradation and thereby preventing HIV-1 infection of LC3 (Fig. 4a). Langerin 
interacts with HIV-1 (ref. 35) by binding to high-mannose structures present on 
the envelope glycoprotein gp120 (refs. 36, 37). After capture by Langerin, HIV-1 is 
internalized into Birbeck granules3, an organelle only found in LCs. Comparison 
between cell-lines expressing Langerin and DC-SIGN shows that Langerin 
capture of HIV-1 leads to rapid degradation of the virus. Thus, Langerin capture 
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Figure 6. Antigen presentation pathways in DCs.

DCs need to process antigens to be able to present them to T cells. (a) Misfolded and 
old endogenous proteins are degraded by the proteasome and transported back into the 
endoplasmic reticulum (ER) by TAP. HLA-I is loaded with peptides provided by TAP, and 
the loaded complex is transported through the golgi to the cell membrane. On the cell 
membrane peptide loaded HLA-I is presented to CD8+ T cells. (b) Exogenous antigens 
are taken up by DCs and routed into lysosomes and processed for presentation. Newly 
synthesized HLA-II is transported to the lysosomal compartment, where it is loaded 
with antigen-derived peptides. Loaded complexes are presented on the cell membrane to 
activate CD4+ T cells. (c) Exogenous antigens can also be presented in HLA-I, a process 
called cross-presentation. The exact mechanism is elusive, but antigens are taken up and 
are loaded in HLA-I. Cross-presentation allows DCs to activate CD8+ T cells to pathogens 
and cancers that do not affect them. Figure adapted from Villadangos & Schnorrer51. 
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of HIV-1 and subsequent targeting to the Birbeck granules18 protects both LCs 
and surrounding cells from HIV-1 infection3. Indeed, LCs expressing functional 
Langerin are resistant to HIV-1 infection and do not transmit HIV-1 to T cells. 
Moreover, co-cultures with Langerin-expressing cells show reduced infection of 
bystander T cells, supporting a protective role for Langerin and LCs in HIV-1 
infection3. 

HIV-1 infection of LCs occurs only when Langerin function is inhibited or 
saturated by high viral titers3,38-42. Inhibition of Langerin allows HIV-1 infection 
of LCs and subsequent transmission to T cells (Fig. 4b). Studies using vaginal 
explants41,43 and reconstructed vaginal mucosa44 show that LCs can be infected 
with HIV. However, these experiments were done with relative high viral titers, 
saturating Langerin, hence blocking its function. Epidemiological studies show 
that coinfections increase the risk of acquiring HIV-1 (refs. 45-47). Notably, 
activation of LCs by TNF or TLR2 agonist PAM3CSK4 increases HIV-1 infection 
of LCs and enhances HIV-1 transmission by LCs to T cells38,39,42. TNF increases 
HIV-1 replication in LCs, whereas the TLR2 agonist enhanced HIV-1 capture 
by LCs through an as yet unknown mechanism38. Moreover, activation of LCs 
results in down-regulation of Langerin and therefore less efficient capture of 
HIV-1. Thus, immature LCs protect against HIV-1 infection as long as Langerin 
is functional. However, activated LCs are as efficient in transmitting the virus to 
T cells as DCs (Fig. 5). Moreover, micro-cuts that breach the epithelial/mucosal 
barrier provide direct access to DCs resulting in dissemination of the virus48,49. As 
described above, SNP influence binding of mannose-BSA to Langerin. Because 
binding is essential for the protective function of Langerin, SNPs in langerin 
might increase susceptibility to HIV-1 infection.

Antigen presentation

DCs efficiently capture and process pathogens for induction of adaptive immune 
responses. Antigen presentation requires that intracellular and extracellular 
antigens are processed and routed to HLA class-I (HLA-I) or HLA-II. DCs take 
up antigen from their surroundings and process them for presentation in HLA-II. 
Furthermore, DCs are able to present intracellular peptides and extracellular 
antigens via a process called cross-presentation in HLA-I. 
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Endogenously synthesized proteins are sampled from the cytosol and transported 
into the endoplasmic reticulum (ER) by the transporter associated with antigen 
presentation (TAP). There the peptides are loaded into HLA-I for presentation 
via the classical HLA-I pathway (Fig. 6a). The profile of peptides expressed 
in HLA-I on the cell membrane reflects the proteins produced inside the cell. 
Hence, virus-infected cells present virus-derived peptides in HLA-I on the cell 
surface to allow recognition of activated CD8+ cytotoxic T cells (CTL) to clear the 
infection. Whereas all nucleated cells are able to present intracellular antigens 
in HLA-I, only DCs are able to present intracellular pathogen-derived peptides 
to induce a CD8+ T cell-response. DCs detect intracellular pathogens by PPRs 
and subsequently up-regulate co-stimulatory molecules. Naive CD8+ T cells that 
recognize the peptides presented on DCs in combination with co-stimulatory 
molecules, start to proliferate and transform into CTL. Activated CTL can kill 
infected cells via recognition of the pathogen-derived peptides in HLA-I of the 
infected cell.

Extracellular antigens that are taken-up by DCs are routed to lysosomal 
compartments to be processed and presented in HLA-II (Fig. 6b). New HLA-II 
molecules are synthesized in the endoplasmic reticulum and routed to the 
lysosomal compartments where they are loaded with the pathogen-derived 
peptides. Antigen-HLA-II complexes are transported to the cell membrane 
where they are presented to CD4+ T cells. Depending on the cytokines expressed 
by DCs, these CD4+ T cells differentiate into different T helper subsets, of which 
Th1, Th2 and Th17 cells are the most studied subtypes1. 

Besides presentation of endogenous antigens in HLA-I, DCs are able to 
cross-present exogenous antigens in context of HLA-I (Fig. 6c). Cross-presentation 
is a process in which exogenous antigens are taken up and routed to be presented 
in HLA-I, as if they were endogenous to the DC. This allows activation of 
CD8+ T cells specific for viruses that do not infect DCs. Th mechanism of 
cross-presentation remains elusive, although several hypothesis have been 
proposed (reviewed in ref. 50). It is becoming clear that the different DC subsets 
have different cross-presenting capacities, at least in mice. In this thesis we have 
assessed the capacity of human DCs and LCs to cross-present viral antigens. 
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Thesis Outline

In this thesis we aimed to better understand the role of C-type lectins, DCs 
and LCs in immunity. C-type lectins play a crucial role in innate immunity 
and shaping immune responses. DCs express DC-SIGN that facilitates 
transmission of HIV-1 to T cells. We investigated whether DC-SIGN could not 
only shape adaptive immunity, but also affect HIV-1 replication in DCs. We 
have demonstrated that DC-SIGN signaling is required for HIV-1 replication 
(Chapter 2). HIV-1 activates NF-κB through TLR8, however DC-SIGN signaling 
is required for continuation of transcription to produce full length transcripts. In 
contrast to DC-SIGN, Langerin prevents HIV-1 infection. Langerin is expressed 
by LCs and degrades the virus upon binding. Interfering with Langerin increases 
susceptibility of LCs to HIV-1 infection. Therefore we investigated the effect of 
a SNP in the langerin gene on HIV-1 transmission in cohorts. We found that 
variant rs13383830 D288 in langerin associates with HIV-1 infection in women, 
but not in men (Chapter 3) which probably reflects the presence of Langerin 
in vaginal mucosa while it is absent in the rectum. Besides viral transmission, 
C-type lectins also capture antigens for presentation to T cells. We assessed the 
capacity of DCs and LCs to present MV-derived antigens to T cells. We found 
that DCs capture MV through CD150 and DC-SIGN (Chapter 4). Subsequently, 
MV-antigens are presentation to CD4+ T cells, which is predominantly mediated 
by DC-SIGN. Langerin on LCs captures MV for presentation to CD4+ T cells as 
well. However, whereas DCs are able to cross-present MV-antigens, LCs cannot 
cross-present MV-antigens from cell-free MV or MV-infected apoptotic cells 
(Chapter 5). The findings presented in this thesis demonstrate that, although DCs 
and LCs both belong to the DC family, they have very different characteristics, 
most likely reflecting their distinct localizations and functions. 
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Introduction

DC infection by HIV-1 has an important role in the transmission of HIV-1. 
Sexual   transmission of HIV-1 is the main route of infection worldwide17,18. DCs 
are the first cells to encounter HIV-1 in the mucosal genital tissues19. Infected 
DCs migrate from those tissues to the lymph nodes, where HIV-1 is efficiently 
transmitted to CD4+ T cells19,20. DC infection is essential to the long-term survival 
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of HIV-1 (ref. 21). Moreover, increased HIV-1 replication in DC–T cell cocultures 
has been linked to the enhanced acquisition of HIV-1 observed in the STEP 
vaccine trial22, which further emphasizes the importance of HIV-1 replication in 
DCs. Thus, better understanding of HIV-1 replication in DCs is important for the 
prevention of HIV-1 infection and transmission.

HIV-1 replication is a tightly controlled process that requires host as well as 
viral factors23,24. The binding of HIV-1 to CD4 and chemokine receptors such 
as CCR5 and CXCR4 (ref. 20) results in fusion with the cell membrane, which 
leads to viral uncoating, reverse transcription of HIV-1 ssRNA and subsequent 
integration of HIV-1 into the human genome24. HIV-1 transcription is initiated 
from the 5’ HIV-1 long terminal repeat (LTR) by cellular transcription factors 
such as Sp1 and NF-κB25,26. Assembly of the transcription complex at the LTR 
induces transcription initiation by RNA polymerase II (RNAPII). However, 
the generation of full-length HIV-1 transcripts requires that RNAPII proceed 
beyond transcription initiation to the elongation stage27. HIV-1 encodes a 
transcription activator, Tat, that drives transcription elongation by recruiting 
the transcription-elongation factor pTEF-b28. It has been shown that pTEF-b 
phosphorylates RNAPII at Ser2 in the C-terminal domain repeats, a modification 
that promotes transcription elongation 9. In the absence of Ser2 phosphorylation, 
RNAPII is released from its HIV-1 DNA template shortly after initiation. This 
premature termination of transcription results in short RNAs, which are often 
found with latently integrated proviruses30,31. Thus, Tat is crucial for HIV-1 
transcription. Paradoxically, it is unclear how transcription elongation is initially 
induced and full-length transcripts are generated from the integrated provirus 
before Tat proteins are synthesized.

Here we demonstrate that HIV-1 subverts the innate signaling pathways by 
TLR8 and DC-SIGN for its replication in DCs and subsequent transmission 
to T cells. TLR8 triggering by HIV-1 ssRNA activated NF-κB, which was 
required for transcription initiation of the integrated HIV-1 genome by RNAPII. 
However, this stimulation led to abrogative transcription in the absence of a 
second signal required for transcription elongation. After binding of DC-SIGN 
by HIV-1 gp120, transcription elongation by RNAPII resulted in full-length 
HIV-1 transcripts and productive DC infection. DC-SIGN–HIV-1 interactions 
induced Raf-1-dependent phosphorylation of the NF-κB subunit p65 (A001645) 
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at Ser276. Notably, p65 phosphorylated at Ser276 recruited pTEF-b to the LTR, 
which resulted in phosphorylation of RNAPII at Ser2. Inhibition of either TLR8- 
or DC-SIGN-induced signaling prevented productive HIV-1 infection of DCs 
and subsequent transmission of HIV-1 to T cells. Thus, HIV-1-induced innate 
signaling via TLR8 and DC-SIGN controls transcription initiation and elongation 
from the integrated provirus and enables HIV-1 replication in DCs.

Results

HIV-1 replication requires DC-SIGN signaling by gp120

We investigated the role of innate signaling events in the generation of the first 
Tat transcripts early after HIV-1 infection. We infected immature DCs with 
small amounts of CCR5-tropic HIV-1 (HIV-1 BaL; multiplicity of infection, 
0.1) and measured mRNA production of its early gene products, Tat and Rev. 
We observed that protein synthesis, and therefore de novo Tat protein, was 
not required for the generation of Tat transcripts early after infection, as the 
translation inhibitor cycloheximide did not inhibit the production of Tat-Rev 
mRNA during the first 6 h infection, whereas transcription was affected after 
24 h (Fig. 1a). On DCs, HIV-1 interacts with CD4 and CCR5, which is essential 
for virus entry, and DC-SIGN, which functions as an attachment receptor 
to enhance the binding of HIV-1 to CD4 (refs. 32,33). The production of 
Tat-Rev mRNA after HIV-1 infection was inhibited by antibodies to DC-SIGN 
(anti-DC-SIGN), anti-CD4 and anti-CCR5 (Fig. 1b). As these antibodies most 
probably prevented the production of Tat-Rev mRNA by blocking viral entry, 
we used VSV-G-pseudotyped NL4.3-Δenv HIV-1, which does not contain HIV-1 
envelope glycoproteins, to investigate the requirement for innate signaling via 
these receptors, as VSV-G envelope proteins do not interact with CD4, CCR5 
or DC-SIGN33. Notably, infection with VSV-G-pseudotyped virus did not result 
in any Tat-Rev transcripts early after infection (Fig. 1c), whereas we easily 
detected integration of VSV-G-pseudotyped HIV-1 into the host genome that 
was several-fold greater than of HIV-1 BaL, as determined by the Alu-PCR 
integration assay34 (Fig. 1d). These data suggest that HIV-1 gp120 is required for 
HIV-1 transcription, as the entry and integration of VSV-G-pseudotyped HIV-1 
occurred efficiently. Notably, infection of DCs with VSV-G-pseudotyped HIV-1 
in the presence of recombinant HIV-1 gp120 induced substantial production of 
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Figure 1. Binding of DC-SIGN by gp120 is essential for early HIV-1 transcription. 

(a) Quantitative real-time PCR analysis of Tat-Rev mRNA expression in DCs infected 
for 6 or 24 h with HIV-1 BaL in the presence (Chx) or absence (DMSO (dimethyl 
sulfoxide)) of the translation inhibitor cycloheximide. (b) Quantitative real-time PCR 
analysis of Tat-Rev mRNA expression in DCs infected for 6 h with CCR5-tropic HIV-1 
(BaL) in the presence or absence (−) of blocking antibody to (α-) DC-SIGN, CD4 or 
CCR5. (c) Quantitative real-time PCR analysis of Tat-Rev mRNA expression in DCs 
infected for 6 h with VSV-G-pseudotyped HIV-1 (VSV-G) in the presence or absence of 
blocking antibodies as in b and simultaneously stimulated with the DC-SIGN ligands 
gp120 or ManLAM. (d) HIV-1 integration into DCs infected for 6 h with HIV-1 BaL or 
VSV-G-pseudotyped HIV-1, determined by Alu-PCR and presented relative to HIV-1 
integration in HIV-1 BaL–infected cells, set as 1. (e) Quantitative real-time PCR analysis 
of Tat-Rev mRNA expression in DCs infected for 6 h with VSV-G-pseudotyped HIV-1 
in the presence (XL α-DC-SIGN) or absence (–) of crosslinked anti-DC-SIGN (H-200). 
Tat-Rev mRNA expression (a–c,e) is presented relative to the expression of GAPDH 
(glyceraldehyde phosphate dehydrogenase). Data are representative of at least four (a–c) 
or two (d,e) independent experiments (mean and s.d.).
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Tat-Rev mRNA that was inhibited by blocking antibodies to DC-SIGN but not by 
anti-CD4 or anti-CCR5 (Fig. 1c). Likewise, infection with VSV-G-pseudotyped 
virus in the presence of ManLAM, a mycobacterial mannose-specific ligand of 
DC-SIGN (Fig. 1c), or crosslinking of DC-SIGN by the activating DC-SIGN 
antibody H-200 (ref. 16; Fig. 1e) induced production of Tat-Rev mRNA. These 
data suggest that DC-SIGN-induced signaling by HIV-1 is required for the initial 
production of Tat mRNA and therefore early HIV-1 replication in DCs.

HIV-1 replication requires Raf-1 signaling

DC-SIGN triggering by HIV-1 and Mycobacterium tuberculosis induces a 
Raf-1-dependent signaling pathway to tailor adaptive immunity14,15. Therefore, we 
investigated whether Raf-1 is involved in HIV-1 replication. Inhibition of Raf-1 
by the small-molecule inhibitor GW5074 completely blocked Tat-Rev mRNA 
production in DCs infected with CCR5-tropic HIV-1 (BaL) or CXCR4-tropic 
HIV-1 (LAI), even after 24 h (Fig. 2a). Raf-1 inhibition did not affect HIV-1 
integration (Fig. 2b). To confirm specificity of the Raf inhibitor, we silenced Raf-1 
in DCs by RNA-mediated interference (RNAi; Supplementary Fig. 1). Similar 
to Raf-1 inhibition by GW5074, production of Tat-Rev mRNA was abrogated in 
DCs in which Raf-1 was silenced (Fig. 2c). These data demonstrate that Raf-1 
signaling is required for early transcription of integrated HIV-1.

Figure 2. Raf-1 signaling by HIV-1-DC-SIGN interactions is essential for HIV-1 
replication. 

(a) Tat-Rev mRNA expression in DCs infected for 6 or 24 h with CCR5-tropic HIV-1 
(BaL) or CXCR4-tropic HIV-1 (LAI) in the presence or absence of the Raf-1 inhibitor 
GW5074, assessed as described in Figure 1a. (b) HIV-1 integration into DCs infected with 
HIV-1 BaL in the presence or absence of GW5074, determined by Alu-PCR as described 
in Figure 1d. (c) Tat-Rev mRNA expression in DCs treated with Raf-1-specific or control 
small interfering RNA (siRNA) and infected for 6 or 24 h with HIV-1 BaL or HIV-1 LAI, 
assessed as described in Figure 1a. (d,e) Flow cytometry analysis of Raf-1 phosphorylation 
at Ser338 (p-S338; d) or Tyr340-Tyr341 (p-Y340-Y341; e) in unstimulated DCs (thin lines) 
or DCs stimulated for 10 min with HIV-1 BaL (d) or HIV-1 LAI (e) in the presence (thick 
lines) or absence (filled histograms) of blocking antibodies (in parentheses above); FI, 
fluorescence intensity; max, maximum. (f,g) Tat-Rev mRNA expression in DC-SIGN+ 
myeloid DCs (f) and DC-SIGN+ and DC-SIGN– dermal DCs (g) infected for 6 h with 
HIV-1 BaL in the presence or absence of GW5074, assessed as described in Figure 1a. Data 
are representative of at least six (a,c) or two (b,d–f) independent experiments (mean and 
s.d., a–c) or one independent experiment (g).
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Recombinant gp120 and ManLAM, both DC-SIGN ligands, induce 
phosphorylation of Raf-1 at Ser338 and Tyr340-Tyr341 (refs. 14,15), which 
is required for Raf-1 activation35. Similarly, infection of DCs with CCR5- or 
CXCR4-tropic HIV-1 induced Raf-1 phosphorylation, and blocking antibodies 
to DC-SIGN inhibited Raf-1 phosphorylation, but blocking antibodies to 
CD4 or CCR5 did not (Fig. 2d and Supplementary Fig. 2). As expected, 
VSV-G-pseudotyped virus did not induce Raf-1 phosphorylation (Fig. 2e), as 
it does not bind to DC-SIGN. Thus, HIV-1 infection leads to Raf-1 activation 
through the interaction of HIV-1 gp120 with DC-SIGN.

We next isolated DC-SIGN+ myeloid and dermal DCs from blood and skin, 
respectively, to investigate whether HIV-1 replication in primary DC populations 
is similarly dependent on Raf-1-induced signaling. Notably, Raf-1 inhibition 
in both DC-SIGN+ myeloid DCs and DC-SIGN+ dermal DCs abrogated the 
production of Tat-Rev mRNA (Fig. 2f,g), whereas a DC-SIGN− dermal DC 
population was not productively infected by HIV-1 (Fig. 2g). These data support 
the idea of an important role for DC-SIGN signaling in HIV-1 replication.

HIV-1 induces NF-kB activation through TLR8

We next investigated NF-κB activation, as Raf-1 signaling has been shown to 
modulate NF-κB activity14,15, whereas NF-κB has been linked to HIV-1 replication 
by binding to the LTR26. We first determined whether HIV-1 infection induced 
NF-κB activation. Infection with HIV-1 or VSV-G-pseudotyped HIV-1 activated 
NF-κB dimers consisting of subunits p50 (A002937) and p65 (Fig. 3a). HIV-1 
ssRNA can activate NF-κB through the endosomal MyD88-dependent receptors 
TLR7 and TLR8 (refs. 7–9). Silencing MyD88 by RNAi (Supplementary Fig. 3) 
abrogated NF-κB activation (Fig. 3b), which supports the idea of a role for TLR7 
and/or TLR8. Notably, silencing of MyD88 abrogated HIV-1 replication (Fig. 3c) 
but did not interfere with HIV-1 entry and subsequent integration (Fig. 3d). We 
next silenced both TLR7 and TLR8 by RNAi (Supplementary Fig. 3). Silencing 
TLR8 completely abrogated both activation of p65 (Fig. 3e) and production of 
Tat-Rev mRNA (Fig. 3f). In contrast, even though TLR7 is expressed by DCs, 
silencing TLR7 did not affect p65 activation (Fig. 3e) and resulted in only slightly 
less production of Tat-Rev mRNA after infection (Fig. 3f). Cytokine production 
in response to the TLR7-specific ligand R-837 (imiquimod) was completely 
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abrogated in DCs in which TLR7 was silenced but not those in which TLR8 was 
silenced (Supplementary Fig. 3). These data demonstrate that TLR8, but not 
TLR7, specifically recognizes HIV-1 ssRNA during HIV-1 infection; thus, HIV-1 
exploits TLR8 signaling to activate NF-κB for the production of Tat-Rev mRNA. 

We next investigated whether other NF-κB-inducing stimuli could substitute 
for HIV-1-induced TLR8-mediated activation of NF-κB. The TLR3 agonist 
poly(I:C) and TLR4 agonist lipopolysaccharide, as well as the interleukin 1 
receptor ligand IL-1β, restored the production of Tat-Rev mRNA in DCs in 
which TLR8 was silenced after HIV-1 infection (Fig. 3g), further emphasizing 
the idea that TLR8 activation by HIV-1 is required for NF-κB activation. Notably, 
both HIV-1 and VSV-G-pseudotyped HIV-1 induced NF-κB activation (Fig. 3a), 
but VSV-G-pseudotyped HIV-1 did not induce early production of Tat-Rev 
mRNA in the absence of DC-SIGN signaling (Fig. 1c). These data show that 
although TLR8-MyD88–dependent activation of NF-κB was required for Tat 
mRNA production, Raf-1 signaling by DC-SIGN was equally essential for HIV-1 
transcription (Fig. 2a,c).

HIV-1 exploits TLR8 and DC-SIGN for transcription

To elucidate the contributions of the TLR8 and DC-SIGN pathways to HIV-1 
transcription, we silenced TLR8 and Raf-1 in DCs by RNAi and measured 
both Tat-Rev mRNA and short RNAs as markers of productive and abortive 
transcription, respectively. In DCs infected with HIV-1, we detected Tat-Rev 
transcripts (a marker of productive transcription) as early as 4 h after infection 
(Fig. 4a). Tat-Rev mRNA abundance peaked between 8 and 12 h after infection, 
after which expression decreased gradually because of nuclear export of unspliced 
or singly spliced transcripts by Rev36 (Fig. 4a). This result was supported by 
the appearance of singly spliced transcripts of the late gene Vpu27 at 12 h after 
infection, which increased with time and is indicative of productive infection 
(Fig. 4a). We also detected transient accumulation of short RNAs (a marker 
of abortive transcription); this peaked at 2 h after infection and gradually 
decreased thereafter (Fig. 4b). In DCs in which TLR8 was silenced, we did not 
observe any HIV-1 transcription, including abortive transcription (Fig. 4a,b), 
which demonstrated that NF-κB activation by TLR8 triggering is an absolute 
prerequisite for HIV-1 transcription initiation by RNAPII. We observed the 
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Figure 3. HIV-1 triggering of TLR8 innate signaling via MyD88 activates NF-κB. 

(a) DNA-binding assay of nuclear extracts to assess the activation of NF-κB subunits p50, 
p65, c-Rel, p52 and RelB in DCs left unstimulated or infected for 30 min with HIV-1 BaL 
or VSV-G-pseudotyped HIV-1. A450, absorbance at 450 nm. (b) Analysis of the binding 
of p65 to DNA at 1 h after infection with HIV-1 BaL in nuclear extracts of DCs treated 
with control or MyD88-specific siRNA. (c) Tat-Rev mRNA expression in DCs infected 
with HIV-1 BaL or HIV-1 LAI and treated with control or MyD88-specific siRNA, 
assessed as described in Figure 1a. (d) HIV-1 integration in DCs treated with control or 
MyD88-specific siRNA, detected as described in Figure 1d. (e) Analysis of the binding of 
p65 to DNA at 1 h after infection with HIV-1 BaL in nuclear extracts of DCs treated with 
control or TLR7- or TLR8-specific siRNA. (f) Tat-Rev mRNA expression in DCs infected 
with HIV-1 BaL or HIV-1 LAI and treated with control or TLR7- or TLR8-specific siRNA, 
assessed as described in Figure 1a. (g) Tat-Rev mRNA expression in DCs treated with 
control or TLR8-specific siRNA and infected for 6 h with HIV-1 BaL and costimulated with 
the TLR4 agonist lipopolysaccharide (LPS), the TLR3 agonist poly(I:C) or the interleukin 
1 receptor ligand IL-1β, assessed as described in Figure 1a. Data are representative of at 
least two (a,b,d,e), three (g) or four (c,f) independent experiments (mean and s.d.).
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same effect in DCs in which MyD88 was silenced (data not shown). Notably, 
in DCs in which Raf-1 was silenced, the production of both Tat-Rev and Vpu 
mRNA was completely abrogated (Fig. 4a), but we observed production of short 
RNAs that was more than fourfold greater (Fig. 4b). The increase in short RNAs 
without the formation of Tat-Rev mRNA reflects transcription initiation in the 
absence of transcription elongation. The transient induction of short RNAs after 
Raf-1 silencing probably reflected transient TLR8-mediated activation of NF-κB. 
These data suggest that whereas activation of NF-κB by TLR8 is required for 
transcription initiation, DC-SIGN-mediated activation of Raf-1 is crucial for 
transcription elongation.

To elucidate how TLR8 signaling induces initiation of transcription of the 
HIV-1 provirus, we did a chromatin-immunoprecipitation (ChIP) assay to assess 
the recruitment of p65 and RNAPII to the LTR, as well as phosphorylation 
of the RNAPII C-terminal domain at Ser5, a modification that is an absolute 
requirement for transcription initiation29. We detected binding of p65 to the LTR 
after TLR8 triggering by HIV-1, whereas RNAPII recruitment did not require 
TLR8 signaling (Fig. 4c). However, phosphorylation of RNAPII at Ser5 was 
completely absent in cells in which TLR8 was silenced (Fig. 4c). The general 
transcription factor TFIIH has a vital role in transcription initiation through the 
phosphorylation of RNAPII at Ser5 by its cyclin-dependent kinase CDK7–cyclin H 
subcomplex29. Recruitment of CDK7 to the LTR coincided with p65 recruitment 
and phosphorylation of RNAPII at Ser5 and was similarly abrogated by silencing 
of TLR8 (Fig. 4c). These data suggest that TLR8-induced binding of p65 to the 
HIV-1 LTR is required for the recruitment of TFIIH to phosphorylate RNAPII at 
Ser5 and initiate transcription.

To further investigate the role of Raf-1 activation in transcription elongation, 
we determined the progress of RNAPII across the integrated provirus by 
ChIP assay. We detected RNAPII over the whole 10-kilobase HIV-1 genome 
at 4 h after infection (Fig. 4d). Notably, Raf-1 inhibition prevented RNAPII 
progress and transcription elongation, as we did not detect RNAPII beyond 
the LTR (Fig. 4d); this supported the finding of greater abortive transcription 
and absence of productive transcription after Raf-1 silencing (Fig. 4a,b). Thus, 
DC-SIGN-mediated activation of Raf-1 is crucial for transcription elongation 
by RNAPII.
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HIV-1 recruits pTEF-b via p65 phosphorylation

Recruitment of pTEF-b to the HIV-1 LTR is essential for transcription 
elongation28. It is known that pTEF-b consists of cyclin T1 and the 
cyclin-dependent kinase CDK9, which phosphorylates the RNAPII C-terminal 
domain at Ser2; this promotes transcription elongation29. We hypothesized that 
DC-SIGN signaling induces transcription elongation through the Raf-1 pathway 
by inducing recruitment of pTEF-b to the HIV-1 LTR. Raf-1 activation leads to 
phosphorylation of p65 at Ser276 (refs. 14,37), which has been shown to recruit 
pTEF-b to specific cytokine promoters38. We found that HIV-1 infection induced 
phosphorylation of p65 at Ser276, which was abrogated by Raf-1 inhibition 
(Fig. 5a). Raf-1 inhibition did not interfere with p65 activation (Fig. 5b), which 
suggests that HIV-1 induces phosphorylation of p65 at Ser276 through Raf-1. DC 
infection with VSV-G-pseudotyped HIV-1 did not result in phosphorylation of 
p65 at Ser276 (Fig. 5a), as VSV glycoprotein did not bind to DC-SIGN to induce 
Raf-1 activation (Fig. 2e).

We next investigated whether pTEF-b is recruited to p65 phosphorylated at 
Ser276. Both CDK9 and cyclin T1 immunoprecipitated together with p65 
phosphorylated at Ser276 in experiments using anti-p65 from nuclear extracts of 
HIV-1-infected DCs, whereas this association was abrogated by Raf-1 inhibition 
(Fig. 5c). Furthermore, a fusion of glutathione S-transferase (GST) and p65 
phosphorylated at Ser276, in contrast to a fusion of GST and nonphosphorylated 
p65, precipitated both cyclin T1 and CDK9 from DC nuclear extracts, and this 
was inhibited by a p65-derived peptide containing the phosphorylated Ser276 
sequence (Fig. 5d). These data demonstrate that phosphorylation of p65 at Ser276 
is required for the binding of pTEF-b to p65 after HIV-1 infection.

We next used ChIP assays to demonstrate that p65 phosphorylated at Ser276 
recruits pTEF-b to the HIV-1 LTR early after infection. After 4 h of HIV-1 
infection, the LTR of integrated HIV-1 was occupied by p65, CDK9 and RNAPII 
(Fig. 5e); 62% ± 7% of the RNAPII recruited to the LTR was phosphorylated 
at Ser2, a marker of elongating RNAPII (Fig. 5e). Inhibition of Raf-1 prevented 
the recruitment of CDK9 and consequently abrogated the phosphorylation of 
RNAPII at Ser2, although recruitment of both p65 and RNAPII to the LTR was 
unaffected (Fig. 5e). Next we tracked the progression of RNAPII phosphorylated 
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at Ser2 over the HIV-1 genome by ChIP assay. RNAPII phosphorylated at Ser2 
was present throughout the whole HIV-1 genome, whereas inhibition of Raf-1 
abrogated the progression of RNAPII beyond the LTR (Fig. 5f). Thus, our 
data demonstrate that HIV-1-induced signaling by DC-SIGN is essential for 
Raf-1-mediated phosphorylation of p65 at Ser276, which recruits pTEF-b to the 
HIV-1 LTR to phosphorylate RNAPII at Ser2. Phosphorylation of RNAPII at Ser2 
drives the transcription elongation and production of HIV-1 Tat transcripts.

Figure 4. HIV-1 exploits TLR8 signaling for transcription initiation, whereas DC-SIGN 
signaling is essential for transcription elongation by RNAPII. (a,b) 

Quantitative real-time PCR analysis of early Tat-Rev and late Vpu mRNA (a) and short 
(abortive) RNA (b) in cells infected with HIV-1 BaL and treated with control or Raf-1- or 
TLR8-specific siRNA, presented relative to GAPDH expression (a) or 18S rRNA expression 
(b); expression at the time of maximum expression of each RNA is set as 1. (c) ChIP assay 
of the recruitment of NF-κB, RNAPII, RNAPII phosphorylated at Ser5 (RNAPII-p-S5), 
and CDK7 to the HIV-1 LTR (% DNA input) in DCs infected for 4 h with HIV-1 BaL and 
treated with control or TLR8-specific siRNA. IgG, immunoglobulin G (negative control). 
(d) ChIP assay of the presence of RNAPII (% DNA input) at various positions across the 
integrated HIV-1 genome (LTR; distance in base pairs from the transcription-initiation 
site along horizontal axis) in DCs infected for 4 h with HIV-1 BaL in the presence of 
absence of GW5074. Data are representative of two independent experiments (mean and 
s.d.).
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Although our data demonstrated that VSV-G-pseudotyped HIV-1 did not induce 
the production of Tat-Rev mRNA after 6 h because of the lack of DC-SIGN 
signaling (Fig. 1c), VSV-G-pseudotyped HIV-1 has been shown to infect DCs39. 
Therefore, we monitored the production of Tat-Rev mRNA after infection with 
VSV-G-pseudotyped HIV-1 over time. We detected small amounts of Tat-Rev 
transcripts at 24 h after infection, which increased considerably by 48 h after 
infection (Fig. 5g). These data suggest that the induction of Tat-Rev transcripts 
is a secondary effect. As infection with VSV is known to induce substantial 
production of tumor necrosis factor (TNF)40 and as TNF-induced signaling 
also induces phosphorylation of p65 at Ser276 (ref. 41), we hypothesized that 
infection with VSV-G-pseudotyped HIV-1 might indirectly activate its own 
replication through the production of TNF. Indeed, we observed considerable 
TNF production after infection of DCs with VSV-G-pseudotyped HIV-1 but not 
after infection with wild-type HIV-1 (Fig. 5h). Notably, neutralizing anti-TNF, 
but not Raf-1 inhibition, blocked late production of Tat-Rev mRNA (Fig. 5i), 
which demonstrated that TNF is required for productive transcription after 
infection with VSV-G-pseudotyped HIV-1. TNF-induced phosphorylation of 
p65 at Ser276 involves a pathway dependent on the kinase MSK1 but independent 
of Raf-1 (ref. 41). The MSK1 inhibitor H89 abrogated HIV-1 transcription after 
infection with VSV-G-pseudotyped HIV-1 (Fig. 5h). These data further support 
the idea of a crucial role for phosphorylation of p65 at Ser276 in HIV-1 replication. 

DC-SIGN signaling is required for HIV-1 infection

We next investigated whether Raf-1 signaling is essential to productive DC 
infection. We inoculated DCs with CCR5-tropic (BaL) or CXCR4-tropic (NL4.3) 
HIV-1 strains containing a gene encoding enhanced green fluorescent protein 
(eGFP). Productive infection with these strains leads to eGFP expression42; we 
assessed infection by flow cytometry after 5 d. DCs were productively infected 
with both CCR5- and CXCR4-tropic HIV-1, as measured by eGFP expression, 
although the efficiency was donor dependent (Fig. 6a). As observed for Tat-Rev 
mRNA production (Fig. 2a,c), DC infection was completely blocked by Raf-1 
inhibition, similar to blocking by anti-CD4 (Fig. 6a). Similarly, viral p24 
production by infected DCs was completely abrogated by Raf-1 inhibition 
(Fig. 6b). Thus, DC-SIGN-dependent Raf-1 signaling is required for productive 
infection of DCs.
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DC infection is involved in HIV-1 dissemination, as infected DCs efficiently 
transmit HIV-1 to T cells19,20. Therefore, we investigated whether Raf-1 signaling 
is involved in HIV-1 transmission by DCs. We incubated DCs for 48 h with 
CCR5- or CXCR4-tropic HIV-1 expressing eGFP in the presence or absence 
of Raf-1 inhibitor or anti-CD4. We stringently washed away unbound virus, 
antibodies and inhibitor before adding target CD4+ T cells and measured 
HIV-1 transmission to T cells over time by flow cytometry. Both CCR5- and 
CXCR4-tropic HIV-1 were transmitted by DCs to T cells (Fig. 6c). Notably, Raf-1 
inhibition and blocking antibodies to CD4 blocked the transmission of HIV-1 
to T cells to a similar extent (Fig. 6c). Together these data demonstrate that 
DC-SIGN-mediated Raf-1 signaling is crucial for the productive infection of DCs 
and effective transmission of HIV-1 to T cells.

Coinfection enhances HIV-1 transcription via Raf-1

M. tuberculosis and Candida albicans trigger Raf-1 signaling through C-type 
lectins, which leads to phosphorylation of p65 at Ser276; this shapes adaptive 
immune responses15,37. Coinfection with M. tuberculosis or C. albicans increases 
HIV-1 replication in cells from patients with AIDS both in vitro and in vivo43–45, 
whereas infection with C. albicans has also been shown to increase HIV-1 
transmission46. Therefore, we investigated whether these pathogens increase 
HIV-1 replication in DCs through Raf-1-dependent signaling. Infection with 
M. tuberculosis or C. albicans resulted in more Tat-Rev mRNA production 
after infection of DCs with HIV-1 (Fig. 7). Notably, HIV-1 transcription was 
completely abrogated by Raf-1 inhibition (Fig. 7), which demonstrates that 
M. tuberculosis and C. albicans induce Raf-1-dependent signaling to enhance 
HIV-1 replication. Infection of DCs with VSV-G-pseudotyped HIV-1 did not 
result in early production of Tat-Rev mRNA at 6 h after infection, as observed 
before (Fig. 1c), but coinfection with either M. tuberculosis or C. albicans 
strongly induced HIV-1 transcription, which was abrogated by Raf-1 inhibition 
(Fig. 7). We obtained similar results with DC-SIGN+ myeloid DCs infected 
with HIV-1 (Supplementary Fig. 4). These data suggest that innate signaling is 
not only required for HIV-1 infection but is also involved in enhancing HIV-1 
transcription after microbial coinfection.
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Figure 5 HIV-1-induced phosphorylation of p65 at Ser276 is essential for pTEF-b 
recruitment and transcription elongation. 

(a) ELISA of p65 phosphorylation at Ser276 in DCs infected for 30 min with HIV-1 BaL 
or VSV-G-pseudotyped HIV-1 in the presence or absence of GW5074. (b) Analysis of 
p65 DNA binding in nuclear extracts of DCs treated with GW5074, assessed 30 min after 
infection with HIV-1 BaL. (c) Immunoblot analysis (IB) of the association of CDK9 and 
cyclin T1 (pTEF-b) with p65 after coimmunoprecipitation (IP) from nuclear extracts 
(NE) of HIV-1 BaL–infected DCs with anti-p65 in the presence or absence of GW5074. 
p65-p-S276, p65 phosphorylated at Ser276. (d) Precipitation of CDK9 and cyclin T1 (pTEF-b) 
from DC nuclear extracts with a fusion of GST and nonphosphorylated p65 (GST-p65) or 
p65 phosphorylated at Ser276 (GST–p65-p-S276) in the presence or absence (Mock) of a 
blocking peptide containing the phosphorylated Ser276 sequence of p65. (e) ChIP assay of 
the recruitment of NF-κB, pTEF-b (CDK9), RNAPII and RNAPII phosphorylated at Ser2 
(RNAPII-p-S2) to the HIV-1 LTR (% DNA input) in DCs infected for 4 h with HIV-1 BaL. 
(f) ChIP assay of the presence of RNAPII phosphorylated at Ser2 across the integrated 
HIV-1 genome, as described in Figure 4d. (g,h) Expression of Tat-Rev mRNA (g) or TNF 
mRNA (h) in DCs infected for 6, 24 or 48 h with VSV-G-pseudotyped HIV-1 (g,h) or 
HIV-1 BaL (h), assessed as described in Figure 1a. (i) Tat-Rev mRNA expression in DCs 
infected for 48 h with HIV-1 VSV-G in the presence or absence of the MSK1 inhibitor H89, 
neutralizing antibodies to TNF, or GW5074, assessed as described in Figure 1a. Data are 
representative of three (a,c–e) or two (b,f–i) independent experiments (mean and s.d.).
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Discussion

Innate signaling by PRRs is crucial to the induction of antiviral responses to 
HIV-1 (refs. 10,15). Here we have demonstrated that HIV-1 subverted the innate 
signaling pathways induced via TLR8 and DC-SIGN for its replication in DCs and 
subsequent transmission to T cells. HIV-1 infection led to the TLR8 triggering by 
HIV-1 ssRNA that is required for transcription initiation from the integrated 
provirus. The HIV-1 envelope glycoprotein gp120 induced a second signal 
through its interaction with DC-SIGN, mediated by Raf-1 signaling, that was 
crucial for transcription elongation and productive HIV-1 transcription. Notably, 
coinfection with M. tuberculosis or C. albicans induced similar Raf-1 signaling 
that enhanced HIV-1 replication. Our data have shown that DC-SIGN-dependent 
signaling was important not only for infection of monocyte-derived DCs with 
HIV-1 but also for infection of primary DC-SIGN+ DCs in blood and peripheral 
tissues with HIV-1. The identification of two host signaling pathways exploited by 
HIV-1 for its replication might provide a molecular basis for strategies to prevent 
HIV-1 transmission.

Effective immunity to pathogens requires the induction of the differentiation of 
helper T cells, which is determined by specific cytokine profiles1,2,6. PRR signaling 
is crucial in the induction and tightly control of cytokine expression6. Here we 
found that HIV-1 exploited TLR8 signaling for transcription initiation of its 
integrated provirus. HIV-1 infection of DCs led to activation of p50-p65 NF-κB 
dimers through TLR8. Although both TLR7 and TLR8 recognize viral ssRNA 
and have been linked to immune responses to HIV-1 (refs. 7,8), HIV-1 selectively 
triggers TLR8 for its replication. Endosomal routing of HIV-1 is thought to be 
involved in HIV-1 degradation and antigen processing as well as the transmission 
of HIV-1 to T cells20. Our data suggest that HIV-1 hijacks the internalization 
routing to initiate HIV-1 transcription via endosomal TLR8 signaling.

Transcriptional regulation of gene expression is a strictly controlled process 
with a key role for RNAPII. Transcription factors and cofactors control RNAPII 
activity through dynamic phosphorylation of its C-terminal repeat domain; 
phosphorylation of Ser5 and Ser2 is required for transcription initiation and 
elongation, respectively29. Notably, we have demonstrated that TLR8-dependent 
activation of NF-κB by HIV-1 resulted in transcription initiation but not 
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elongation. NF-κB p50-p65 bound to the LTR of integrated HIV-1 and thereby 
recruited the general transcription factor TFIIH. The CDK7 subunit of TFIIH 
phosphorylated RNAPII at Ser5 to induce transcription initiation. However, 
RNAPII was not phosphorylated at Ser2 and progression of RNAPII was 
abrogated, which resulted in short HIV-1 RNAs but not full-length HIV-1 
transcripts. Thus, triggering of TLR8 signaling by HIV-1 leads to transcription 
initiation; however, a second signaling pathway is needed to induce the elongation 
of nascent HIV-1 transcripts.

Our data have shown that the binding of HIV-1 to DC-SIGN provided the signal 
required for transcription elongation. The DC-SIGN-induced Raf-1-dependent 
signaling pathway resulted in phosphorylation of RNAPII at Ser2, which drove the 
progression of RNAPII over the entire HIV-1 genome, as demonstrated by ChIP 
assay. Consequently, full-length HIV-1 transcripts were produced, which were 
then initially spliced into Tat- and Rev-encoding mRNAs and later were processed 
into singly spliced and unspliced transcripts required for the production of new 
virus particles. Raf-1 inhibition did not affect the binding of p65 to the HIV-1 
LTR or recruitment of RNAPII but did attenuate phosphorylation of RNAPII 
at Ser2 and therefore transcription elongation of nascent HIV-1 transcripts. 
Thus, DC-SIGN-induced signaling to Raf-1 is essential for productive HIV-1 
transcription. Our data have identified a crucial function for gp120; HIV-1 gp120 
is already known to be essential for initial interactions between HIV-1 and DCs 
for membrane fusion24, but here we found that gp120 is also essential for HIV-1 
replication and productive infection of DCs by triggering DC-SIGN signaling.

Raf-1 activation by DC-SIGN induces the phosphorylation of NF-κB p65 at 
Ser276 that allows acetylation of p65, which shapes adaptive immunity14,15. 
Here we found that phosphorylation of p65 at Ser276 was crucial for HIV-1 
transcription through the recruitment of pTEF-b to the HIV-1 LTR. The 
transcription-elongation factor pTEF-b consists of cyclin T1 and CDK9; CDK9 
is responsible for phosphorylation of RNAPII at Ser2 to promote transcription 
elongation by RNAPII (ref. 29). A similar requirement for NF-κB-mediated 
recruitment of pTEF-b has been reported for the expression of several cytokine 
genes38. The finding that attenuation of phosphorylation of RNAPII at Ser2 after 
Raf-1 inhibition coincided with a block in phosphorylation of p65 at Ser276 as 
well as recruitment of cyclin T1 and CDK9 to the LTR provides further support 
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for the idea of an essential role for DC-SIGN-induced, Raf-1-mediated signaling 
in HIV-1 transcription. Thus, productive HIV-1 transcription requires TLR8 
signaling to induce transcription initiation through NF-κB binding and TFIIH 
recruitment, whereas DC-SIGN signaling drives transcription elongation 
through phosphorylation of p65 at Ser276 and subsequent pTEF-b recruitment.

Figure 6 Raf-1 activation by HIV-1 is required for productive DC infection and 
transmission to CD4+ T cells.

(a) Flow cytometry of GFP+ cells among DCs obtained from donors A–D, assessed 5 d 
after infection of cells with eGFP-expressing HIV-1 BaL or HIV-1 NL4.3 in the presence 
or absence of GW5074 or CD4-blocking antibodies (to assess HIV-1 infection of DCs). 
ND, not determined. (b) ELISA of p24 in DCs infected with HIV-1 BaL in the presence or 
absence GW5074 (to assess virus production). (c) Flow cytometry of GFP+ T cells among 
DCs infected for 48 h with eGFP-expressing HIV-1 BaL or HIV-1 NL4.3 in the presence or 
absence GW5074 or CD4-blocking antibodies, then cultured with CD4+ cell–enriched T 
cells (to assess HIV-1 transmission to T cells). Data are representative of four independent 
experiments (mean and s.d. of triplicate measurements).
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Viral Tat protein is crucial for HIV-1 transcription, as Tat binds to the 
transactivation response element in nascent HIV-1 transcripts and recruits 
pTEF-b to stimulate transcription elongation by RNAPII (refs. 28,29). However, 
Tat protein is not a part of the HIV-1 virion, and the conundrum of how productive 
transcription is initiated before Tat synthesis has remained unsolved. Several 
studies investigating latently infected T cells have suggested that NF-κB has a 
role in HIV-1 transcription, without answering the question how transcription 
elongation is triggered. Our data have now provided evidence that two innate 
signaling pathways are subverted by HIV-1 to induce phosphorylation of p65 at 
Ser276, which recruits pTEF-b and induces transcription elongation. Once Tat 
protein is produced, it will sustain late HIV-1 transcription independently of 
NF-κB by recruiting pTEF-b.

Figure 7 Coinfection enhances HIV-1 replication via Raf-1 signaling pathways.

Tat-Rev mRNA expression in DCs coinfected for 6 h with HIV-1 BaL or HIV-1 VSV-G in 
combination with M. tuberculosis or C. albicans in the presence or absence of GW5074, 
assessed as described in Figure 1a. Data are representative of at least two independent 
experiments (mean and s.d.).
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Coinfection with M. tuberculosis or C. albicans increases HIV-1 replication 
both in vitro and in HIV-1-infected patients43–45. Such coinfection results in a 
higher rate of progression of HIV-1 disease47. Here we have demonstrated that 
coinfection enhanced HIV-1 replication in a Raf-1-dependent manner in both 
monocyte-derived DCs and DC-SIGN+ myeloid DCs. M. tuberculosis and C. 
albicans trigger Raf-1-dependent phosphorylation of p65 at Ser276, which shapes 
the adaptive immune responses to these pathogens14,15,37. Those data suggest 
that coinfection enhances HIV-1 transcription by stimulating transcription 
elongation via Raf-1, which further supports our conclusion that phosphorylation 
of p65 at Ser276 is a crucial requirement for efficient HIV-1 replication. They 
also suggest that preventive measures should be taken to avoid triggering of 
DC-SIGN in patients infected with HIV-1. Moreover, vaccination strategies with 
gp120 will also result in activation of DC-SIGN and possibly reactivation of 
HIV-1 replication.

Latently integrated proviruses in T cells are efficiently reactivated by TNF48, 
which is attributed to activation of NF-κB by TNF signaling. However, TNF 
signaling also induces p65 phosphorylation at Ser276 through MSK1 (ref. 41). 
Our data suggest that the molecular mechanism behind this reactivation involves 
stimulation of transcription elongation via recruitment of pTEF-b mediated by 
p65 phosphorylated at Ser276. Notably, our data have demonstrated that infection 
of DCs with VSV-G-pseudotyped HIV-1 showed delayed kinetics relative to 
infection with HIV-1, as it does not trigger DC-SIGN signaling. The delayed 
production of Tat-Rev mRNA after 48 h was dependent on TNF signaling in an 
MSK1-dependent manner. These observations support the idea of crucial role for 
the phosphorylation of p65 at Ser276 in HIV-1 replication.

Our data have shown that DC-SIGN signaling is crucial for HIV-1 infection of 
primary DC populations present in blood and peripheral tissues, as infection of 
primary isolated DC-SIGN+ myeloid DCs as well as dermal DCs was abrogated 
after Raf-1 inhibition. These data suggest that these pathways might be important 
for infection via blood or sexual transmission. Infection of plasmacytoid DCs, 
macrophages and T cells with HIV-1 also leads to productive infection of these 
cells. Although macrophages express DC-SIGN20 and might use DC-SIGN 
signaling to initiate productive HIV-1 transcription, it remains unclear how 
HIV-1 transcription in plasmacytoid DCs and T cells is initiated early after 

Thesis_book_file.indb   43 4/4/2012   8:47:48 PM



44

2

infection in the absence of Tat protein. Our data have suggested that recruitment 
of pTEF-b to the LTR is a crucial determinant for early productive transcription; 
this could also apply to T cells. The transcription factor IRF1 is a candidate for 
the recruitment of pTEF-b to the LTR; IRF1 has been shown to be induced after 
HIV-1 infection and to sustain pre-Tat productive HIV-1 transcription in T cells. 
It will be of interest to determine whether IRF1 interacts with pTEF-b.

Here we have demonstrated that HIV-1 has evolved a strategy to turn PRR 
signaling in DCs to its own advantage. Our study has identified crucial roles for 
both HIV-1 ssRNA and HIV-1 gp120 in inducing two complementary signaling 
pathways by TLR8 and DC-SIGN, respectively, for HIV-1 replication and 
productive DC infection. As DC infection is involved in HIV-1 dissemination 
during sexual transmission, inhibitors of the innate signaling pathways identified 
might represent new antiretroviral drugs for the prevention of HIV-1 infection 
and transmission.
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Methods 
Cells, stimulation, inhibition and RNAi. Immature DCs and 
peripheral blood lymphocytes were isolated and cultured 
as described12,37. DC-SIGN+ myeloid DCs50 were isolated 
by positive selection from peripheral blood mononuclear 
cells after Ficoll separation with the CD209 MicroBead kit 
according to the manufacturer’s instructions (Miltenyi 

Biotec). DC-SIGN+ dermal DCs were isolated from skin 
obtained from healthy donors after plastic surgery. Split 
skin grafts 0.3 mm in thickness were digested for 45 min at 
37 °C with dispase (2 μg/ml; Invitrogen) for separation of 
the dermis from the epidermis. The dermis was floated on 
medium for 3 d and then was digested for 30 min at 37 °C 
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with collagenase III (0.2 mg/ml; Sigma) to obtain single-
cell suspensions. DC-SIGN+ dermal DCs were isolated as 
described above. This study was in accordance with the 
ethical guidelines of the Academic Medical Center.

DCs were stimulated with recombinant HIV-1 BaL gp120 (10 
μg/ml; obtained through the AIDS Research and Reference 
Reagent Program of the National Institute of Allergy and 
Infectious Diseases), ManLAM (10 μg/ml; isolated from M. 
tuberculosis; provided by J. Belisle), M. tuberculosis (4 μg/ml; 
provided by J. Belisle), heat-killed C. albicans (multiplicity 
of infection, 10), plate-coated anti-DC-SIGN (20 μg/ml; 
H-200; Santa Cruz Biotechnology), lipopolysaccharide from 
Salmonella typhosa (10 ng/ml; Sigma), poly(I:C) (10 μg/
ml; Invivogen), R-837 (10 μg/ml; Invivogen) and/or IL-1β 
(50 ng/ml; Miltenyi). Cells were preincubated for 2 h with 
blocking antibodies or inhibitors. Final concentrations of 
blocking antibodies and inhibitors were as follows: 20 μg/
ml of anti-DC-SIGN (AZN-D1; generated in-house51), 20 
μg/ml of anti-CD4 (RPA-T4; BioLegend), 20 μg/ml of anti-
CCR5 (2D7; BD Pharmingen), 20 μg/ml of anti-TNF (3052; 
Biovision), 1 μM GW5074 (Raf inhibitor52; Calbiochem), 
1 μM H89 (MSK1 inhibitor41; Calbiochem) and 2 μg/ml 
of cycloheximide (translation inhibitor53; Sigma). Raf-1 
inhibition did not affect cell viability or induce apoptosis, 
as determined by CellTiter Glo and Caspase-Glo 3/7 assays 
(Promega; Supplementary Fig. 1).

DCs were transfected with 50 nM siRNA with the transfection 
reagent DF4 (Dharmacon) and were used for experiments 72 
h after transfection. The siRNA (SMARTpool; Dharmacon) 
was specific for the following: Raf-1 (M-003601-02), MyD88 
(M-004769-01), TLR7 (M-004714-01) and TLR8 (M-004715-
01). Nontargeting siRNA (D-001206-13; Dharmacon) 
served a control. This protocol resulted in a transfection 
efficiency of nearly 100%, as determined by flow cytometry 
of cells transfected with siGLO RISC-Free Control siRNA 
(D-001600-01; Dharmacon), and did not induce interferon 
responses, as determined by quantitative real-time PCR 
analysis37. Silencing of expression was verified by real-time 
PCR and flow cytometry. Silencing of Raf-1 did not influence 
cell viability or induce apoptosis, as determined by CellTiter 
Glo and Caspase-Glo 3/7 assays (Promega; Supplementary 
Fig. 1).

Viruses, infection and transmission. NL4.3-BaL, LAI, 
NL4.3-eGFP-BaL, NL4.3-eGFP and VSV-G-pseudotyped 
NL4.3-Δenv HIV-1 have been described42,54,55. NL4.3-BaL, 
NL4.3-eGFP-BaL, NL4.3-eGFP and VSV-G-pseudotyped 
NL4.3-Δenv HIV-1 were produced as described42. HIV-1 
LAI was propagated on SupT1 human lymphoma cells and 
was concentrated with Amicon Ultra-15 Ultracel 100K filter 
tubes (Millipore). Virus concentrations were determined 
by titration with indicator TZM-bl cells (human cervical 
cancer cells). DCs were infected at a multiplicity of infection 
of 0.1. DC infection was assessed by flow cytometry at 5 d 
after infection by measurement of the frequency of eGFP+ 
cells or by measurement of p24 in culture supernatants 
by ELISA (Perkin Elmer Life Sciences). For analysis of the 
transmission of HIV-1 to T cells, DCs were stringently 
washed 2 d after infection and peripheral blood lymphocyte 
samples enriched for CD4+ cells were added.

RNA isolation and quantitative real-time PCR. First, 
mRNA was isolated with an mRNA Capture kit (Roche). 
Short abortive HIV-1 RNAs were isolated from cell lysates 
from which the mRNA fraction had been removed with 
the mRNA Capture kit, followed by an additional 1 h of 
incubation in streptavidin-coated plates (Sigma) to ensure 
complete removal of complexes of mRNA and biotin-labeled 

oligo(dT)20. RNA was then isolated with the miRNeasy 96 
kit (Qiagen), and cDNA was synthesized with a reverse-
transcriptase kit (Promega). Samples were amplified by 
PCR with SYBR Green as described37. Specific primers were 
designed with Primer Express 2.0 (Applied Biosystems; 
Supplementary Table 1). Tat-Rev primers recognize HIV-1 
early gene transcripts encoding either Tat or Rev. Vpu 
primers are specific for the HIV-1 late gene transcript 
encoding Vpu but do not recognize other single-spliced 
transcripts. All HIV-1 primers were designed to recognize 
viral sequences of both NL4.3 and LAI origin. Strict control 
experiments were done with the non-mRNA fraction to 
ensure that none of the signal obtained for the short abortive 
HIV-1 primers could be accounted for by contaminating 
mRNA or DNA in the isolation: fractions were tested with 
primers spanning the GAPDH promoter region and primers 
to detect GAPDH mRNA or Tat-Rev mRNA as well as 
full-length HIV-1 transcripts. The cycling threshold (CT) 
value is defined as the number of PCR cycles in which the 
fluorescence signal exceeds the detection threshold value. 
The normalized amount of target mRNA (Nt) was calculated 
from the CT values obtained for both target and GAPDH 
mRNA with the equation Nt = 2CT(control) − CT(target). 
The expression of mRNA or short HIV-1 RNA is presented 
relative to the abundance of control GAPDH mRNA or 
18S rRNA, respectively. For relative RNA expression, Nt in 
HIV-1-infected cells was set as 1 in one experiment and for 
each donor, except for the time-course experiment in Figure 
4, in which expression at the time point at which Tat-Rev 
mRNA, Vpu mRNA or short RNA expression was at its 
maximum was set as 1.

HIV-1-integration Alu-PCR assay. Total cell DNA was 
isolated at 6 h after infection with a QIAamp blood isolation 
kit (Qiagen). Integrated HIV-1 DNA was measured by two-
step Alu-PCR as described with minor modifications34. In 
the first round of preamplification PCR, Alu-LTR sequences 
were amplified with an HIV-1-specific primer (LTR R region) 
in combination with a primer that anneals to the abundant 
genomic Alu repeats. The HIV-1-specific primer was 
extended with a marker region at the 5’ end, which was used 
for specificity in the second-round PCR. The second round 
was nested quantitative real-time PCR of the first-round 
PCR products with primers annealing to the aforementioned 
marker region in combination with a HIV-1-specific primer 
(LTR U5 region). Primer sequences were as follows: first round, 
HIV-1 LTR R forward, 5’-ATGCCACGTAAGCGAAACTG 
C T G G C T A A C T A G G G A A C C C A C T G - 3 ’ 
(marker sequence underlined); Alu reverse, 
5 ’ - T C C C A G C T A C T G G G G A G G C T G A G G - 3 ’ ; 
second-round marker forward, 
5’-ATGCCACGTAAGCGAAACTG-3’; HIV-1 LTR U5 
reverse, 5’-CACACTGACTAAAAGGGTCTGAGG-3’. 
Samples were assayed at two concentrations to ensure that 
PCR inhibitors were absent. Dilutions were prepared with 
genomic DNA from uninfected cells to ensure that the 
number of Alu sites per reaction mixture remained constant. 
For monitoring of the signal contributed by unintegrated 
HIV-1 DNA, the first-round PCR was also done with the 
HIV-1-specific primer alone as a control. HIV-1 integration 
was normalized relative to GAPDH DNA. For relative HIV-1 
integration, Nt for NL4.3- or BaL-infected cells was set as 1 
in one experiment and for each donor.

Raf-1 phosphorylation. Phosphorylation of Raf-1 at Ser338 
or Tyr340-Tyr341 was assessed by flow cytometry as 
described15.

NF-kB DNA binding, p65 phosphorylation and p65–pTEF-b 
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association. Nuclear extracts of DCs were prepared with 
the NucBuster Protein Extraction kit (Novagen) and NF-
κB DNA binding was determined with a TransAM NF-κB 
Family kit (Active Motif). Phosphorylated p65 was detected 
by ELISA as described before14 or by immunoblot analysis 
after immunoprecipitation with anti-p65 (3034; Cell 
Signaling).

The association between cellular p65 and pTEF-b was 
assessed by immunoblot analysis with anti–cyclin T1 (sc-
10750; Santa Cruz) or anti-CDK9 (sc-8338; Santa Cruz) after 
immunoprecipitation of p65 from nuclear extracts with 
anti-p65. For analysis of the role of Ser276 phosphorylation 
in this association, GST-p65 precipitation assays were 
used. GST-p65 (amino acids 1–305) expressed in 
Escherichia coli DH5α was purified with the B-PER 
GST Fusion Protein Purification kit (Pierce). In vitro 
kinase reactions (30 min at 30 °C) were done with 100 ng 
purified GST-p65 and 1 μg recombinant protein kinase 
A (Active Motif). Phosphorylation of GST-p65 at Ser276 
was verified as described for cellular p65. Phosphorylated 
or nonphosphorylated GST-p65 was mixed with nuclear 
extracts from DCs in the presence or absence of a p65-
derived peptide containing the phosphorylated Ser276 
sequence (Phospho-NF-κB p65 (Ser276) Blocking Peptide; 
Cell Signaling) and was incubated for 2 h before GST-p65 
and bound proteins were captured with anti-GST-coated 
wells (Pierce). Associated CDK9 and cyclin T1 were detected 
with anti–cyclin T1 and anti-CDK9.

ChIP assay. The ChIP-IT Enzymatic kit (Active Motif) 
was used for ChIP assays to determine occupancy of the 
integrated HIV-1 genome by regulatory proteins. Cells 
were infected with HIV-1 NL4.3 or HIV-1 BaL and after 4 
h were fixed with 1% (vol/vol) paraformaldehyde. Nuclei 
were isolated and chromatin DNA was fragmented by 
enzymatic shearing for 10 min at 37 °C. After lysates were 
precleared with salmon sperm–saturated protein G agarose 
beads, protein-DNA complexes were immunoprecipitated 
overnight at 4 °C with anti-p65, anti-CDK9, anti-CDK7 
(sc-856; Santa Cruz), antibody to RNAPII phosphorylated 
at Ser2 (H5; Covance), antibody to RNAPII phosphorylated 
at Ser 5 (H14; Covance), antibody to total RNAPII (included 
in the ChIP-IT kit; Active Motif) or immunoglobulin 
G (negative control; included in the ChIP-IT kit; Active 
Motif). HIV-1 DNA was quantified by real-time PCR. Input 
and immunoprecipitated DNA was purified after reversal 
of crosslinks. Real-time PCR was then done with primer 
sets spanning the NF-κB-binding sites and transcription-
initiation site in the HIV-1 LTR56 or downstream of the 
transcription-initiation site for monitoring of RNAPII 
progress (primer sequences, Supplementary Table 1). In 
addition, as a negative control, amplification was done with 
primers spanning genomic DNA at cytogenetic location 
12 p13.3 (included in the ChIP-IT kit; Active Motif). For 
normalization to input DNA, a sample of each condition 
that had not undergone immunoprecipitation with specific 
antibody (input DNA) was analyzed; results are presented as 
percentage of input DNA.
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Supplementary Figure 1.  Silencing 
of Raf-1 in DCs by RNA interference 
and Raf-1 inhibition by GW5074. 

(a,b) Silencing of Raf-1 was verified 
by quantitative real-time PCR or fl ow 
cytometry at 72 h after transfection. 
(c-f) Cell viability and apoptosis after 
Raf-1 silencing (c,d) or Raf-1 inhibition 
with GW5074 (e,f) were determined 
by Cell-Titer Glo assay (c,e) and 
caspase 3/7 activity (d,f), respectively. 
Staurosporine (10 μM; Calbiochem) 
was used as a positive control. Data 
are presented as mean ± s.d. of four 
independent experiments (a) or 
representative for two (c-f) or four (b) 
independent experiments.

Supplementary material

Supplementary Figure 2.  HIV-1LAI 
induces Raf-1 activation.

Raf-1 phosphorylation at Ser338 
or Tyr340-341 was measured by 
flow cytometry in unstimulated 
DCs (thin line) or stimulated for 10 
min with HIV-1LAI  in the absence 
(filled histogram) or presence 
(thick line) of blocking antibodies. 
Data are representative for 4 
independent experiments.
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Supplementary Figure 3  Silencing of 
MyD88, TLR7 and TLR8 in DCs by 
RNA interference.

(a-d) Silencing of target genes 
in MyD88-, TLR7-, TLR8- or 
control-silenced DCs was verified 
by quantitative real-time PCR 
or flow cytometry at 72 h after 
transfection. (e) Functional silencing 
in TLR7-silenced DCs was verified by 
stimulation with TLR7-specific ligand 
R837. Cytokine mRNA expression 
was determined by quantitative 
real-time PCR after 6 h stimulation. 
Expression is normalized to GAPDH. 
Data are presented as mean ± s.d. 
of two (e) or four (a,c) independent 
experiments or representative for at 
least four independent experiments 
(b,d).

Supplementary Figure 4  
Coinfections enhance HIV-1 
replication via Raf-1 signaling 
pathways in myeloid DCs.

DC-SIGN+ myeloid DCs were 
co-infected for 6 h with HIV-1BaL in 
combination with Mycobacterium 
tuberculosis or Candida albicans 
in the presence or absence of 
Raf-1 inhibitor GW5074 and 
Tat-Rev mRNA was determined by 
quantitative real-time PCR. mRNA 
expression is normalized to GAPDH. 
Data are presented as mean ± s.d. of 
two independent experiments.
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Expression primer sequences

Gene product Forward primer Reverse primer

TNFα CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG

IL-10 GAGGCTACGGCGCTGTCAT CCACGGCCTTGCTCTTGTT

IFNβ ACAGACTTACAGGTTACCTCCGAAAC CATCTGCTGGTTGAAGAATGCTT

Tat-Rev ATGGCAGGAAGAAGCGGAG ATTCCTTCGGGCCTGTCG

Vpu TCTCTCGACGCAGGACTCG TCTGATGAGCTCTTCGTCGC

Gag GTGTGGAAAATCTCTAGCAGTGG CGCTCTCGCACCCATCTC

GAPDH CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG

Abortive HIV-1 RNA GGGTCTCTCTGGTTAGACCAGATC GGTTCCCTAGTTAGCCAGAGAGC

18S TCGAGGCCCTGTAATTGGAA CCCTCCAATGGATCCTCGTT

ChIP primer sequences

Gene product Forward primer Reverse primer

HIV-1 LTR CGAGAGCTGCATCCGGAGTA GAGGCTTAAGCAGTGGGTTCC

HIV-1 +1200 GACGCAGGACTCGGCTTG TGGCGTACTCACCAGTCGC

HIV-1 +2600 TGAGGGACAATTGGAGAAGTGA TCTGCACCACTCTTCTCTTTGC

HIV-1 +4400 AGTTGTCCCCCTAACGGACAC TCCCGAATCCTGCAAAGC

HIV-1 +6400 GCCTTAGGCATCTCCTATGGC GATGAGCTCTTCGTCGCTGTC

GAPDH TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA
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Introduction

Human immunodeficiency virus 1 (HIV-1) is mainly transmitted through sexual 
contact. Langerhans cells (LCs) are a subset of dendritic cells that reside in the 
epithelia and there form a dense network with their dendrites1. Therefore, LCs are 
the first immune cells to encounter invading pathogens, including HIV-1. LCs can 
be infected when challenged with high doses of HIV-1 and subsequently transmit 
HIV-1 to T cells2-5. However, we have demonstrated that Langerin, a C-type 
lectin specifically expressed by LCs, protects against HIV-1 infection5. Langerin 
binds to the HIV-1 envelope glycoprotein gp120, which results in sequestering of 
HIV-1 in Birbeck granules and degradation of the virus5. Langerin also protects 
surrounding cells from HIV-1 infection by sequestering HIV-1. Therefore LCs 
are an innate anti-HIV-1 barrier with a pivotal function for Langerin. During 
inflammation, coinfections or when Langerin expression is decreased and/or 
its function is blocked LCs become infected and efficiently transmit HIV-1 to 
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T cells6, 7. Thus functional Langerin is important for the protective function of 
LCs in HIV-1 transmission.

Langerin forms homo-trimers on the cell surface, that are essential for 
carbohydrate recognition8. Its carbohydrate recognition domain (CRD) binds to 
mannose, fucose and N-Acetylglucosamine containing structures8,9. HIV-1 gp120 
contains high mannose-type structures10, and these structures – containing 
multiple mannose residues – are probably recognized by Langerin. Of note, a 
single nucleotide polymorphisms (SNP) in langerin, rs13383830, results in an 
amino acid substitution from an Asn to an Asp at position 288 (N288D)11. This 
SNP influences the binding capacity of Langerin to single mannose molecules, 
but little is known about the role of this polymorphism in pathogen interactions 
and in particular HIV-1 transmission. Therefore we assessed the role of this SNP 
in HIV-1 transmission using cohort studies and performed in vitro studies to 
determine the underlying mechanism. 

    European-American Ancestry

Study Presumed route of infection total HIV+ HRSN HIV-

MACS 16,17 High risk MSM 542 375 63 104

SFCC  18 High risk MSM 57 18 9 30

Combined High risk MSM 599 393 72 134

Table 1. MSM transmission chohorts. Overview of the homosexual 
transmission cohorts included in this study. HRSN: High risk seronegative .

    European-American African-American

study presumed route of infection total HIV+ HIV- total HIV+ HIV-

MHCS 13,14 Heterosexual, one sex partner 163 30 133 19 7 12

CPS 12 Heterosexual, one sex partner 96 19 77 18 1 17

HERS 15 Heterosexual, multiple sex partners 56 32 24 241 162 79

Combined Heterosexual intercourse 315 81 234 278 170 108

    Both Ancestries

study   total HIV+ HIV-

Combined 593 251 342

Table 2. Heterosexual transmission cohotrs. Overview of the heterosexual 
transmission cohorts included in this study. 
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We assessed the frequency of rs13383830 langerin genotypes among women 
at risk for heterosexual transmission of HIV-1 from three cohort studies: the 
California Partner’s Study (CPS)12, the Multicenter Hemophilia Cohort Study 1 
(MHCS)13,14 and the HIV Epidemiology Research Study (HERS)15. Here, we show 
that D288 is associated with HIV-1 infection in women. Notably, this variant 
had reduced capacity to capture HIV-1, suggesting that D288  increases the 
susceptibility of LCs to HIV-1 infection. Consistent with the lack of Langerin 
expression in rectal mucosa, rs13383830 genotype was not associated with HIV-1 
status in men having sex with men (MSM). Together, these data strongly suggest 
that langerin SNP increases susceptibility to HIV-1 infection. Moreover, these 
data provide important insights in the protective role of Langerin and LCs in  
HIV-1 transmission.

Isotype Langerin

D
on

or
A

B

Isotype Langerin
Colonal Mucosa Anal MucosaColonal Mucosa

Vaginal MucosaVaginal MucosaVaginal Mucosa

Figure 1.  Langerin is expressed in vaginal mucosa, but not in rectal mucosa

Vaginal (a) and rectal (b) mucosae were stained with antibodies against 
Langerin (DAB, black). 
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Results

Langerin is expressed in vaginal mucosa, but not in rectal mucosa

Langerin protects against HIV transmission by capturing HIV-1. The vaginal and 
rectal mucosa are exposed to HIV-1 during sexual activity, and unprotected sex 
is a major risk factor for heterosexual and homosexual HIV-1 transmission22,23. 
Although Langerin is present in vaginal mucosa5, it is unclear whether Langerin 
is present in rectal mucosa. Therefore we stained vaginal and rectal mucosa for 
Langerin. Langerin expressing LCs were present in the vaginal mucosa (Fig. 1a). 
In contrast, Langerin expressing LCs were not detected in the rectal columnar 
mucosa (Fig. 1b), while anal stratified squamous mucosa contained low amounts 
of Langerin+ cells. These data show that LCs are present in squamous but not 
columnar mucosa and suggest that Langerin is unlikely to be involved in HIV-1 
transmission after rectal exposure. 

HIV-1+ HRSN

Ancestry Genotype No. % No. % OR 95% CI p-value

European-American AA 348 88,5 63 87,5 1,03 0,44 - 2,41 0,60

AG 40 10,2 7 9,7 0,45 0,09 - 2,38

GG 5 1,3 2 2,8      

HIV-1+ HIV-1-

Ancestry Genotype No. % No. % OR 95% CI p-value

European-American AA 348 88,5 122 91,0 1,40 0,68 – 2,89 0,53

AG 40 10,2 10 7,5 0,88 0,17 – 4,58

GG 5 1,3 2 1,5      

Table 3. No association with HIV infection and Langerin-D288 in MSM

Frequencies of langerin genotypes of HIV-1+ MSM were compared with that of high risk 
HIV-1- or HIV-1- MSM. Odds ratios (OR) were calculated using logistic regression, p-value 
with a Chi-square test. 
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No correlation of HIV-1 infection and langerin polymorphism in MSM

In order to investigate whether langerin SNP rs13383830 influences HIV-1 
transmission in MSM, we compared prevalence of rs13383830 langerin genotype in 
two MSM cohorts with subjects selected from the San Francisco City Cohort18 and 
the Multicenter AIDS Cohort Study16,17 (Table 1). In total we analyzed 393 HIV+, 
134 HIV-1-- and 72 high-risk seronegative MSM (Table 1). We did not observe 
any differences between rs13383830 langerin genotype frequencies in HIV-1+ vs 
HIV-1- MSM, or HIV-1+ vs high-risk seronegative MSM (Table 3). These data 
suggest that this langerin polymorphism is not involved in HIV-1 transmission 
amongst MSM. 

The frequency of langerin variant D288 is higher in HIV-1 infected women

Langerin is abundantly expressed in vaginal mucosa (Fig. 1a)5. Therefore we 
focused on the contribution of Langerin in heterosexual transmission by analysis 
of the langerin genotype from women who were exposed to HIV-1 via heterosexual 
intercourse. To gain statistical power, we combined three cohorts that included 
women who were frequently exposed to HIV-1 through their infected male 
partners (Table 2). The CPS12 consists of female sex partners of HIV-1-infected 
bisexual men; the HERS15 includes women who reported no drug-use but did 
have unsafe-sex with their sex-partners and women with HIV-1 infected sex 
partners were selected from the MHCS13, 14 . In total this combination of three 
cohorts yielded 251 HIV- and 342 HIV+ women. In our analysis, we corrected for 
ethnicity because the frequency of rs13383830 genotype differs across different 
ethnic groups. Our analysis revealed a significant increase in prevalence of 
D288 in HIV+ women (odds ratio: 1,56, p=0,05, Table 4). These data suggest that 
langerin rs13383830 D288 increases susceptibility for HIV-1. 

Langerin variant Rs13383830 D288 shows reduced binding to HIV-1 gp120

Next, we investigated whether the rs13383830 polymorphism affected Langerin 
function. We compared binding of wild-type Langerin (Langerin-N288) with 
Langerin containing the minor genetic variant of rs13383830 (Langerin-D288) 
in a functional Langerin binding ELISA. We investigated the interaction 
with HIV-1 gp120 from several HIV-1 strains (Fig. 2a,b). Notably, although 
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European-American Ancestry

HIV+ HIV-

Study Genotype No. % No. % OR 95% CI p-value

MHCS AA 24 80 119 89,5 2,13 0.742 6.085 0,16

AG 5 16,7 14 10,5

GG 1 3,3 0 0      

CPS AA 16 84,2 71 92,2 2,22 0.501 9.828 0,29

AG 3 15,8 5 6,5

GG 0 0 1 1,3      

HERS AA 26 81,3 19 79,2 0,88 0.233 3.303 0,85

AG 6 18,8 4 16,7

GG 0 0 1 4,2      

Combined AA 66 81,5 209 89,3 1,65 0.78-3.498 0,19

AG 14 17,3 23 9,8

GG 1 1,2 2 0,9      

African-American Ancestry

HIV+ HIV-

Study Genotype No. % No. % OR 95% CI p-value

MHCS AA 4 57,1 9 75 2,25 0.308 16.410 0,42

AG 3 42,9 3 25

GG 0 0 0 0      

CPS AA 0 0 9 52,9 0,96

AG 1 100 7 41,2

GG 0 0 1 5,9      

HERS AA 104 64,2 58 73,4 1,54 0.851 2.788 0,15

AG 53 32,7 19 24,1

GG 5 3,1 2 2,5      

Combined AA 108 63,5 76 70,4 1,64 0.932-2.894 0,09

AG 57 33,5 29 26,9

GG 5 2,9 3 2,8      

Ancestries Combined

HIV+ HIV-

Study Genotype No. % No. % OR 95% CI p-value

Combined AA 174 69,3 285 83,3 1,56 1.003-2.438 0,05

AG 71 28,3 52 15,2

GG 6 2,4 5 1,5      

Table 4. rs13383830 D288 distribution in heterosexual transmission of HIV-1. 

Frequency of langerin rs13383830 genotype, odds ratio, 95% confidence interval and p-value, by 
ancestry and study. Logistic regression compares AA to AG or GG

Thesis_book_file.indb   59 4/4/2012   8:48:01 PM



60

3

wild-type Langerin-N288 interacted with HIV-1 gp120 from all tested strains, 
Langerin-D288 did not bind gp120 from any of the HIV-1 strains. Moreover, 
binding to yeast wall component mannan was also reduced. These data 
demonstrate that Langerin-D288 has lower binding capacity for HIV-1.

Langerin is expressed on cells as trimers8,24 and multiple Langerin-trimers can 
interact with the same ligand, which might influence binding to HIV-1 gp120. 
Therefore, we assessed the binding capacity of Langerin-D288 in a cellular setting 
using the Raji B cell-line transduced with Langerin-N288 and Langerin-D288. 
The expression levels of both Langerin variants were compared by flow cytometry. 
Because antibodies might have different affinities for the two variants, we used 
different monoclonal antibodies recognizing Langerin (DCGM4 (ref. 1) and 10E2 
(ref. 25)). Expression of Langerin-N288 and Langerin-D288 was comparable 
with both antibodies (Fig. 3a and data not shown), suggesting that expression 
levels are similar. Next, we compared the interaction of Raji-Langerin-N288 and 
Raji-Langerin-D288 with HIV-1 gp120. Notably, Raji-Langerin-D288 bound 
significantly less HIV-1 gp120 than Raji-Langerin-N288 (Fig. 3b). The binding 
observed for Langerin-N288 and the residual binding by Langerin-D288 was 
specific because binding was blocked by a competitive carbohydrate inhibitor 
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Figure 2. Soluble Langerin-D288 does not bind to HIV-1 gp120

Mannan (a) or several strains of HIV-1 gp120 (b) were coated and Langerin-N288 or 
Langerin-D288 binding was assessed by ELISA. To demonstrate specific binding by 
Langerin, binding was blocked by a competitive block mannan. ** p < 0,01
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mannan and by a blocking antibody against Langerin. Together, these data 
demonstrate that Langerin-D288 has a lower avidity for HIV-1 gp120 compared 
to Langerin-N288 and therefore might increase HIV-1 susceptibility of women 
who are homozygous for this variant.

Discussion

LCs reside in mucosal and epidermal tissues and are the first antigen presenting 
cells to encounter pathogens invading the body. Because of this unique 
localization, LCs have been proposed to play a role in HIV-1 transmission2,5,26. 
We have shown that Langerin, a C-type lectin expressed by LCs, captures HIV-1 
and thereby protects against HIV-1 infection in vitro5. However, exposure of 
LCs to high doses of HIV-1 or inhibition of Langerin results in infection of LCs 
and subsequent transmission to T cells5. Similarly, activation of LCs results in 
increased susceptibility to HIV-1 infection6,27,28 and transmission to T cells. We 
here assessed the effect of a nonsynonymous langerin SNP on HIV-1 susceptibility. 
Thereto, we genotyped HIV-1+ and HIV-1- men and women from an MSM and 
heterosexual transmission cohort, respectively. 
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Figure 3; Cellular Langerin-D288 has lower affinity to HIV-1 gp120

Expression of Langerin on Raji cells transduced with Langerin-N288 or Langerin-D288 
was assessed with two monoclonal antibodies (a) to ensure the expression levels were 
comparable. (b) Transduced cells were incubated with gp120 coated beads and binding 
was assessed by FACS. * p < 0,05
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Our study on heterosexual transmission combined multiple cohorts that 
included individuals of European- and African American descent. When 
analyzed separately, the odds ratio for European Americans (odds ratio 1,64) and 
African Americans (odds ratio 1,65) were essentially the same despite radical 
differences in underlying genotype frequencies. Therefore, we combined the data 
from both groups in an analysis that adjusted for race using linear regression. 
The heterosexual transmission cohort revealed that for the nonsynonymous 
rs13383830 N288D genetic variant, the allele that encodes for Langerin-D288 was 
more often found in HIV-1-infected women with an odds ratio of 1,56 (p=0,05). 

The amino acid substitution induced by the D288 variant is located in the middle 
of the carbohydrate recognition domain adjacent to the Glu-Pro-Asn (EPN) 
motif. The EPN-motif largely determines the mannose-specificity of Langerin29. 
Therefore the Langerin-D288 variant might interfere with mannose-type ligand 
binding by Langerin, as was previously observed11. Because binding is essential for 
the protective function of Langerin, these data suggest a possible role for Langerin 
in HIV-1 transmission. We showed that soluble Langerin-D288 does not bind 
to gp120 from multiple HIV-1 strains compared to wild type Langerin-N288. 
Moreover, cellular trimeric-Langerin-D288 showed decreased binding  to HIV-1 
gp120. Because Langerin binding to HIV-1 is pivotal for the protective function 
of LCs against HIV- infection, our data suggest that Langerin-D288 does not 
protect against HIV-1 infection as well as Langerin-N288. Moreover, our genetic 
data suggest that LCs may play an important role in HIV-1 transmission in vivo.

Langerin is expressed in vaginal mucosa, but not in rectal mucosa. In line with 
this observation, rs13383830 genotype was not associated with acquisition 
of HIV-1-infection among MSM (Table 3), while rs13383830 D288 was more 
prevalent in HIV-1 infected female spouses of HIV-1 infected men (Table 4). 
This indicates that Langerin does not play a prominent role in MSM HIV-1 
transmission, while it does in heterosexual transmission. 

HIV-1 transmission is a multifactorial process that is influenced by factors in 
both the donor and recipient. High viral load in the donor and coinfections or 
inflammation in the recipient increase HIV-1 transmission30. Thus it is likely that 
rs13383830 D288 in langerin is not the sole factor determining susceptibility for 
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HIV. It is well known that mutations in other genes such as the CCR5Δ32 mutation 
also influence HIV-1 infection, although we excluded individuals homozygous 
for CCR5Δ3231. Besides CCR5Δ32 there are other factors, like HLA-genotype, 
that influence HIV-1 infection32. Moreover, inflammation can dampen Langerin 
function, and micro-cuts provide a Langerin-bypass. Nevertheless, our data 
demonstrate that although HIV-1 acquisition is a multi-factorial process, the 
protective function of Langerin at least partly determines the outcome of HIV-1 
exposure. 

The association of rs13383830 D288 with HIV-1 infection together with the reduced 
binding observed for Langerin-D288 to HIV-1 compared to the major variant 
Langerin-N288, suggest an important role for Langerin in HIV-1 transmission 
and provide valuable insight into the role of LCs during HIV-1 infection.
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Materials/Methods
Cohorts. DNA was derived from two MSM cohorts and 
three heterosexual cohorts. The MSM cohorts include the 
Multicenter AIDS Cohort Study (MACS) 16, 17, a study of 
men who have sex with men in the United States and the 
San Francisco City Clinic Cohort 18, which includes men 
who have sex with men from the San Francisco sexually 
transmitted disease clinic. The heterosexual cohorts include: 
1) the Multicenter Hemophilia Cohort Study (MHCS) 13, 14, 
a prospectively followed cohort of patients with coagulation 
disorder from 16 hemophilia treatment centers; 2) female sex 
partners of HIV-1 infected men enrolled in the California 
Partners Study (CPS) 12; 3) women enrolled in the HIV 
Epidemiology Research Study (HERS) 15, a multisite, 
prospective cohort study of HIV-1-infected women and 
uninfected women reporting HIV risk behaviors.

Sequence. DNA was amplified using the following primers: 
forward- GAT TTT CCA CTT TGT AAA TCC ATC; reverse- 
GGC ATT TCC TCA TGT TTA ACA AG. The PCR product 
was cleaned using AMPure (Agencourt, Beckman Coulter). 
Cleaned PCR products were sequenced using BigDye 
Terminator v3.1 Cycle sequencing kit (Applied Biosystems) 
after cleaning with CleanSeq (Agencourt, Beckman Coulter). 

SNP detection. Sequences were analyzed using the Mutation 
Surveyor software package (Softgenetics). In addition, all 
sequences were screened by eye to confirm SNPs identified 

by the software and to detect SNPs that were missed. 

Mutagenisis. We performed site directed mutagenesis 
(QuikChange® II XL Site-Directed Mutagenesis Kit, 
Stratagene) according to manufacturer protocol using the 
following primers: forward: GTG AGC CCA ACG ACG 
CCG GGA ACA ATG AAC ACT GTG G, reverse: CCA CAG 
TGT TCA TTG TTC CCG GCG TCG TTG GGC TCA C. The 
wild type Langerin was placed instead of GFP into the pLOX 
EWgfp plasmid as described before5. 

Cell culture. All cells were cultured at 37°C with 5% CO2 in 
RPMI (Gibco Invitrogen, Carlsbad, CA, USA) supplemented 
with L-glutamine (4mM); 10% heat-inactivated fetal calf 
serum (FCS); penicillin (20 units/ml) and streptomycin (20 
μg/ml).

Binding assays. Cell lysate ELISAs were performed as 
follows: Langerin-N288, Langerin-D288 or parental cells 
were lysed in TSM (20mM Tris-HCl, 150mM NaCl, 1mM 
CaCl2, 1mM MgCl2) with 1% triton and protease inhibitor 
cocktail 19. Cell debris was removed by centrifugation. 
Antigens were coated and detected using the cell lysate 
dilutions that were corrected for Langerin content. Bound 
Langerin was detected using polyclonal goat-anti-Langerin 
(R&D systems). Cellular binding assays were performed as 
described before 20.
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Immunohistochemistry. Normal appearing tissue was 
stained with anti-langerin clone 12D6 (Novacastra), and 
counterstained using Envision+ System HRP DAB (Dako). 
Pictures were taken with an Olympus DP70 digital camera. 

Statistics. Binding assays were tested with Students T-test. 
The heterosexual transmission cohorts were tested using a 
Chi-square test, the odds ratio and 95% clearance interval 
were calculated using logistic regression. SAS 9.1 (SAS 

Institute) was used for data management and statistical 
analyses of the MSM cohorts. PROC FREQ was used 
to compute frequencies on individual variables. PROC 
LOGISTIC was used for categorical analyses to obtain odds 
ratios and 95% confidence intervals. CCR5Δ32 was shown 
to protect LCs from infection 21, therefore we excluded 
individuals homozygous for the CCR5Δ32 mutation, as 
well as intra-venous drug users from the analysis. Statistical 
significance refers to two-sided P values of <0.05.
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Introduction

Measles is a systemic disease, caused by measles virus (MV) infection of 
respiratory and lymphoid tissues. MV is a member of the Paramyxoviridae 
family, genus Morbillivirus. The virus is highly contagious and is spread via 
the respiratory route1. Although the course and symptoms of measles are well 
characterized, little is known about the cellular events underlying the disease. 
The target cells for MV at the site of transmission and during the systemic phase 
of the disease are still under debate1-4. Moreover, the interaction of MV with 
the immune system, paradoxically resulting in induction of strong MV-specific 
immunity, but also immunosuppression, has not been fully clarified.
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Figure 1. DC-SIGN+-dendritic cells are present in the sub-epithelial tissues of the 
respiratory tract.

(a,b) Cryosections of different tissues from healthy donors were stained for the expression 
of DC-SIGN (green) and CD150 (red) using specific antibodies, and for the nuclei 
using Hoechst (blue). The sections were analyzed by fluorescence microscopy. (a,b) 
Representative photos with a magnification of 100× are depicted (e = epithelium; s = 
sub-epithelial tissue, i = inter-follicular, f = follicles, m = medullary sinus, p = paracortex, 
arrow = autofluorescence, * = co-localization).
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It was previously thought that MV initially infects epithelial cells of the 
respiratory tract and is disseminated during viraemia by infected monocytes3,5. 
However, these cells only express CD46, the receptor for attenuated MV strains, 
but do not express CD150 (SLAM), the primary receptor for wild-type MV6,7. 
CD150 is mainly expressed on subsets of lymphocytes, thymocytes, macrophages 
and mature dendritic cells (DCs)7. Moreover, we have recently shown that 
lymphocytes, but not monocytes, are the predominant cells infected in vivo 
during measles in macaques2. Moreover, lymphocytes are not in large numbers 
present at respiratory epithelial surfaces compared to lymphoid tissues and 
therefore we hypothesize that other cells are the target for MV at sites of entry.

DCs are professional antigen presenting cells (APCs) that have a sentinel 
function in the immune system; DCs capture antigens in the periphery and, 
upon activation, migrate to the lymphoid tissues to present the antigens 
to T-lymphocytes, resulting in a pathogen-specific immune response8. We 
hypothesize that DCs mediate transmission of MV: DCs capture MV in the 
respiratory tract, but instead of degradation the virus is protected and transported 
into the lymphocyte-rich area in the lymphoid tissues, where it is efficiently 
transmitted to CD150+ lymphocytes. A similar role for DCs has been described 
for HIV-1, where DCs capture HIV-1 via the C-type lectin dendritic cell-specific 
ICAM-3 grabbing non-integrin (DC-SIGN) and mediate transmission of HIV-1 

Figure 2. Dendritic cells mediate antigen presentation of measles virus to CD4+ 
T-lymphocytes.

(a) DCs (1×105 cells) were incubated with different concentrations of UV-MV. After 24 
hours, the cells were stained for CD150, HLA-DR, CD86 and DC-SIGN using specific 
antibodies and analyzed by flow cytometry. (b,c) DCs or autologous B cells (BLCL) (5×104 
cells) were pre-incubated with mannan and incubated with UV-MV or a positive control 
peptide overnight. The MV-specific CD4+ T-cell clones, GRIM99, GRIM61 and GRIM76 
and the non-specific T-cell clone LB5 were added and T cell activation was determined 
by ELISPOT. GRIM99, GRIM61 and LB5 were dependent on HLA-DQw1 as expressed 
by the DCs, whereas GRIM76 was HLA-mismatched to the DCs used. Images of the 
ELISPOT (left) and the mean of the spot counts per well are depicted (right). Error bars 
represent the standard deviation of duplicates. (d) DCs (1×104 cells) were pre-incubated 
with mannan, anti-DC-SIGN or anti-CD150 and subsequently incubated with different 
concentrations of UV-MV. After 6 hours the MV specific CD4+ T-cell clone (5×104 cells) 
was added to the wells. After 24 hours the supernatant was harvested and the amount 
of IFN-γ analyzed by ELISA. Standard deviations represent the standard deviation of 
duplicates. A representative experiment out of two is shown.
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to T-lymphocytes by de novo production of virus or transferring the virus 
particles directly to the T-lymphocytes (trans-infection)9,10. We have previously 
shown that DC-SIGN also mediates binding of MV to DCs, which enhances DC 
infection through CD150 in cis11. Moreover, in infected macaques MV-infected 
DCs have been observed in conjunction with infected T-lymphocytes, suggesting 
transmission of virus between both cell types2.
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Here we set out to investigate the role of DC-SIGN and CD150 in both antigen 
presentation and MV transmission by DCs. MV capture by DCs leads not only 
to antigen presentation but also to efficient transmission to T-lymphocytes. 
Both the tissue distribution and functional studies demonstrate that CD150 and 
DC-SIGN have distinct functions in MV transmission by DCs. The identification 
of their function in antigen presentation and MV transmission will lead to a 
better understanding of MV pathogenesis.

Tissues CD150# DC-SIGN Co-localization n
Upper respiratory tract Buccal cavity E 0 0 0 1

SE + +++ 0/+

Pharynx E + 0 0 1

SE + +++ 0

Tonsillar crypt E 0/+ 0 0 2

SE + +++ 0

Lower respiratory tract Trachea E + 0 0 2

SE 0/+ ++ 0

Bronchus E 0 0 0 2

SE 0 ++ 0

Lung I 0/+ 0/+ 0 2

Lymphoid tissue Tonsil F +++ +++ ++ 3

IF +++ +++ ++

Lymph node B +++ + + 1

T +++ ++ ++

MS +++ +++ +++

Table 1. DC-SIGN+-dendritic cells are present in the sub-epithelial tissues of the 
respiratory tract.

#The number of DC-SIGN+ or CD150+ cells was determined by counting the number 
of positive cells, divided by the total number of cells, based on the nuclei staining. The 
double-positive cells were divided by the total number of stained cells, to determine the 
co-localization. 0=0-1%, +=1-5%, ++=5-25%, +++=25-100% of the cells, n=number of 
donors analyzed per tissue. E= Epithelium, SE = Sub-epithelium, I = Interstitium, F = 
Follicle, IF = Inter-follicular, B = B cell area, T = T cells area, MS = Medullary sinus.
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Results

DC-SIGN+ dendritic cells are present in the respiratory tract and closely 
interact with CD150+ cells in lymphoid tissues

MV enters the body in the respiratory tract; however the initial target cells at 
the site of entry remain unknown. DC-SIGN and CD150 are the major receptors 
for wild-type MV strains, of which only CD150 can function as entry receptor. 
DC-SIGN is abundantly expressed by DCs in peripheral tissues, such as the 
dermis, foreskin, gut and cervix and on DCs and specialized macrophages 
in the lymphoid tissues9,12-14. However, little is known about the expression of 
DC-SIGN and CD150 in the respiratory tract. Therefore we investigated the 
presence of DC-SIGN+ and CD150+ cells in the different respiratory tissues 
by immunofluorescence microscopy. DC-SIGN was abundantly present in 
buccal, pharyngeal, tonsillar, tracheal and bronchial sub-epithelial tissues 
(Fig. 1A and Supplementary Fig. 1, Table 1). Similar to previous reports15, 
scattered DC-SIGN+ DCs were also observed in the lungs, mainly in the 
interstitium of the alveoli (Table 1).

Monocyte-derived DCs (moDCs) in culture express CD150, and expression levels 
are increased upon maturation16,17. In situ, CD150 expression was detected on cells 
in the sub-epithelial tissues of the upper respiratory tract, but we observed very little 
expression in the lower respiratory tract (Fig. 1A and Supplementary Fig. 1, Table 1). 
Although some CD150+ cells were present in the epithelia of the tonsillar crypts 
and the pharynx, the expression of CD150 in these tissues was low compared 
to that in lymphoid tissues (Fig. 1A and Supplementary Fig. 1, Table 1). These 
cells might represent macrophages or lymphocytes that can be targets for MV 
infection and their infection might explain why infection is observed in epithelial 
tissues in vivo2. We also observed some autofluorescence in the epithelia of 
the tracheal, bronchial and tonsillar epithelium, probably caused by mucus 
(Fig. 1A and Supplementary Fig. 1). In the upper respiratory tract, we rarely 
detected co-localization of CD150 and DC-SIGN, suggesting that DC-SIGN+ 
DCs, abundantly present just below the epithelia in the respiratory tract, express 
no or low levels of CD150 (Fig. 1A and Supplementary Fig. 1, Table 1).
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Figure 3. Dendritic cells facilitate measles virus infection of T-lymphocytes in clusters 
that are interconnected.

(a–d) T-lymphocytes (2×105 cells), alone or in the presence of DCs (5×104 cells), were 
pre-incubated with mannan and infected with MV-IC323-EGFP (5×104 TCID50 unless 
depicted otherwise) and cultured for 72 hours. (a,b) The infection was analyzed by 
fluorescence microscopy. The magnification is depicted. (b) DCs or T-lymphocytes were 
labeled red using the membrane dye PKH26 prior to the experiment and infection by 
MV-IC323-EGFP is shown by EGFP expression (green). (c,d) The infection of DCs and 
T-lymphocytes was analyzed by measuring EGFP expression by flow cytometry. Standard 
deviations represent the standard deviation of triplicates. A representative experiment out 
of two is shown.
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During viraemia, MV-infected cells enter the lymphoid tissues. Here, DC-SIGN+ 
DCs might facilitate infection of lymphocytes, similar to HIV-19. We therefore 
investigated the expression of DC-SIGN and CD150 in lymph node and tonsil. 
As previously described13, 15, DC-SIGN+ cells were mainly located around the 
medullary sinuses and in the paracortex (T-cell areas) of the lymph node as well as 
in the inter-follicular tissue (T-cell area) of the tonsil (Fig. 1B, Table 1). However, 
DC-SIGN+ cells were also found in the B cell follicles of the tonsil. Notably, 
DC-SIGN+ cells were located in close contact with the CD150+ cells (Fig. 1B). 
Strikingly, strong co-localisation of DC-SIGN and CD150 was observed in the 
medullary sinuses (Fig. 1B, Table 1). Together these data suggest that DC-SIGN+ 
cells are not only important in the initial phase of MV infection, but might also 
be involved in MV infection in the lymphoid tissues during the systemic phase 
of the infection.

Dendritic cells mediate antigen presentation of measles virus to CD4+ 
T-lymphocytes

DC-SIGN is an attachment receptor for MV and mediates infection of DCs 
through CD150 in cis11. We investigated whether MV capture by DC-SIGN+ 
DCs also leads to antigen processing and presentation to MV-specific CD4+ 
T-lymphocytes. We performed an antigen presentation assay using MV-specific 
CD4+ T cell clones18,19. As APCs we used moDCs, expressing high levels of 
DC-SIGN20 or an autologous Epstein-Barr virus-transformed B-lymphoblastic 
cell line (BLCL). The APCs were incubated with different dilutions of MV that 
was UV-inactivated to exclude DC and T-lymphocyte infection. Subsequently the 
APCs were co-cultured with the MV-specific CD4+ T-cell clones. At the highest 
concentrations, UV-MV induced DC maturation, since CD86 was upregulated, 
whereas DC-SIGN was down-regulated (Fig. 2A). Notably, in contrast to LPS 
stimulation, HLA-DR was not upregulated by MV. T-cell activation was measured 
by the detection of IFN-γ production by ELISPOT and ELISA. We used two 
different MV-specific T cell clones (GRIM99 and GRIM61) that matched and 
one that mismatched (GRIM76) the HLA type of the donor DCs. DCs incubated 
with UV-inactivated MV specifically activated the HLA-matched MV-specific T 
cell clones, whereas the mismatched MV-specific T cell clone was not activated 
(Fig. 2B and C). Moreover, an irrelevant T cell clone (LB5) was not activated by 
the DCs (Fig. 2B). Thus, MV capture by DCs leads to specific antigen processing 
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and presentation of MV peptides in the context of MHC-class II molecules. 
MV-derived antigen presentation by DCs was more efficient at low antigen 
concentrations than presentation by autologous BLCL (Fig. 2B); while the peptide 
control response was not significantly different (239±16 versus 264±18).

To investigate whether DC-SIGN and CD150 are involved in antigen presentation, 
moDCs were pre-treated with specific blocking antibodies to CD150, DC-SIGN 
and with the C-type lectin inhibitor mannan. Both mannan and anti-DC-SIGN 
inhibited activation of the MV-specific T-cell clone, demonstrating that 
DC-SIGN supports MV antigen uptake and processing for antigen presentation 
(Fig. 2B and C). Notably, antibodies against CD150 also inhibited T-cell clone 
activation, although to a lesser extent than antibodies against DC-SIGN. The role 
of DC-SIGN and CD150 was not dependent on post-entry effects, since addition 
of the antibodies just before the T-lymphocytes were added did not affect MV 
antigen presentation to the CD4+ T-cell clone (data not shown). Thus, viral uptake 
by DC-SIGN and to a lesser extent CD150 leads to virus degradation and antigen 
presentation of MV-derived antigens to CD4+ T-lymphocytes.

Measles virus replicates in clusters of dendritic cells and T-lymphocytes 
that are interconnected by infected dendrites

DCs capture HIV-1 via DC-SIGN9, and facilitate the infection of T-lymphocytes 
by transferring the virus through the infectious synapse 21. Since DC-SIGN+ DCs 
and CD150+ lymphocytes closely interact in the lymphoid tissues and the upper 
respiratory tract (Fig. 1), we investigated the role of DCs in MV transmission 

Figure 4. Dendritic cells mediate viral transmission of measles virus independently of 
de novo virus production.

(a–d) DCs (5×104 cells) were incubated with MV-IC323-EGFP (5×104TCID50, unless 
depicted otherwise) and after 2 hours the cells were extensively washed. T-lymphocytes 
(2×105 cells) were added and if indicated the fusion inhibitory peptide (FIP) was added 
after 2 hours. After 72 hours the infection was analyzed by (a) fluorescence microscopy 
and (b–d)  flow cytometry. (a) The cultures are depicted as an overlay of EGFP and 
brightfield. (b,c) The cells were harvested, washed and stained for CD3 and DC-SIGN. 
EGFP expression was measured by flow cytometry. (b) The percentage gated is depicted in 
the regions or quadrants. (c) Transmission of different concentrations of MV IC323-EGFP 
is analyzed. (d) The absolute numbers of EGFP+ DCs and T-lymphocytes in the analyzed 
samples were calculated and depicted. Error bars represent the standard deviation of 
triplicates. A representative donor out of seven is shown.
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in DC-T-lymphocyte co-cultures. To analyse viral transmission of DCs to 
T-lymphocytes we used the recombinant MV-IC323-EGFP strain. This MV strain 
has similar characteristics as its parental IC-B wild-type strain22, but infected 
cells produce high amounts of EGFP. The concentration of EGFP in the cells is 
directly related to the level of virus replication. The entry receptor for this virus 
is CD150, and not CD46, similar as MV wild-type strains6. DCs were infected 
with MV-IC323-EGFP, and subsequently co-cultured with PHA-stimulated 
T-lymphocytes expressing high levels of CD150. After two days the infected cells 
were analyzed by fluorescence microscopy. MV infection induced the formation of 
large clusters, which contained multiple EGFP+ syncytia (Fig. 3A). Most infected 
cells were observed in clusters, and notably long EGFP+ dendritic processes were 
observed that interconnected these clusters (Fig. 3A). To investigate which cells 
were present in the clusters, either DCs or T-lymphocytes were stained with a red 
dye before infection. Staining of either cell type demonstrated that both infected 
DCs and T-lymphocytes were present in the EGFP+ clusters (Fig. 3B), reminiscent 
of the in vivo infection of DCs and T-lymphocytes observed in lymphoid tissues 
of macaques2.

To investigate whether DCs enhance the infection of lymphocytes, T-lymphocytes 
or DC-T-lymphocyte co-cultures were infected with different concentrations 
of MV-IC323-EGFP and subsequently analyzed by flow cytometry. MV could 
readily infect activated T-lymphocytes, but addition of DCs enhanced infection 
two-fold (Fig. 3C and D). To investigate the role of DC-SIGN in MV transmission 
in a DC-T-lymphocyte co-culture, DCs were pre-incubated with mannan and 
infection was measured. Mannan partially prevented the increased infection 
of the lymphocytes in the DC-T lymphocyte co-cultures, demonstrating that 
DC-SIGN is involved in the enhanced infection in the DC-T lymphocyte 
co-culture, probably by increasing viral transmission to T-lymphocytes (Fig. 3D).

Dendritic cells transmit measles virus to T-lymphocytes independently of 
de novo virus production

To investigate whether DCs transmit MV to their target cells, DCs were incubated 
with MV-IC323-EGFP for two hours, washed extensively to remove unbound 
virus and subsequently co-cultured with activated T-lymphocytes. In DC cultures 
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without T-lymphocytes, low percentages of MV-infected DCs were detected, 
whereas in the DC-T lymphocyte co-cultures large clusters of MV-infected cells 
and syncytia were observed (Fig. 4A upper panels). These data strongly suggest 
that DCs capture MV and transmit the virus to T-lymphocytes independently 
of de novo synthesis of virus by infected DCs, since only a few infected DCs 
were observed (Fig. 4A). This process is referred to as trans-infection. However, 
HIV-1 studies have shown that DCs can also mediate transmission of de novo 
synthesized HIV-110. DCs in the respiratory tract in situ express high levels of 
DC-SIGN and no or low amounts of CD150 (Fig. 1), suggesting that DCs are not 
productively infected by MV. Therefore, we investigated whether DCs mediate 
trans-infection. As demonstrated, DCs transmit MV efficiently to T-lymphocytes 
in a co-culture (Fig. 4A) but de novo synthesis in DCs cannot be excluded, since 
both DCs and T-lymphocytes are infected in the DC-T lymphocyte co-culture 
(Fig. 4B). To exclude de novo synthesis of virus in DCs, we used the fusion 
inhibitor peptide (FIP, 200μM)23, which was added to the co-cultures 2 hours 
after addition of the T-lymphocytes to MV-infected DCs. We observed large 
clusters of EGFP+ cells in the presence of FIP (Fig. 4A). FIP prevents fusion of 
MV with cell membranes and of membranes of MV-infected cells with those of 
neighbouring cells. Therefore FIP blocks infection and syncytium formation24. 
Thus, T-lymphocytes expressing EGFP must have been infected during the 2 
hours co-cultivation with MV-infected DCs before FIP was added (Fig. 4B). This 
is a time frame that excludes de novo synthesis of MV by the DCs. In contrast 
to the condition without FIP, no syncytium formation was observed in DCs 
and T-lymphocytes cultured in the presence of FIP, confirming that FIP indeed 
prevented fusion. Moreover, incubation of DCs with different concentrations 
of MV demonstrated that T-lymphocytes were the major MV-infected cell 
population in the DC-T lymphocyte co-culture (Fig. 4C), demonstrating that 
DCs mediate trans-infection. To determine the efficiency of the trans-infection, 
the absolute number of infected cells was calculated (Fig. 4D). A 6-fold higher 
number of T-lymphocytes compared to DCs were infected in the co-cultures. This 
demonstrates that trans-infection of T-lymphocytes by DC-bound MV is more 
efficient than cis-infection of DCs. Thus, DCs efficiently mediate transmission 
of MV to T-lymphocytes, and this process primarily occurs independently of de 
novo synthesis of MV.
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Measles virus trans-infection of T-lymphocytes by dendritic cells is 
dependent on DC-SIGN, but not CD150

DC-SIGN and CD150 are both important for binding of MV to DCs and 
subsequent infection. Indeed, MV-infection of DCs is inhibited by antibodies 
against CD150 and DC-SIGN, as well as by mannan (Fig. 5A)11. MV transmission 
by de novo synthesis of MV particles depends on infection of DCs and therefore 
these data suggest that transmission through de novo synthesis of virus is 
dependent on both CD150 and DC-SIGN.

To investigate whether DC-SIGN is involved in MV trans-infection of 
T-lymphocytes, DCs were pre-treated with mannan or antibodies against 
DC-SIGN and transmission was measured in the presence of FIP. In all donors, 
both mannan and antibodies against DC-SIGN inhibited trans-infection 
(Fig. 5B), although donor variations were observed. Direct infection of 
T-lymphocytes after pre-treatment with the blocking agents demonstrated that 
these compounds do not interfere with the infection of the target cells (Fig. 5B). 
Allogeneic DCs induce T-lymphocyte activation and as such might increase 
CD150 expression and subsequently MV infection of T-lymphocytes. Therefore, 
we used autologous T-lymphocytes for donors #5–7. In this setting, trans-infection 
was also observed and was dependent on DC-SIGN (Fig. 5B), indicating that 
trans-infection is independent of T-lymphocyte activation. To analyze whether 
these differences were significantly different throughout the donors, data were 

Figure 5. Trans-infection of measles virus by dendritic cells is dependent on DC-SIGN, 
but not on CD150.

(a–b) DCs (5×104 cells) or (b) T-lymphocytes from different donors were pre-incubated 
with mannan, anti-DC-SIGN or anti-CD150 (for donor #1 and #2), before incubation with 
MV-IC323-EGFP (5×104 TCID50). (a) The cells were cultured in the presence of FIP for 
3 days and analyzed by flow cytometry. (b–d) After 2 hours the cells were washed and 
T-lymphocytes (2×105 cells) were added. For donor #5–7 autologous T-lymphocytes were 
used as target cells. The fusion inhibitory peptide (FIP) was added after 2 hours. After 
72 hours the cultures were analyzed by flow cytometry. (b) Transmission by different 
donors of DCs is depicted. As a control for the specificity of mannan and anti-DC-SIGN 
T-lymphocytes were pre-treated and directly infected. Error bars represent the standard 
deviation of triplicates. (c) The results of the different donors in (b) (#1–7) were normalized 
to the medium control to determine the statistical differences by ANOVA. Error bars 
represent the standard deviation of the mean of the different donors, *** = p<0,01 versus 
the medium control.
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normalized to the medium condition (Fig. 5C), demonstrating that DC-SIGN is 
important for transmission of MV from DCs to T-lymphocytes (Fig. 5C).

Since CD150 is important for MV binding to DCs and subsequent infection, 
we investigated whether this receptor is also important for trans-infection 
of T-lymphocytes. Strikingly, antibodies against CD150 did not block the 
trans-infection and even slightly increased the transfer to T-lymphocytes 
(Fig. 5D). These results demonstrate that DC-SIGN mediates both DC infection 
in cis and trans-infection, whereas CD150 is only involved in infection, and 
thus CD150 and DC-SIGN have distinct roles in MV transmission by DCs to 
T-lymphocytes.

DCs transmit MV to both CD4+ and CD8+ T-lymphocytes

In peripheral blood of experimentally infected macaques, MV infection of both 
CD4+ and CD8+ T-lymphocytes was observed2. Therefore we investigated whether 
DCs mediate transmission of MV to both T-lymphocyte subsets in vitro. CD4+ 
and CD8+ T-lymphocytes were purified from PHA-stimulated human peripheral 
blood mononuclear cells (PBMCs), and both expressed high levels of CD150 
(Fig. 6A). DCs were infected with MV-IC323-EGFP, and after extensive washing, 
co-cultured with either CD4+ or CD8+ T-lymphocytes. In both co-cultures, 
EGFP expression was observed in large clusters containing EGFP+ syncytia, 
demonstrating that DCs mediate transmission to both T-lymphocyte subsets 
(Fig. 6B). To measure whether DCs mediate trans-infection, FIP was added two 
hours after addition of the T-lymphocytes to the MV-infected DCs. Trans-infection 
to both subsets is efficient and mediated by DC-SIGN, since pre-treatment of DCs 
with mannan inhibited infection of T-lymphocytes in both cultures (Fig. 6C). 
Thus, DCs transmit MV to both CD4+ and CD8+ T-lymphocytes.

Discussion

Two hallmarks of measles are that the virus is highly contagious and infection 
results in strong MV-specific cellular immune responses. Both viral transmission 
and antigen presentation should therefore occur through efficient and robust 
processes. Since DCs are professional APCs and have been demonstrated to 
mediate transmission of several viruses, we have investigated the role of DCs 
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in both processes for measles. Here we have shown that a subset of DCs, the 
DC-SIGN+ DCs, mediates both transmission and antigen presentation of MV 
to T-lymphocytes. The receptors DC-SIGN and CD150 are both involved in DC 
infection and antigen presentation, whereas only DC-SIGN is involved in MV 
trans-infection of T-lymphocytes.

DC-SIGN+ DCs have previously been identified in several sub-epithelial and 
lymphoid tissues9,13. Here, we have identified DC-SIGN+ DCs in the sub-epithelial 
tissues of the human mouth, pharynx, trachea and bronchi, and the presence of 
scattered DC-SIGN+ cells in the lung. CD150 is expressed on in vitro cultured 
macrophages and DCs and is increased upon maturation16,17,25. However, CD150 
was previously not detected on immature DCs in skin and lung in situ26 and we 
could not detect CD150 on DC-SIGN+ DCs in respiratory epithelia, suggesting 
that these DCs are not susceptible to MV infection and DCs capture MV through 
DC-SIGN. However, expression of low levels of CD150 that might support MV 
infection cannot be excluded using immunofluorescence microscopy. DC-SIGN 
strongly enhances infection of DCs through CD15011, and therefore low levels of 
CD150 might be enough for efficient infection of DCs.

Different mechanisms are involved in virus transmission by DC-SIGN, since 
HIV-1 capture by DC-SIGN can result both in cis and trans-infection9,27. However, 
DC-SIGN binding of HIV-1 also leads to virus degradation and presentation 
in the context of MHC28,29. Interestingly, we observed that both DC-SIGN and 
CD150 are involved in MV processing and presentation of MV-derived peptides 
to the MV-specific CD4+ T-cell clone GRIM99. B cells are able to present MV 
antigens to T cells30. BLCL express high levels of CD150, but no DC-SIGN 
and MV capture leads to virus degradation and presentation of MV peptides 
to the autologous CD4+ T-cell clone and this was previously demonstrated to 
be dependent on endocytosis30. Notably, DCs were more efficient in antigen 
processing and presentation than the autologous BLCL and antibodies against 
DC-SIGN inhibited antigen presentation to a larger extent than antibodies against 
CD150. Thus, although both DC-SIGN and CD150 are involved, DC-SIGN is 
more important for antigen presentation of MV by DCs.
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MV is a highly contagious virus1 suggesting that it has a very efficient entry 
into the respiratory tissues. However, the number of CD150+ target cells in the 
respiratory tract is low, suggesting that these are not the first targets for MV at 
the site of entry. In contrast, the tissue is lined with DC-SIGN+ DCs and these 
DCs are better candidates since DC-SIGN+ DCs efficiently capture MV and 
mediate transmission of MV to T-lymphocytes in vitro. MV transmission to 
non-stimulated lymphocytes by DCs was inefficient (data not shown), which is in 
line with a previous report that demonstrated that transmission of MV from DCs 
to T cells isolated from blood is inefficient31. This is probably due to low expression 
of CD150 on blood-derived lymphocytes. However in lymphoid tissues, where 
DCs migrate to, CD150 is highly expressed on T and B-lymphocytes and on 
monocytes7,32.

Recently it was demonstrated that DCs specifically transmit HIV-1 to 
HIV-1-specific T-lymphocytes29 suggesting that immunological synapse 
formation enhances viral transmission, due to prolonged interactions during 
antigen presentation and T cell activation. However, we did not observe differences 
between transmission to autologous- and allogeneic T-lymphocytes, suggesting 
that prolonged immunological synapse interactions occurring during allogeneic 
but not autologous T cell-DC interactions are not necessary for MV transmission. 
This might be due to differences in infectivity between both viruses.

MV transmission can occur independently of de novo synthesis of virus in 
DCs (referred to as trans-infection). Using specific blocking antibodies, we 
have demonstrated that trans-infection is dependent on DC-SIGN but not on 
CD150. This is physiologically relevant, since DC-SIGN+ DCs in the respiratory 
tract express no or low levels of CD150, and are therefore not susceptible to MV 
infection. Both DC-SIGN and CD150 are important for binding of MV to DCs11. 
However, our data show that binding of MV to DC-SIGN and CD150 results 
in different internalization pathways. Although both DC-SIGN and CD150 
lead to virus degradation for antigen presentation, CD150 binding also results 
in viral entry, whereas only the interaction of DC-SIGN with MV leads to viral 
protection for trans-infection. Indeed, inhibition of CD150 resulted in enhanced 
trans-infection due to less degradation or fusion and therefore increasing the 
amount of virus for the DC-SIGN-mediated transmission. Several donors 
were tested for the involvement of DC-SIGN in trans-infection of MV. The 
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Figure 6. Dendritic cells mediate transmission of measles virus to both CD4+ and CD8+ 
T-lymphocytes.

(a) PBMCs were activated for three days, and the cells were enriched for CD4+ T-lymphocytes 
or CD8+ T-lymphocytes. T-lymphocytes and DCs are stained for the expression of 
CD150 and analyzed by flow cytometry. Open histograms represent isotype-control 
and filled histogram the specific antibody staining. The mean of the specific staining is 
depicted. (b,c) DCs (5×104 cells) were pre-incubated with mannan before incubation with 
MV-IC323-EGFP (5×104 TCID50). After 2 hours the cells were washed and cultured in 
the presence of the CD4+ or CD8+ T-lymphocytes for three days. (b) The cultures were 
analyzed by fluorescence microscopy and pictures were made at a magnification of 200× 
(c) The fusion inhibitory peptide (FIP) was added after 2 hours. The cells were harvested 
and EGFP expression was measured by flow cytometry. Standard deviations represent the 
standard deviation of triplicates. A representative experiment out of two is shown.
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contribution of DC-SIGN varied between the donors, suggesting that another 
attachment receptor might play a role, such as syndecan-3 for HIV-133. In 
macaques, both CD4+ and CD8+ T-lymphocytes are infected during the viraemic 
phase of measles disease2. It is unclear whether viral transmission can also occur 
to CD8+ T lymphocytes. Interestingly, we observed MV transmission by DCs to 
both CD4+ and CD8+ T-lymphocytes, indicating the formation of an infectious 
synapse between DCs and CD8+ T-lymphocytes, similar to DCs and CD4+ 
T-lymphocytes21.

During MV infection in macaques, lymphoid tissues are major sites of MV 
replication2. In human lymphoid tissues, CD150+ and DC-SIGN+ cells are in close 
contact, which can contribute to massive replication of MV. This is supported by 
our in vitro observations that DC-SIGN+ DCs enhance infection of T-lymphocytes 
in co-cultures and MV infection is predominantly observed in the clusters of DCs 
and T-lymphocytes. Notably, long EGFP+ dendrites were frequently observed 
between clusters, suggesting that viruses spread between clusters through 
these dendrites. Although these dendrites might be a MV-specific effect, which 
facilitates virus spread, these dendritic processes might also have a physiological 
function in the immune system, such as the interchange of antigenic information. 
The fact that MV infection in DC-T lymphocyte co-cultures was observed in 
clusters was highly reminiscent to the infectious foci that we have previously 
observed in tissues of infected macaques2. This pattern and enhanced infection 
in DC-T lymphocyte co-cultures suggest that the virus is much more efficiently 
transmitted by direct cell-cell contact than as cell-free virus.

In contrast to the APCs in the peripheral tissues, the borders of the medullary 
sinuses of the lymph node contain a population of cells that express high amounts 
of both DC-SIGN and CD150. These DC-SIGN+ cells have been previously shown 
to express CD68 and lack the expression of DEC205, suggesting that these cells 
are medullary macrophages13,14. These cells are in contact with the lymph and 
therefore encounter tissue-derived antigens. Based on the high expression of both 
CD150 and DC-SIGN, and the fact that DC-SIGN can enhance infection in cis11, 
it is likely that these cells become infected during measles and might contribute 
to further virus transmission.
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In conclusion, these data provide us with an alternative view on how MV might 
disseminate from the site of infection to their main target cells, the lymphocytes: 
DC-SIGN+ DCs, which are abundantly present in the sub-epithelial tissues of 
the respiratory tract, capture MV and process the virus for antigen presentation, 
but a part of the virus escapes from degradation. In previous studies dendrites of 
sub-epithelial DCs have been shown to pass the tight junctions of the epithelium 
of the gut and respiratory tract and sample the mucosal surfaces34, which could 
result in efficient capture of the virus. Moreover, MV induces activation of the DC 
via TLRs35, which will induce migration of DCs from the peripheral tissues to the 
lymphoid tissues. Although DCs might encounter CD150+ cells in the underlying 
mucosal tissues, the abundant expression of CD150 in lymphoid tissues strongly 
suggests lymphoid tissues as the major site of MV transmission and replication. 
A similar mechanism might play a role in spreading the virus throughout 
the body, even to privileged tissues such as the brain, and could therefore be 
involved in complications such as subacute sclerosing panencephalitis (SSPE). 
Moreover, during viraemia, DCs might increase infection and tissue destruction. 
In the future, in vivo studies will be required to prove the importance of MV 
transmission by DCs.
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Materials and Methods
Antibodies The following antibodies were used: CD150-
specific mouse antibody 5C6 36, DC-SIGN-specific mouse 
antibodies AZN-D1 and AZN-D2 9, DCN46 and DCN46 
conjugated with PE (BD Pharmingen, San Diego, CA, USA), 
CD3-specific mouse antibody SK-7 conjugated with PerCP 
(BD Pharmingen, San Diego, CA, USA), goat anti-mouse IgG 
antibody conjugated with PO (Jackson Immunoresearch, 
West Grove, PA, USA), HLA-DR- (Immu357) and CD86- 
(HA5.2B7) specific mouse antibodies conjugated with PE 
(Immunotech, Marseille, France), goat anti-mouse antibody 
conjugated with FITC (Zymed Laboratories Inc., South San 

Fransisco, CA. USA), Alexa488- or Alexa594-labeled anti-
mouse antibodies (Molecular probes, Eugene, OR, USA).

Cells Vero-CD150 cells 37 were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Gibco Invitrogen, 
Carlsbad, CA, USA) supplemented with 4500 mg/L glucose; 
110 mg/l sodium pyruvate; 4 mM L-glutamine; 10% heat-
inactivated fetal calf serum (FCS); 20 U/ml penicillin and 
20 μg/ml streptomycin, at 37°C with 5% CO2. The CD4+ 
HLA-DQw1-restricted T-cell clone GRIM99 18, 19 recognizes 
an epitope in the MV fusion protein (EVNGVTIQV). 
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GRIM61 and GRIM99 are also MV-specific CD4+ T cell 
clones, for which the epitopes have not been mapped (Van 
Binnendijk JI 1989). LB5 is a CD4+ T cell clone of unknown 
specificity (unpublished). All clones were cultured in 
RPMI-1640 (RPMI 1640, Gibco Invitrogen, Carlsbad, CA, 
USA) supplemented with 4 mM L-glutamine; 10% heat-
inactivated human AB serum (Sigma-Aldrich, St. Louis, 
MO, USA); 20 U/ml penicillin, 20 μg/ml streptomycin 
and 10−5 M 2-mercapto-ethanol in 96-well round bottom 
plates. Epstein-Barr virus-transformed B-lymphoblastic cell 
line (BLCL-GR) 18, 19 was used as autologous APC, and was 
cultured in RPMI 1640 supplemented with L-glutamine, 
penicillin, streptomycin and 10% FCS. Immature moDCs 
were cultured as described before 38. In short, human blood 
monocytes were isolated from buffy coats by Ficoll density 
centrifugation, followed by selection of CD14+ cells using 
magnetic beads (MACS, Milteny Biotec GmbH, Bergisch 
Gladbach, Germany). Purified monocytes were cultured in 
RPMI-1640 medium supplemented with 4 mM L-glutamine; 
10% FCS; 20 U/ml penicillin and 20 μg/ml streptomycin and 
differentiated into immature moDCs in the presence of IL-4 
and GM-CSF (500 and 800 U/ml, respectively; Schering-
Plough, Brussels, Belgium).

PBMCs were isolated from buffy coats by Ficoll density 
centrifugation, activated with phytohemagglutinin (3 μg/
ml; Sigma-Aldrich, St. Louis, MO, USA), and cultured 
in complete RPMI-1640 medium. At day 3 the cells 
were washed and cultured with IL-2 (100 units/ml). As 
determined by flow cytometry >80% of the activated 
PBMC were CD3+ and therefore these cells are referred to 
as T-lymphocytes throughout the text. The CD4+ and CD8+ 
T-lymphocytes were enriched at day 3 after PHA stimulation 
by negative selection using MACS beads. To label DCs and 
T-lymphocytes, the cells were stained with the PKH26 red 
fluorescent cell linker kit (Sigma-Aldrich, St. Louis, MO, 
USA) for general cell membrane labelling, according to the 
manufacturers protocol.

Viruses The recombinant MV strain IC323-EGFP 39 was 
propagated on Vero-CD150 cells. For virus production, 
Vero-CD150 cells were infected with a multiplicity of 
infection (MOI) of 0.01 in DMEM supplemented with 
2% of FCS. After 90 minutes cells were washed to remove 
unbound virus and were subsequently grown in DMEM 
supplemented with 10% FCS. Cells and supernatant were 
harvested when 80% cytopathic effect was observed. To 
release cell-bound virus, the cells were sonicated (3 times, 10 
seconds, Sonicor Instrument Corporation, Copiaque, N.Y., 
USA). The cells were centrifuged (10 minutes, 1000 g) and 
the supernatant was snap-frozen in liquid nitrogen before 
titration on Vero-CD150 cells. The titer of the virus-stock 
used was 1×106 TCID50/ml. Purified MV Edmonston with a 
concentration of approximately 1 mg/ml, was inactivated by 
UV-irradiation (30 minutes, 15W 312 nm) and is referred to 
as UV-MV throughout the text.

Immunofluorescence Microscopy Tissues of healthy human 
donors were obtained through the pathology department 
of the VU University Medical Center, according to the 
institutional ethical guidelines. Cryosections (7 μm) were 
fixed with 100% acetone and stained with primary antibody 
combinations against DC-SIGN (DCN46, IgG2b, 10 μg/ml) 
and anti-CD150 (5C6, IgG1, 10 μg/ml) or a buffer control 
for 18 hours at 4°C. Sections were counterstained with 
isotype-specific Alexa488- or Alexa594-labeled anti-mouse 
antibodies. Nuclei were stained with Hoechst (Molecular 
Probes, Eugene, OR, USA). After mounting, sections 
were examined with a Nikon Eclipse E800 fluorescence 

microscope and recordings were made with a digital NIKON 
DXM1200 camera. Two persons used the photographs to 
quantify the staining in the different tissues independently. 
To determine the density of DC-SIGN+- or CD150+ cells, 
the number of positive cells was divided by the total number 
of cells, based on the nuclei staining. To determine the co-
localization, the double-stained cells were divided by the 
total number of stained cells. Based on the control sections, 
autofluorescence was often observed in the lower respiratory 
tract and is indicated in the pictures.

Antigen Presentation Assays Monocytes were isolated 
from an HLA-DQw1-matched donor using CD14 MACS 
beads and differentiated into immature DCs as described 
above. Subsequently, these DCs or autologous BLCL-GR 
(5×103 cells) were used as APCs in an interferon-γ (IFN-γ) 
ELISPOT assay as previously described 40. Briefly, APCs 
were plated into 96-well v-bottom plates in complete RPMI-
1640 containing IL-4 and GM-CSF and pre-incubated with 
mannan (0,25 mg/ml) for 30 minutes at 37°C. Next, the cells 
were incubated with different dilutions of UV-MV at 37°C 
or a positive control peptide (EVNGVTIQV; 1 μM). After 
overnight incubation the CD4+ T-cell clones were added 
to the APCs (5×103 cells per well), the plates were briefly 
centrifuged (1 minute, 300 g) and subsequently incubated at 
37°C for 1.5 hour. Subsequently the cells were transferred to 
nylon bottom plates (Nalge Nunc International, Rochester, 
NY) coated with a monoclonal antibody specific for 
human IFN-γ (1-D1K; Mabtech, Stockholm, Sweden), 
and incubated at 37°C for five hours. Finally, plates were 
washed with phosphate-buffered saline (PBS) containing 
0.05% Tween 20 (Merck, Darmstadt, Germany). Spots were 
visualized by incubation with a secondary biotinylated 
mAb against IFN-γ (7-B6-1; Mabtech), followed by staining 
with streptavidin–alkaline phosphatase (Mabtech), and 
nitroblue tetrazolium–5-bromo-4-chloro-3-indolyl-p 
hosphate(Kirkegaard & Perry Laboratories, Gaithersburg, 
MA, USA). Finally, the color reaction was stopped by 
washing the plates with water and spots were counted with 
an automated ELISPOT reader (automated ELISAspot assay 
video analysis systems; distributed by Sanquin Reagents, 
Amsterdam, The Netherlands).

In parallel, the same APCs were also used to stimulate the 
same T-cell clone for IFN-γ production in supernatant. 
Briefly, APCs (1×104 cells) were used to stimulate the 
T-cell clone (3×104 cells) in round-bottom plates, and were 
incubated at 37°C for 24 hours before supernatants were 
harvested. To determine the contribution of DC-SIGN 
and CD150, the APCs were pre-incubated with mannan 
(0,25 mg/ml), anti-DC-SIGN (AZN-D2; 20 μg /ml) or anti-
CD150 (5C6; 20 μg/ml) for 30 minutes at 37°C. The IFN-γ 
concentrations in the supernatants were determined by 
ELISA (Biosource International, CA, USA).

MV Infection, Transmission and Co-culture Assays 
For infection and transmission assays DCs (5×104 cells) 
were seeded in a V-bottom plate and pre-incubated with 
mannan (0,25 mg/ml), anti-DC-SIGN (AZN-D2; 20 μg/ml) 
or anti-CD150 (5C6; 20 μg/ml) for 30 min. at 37°C, before 
incubation with MV-IC323-EGFP at 37°C for 2 hours (5×104 
TCID50, unless stated otherwise). After 2 hours the cells were 
washed and transferred to a flat-bottom plate. To measure 
transmission, activated T-lymphocytes (2×105 cells) were 
added. If indicated the fusion inhibitory peptide (FIP) Z-d-
Phe-L-Phe-Gly-OH (Z-FFG; 0.2 mM; Bachem, Heidelberg, 
Germany) was added 2 hours later. For co-culture assays 
T-lymphocytes (2×105 cells), either or not together with DCs 
(5×104 cells), were pre-incubated with 0,25 mg/ml mannan 
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and infected with different concentrations of MV-IC323-
EGFP.

All cells were cultured for three days at 37°C in complete 
RPMI-1640 containing IL-4 and GM-CSF. The cultures were 
monitored using a Leica DMIL fluorescence microscope, 
and pictures were taken using a Leica DFC 320 camera 
(Leica Microsystems, Wetzlar, Germany). At day 3 the cells 
were harvested, washed and fixed with 4% PFA and EGFP 
expression was measured by flow cytometry. DCs had 
higher autofluorescence compared to T-lymphocytes the 
EGFP+ gate for both population was set at the uninfected 
control sample. To determine the infection of specific cell 
populations, the cells were stained with directly labeled 
antibodies against DC-SIGN and CD3 before analysis. The 

absolute number of infected DCs (DC-SIGN+/EGFP+) 
and T cells (CD3+/EGFP+) of the total counted sample by 
flow cytometry ( = 105 events) were used to determine the 
efficiency of transmission.

Statistical Analysis To determine the variation in MV 
transmission among the different DC donors, the infection 
of T-lymphocytes was normalized to the “medium” control 
condition, which was set at 100%. Subsequently, the 
percentages of infection from the 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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Supplementary material

Supplementary Figure S1. DC-SIGN+-dendritic cells are present in the sub-epithelial 
tissues of the respiratory tract. 

Cryosections of different tissues from healthy donors were stained for the expression of 
DC-SIGN (green) and CD150 (red) using specific antibodies, and for the nuclei using 
Hoechst (blue). The sections were analyzed by fluorescence microscopy. Representative 
photos with a magnification of 100× are depicted (e = epithelium; s = sub-epithelial tissue, 
arrow = autofluorescence).
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Introduction

DCs induce adaptive immunity by presenting antigens in the context of HLA 
class I (HLA-I) and II (HLA-II) to CD8+ and CD4+ T cells, respectively1. 
Virus-specific CD8+ cytotoxic T cells (CTLs) are crucial to clear viral infections 
and are classically induced by virus-infected APCs that present endogenous viral 
antigens in the context of HLA-I. However, DCs can also capture exogenous 
antigens and present these in the context of HLA-I molecules, a process referred 
to as cross-presentation which is thought to be important in both viral and tumor 
immunity2,3.

It is becoming evident that different DC subsets have specialized functions in 
anti-viral immunity, e.g. by inducing preferentially CD4+ or CD8+ T-cell responses 
or by inducing innate immunity against pathogens4,5. Langerhans cells (LCs) are 
a subset of DCs that are, in humans, characterized by expression of CD1a, the 
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C-type lectin Langerin and the presence of Birbeck granules6. LCs reside in the 
epidermis and stratified epithelial tissues7-9. Recently, we have shown that LCs 
form a barrier against HIV-1; LCs capture HIV-1 through Langerin, resulting 
in internalization of HIV-1 into Birbeck granules and preventing subsequent 
HIV-1 transmission10. However, little is known about the role of human LCs and 
Langerin in antigen presentation.

Capture of exogenous antigens by LCs leads to induction of CD4+ T-cell 
responses11-13. However, the ability of LCs to cross-present exogenous antigens 
to CD8+ T cells has been debated14-17. Klechevsky et al.13 have shown that in 
vitro- generated human LCs from either CD34+ cells or monocytes are capable 
of cross-presenting influenza-virus proteins to CD8+ T cells. However, these in 
vitro-generated LCs might be different from primary immature LCs.

Here, we have investigated the antigen capture and presentation capacity of 
human primary LCs during measles virus (MV) infection. MV is the causative 
agent of measles, which remains an important cause of morbidity and mortality 
in developing countries. MV is a lymphotropic and myelotropic virus and DCs 
have been implicated in its transmission18,19. MV is one of the most infectious 
viruses that infect humans and is transmitted via the respiratory route. CD150 
is the primary receptor for wild-type MV20, whereas the laboratory-adapted MV 
strain Edmonston also uses CD46 as entry receptor21. Wild-type MV initially 
replicates in mononuclear cells in the alveolar lumen, the bronchus-associated 
lymphoid tissue and the regional lymph nodes of the respiratory tract, followed 
by viremia and systemic disease19,22. Although measles is associated with immune 
suppression, MV paradoxically induces a strong cellular and humoral immune 
response that efficiently clears the virus and results in lifelong immunity23. 
Human DC-SIGN+ DCs transmit MV to lymphocytes18,24 and DCs have been 
shown to become infected by MV in vivo in macaques19. Also, LCs have been 
shown to be susceptible to MV infection, albeit after exposure to mechanical 
stress25,26. These data strongly suggest that different DC subsets are involved in 
MV dissemination, but little is known about the role of human LCs as professional 
APCs during measles.

Here, we show that Langerin functions as an attachment receptor for MV 
that is involved in virus capture but not infection of LCs. MV binding to both 
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immature and mature LCs led to processing and presentation of viral antigens 
to MV-specific CD4+ T cells. Mature LCs, in contrast to immature LCs, were 
infected by MV and presented antigens in the context of HLA-I molecules to 
MV-specific CD8+ T cells. Notably, neither immature nor mature LCs were able 
to cross-present viral antigens derived from UV-inactivated MV or MV-infected 
apoptotic cells to MV-specific CD8+ T cells. This study shows that Langerin 
on LCs is involved in MV capture. Notably, we show that primary human LCs 
are incapable of cross-presenting antigen from exogenous MV particles or 
MV-infected apoptotic cells. These results suggest that without prior activation, 
immature LCs do not induce CD8+ T-cell responses to MV.

Results

Langerin is a receptor for MV but does not mediate viral entry

Langerin interacted with MV in a dose-dependent manner as measured by 
a soluble Langerin-binding ELISA (Fig. 1a). This interaction is specific for the 
carbohydrate recognition domain of Langerin since binding was inhibited by 
mannan, which blocks Langerin (Fig. 1a). Next, Langerin-transduced THP-1 
cells (Supplementary Fig. 1) were incubated with FITC- labeled wild-type MV 
strain IC323 and laboratory-adapted MV strain Edmonston, and binding was 
measured by flow cytometry. Binding of both MV strains to Langerin-transduced 
THP-1 cells was higher compared to mock-transduced cells and could be blocked 
by mannan (Fig. 1b and c). Thus, Langerin is a receptor for both wild-type and 
laboratory-adapted MV strains.

Figure 1. Langerin is a receptor for measles virus. 

(a) Different concentrations of wild type MV or a mock control were coated and Langerin 
binding was detected by anti-Langerin. Mannan was used to determine specificity of 
the interaction between Langerin and MV. Data are representative of two independent 
experiments. (b–d) Langerin-transduced THP-1 cells, mock-transduced THP-1 cells (b,c) 
and primary human mature LCs (D) were incubated with FITC-labeled IC323 (b,d) or 
Edmonston (c,d) and binding was determined by flow cytometry. Mannan (B-D), and 
anti-Langerin or anti-CD150 (d) were used to determine the specificity. Data show average 
± SD and are representative of two independent experiments. (e) CHO, CHO-Langerin and 
CHO-CD150 cells were infected with IC323-eGFP. Infection was assessed by syncytium 
formation and eGFP expression. Original magnification 10x. (f,i) Primary immature (f,g) 
or mature (h,i) LCs were infected with IC323-eGFP (G, I) or Edmonston-GFP (f,h). The 
percentages of CD1a1 GFP1 cells are depicted. Data show average ± SD and are representative 
of two independent experiments.
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Next, we investigated whether Langerin is involved in the interaction of human 
LCs with MV. Primary human mature LCs efficiently captured both MV strains, 
which was blocked by anti- Langerin and anti-CD150 to a similar extent (Fig. 1D). 
Moreover, mannan reduced binding to a similar extent as anti-Langerin. Thus, 
primary LCs capture MV through both Langerin and CD150.

To investigate whether Langerin mediates fusion and viral entry, Chinese hamster 
ovary (CHO) cells were transduced with Langerin (Supplementary Fig. 1). 
CHO, CHO-Langerin and CHO-CD150 cells were incubated with wild-type 
MV (WTF) or recombinant MV strain IC323-eGFP27. Both viruses infected 
CHO-CD150 cells, but were unable to infect Langerin- or mock-transfected 
CHO cells (Fig. 1e, Supplementary Fig. 2), demonstrating that Langerin is not 
an entry receptor for MV.

Next, we investigated infection of immature and mature LCs with MV strains 
Edmonston and IC323. Mature LCs, in contrast to immature LCs, were infected 
by both strains (Fig. 1f–i). Infection of mature LCs with the laboratory-adapted 
MV strain Edmonston was inhibited by anti-CD150 and anti-CD46, whereas 
the infection with the wild-type MV strain IC323 was inhibited by anti- CD150 
(Fig. 1h and i). Anti-Langerin did not affect infection of LCs with either MV 
strain (Fig. 1h and i). Thus, Langerin is a binding receptor for MV that is involved 
in MV capture but does not mediate viral entry. 

LCs are abundantly present in epithelium of the upper respiratory tract

LCs have been extensively characterized in mucosal tissues involved in HIV-1 
infection8,28, but little is known about the distribution of LCs in the respiratory 
tract where MV enters the host. We have analyzed the density and phenotype 
of LCs in the respiratory tract by staining different epithelial tissues for CD1a, 
Langerin and CD150. LCs were observed in tongue, buccal cavity, tonsil, 
pharynx and bronchi (Fig. 2a, data not shown). LCs were mainly located in 
the epidermis and epithelia. Furthermore, the density of LCs was high in the 
upper respiratory tract and decreased while descending toward the lungs, 
where LCs were only scarcely detected (data not shown).
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Figure 2. Human LCs are present in the upper respiratory tract and express Langerin. 

(a) Cryosections of human tissues were stained for CD1a (red), Langerin (green) and 
Hoechst (blue) and analyzed by fluorescence microscopy. The border between the 
epithelium/epidermis and subepithelium/dermis (white line), and the lumen or external 
environment (ex) are depicted. (b) Immature and mature LCs were analyzed by flow 
cytometry. Open histograms: isotype control; filled histograms: specific antibody. The 
data are representative for three donors.

Langerin was expressed on more than 95% of LCs in the skin and upper 
respiratory tract (Fig. 2a; data not shown). In lungs a donor variation was 
observed, since LCs from one donor expressed Langerin on the cell membrane 
and/or intracellular, whereas in two other donors, 80 and 20% of the CD1a+ 
cells expressed Langerin (data not shown). Only a small population of LCs 
(<10%; data not shown) in both upper and lower respiratory tracts was positive 
for CD150 (Supplementary Fig. 3, arrows), indicating that the majority of LCs in 
respiratory tract are CD150-negative and that immature LC are among the first 
cells to encounter MV in the upper respiratory tract.

Isolation of human immature LCs from the respiratory tract is not possible on 
a scale that allows functional experiments. Therefore, we have used epidermal 
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LCs from skin because these cells are immature upon isolation and express 
Langerin and CD1a but no CD150, similar to LCs observed in respiratory tract 
(Fig. 2). The isolation procedure did not activate the cells since expression of 
co-stimulatory molecules CD80, CD83 and CD86 remained very low or negative, 
whereas expression of HLA-I and HLA-II was intermediate (Fig. 2b). To obtain 
LCs with a more mature phenotype, epidermal sheets were cultured for two days 
and the emigrated LCs were isolated. Emigrated LCs were partially mature since 
these cells expressed CD150 and high levels co-stimulatory molecules as well as 
HLA-I and II molecules (Fig. 2b). Furthermore, Langerin expression was lower 
on emigrant LCs which further highlights the more mature phenotype compared 
to isolated immature LCs. Throughout this paper we will refer to emigrant LCs as 
mature LCs, and to isolated LCs as immature LCs.

Antibodies to Langerin are internalized and presented in the context of 
HLA-II

We next investigated the internalization pathway of human Langerin by using 
an antibody against Langerin to exclude the involvement of other receptors. 
Human Epstein-Barr virus-transformed B-lymphoblastic cell line (BLCL)-OUW 
expressing Langerin (Supplementary Fig. 1) or mature primary human LCs 
were pulsed with a murine IgG1 monoclonal antibody specific for Langerin for 
1 h at 37°C. The antibody against Langerin was internalized and co-localized 
with the lysosomal marker Lamp-1 (Fig. 3a). Immuno-electron-microscopic 
analysis showed that the anti-Langerin antibody was internalized into 
Birbeck granules (Fig. 3b) and the internalized antibody co-localized with a 
polyclonal antibody used to detect Langerin, suggesting that the internalized 
antibody was still attached to Langerin (Fig. 3b). A part of the internalized 
anti-Langerin antibody was observed in vesicles that were positive for Lamp-1 
and/or HLA-DR (Fig. 3c and d). Moreover, the internalized antibody was also 
detected in multi-vesicular bodies (Fig. 3c and d, arrows) and incidentally in 
multi-laminar bodies (Fig. 3d, complete left), which co-localized with HLA-DR 
(Fig. 3d). These data suggest that Langerin-captured antigens are internalized 
into Birbeck granules and are at least partly targeted to the lysosomes, where 
antigen processing can occur.
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We investigated whether the antibodies against human Langerin are processed 
and presented in the context of HLA-II molecules to CD4+ T cells. We used 
the CD4+ T-cell clone Hd7 that recognizes a peptide derived from murine 
IgG1 presented in a HLA-DR1-restricted manner29. Both HLA-DR1-matched 
primary mature LCs and the Langerin-expressing B-cell line were pulsed with 
an anti-Langerin antibody or an isotype control antibody. Next, the cells were 
co-cultured with the CD4+ T-cell clone and IFN-  production was measured to 
determine T-cell activation29. BLCL-OUW cells expressing Langerin incubated 
with the anti-Langerin antibody-induced T-cell proliferation that was neither 
observed with mock-transduced cells nor with the isotype control antibody 
(Fig. 3e). Primary LCs targeted with the anti-Langerin antibody-induced T-cell 
proliferation in a dose-dependent matter, which resulted from Langerin-mediated 
trafficking, since incubation with the isotype control antibody did not result in 
T-cell clone activation (Fig. 3e). Thus, antigens targeted to Langerin expressed 
by primary human LCs are processed and presented in the context of HLA-II to 
CD4+ T-cells.

MV captured by LCs results in HLA-II-restricted anti- gen presentation

We investigated whether binding of MV by LCs results in antigen presentation 
to MV-specific CD4+ T cells using the CD4+ T-cell clone GRIM-F99 that 
recognizes a peptide derived from the MV envelope glycoprotein F in the context 
of HLA-DQw130,31. Activation of the T-cell clone GRIM-F99 does not require 
full co-stimulation. Human LCs expressing HLA-DQw1 were pulsed with 
UV-inactivated Edmonston MV (MV-UV) and co-cultured with the MV-specific 
CD4+ T cells. Immature LCs directly isolated from skin were compared with 
mature LCs that had migrated out of the skin (Fig. 2b). Both immature and 
mature LCs stimulated the MV-F-specific CD4+ T-cell clone GRIM-F99 in a 
dose-dependent manner at comparable levels as monocyte-derived DCs (moDCs, 
Fig. 4a and b). The CD4+ T-cell clone alone did not produce IFN- . Activation of 
the T-cell clone was comparable for both immature and mature LCs, which might 
be because activation of the T-cell clone is less dependent on co- stimulation than 
naive T cells. We observed for different donors that mannan partially inhibited 
antigen presentation of MV-derived peptides to the CD4+ T-cell clone (Fig. 4c). 
Antibodies against Langerin inhibited antigen presentation to a similar extent as 
mannan, whereas the combination of antibodies against Langerin and mannan 
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did not result in more inhibition than the inhibitors alone (Fig. 4d). These data 
confirm that Langerin is the only C-type lectin involved in MV capture on LCs. 
CD150 inhibition did not affect antigen presentation of MV, which is supported 
by the lack of CD150 expression on immature LCs (Fig. 2b). Other receptors or 
uptake mechanisms might also be involved since the inhibition with Langerin 
inhibitors was partial. These data demonstrate that human LCs capture MV 
resulting in efficient antigen processing and presentation in the context of HLA-II 
molecules, which is partially dependent on Langerin.

LCs do not cross-present MV antigens

Immature LCs, in contrast to mature LCs, were not efficiently infected by MV 
(Fig. 1f–i). We have used the MV-specific CD8+ T-cell clone WH-F40 that 
recognizes a peptide derived from the MV envelope glycoprotein F in the context 
of HLA-B27, to investigate the potential of LCs for HLA-I-restricted antigen 
presentation. HLA-B27+-typed immature LCs, mature LCs and moDCs were 
incubated with infectious MV or with the minimal 9-amino acid MV peptide. 
Next, the MV-F-specific CD8+ T-cell clone was added and T-cell activation 
was measured32. All peptide- loaded DCs and LCs were able to induce IFN-  
production by the MV-specific CD8+ T-cell clone (Fig. 5a and b), demonstrating 
that the expression of HLA-B27 and/or co-stimulatory molecules was sufficient 
in all three DC subsets. However, immature LCs did not activate the CD8+ T-cell 
clone upon incubation with infectious MV, whereas moDCs and mature LCs 
both activated the CD8+ T-cell clone (Fig. 5a and b). These data suggest that 
immature LCs do not present MV antigens to CD8+ T cells because these cells 
are not productively infected by MV.

Figure 3. Langerin antibodies are internalized into Birbeck granules, Lamp-11 and 
HLA-DR1 vesicles, and are presented in the context of HLA-II. 

(a) BLCL-OUW-Langerin cells and mature LCs were stained with anti-Langerin (green) 
and anti-Lamp-1 (blue) for confocal microscopy. Representative for two independent 
experiments, original magnification 63. (b–d) Mature LCs were incubated with DCGM4. 
The internalized antibodies were detected using immuno-gold-labeling antibody (15 nm). 
Cells were stained with goat-anti-Langerin (B), Lamp-1 (c) or HLA-DR (d) and detected 
using immuno-gold-labeling (10 nm) for electron microscopy. Inlays: co-localization of 
10 and 15nm gold-labeling. Arrows: Birback granules (b), multi-vesicular bodies (c, d). (e) 
BLCL-OUW, BLCL-OUW-Langerin or mature LCs were incubated with DCGM4 or an 
isotype control and IFN-g production of the co-cultured CD4+ HD7 T cells was measured. 
Data are representative of three independent experiments.
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To address the potential of LCs for cross-presentation, we tested all the three 
DC subsets for activation of the MV-specific CD8+ human T-cell clone after 
incubation with UV-inactivated MV. Inactivation was complete since the 
UV-inactivated viruses were not able to infect susceptible cells (data not shown). 
Under these conditions, moDCs reproducibly showed a dose-dependent potential 
for cross-presentation, which was enhanced when moDCs were matured by a 
maturation cytokine cocktail (Fig. 5c). In contrast to moDCs, neither immature 
nor mature LCs were capable of activating MV-specific CD8+ T cells after 
incubation with different concentrations of UV-inactivated MV. Repeated 
antigen pulse over several days or activation with a maturation cocktail also 
failed to induce cross-presentation by LCs (Fig. 5c; data not shown). These results 
demonstrate that antigen cross-presentation of cell-free MV by human primary 
LCs is inefficient and independent of activation state. Apoptotic virus-infected 
cells might be an important source for MV antigens in vivo. Therefore, we 
investigated cross- presentation of MV antigens derived from MV-infected 
cells by incubating the different DC subsets with UV-inactivated MV-infected 
BLCL-JP. The HLA-I type of the BLCL-JP was mismatched with the MV-specific 
T-cell clone to exclude antigen presentation by this MV-infected BLCL. Similar 
to that observed with cell-free virus particles, neither immature nor mature 
LCs were able to cross-present MV-derived peptides to the CD8+ T cells when 
incubated with MV-infected apoptotic cells (Fig. 5d). In contrast, moDCs 
efficiently cross-presented MV antigens derived from infected apoptotic cells to 
the specific CD8+ T-cell clone in a dose-dependent manner (Fig. 5d). Further 
activation of LCs by maturation stimuli did not induce cross-presentation. In 
summary, both immature and mature human primary LCs were incapable of 
cross-presentation of exogenous MV particles or MV-infected apoptotic cells to 
specific CD8+ T cells.

Discussion

Different DC subsets can have distinct functions and therefore might differ in 
their antigen presentation capacity. Here, we have investigated the function of 
human LCs in MV infection and their ability to present MV-derived antigens 
to CD4+ and CD8+ T cells. We have identified Langerin as a binding receptor 
for MV on LCs that is involved in antigen presentation of MV-derived antigens 
to CD4+ T cells. Immature LCs were not infected by MV and did not present 
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viral antigens in the context of HLA-I. In contrast, mature LCs were productively 
infected, resulting in activation of MV- specific CD8+ T cells by presentation of 
peptides derived from de novo synthesized MV proteins via the classical class 
I antigen presentation route. However, neither immature nor mature LCs were 
able to cross-present exogenous UV-inactivated MV particles or apoptotic 
MV-infected cells to CD8+ T cells. These data suggest that primary human LCs 
are not efficient in activating CD8+ T cells required for anti-viral immunity. 
Induction of naive HLA-I- restricted T-cell responses is therefore more likely 
to be mediated by other DC subsets. MV is transmitted via the respiratory 
route, and thus the initial targets must be present in or on respiratory mucosal 
surfaces. LCs that express the C-type lectin Langerin are abundantly present in 
the epithelium of the upper respiratory tract. Our data show that Langerin is 
an attachment receptor for MV on LCs. Viruses captured by Langerin, but not 
CD150, on immature LCs are processed and presented to CD4+ T cells. This is 
not specific to MV, because antibodies targeted to Langerin are also presented 
to CD4+ T cells. Since Langerin is also an attachment receptor for HIV-1 (ref 10), 
Herpes Simplex Virus-2 (ref. 33) and fungi34, our data support a role for Langerin 
as a pathogen receptor. The MV envelope glycoproteins F and H contain high 
mannose structures35 that are likely recognized by Langerin, similarly as shown 
for C-type lectin DC-SIGN24. This is further supported by the high similarity 
between the folding of the carbohydrate- binding domain of Langerin and 
DC-SIGN36.

The fate of pathogens interacting with Langerin on LCs is not clear. Langerin 
recycles between the plasma membrane and early endosomes and is 
associated with Birbeck granules6. Langerin internalizes HIV-1 (ref 10) and 
Langerin-antibodies into Birbeck granules9. In contrast to previous observations9, 
we observed that internalized antibodies are routed into Lamp-1+ and HLA-II+ 
vesicles. The importance of Langerin in routing antigens to the HLA-II 
presentation pathway is supported by our data showing that both anti-Langerin 
and MV captured by Langerin are processed and presented to CD4+ T cells. 
Anti-Langerin as well as mannan partly inhibited presentation of MV antigens 
by HLA-II, suggesting that other receptors or other uptake mechanisms also 
contribute to antigen uptake. Our data suggest that pathogens captured by 
Langerin are processed for priming of CD4+ T cells.
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Classically, exogenous antigens are presented in the context of HLA-II, whereas 
endogenous-derived peptides are presented in the context of HLA-I molecules. 
However, several DC subsets have the capacity to cross-present exogenous 
antigens in the context of HLA-I molecules2, a process that is relevant in infection 
by viruses that circumvent the classical HLA-I processing pathways. Murine 
myeloid DCs cross-present viral antigens and induce anti-viral CD8+ T cells37. 
Murine LCs were reported to cross-present antigens14 although a role for Langerin+ 
dermal DCs was not excluded. More recently, in vivo studies indicate that murine 
Langerin+ dermal DCs, but not LCs, are responsible for the induction of CD8+ 
T-cell responses38,39. Our data show that human primary LCs cannot cross-present 
UV-inactivated MV and MV-infected apoptotic cells in vitro. Immature moDCs 
efficiently cross-presented UV-inactivated MV and infected apoptotic cells. 
In contrast, immature LCs were not able to cross-present exogenous-derived 
antigens to MV-specific CD8+ T cells. The inability to cross-present MV 
antigens was independent of activation state of LCs, since neither immature nor 
mature LCs were able to cross-present MV antigens despite stimulation with a 
maturation cocktail. In a previous study, in vitro-generated human LCs were 
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Figure 4. Human LCs process MV for antigen presentation to an HLA-II-restricted 
MV-specific CD4+ T-cell clone. 

Immature LCs, mature LCs or DCs were incubated with MV-UV. (a,b) Activation of the 
co-cultured CD4+ T-cell clone GRIM-F99 was measured by ELISPOT. (a) Representative 
for three experiments. (b) Data represent average ± SD of duplicates. (c,d) Immature LCs 
were pre-incubated with (c) medium (open squares) or mannan (closed squares), or (d) 
with anti-CD150, anti-Langerin, or mannan. Production of IFN-g was determined by 
ELISA. Data represent average ± SD of duplicates. *p<0.05,**p<0.01, tested by one-way 
ANOVA. ND: not detectable.
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shown to cross-present an influenza-virus matrix protein to CD8+ T cells13. The 
difference between both studies might be due to the origin of LCs. We have 
isolated primary LCs from epidermal sheets whereas Klechevsky et al. used in 
vitro-generated monocyte- or CD34+-derived LCs. It cannot be excluded that 
these in vitro-generated LCs differ from primary LCs in their antigen presentation 
pathways. Furthermore, cross-presentation by LCs might also depend on the 
uptake route: here, we used complete viruses and virus-infected cells that were 
internalized through receptors such as Langerin and CD150, whereas soluble 
proteins might be taken up via other routes. Further studies are required to 
investigate whether the inability of primary LCs to cross-present MV is a general 
phenotype, or specific for MV. Our data show that immature LCs were not 
susceptible to MV infection whereas mature LCs were. Previously, immature LCs 
were found susceptible for MV26, but they might have been more activated as 
others showed that mechanical stress facilitates LC activation and MV infection25. 
Therefore, differences in activation status of LCs determine susceptibility to MV.

MV infection has been shown to affect DC function; MV- infected DCs are 
unable to stimulate a mixed lymphocyte reaction and can induce lymphocyte 
unresponsiveness through expression of MV glycoproteins40,41. Therefore, it 
is possible that MV interferes with the cross-presentation antigen-processing 
pathway of primary LCs. However, no MV replication could occur because the 
virus was UV-inactivated. Moreover, moDCs were able to cross-present to CD8+ 
T cells after uptake of both MV and MV-infected apoptotic cells. Furthermore, 
MV-infected mature LCs are capable of presenting endogenous MV antigens in 
the context of HLA-I molecules. Taken together these results strongly suggest 
that capture of MV by primary LCs results in presentation of antigens in the 
context of HLA-II molecules, but does not lead to cross-presentation of MV to 
CD8+ T cells.

Different studies have suggested a balance between efficient targeting of antigens 
for presentation in HLA-I or HLA-II4,15,42. Langerin internalizes antigens into 
Birbeck granules that might prevent antigens from entering the cross-presentation 
route or prevent triggering of pattern recognition receptors that could be required 
for cross-presentation43. However, we did not observe cross-presentation after 
activating LCs using different TLR ligands or other maturation stimuli.
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Figure 5. Human LCs are incapable of cross-presenting MV antigens to an 
HLA-I-restricted MV-specific CD8+ T-cell clone. 

(a–d) Immature LCs, mature LCs or DCs were incubated with MV Edmonston or a 
minimal-peptide (b), MV-UV (c) or MV-infected HLA-mismatched BLCL-JP (d) and 
activation of the co-cultured CD81 T-cell clone WH-F40 was measured by ELISPOT. In 
(c,d) APCs were incubated with maturation stimuli (TNF-a, poly I:C and LPS) together 
with addition of the antigen. (a) Representative for two independent experiments. (b–d) 
Data are representative for two independent experiments and depict average ± SD of 
duplicates.
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In conclusion, our data suggest that LCs have a specialized function in MV 
infection; LCs are refractory to MV infection and do not induce MV-specific 
CD8+ T cells. These data suggest that other DC subsets are responsible for 
inducing CD8+ T-cell responses during MV infection. The finding that LCs are 
incapable of cross-presentation of MV in vitro might have implications for vaccine 
development where LCs are targeted to induce efficient CD8+ T-cell responses.
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Materials and methods
Antibodies. The following antibodies were used: anti-
CD150 (A12, Abd Serotec; 5C6, ref 44), anti-Langerin (10E2, 
IgG1 (ref 10); DCGM4, Beckman Coulter; polyclonal goat, 
R&D Systems), anti-MV-F (A5047, ref 45), anti HLA-DR 
(Q5/13)46, anti HLA-DR1 (MEM-267, Genetex), rabbit anti-
LAMP-1 polyclonal, anti-HLA-B27 FITC (HLA-ABC-m3, 
Abcam), anti-HLA-DQw1 (Genox 3.53, Novus Biologicals), 
rabbit anti-HLA-DR polyclonal (Santa Cruz biotechnology 
Inc), anti-CD1a (NA1/34, Dako Cytomation Denmark); 
anti-CD1a FITC or APC (HI149), anti-HLA-DR (Immu357), 
CD80 (B7-1) and CD86 (HA5.2B7) conjugated with PE 
(Pharmingen), anti-CD83 PE (HB15a, Immunotech), goat 
anti-mouse IgG PO, goat anti-mouse IgG Fcg fragment 
(Jackson Immunoresearch), goat anti-mouse IgG conjugated 
with FITC (Zymed Laboratories), Alexa488-, Alexa546-, 
Alexa594- and Alexa633-labeled isotype-specific anti-mouse 
antibodies (Mole- cular probes).

Cells. All research involving human tissues were approved 
by the VU University Medical Center Medical and Academic 
Medical Center review board. CHO-CD15024, Vero-CD150 
cells47, THP-1 and the Epstein–Barr virus-transformed 
B-lymphoblastic cell lines (BLCL-OUW, BLCL-GR, BLCL-
WH, BLCL-JP)30,48 were cultured as described10,18,49. The CD4+ 
T-cell clone Hd7 (ref 29), CD4+ T-cell clone GRIM-F99 (ref 
30) and the CD8+ T-cell clone WH-F40 (ref 31) were cultured 
as described before. Immature moDCs were cultured as 
previously described50. Primary LCs were isolated from 
normal healthy skin obtained from plastic surgery as 

described before10.

Viruses. The wild-type MV strain WTF51, the laboratory-
adapted MV strain Edmonston B, the recombinant 
pathogenic MV strain IC323-eGFP52 and the recombinant 
attenuated strain Edmon- ston-eGFP53 were propagated on 
Vero-CD150 cells and purified by discontinuous sucrose 
gradient ultracentrifugation. Purified MV strains were UV-
inactivated (30 min, 15 W, 312 nm, 1.5 J/cm2).

Immunofluorescence microscopy. Cryosections (7 mm) 
were stained with primary antibody against CD1a (10 
mg/mL) in combination with either CD150 (10 mg/mL), 
Langerin (10E2, 10 mg/mL) or a buffer control for 18 h at 4°C 
as described before18.

Langerin-binding assay. Different concentrations UV–MV 
WTF virions were coated onto Maxisorp plates (NUNC, 
Denmark), blocked with 5% BSA in 20 mM Tris; 150 mM 
NaCl; 1 mM CaCl2; MgCl2; pH 8 (TSA) and incubated with 
Jurkat-Langerin lysate (1 x 108 cells/mL). Langerin binding 
was detected with DCGM4 (10 mg/mL) followed by goat anti-
mouse-PO. Specificity was determined by pre-incubation 
with a saturating concentration of mannan (1 mg/mL).

FITC-labeled MV binding assay. Purified MV IC323 and 
Edmonston were dialyzed against 0.1% formalin and labeled 
with FITC (0.1 mg/mL in 0.5 mol/L bicarbonate buffer, pH 
9.5). Unbound FITC was removed by dialyzation against 
PBS. 2 x 104 THP-1 or THP-Langerin were pre-incubated 
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with medium, mannan (1 mg/mL) or blocking antibodies 
10E2 or 5C6, before incubation with MV-FITC.

MV infection. CHO, CHO-DC-SIGN and CHO-CD150 
cells (1 x 105 cells) were infected with IC323-eGFP or WTF 
(multiplicity of infection (MOI): 1). Syncytia and eGFP 
expression were analyzed 2d post-infection using a DMIL 
microscope with a DFC320 camera (Leica Microsystems). 
For flowcytometry, the fusion inhibitory peptide Z-D-Phe-
l-Phe-l-Gly (FIP 54) (0.2 mM) (Bachem) was added. After 2d, 
cells were stained with anti-MV-F. Cells were fixed in 2% 
paraformaldehyde (PFA) in PBS. Immature LC suspensions 
(10–20% CD1a+) and mature LCs were infected with IC323-
eGFP or Edmonston-GFP (MOI: 1) for 3d. LCs were stained 
for CD1a.

Electron microscopy. Mature LCs were incubated with 
DCGM4 (10 mg/mL) and fixed as described before10. 
Cryosections were immuno-labeled with anti-mouse 
antibodies (15 nm protein A gold label) to detect bound 
and internalized DCGM4 and either one of the following 
antibodies: goat anti-Langerin, anti-Lamp-1, rabbit anti-
HLA-DR (10 nm protein A gold label) and analyzed as 
described before10.

Internalization assay. Mature LCs or BLCL-OUW 
transfectants (2 x 105) were incubated with DCGM4 (25 mg/
mL) for internalization, washed and fixed with PFA (3% 
in PBS). Cells were permeabilized using saponine (0.1%), 
stained with anti-Lamp-1 (0.5 mg/mL) and analyzed by 
confocal microscopy (Leica AOBS SP2 CSLM, DMIRE2 

micro- scope, PL APO 63x/NA1.30). Images were acquired 
using Leica confocal software (version 2.61).

Antigen presentation assays. Primary LCs were screened 
to match HLA-profiles of the T-cell clones. Monocytes 
were isolated from an HLA-DQw1/HLA-B27- matched 
donor. APCs (1 x 104 cells/well) were pre-incubated with 
serial dilutions of DCGM4 or AZN-D1 (isotype), washed 
and co-cultured with 2 x 104 Hd7 T cells. After 24 h, IFN-g 
production was measured by ELISA (Cytoset, Biosource). 
HLA-matched LCs or moDCs (5 x 103 cells) were used as 
APCs in an IFN-g ELISPOT as previously described55. Where 
indicated, the cells were incubated with a mix of TNF-a (100 
ng/mL, Strathmann Biotec), poly I:C (10 mg/mL) and LPS 
(Salmonella typhosa, 100 ng/mL, Sigma).

In parallel, IFN-g production in supernatant was measured 
by ELISA (Biosource International). To determine the 
contribution of Langerin, the APCs were pre-incubated with 
mannan (0.25 mg/mL), anti-Langerin (20 mg/mL), anti-
CD150 (20 mg/ mL) or an isotype control (20 mg/mL).

Flow cytometry. 

Flow cytometry was performed on a FACScan or 
FACSCalibur (BD Biosciences). Gating strategies were as 
follows: live gated on forward and sideward scatter. Where 
indicated in the text, live cells were further gated on CD1a. 
Finally, infection and binding are depicted as percentage 
positive cells in the current gate.
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Supplementary Figure 1. Expression profiles of cell lines used. 

(a-c) Cells were analyzed for the expression of several markers by staining with antibodies and 
analysis by flow cytometry. Open histograms represent isotype control staining; filled histograms 
represent specific antibody staining. The data are representative at least two experiments.
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Supplementary Figure 2. Langerin is not an entry receptor for measles virus. 

Parental CHO, CHO-Langerin and CHO-CD150 were infected with MV-WTF. After 48h infection 
was detected by staining for envelope glycoprotein F by flow cytometry

Supplementary Figure 3. CD150 and CD1a staining of respiratory tissue. 

Cryosections of different human tissues were stained for LC-marker CD1a (green) and CD150 
(red). Nuclei were stained using Hoechst (blue). Sections were analyzed by fluorescence 
microscopy. The border between the epithelium/epidermis and subepithelium / dermis (white 
line) and the site of the lumen or external environment (ex) are depicted. Background staining is 
present in the lungs and bronchi, probably due to auto-fluorescent mucus. Representative pictures 
are depicted.
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DCs subsets in transmission of viruses

Ever since the first AIDS patients were described, many efforts have been made to 
prevent spreading of the virus and to find a cure for infected individuals. With the 
discovery of HIV-1 as de causative agent of AIDS1,2, scientists were much closer to 
a breakthrough. However, a cure for HIV-1 is still not found and a vaccine is not 
expected to enter the market soon. Moreover, the exact route of infection is not 
known. T cells are the main target of HIV-1 and sexual transmission is the most 
common route of infection. However, it is still debated which cells are important 
in HIV-1 transmission. T cells are present in the vaginal mucosa, but their 
numbers are limited and normally reside deeper within the tissue. Dendritic cells 
(DCs) are also present in the mucosa and equipped to detect incoming pathogens 
with their dendrites that reach though the epithelium. Therefore they are among 
the first cells to encounter HIV-1 and DCs have been suggested to be involved 
in HIV-1 transmission3,4. DCs were shown to capture HIV-1 and facilitate 

Figure 1. HIV-1 misuses innate signaling for its replication.

(a) Fusion of HIV-1 mediated by binding to CD4 and the co-receptor CCR5, results in 
reverse transcription and integration of the pro-virus into the host genome. There, 
transcription is tightly regulated and needs to be activated. HIV-1 ssRNA activates NF-κB 
via TLR8, which results in translocation of NF-κB subunit p65 into the nucleus. There it 
recruits CDK7, part of the general transcription factor TFIIH. CDK7 phosphorylates the 
CTD of RNAPII at serine 5. These events lead to initiation of transcription. (b) Elongation 
of transcription, however, requires subsequent signaling by DC-SIGN. HIV-1 gp120 binds 
to DC-SIGN and activates the kinase Raf-1. This leads to phosphorylation of serine 276 
of p65, allowing for recruitment of pTEF-b which consists of cyclin T1 and CDK9. CDK9 
phosphorylates serine 2 of the CTD of RNAPII, a hallmark for elongation. Together, 
TLR8 and DC-SIGN signaling result in initiation and elongation of HIV-1 transcripts 
(Chapter 2). 
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transmission to T cells by virtue of attachment receptor DC-SIGN. In contrast, 
the DC subset that resides in mucosa and epidermis, the Langerhans cells (LCs), 
protect against HIV-1 infection. In this thesis we assessed the role these two DCs 
subsets in HIV-1 transmission. 

Dendritic Cells

DCs reside in peripheral tissue and constantly sample the environment for 
incoming pathogens. DCs capture detected pathogens and migrate towards the 
lymph nodes (LN). Once in the LN, DCs activate T cells to start a defensive immune 
reaction, specific for the detected pathogen. However, this migratory capacity of 
DCs has a down-side during HIV-1 infection: HIV-1 can use the migratory capacity 
of DCs to reach the LN and infect T cells. DCs have been shown to capture HIV-1, 
which results in transmission of HIV-1 to T cells5 and subsequent dissemination 
of the virus. It was shown that DCs express a specific receptor that binds HIV-1, 
called DC-SIGN6. DC-SIGN is a C-type lectin and an attachment receptor that 
captures HIV-1 and facilitates transmission to T cells4. However DC-SIGN also 
plays a pivotal role in shaping adaptive T cell responses by instructing DCs how 
to respond to pathogens. Binding of mannose-expressing pathogens to DC-SIGN 
induces signals that modify Toll-like receptor (TLR)-induced signaling. TLR 
signaling activates the transcription factor nuclear factor (NF)-κB that mediates 
transcription of specific cytokine genes, and is essential to maturation of DCs. 
DC-SIGN signaling induced by mannose-expressing pathogens modifies NF-κB, 
leading to enhanced and prolonged transcription of specific cytokine genes due 
to enhanced DNA binding affinity of NF-κB at their promoters. Upon binding of 
mannose-containing ligands, DC-SIGN activates the kinase Raf-1 which leads to 
phosphorylation of NF-κB subunit p65. This allows acetylation of p65 at distinct 
lysine residues, which prolongs its activity and enhances the transcription rate for 
genes such as IL12A, IL12B and IL67,8. Notably, also the cross-talk between TLRs 
and DC-SIGN is subverted by HIV-1. In this thesis we have shown that HIV-1 
activates NF-κB p65 through TLR8, which allows initiation of transcription 
at the HIV-1 promoter/enhancer, the long terminal repeat (LTR). However, for 
full-length HIV-1 transcription, NF-κB activation is not enough. HIV-1 induced 
DC-SIGN signaling modifies activation of NF-κB to allow for full length HIV-1 
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transcription (Chapter 2). Thus HIV-1 misuses the immune-activation by TLR8 
and the modulatory signaling of DC-SIGN for its own replication.

TLR7/8 have been shown to interact with HIV-1 single stranded RNA (ssRNA)9-11. 
Notably, our data show that infection of DCs by HIV-1 specifically triggers 
TLR8, but not TLR7 (Fig. 1a). HIV-1 is taken up by DCs and in the endosomes, 
genomic HIV-1 ssRNA activates TLR8. Triggering TLR8 results in translocation 
of NF-κB subunit p65 into the nucleus. In the nucleus, p65 recruits cyclin 
dependent kinase (CDK) 7 towards the promoter/enhancer of HIV-1. There, 
CDK7 mediates phosphorylation of RNA polymerase II (RNAPII) at serine 2 
of the C-terminal domain (CTD), a hallmark for initiation of transcription by 
RNAPII12. Remarkably, TLR8 signaling is not required for recruitment of RNAPII 
to the LTR, demonstrating that the LTR is a ‘poised’ gene on which RNAPII is 
present even in absence of active transcription. The genomic ssRNA is located 
inside of the HIV-1 virion protected by nucleocapsid, hence it is not likely that a 
viable virion is able to activate TLR8. Thus, to initiate replication, HIV-1 probably 
requires two viruses; one that fuses and integrates into the host genome and one 
virion that is degraded in endosomes to trigger TLR8. 

Transcription initiation does not lead to full-length HIV-1 transcripts because 
without further modifications, transcription by RNAPII stops. Hence, TLR8 
triggering alone results in abortive HIV-1 transcripts of about 65 base pairs13, as is 
observed in latently infected cells14,15. A second signal is required for progressive 
transcription of HIV-1. This signal is provided though binding of HIV-1 gp120 
to DC-SIGN and results in activation of Raf-1 and subsequent phosphorylation 
of p65 at serine 276 (Fig. 1b). This modification recruits Cyclin T1 and CDK9, 
together positive transcription elongation factor b (p-TEFb), to the HIV-1 
LTR. p-TEFb phosphorylates the CTD of RNAPII at serine 5 (refs. 13,16), 
which allows RNAPII to proceed transcriptional elongation12. Phosphorylation 
of p65 at serine 276 lasts for several hours after DC-SIGN stimulation7. HIV-1 
integration is detectible within 4 h post-infection, well within the time frame in 
which DC-SIGN signaling increases NF-κB transcription. Hence, the same virus 
that triggers DC-SIGN can be the virus to infect the DC. Together, HIV-1-induced 
innate signaling by DC-SIGN and TLR8 result in full-length transcription of the 
HIV-1 genome and production of HIV-1 proteins. The early gene product HIV-1 
Tat itself is able to recruit p-TEFb to the LTR16, which provides a positive feedback 
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loop to sustain transcription of HIV-1 genome after NF-κB activation has 
faded. Thus, HIV-1-induced innate signaling via TLR8 and DC-SIGN controls 
transcription initiation and elongation from the integrated provirus and enables 
HIV-1 replication in DC. Moreover, our study has shown that HIV-1 requires 
host factors for transcription initiation and elongation, and that without these 
additional signaling events HIV-1 does not replicate within DCs. 

The signaling pathways required by HIV-1 for replication are also induced upon 
infection with other pathogens; TLR and DC-SIGN signaling are both required 
to induce adaptive immunity to pathogens. Thus, other pathogens exacerbate 
HIV-1 replication by inducing these signaling pathways. Indeed, our data show 
that HIV-1-infected DCs exposed to Candida albicans and Mycobacterium 
tuberculosis show increased HIV-1 replication. These pathogens activate Raf-1 via 
the C-type lectins DC-SIGN and/or dectin-1 (refs. 7, 8, 17). Vice versa, inhibition 
of Raf-1 prevented HIV-1 replication in the presence of these co-infections. 
This demonstrates that Raf-1 is essential for HIV-1 replication even when DCs 
are stimulated with complex pathogens that trigger multiple PRRs. In HIV-1 
patients, co-infections are associated with increased HIV-1 levels in serum18-20, 
which is supported by our in vitro data. Moreover, other sexual transmitted 
diseases increase HIV-1 susceptibility21,22. Therefore, our data suggest that 
Raf-1 inhibition might be useful for short intervention treatments during active 
co-infections. DC-SIGN signaling via Raf-1 is essential for shaping adaptive 
immunity, and interfering with this pathway might result in failure to induce 
adaptive immunity. Hence, for longer treatment periods extensive studies should 
be carried out to assess the side effects. 

We have demonstrated that HIV-1 is a ligand for TLR8 in monocyte-derived 
human DCs. Moreover, we demonstrated that TLR7 is not involved in detection of 
HIV-1, at least not during the first 6 hours (Chapter 2). In murine studies, HIV-1 
was shown to trigger TLR7. Mice however lack a functional TLR8 and hence 
TLR7 might be taking over functionality of TLR8 in mice. The murine study 
linked continuous triggering of TLR7 by HIV-1 to immune activation in mice23, 
similar to what is found in chronically infected HIV-1 patients. Other TLRs have 
also been associated with immune activation during HIV-1 infection; TLR4 is 
involved in chronic immune activation through HIV-1-induced leaking of LPS 
from the gut24 and TLR9 through interferon production by plasmacytoid DCs25. 
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Because we have demonstrated a role for TLR8 in HIV-1 immune activation in 
DC, it will be interesting to see whether monocytes or DCs are involved in the 
elevated activation state found in HIV-1 patients. 

Our data showing that HIV-1 cannot drive replication of its genome without 
help of signaling receptors on DCs suggest that similar signaling mechanisms 
might also take place in other cell types infected by HIV-1. In T cells, IFN-β 
induction might be required for transcription. IFN-β is transcribed by IRF-1, 
and IRF-1 is required for full transcriptional activity of the long terminal repeat 
(LTR) in T cells26,27. Moreover, IRF-1 is able to facilitate pre-Tat transcription26. 
HIV-1 reverse transcription induces IFN-β production in T cells28, probably via 
the detection of HIV-1 pro-viral DNA by cytosolic PRR29,30. Activation of IRF-1 
might be a mechanism to induce replication of HIV-1 in T cells. It would be 
interesting to see whether IRF-1 is able to recruit pTEF-b for phosphorylation of 
NF-κB and subsequent elongation of transcription. Moreover, induction of IRF-1 
could be involved in HIV-1 transcription in the other target cells of HIV-1 that 
lack expression of DC-SIGN or other receptors that activate NF-κB and Raf-1. 

Our data show that activation of NF-κB p65 and subsequent phosphorylation is 
required for replication. Although in DCs HIV-1 accomplishes this by triggering 
TLR8 and DC-SIGN, we have also shown that other NF-κB p65 activators, like 
TLR3 agonist poly(I:C), TLR4 agonist LPS and the cytokine IL-1β, together 
with a DC-SIGN ligand, are able to induce replication. Moreover, TNF is able 
to induce both initiation and elongation of HIV-1 transcription by itself because 
it activates p65 and induces similar post-translational phosphorylation of p65 
as DC-SIGN31. Indeed, in T cells and macrophages HIV-1 replication is boosted 
upon TNF stimulation, and TNF serum levels correlate with viral titers in HIV-1 
patients32,33. Our data show that DCs do not require TNF for HIV-1 replication. 
Therefore, it could be that DCs are unique in their ability to induce HIV-1 
replication by themselves, while in other cells HIV-1 relies on TNF to initiate 
replication. 

DC-SIGN signaling results in elongation of HIV-1 transcription, but also 
in actin-dependent membrane deformations at the contact point of DCs 
with T cells. These membrane deformations form the infectious synapse 
(also called the virological synapse)34, in analogy to what is observed for the 
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immunological synapse. Binding of HIV-1 to DC-SIGN enhances infectious 
synapse formation34,35 and recently it was shown that DC-SIGN-signaling is 
involved in this process36,37. Within an hour after HIV-1 exposure, the membrane 
starts to form extensions at the entire border of the cell. Activation of Rho-family 
GTPase Cdc42 is required for formation of these membrane extensions and 
transport of HIV-1 to these extensions36. Moreover, Rho-family GTPases are also 
involved in phosphorylation of Raf-1 through DC-SIGN7 leading to elongation of 
HIV-1 transcription (Chapter 2), and activation of Rho-family member RhoA by 
DC-SIGN is required for the formation of DC-T cell synapses37. This demonstrates 
that Rho-family GTPases are involved in both membrane extrusion formation 
and facilitating HIV-1 transcription elongation. Thus, HIV-1 subverts DC-SIGN 

Figure 2. Langerhans cells and Dendritic cells in HIV-1 transmission. 

(a) In homeostasis LCs protect against HIV-1 infection by virtue of Langerin. Langerin 
binds to HIV-1 and internalizes the virus into BGs. There the virus is degraded to 
prevent transmission to T cells44. (b) Our data show that a SNP in langerin results in 
dysfunctional Langerin, that does not bind HIV-1 as efficiently as wild type Langerin. 
Moreover, our cohort study shows that this SNP is found more often in HIV-1 infected 
women, suggesting that Langerin also protects against HIV-1 infection in vivo [chapter 
3]. (c) Activation of LCs by co-infections lowers Langerin expression and thereby also 
increases HIV-1 susceptibility. Moreover, C. albicans induced production of TNF, which 
increases replication and transmission of HIV-1 by LCs46. (d) In case of micro wounds, 
HIV-1 can evade the protective layer of LCs and reach the dermal/sub mucosal DCs. These 
can be directly infected, or capture the virus and migrate towards the LN. In the LN, DCs 
can transmit HIV-1 to T cells, disseminating the virus.
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signaling not only to facilitate transcription, but also to enhance the formation 
of the infectious synapse between DCs and T cells and thereby facilitates its 
transmission to T cells. 

Besides DC-SIGN, other lectins have been implicated in HIV-1 infection and 
transmission. The mannose receptor38-40 and DCs immune receptor (DCIR)41,42 
facilitate transmission of HIV-1 from DCs to T cells. Moreover, DCIR-expressing 
cells are more susceptible to HIV-1 infection. Recently, it was shown that 
DCIR-induced ITIM-dependent signaling results in increased HIV-1 entry/
binding in Raji B cells. Moreover, inducing DCIR-signaling in DCs also increased 
HIV-1 entry/binding43. Because DCIR signaling pathway involves the ITIM-motive 
present in its cytosolic domain, it is different from DC-SIGN-mediated signaling. 
This shows that C-type lectins facilitate transmission of HIV-1 to T cells. Their 
modus operandi extends from capture and transmitting the virus to complex 
signaling cascades that influence capture, entry, transmission and replication 
in DC.

Langerhans Cells

Not all C-type lectins facilitate HIV-1 transmission: Langerin was shown to 
protect against HIV-1 infection44. In humans, Langerin is solely expressed by 
Langerhans cells (LCs) that reside in stratified epithelium. Their dendrites stretch 
far in the intercellular space of epithelial cells and through their tight junctions45, 
and hence LCs are among the first cells that encounter pathogens that cross 
epidermal and mucosal tissue. Therefore, LCs have been postulated to play an 
important role in HIV-1 transmission. LCs exposed to high concentrations of 
HIV-1 and LCs activated by co-infections efficiently transmit HIV-1 to T cells46-48. 
However, our research has demonstrated that immature LCs have a protective 
function against HIV infection (Fig. 2)44,49. In this thesis we assessed the in vivo 
role of Langerin and LCs in HIV-1 transmission. Therefore, we focused on a 
naturally occurring single nucleotide polymorphism (SNP) that affect binding 
by Langerin and hence affect its protective function (Chapter 3).

To address a possible in vivo role of Langerin, we analyzed the frequency of 
rs13383830 N288D genotypes of langerin of which previously was shown to affect 
Langerin-binding to mannose50. Therefore we genotypes three cohorts with 
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women at risk for HIV-1 infection. These cohorts consisted of female sex-partners 
of HIV-1-infected man, or women that reported HIV-1-risk behaviour and allowed 
us to study the role of Langerin in heterosexual HIV-1 transmission. We found 
that the langerin variant rs13383830 D288 correlated with HIV-1 infection in 
women (Fig. 2  and chapter 3). This variant results in an amino acid substitution 
at position 288 where the Asn is substituted for an Asp, hence affecting HIV-1 
capture (Chapter 3). Previously, rs13383830 D288 has been shown to have an at 
least ten-fold lower affinity for mannose-BSA50. Because binding is essential for 
the protective function of Langerin, our data suggests that this SNP results in an 
increased susceptibility to HIV-1. 

Vaginal mucosa contains Langerin-expressing cells, therefore we investigated 
the function of Langerin in HIV-1 transmission to woman. We used a cohort 
of women that were exposed to HIV-1 through their sex partners. Samples from 
cohorts51,52 were used because these cohorts contain women that were exposed 
to HIV-1 by male sex partners. These cohorts however did not yield enough 
samples and we included samples from the HIV Epidemiology Research Study 
(HERS)53. The HERS contains women that reported HIV-1 risk behavior. Their 
sex partners are not included in this study and hence HIV-1 status of these 
partners is unknown and exposure of these women to HIV-1 is not confirmed. In 
total we collected 342 samples from HIV-1+ and 251 samples from HIV-1- women. 
Our analysis assumes HIV-1 exposure of all women in our cohort, including 
the HIV-1 negative. Therefore, the relative low power and the uncertainty of 
exposure to HIV-1, might explain the borderline significance for assosiation of 
rs13383830 with HIV-1 infection. Validation of this finding in other heterosexual 
transmission cohorts is needed to validate our genetic data. 

Unprotected anal intercourse is a known risk factor for HIV-1 acquisition in men 
having sex with men (MSM)54,55. Therefore we assessed the presence of Langerin in 
rectal mucosa. In contrast to vaginal mucosa, we were unable to detect Langerin 
expression in rectal mucosa. In agreement with the lack of Langerin expression 
in rectal mucosa, no differences were found between HIV-1+ and HIV-1- men in 
our MSM cohort (Chapter 3). 

Binding of Langerin to HIV-1 is essential for its protective function. We have 
shown that Langerin-D288, the protein encoded by the minor genotype of 
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rs13383830, shows less affinity to HIV-1. HIV-1 gp120 expresses high-mannose 
structures which are likely bound by Langerin56,57. We and others have shown that 
Langerin-D288 does not bind to mannose structures (Chapter 3)50. The inability 
to interact with mannoses explains why Langerin-D288 does not bind to HIV-1 
gp120. In ELISA, HIV-1 binding by Langerin-D288 was completely abrogated, 
whereas in cellular assays Langerin-D288 bound to a lesser extent than the 
wild type Langerin-N288. Despite the residual binding in our in vitro binding 
assay, our cohort data show that this reduction in affinity for HIV-1 increases 
HIV-1 susceptibility. Hence, our data show that Langerin protects against HIV-1 
infection in vivo. 

Besides langerin SNPs, variation in the function of Langerin due to activation of 
LCs also influences the susceptibility of LCs to HIV-1 infection. Activation of LCs 
by TNF, TLR2 agonist PAM3CSK4 or gram-positive bacteria increases HIV-1 

Figure 3. Antigen presentation routes in Langerhans cells. 

(left) Infected LCs can present endogenously produced MV derived antigens in HLA-I. 
(center) Exogenous MV is taken up by LCs via Langerin and presented in HLA-II. (right) 
However, LCs are incapable of cross-presenting exogenous MV in HLA-I. This might 
reflect a rapid degradation of endocytosis antigens into BG, and thereby prevent infection 
of LCs, but also cross-presentation. 
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infection of LCs and HIV-1 transmission to T cells46,48,58,59. TNF increases HIV-1 
replication in LCs explaining the increased transmission, while PAM3CSK4 
enhances HIV-1 binding to LCs46. Epidemiological studies support these findings 
as co-infections increase HIV-1 susceptibility and HIV-1 transmission18-20. 
Activation of LCs results in down-regulation of Langerin and therefore less 
efficient capture of HIV-1. The effect of activation on HIV-1 transmission by LCs 
is the reason why we excluded individuals with other sexual transmitted diseases 
from our analysis. 

Genital exposure to HIV-1 and subsequent dissemination of the virus is a process 
that is still not fully understood. It is likely an accumulative result of processes 
that involve multiple cell types. All susceptible cell types are present in mucosal 
tissue, especially during inflammation60-64. This might explain why other sexual 
transmitted diseases elevate the risk of HIV-1 acquisition18-20,65 (Fig. 2). We have 
now shown that co-infections boost HIV-1 replication in DCs (Chapter 2), and 
our data suggest that DCs might be an easier early target for HIV-1 than T cells: 
Resting/naive CD4+ T cells are present in mucosa but are not easily infected 
by HIV-1 because reverse transcription is prematurely aborted28. In contrast, 
activated T cells are the presumed main target of HIV-1, but they are not present 
in homeostatic conditions. In contrast to T cells, DCs do not need to be infected 
with HIV-1 to transmit the virus to T cells. Moreover, DCs activate HIV-1 
transcription though innate signaling and activation is not required to allow 
HIV-1 replication, hence prior activation of the DCs is not required. Finally, while 
in T cells HIV-1 integration in T cells peaks after 24 to 48 h66, in DCs integration 
is detected as early as 4 h post infection (Chapter 2). Together, this suggests that 
DCs might be an easy first target for HIV-1 in comparison to T cells. 

Before reaching DCs and T cells deeper in tissue, HIV-1 needs to cross LCs. 
These LCs are equipped with Langerin that has a protective function against 
HIV-1 infection44. However, the finding that co-infections increase susceptibility 
to HIV-1 also holds true for LCs46-48. Taken together, these data demonstrate 
that LCs play an important role in HIV-1 transmission. Therefore, prevention 
of HIV-1 transmission should focus on DCs and T cells, while keeping LCs in 
homeostasis and avoiding inflammation.
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Microbicides are topical agents that prevent infection by blocking interaction 
of the pathogen with the target cell. HIV-1 microbicides focus on preventing 
binding to entry receptors, but also on interaction with DC-SIGN. However, 
LCs should be taken in account because they play an important defensive 
role in HIV-1 transmission (Chapter 3). Microbicides contain carbohydrates 
that block DC-SIGN and should prevent transmission of HIV-1. However, 
these carbohydrates might also block Langerin function, hence increasing 
HIV-1 transmission. Moreover, for next generation microbicides, DC-SIGN 
signaling could be taken in account. Mannose-containing structures can boost 
HIV-1 replication by enhancing NF-κB p65 activity (Chapter 2). However, 
fucose-containing structures induce another DC-SIGN signaling pathway that 
does not activate Raf-1 (ref. 8). Therefore, fucose-containing carbohydrates 
might block HIV-1 replication and prevent binding of HIV-1 to DC-SIGN. The 
carbohydrate structure Lewis X contains a fucose residue and activates the 
alternative DC-SIGN signaling pathway. Importantly, Lewis X does not bind to 
Langerin, and hence preserves its protective function. Thus it would be interesting 
to investigate the effect of Lewis X on HIV-1 replication for development of new 
microbicides. 

DC subsets express different attachment receptors for HIV-1 and these differences 
result in a protective function for LCs, whereas DCs help dissemination of the 
virus. HIV-1 takes advantage of DCs for its transmission to T cells . We showed 
that HIV-1 replication in DCs is dependent on HIV-1-induced signaling pathways 
via TLR8 and DC-SIGN. In contrast to DCs, LCs protect against HIV-1 infection. 
Langerin captures HIV-1 and prevents further dissemination of the virus. For the 
first time, we have shown that LCs protect against HIV-1 infection in vivo. 

Antigen presentation by DCs subsets

DCs are the inducers of adaptive immunity67,68. To achieve this, DCs capture 
antigens and process them for presentation to T cells. DCs present antigens in HLA 
class I (HLA-I) or class II (HLA-II) molecules69,70. Exogenous antigens are taken 
up via receptor-mediated uptake or via non-specific (macro)pinocytosis. After 
uptake, antigens are cleaved by proteases and routed towards HLA-II complexes. 
HLA-II-containing vesicles fuse with the lysosomes and antigen-derived peptides 
are loaded onto HLA-II and subsequently routed to the cell-surface, where 
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they are involved in the activation of CD4+ T cells. In contrast to exogenous 
antigens, endogenous antigens are presented on HLA-I. Peptides of misfolded 
or degraded proteins are transported back into the endoplasmic reticulum by 
the transporter associated with antigen presentation (TAP). In the endoplasmic 
reticulum, these peptides are loaded in the grove of HLA-I to activate CD8+ T 
cells71 (Chapter 1, fig. 5) . In this thesis we studied anti-viral immune responses 
by DCs and LCs during Measles virus (MV) infection (Chapters 4 and 5). 

Anti-viral CD8+ T cell responses require help from CD4+ T cells72. Therefore, DCs 
need to activate CD4+ T cells as well as CD8+ T cells to combat MV infection. 
Exposure of DCs to MV leads to activation of CD4+ T cells. Binding of MV to 
CD150, the entry receptor of the wild type MV, and DC-SIGN both facilitate 
antigen uptake and processing. Blocking studies suggest that DC-SIGN has a 
greater role in antigen uptake than CD150 (Chapter 4). Similarly, Langerin is 
essential for capturing MV for processing and presentation of MV antigens to 
CD4+ T cells by LCs (Chapter 5 and fig. 3). In contrast to DC, immature LCs do 
not express CD150. Hence, CD150 does not seem to play a role in MV capture 
by immature LCs, while it does on mature LCs (Chapter 5). Another study has 
found that antibody targeting to murine Langerin does not lead to CD4+ T cell 
activation73. In contrast, we have shown that both antibodies against human 
Langerin as well as MV captured by Langerin on human LCs are presented to 
CD4+ T cells. The difference between these observations might - besides species 
- be found in the time period after which this capacity is assayed: we added T 
cells after overnight incubation, while in the other study presentation to T cells 
was assessed after several days, after which time all antigens might have been 
completely degraded.

DCs are infected by MV, which allows activation of CD8+ T cells via classical 
HLA-I presentation (Chapter 4 and 5). Immature LC, however, are refractory to 
MV infection. This can be partially explained by the lack of CD150 expression 
on immature LC. However, the lack of CD150 expression cannot explain that 
immature LCs are also refractory to the Edmonston MV strain. Edmonston 
MV is a laboratory-adapted strain that makes use of either CD150 or CD46 for 
entry74,75. Immature LCs do express CD46 and therefore Edmonston MV should 
be able to fuse with immature LCs76. However, we did not detect any infection 
in immature LCs. Therefore it is unlikely that immature LCs produce any MV 
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proteins required for HLA-I presentation after infection with MV. Indeed, 
immature LCs did not activate CD8+ T cells after MV exposure, whereas infected 
mature LCs did (Chapter 5 and fig. 3). This suggests that LCs rely heavily on de 
novo protein synthesis for activation of CD8+ T cells. Moreover, this suggests that 
LCs have a antiviral defense that protects them from MV infection.

Classical HLA-I presentation relies on protein synthesis of the cell: misfolded 
and old proteins are degraded and processed peptides are loaded on HLA-I. This 
way, HLA-I presents peptides of all proteins present in the cell, and hence allows 
for efficient screening on the outside of the cell for intracellular malignancies. 
However, the downside is that infection of APCs by viruses is required for the 
activation of CD8+ T cells. Moreover, also cancers will not induce CD8+ T cells 
when only de novo protein synthesis is required for antigen presentation by DCs. To 
circumvent this, DCs can re-route exogenous antigens to HLA-I, a process called 
cross-presentation which is of particulate importance during viral infections67,77,78 
and cancers79. Cross-presentation allows DCs to present exogenous antigens as 
if they were endogenous and hence DCs can induce immune responses against 
intracellular pathogens that do not affect DCs themselves. 

DCs activate CD8+ T cells by cross-presentation of MV-antigens (Chapter 5). 
Exposure to UV inactivated MV (UV-MV), which cannot replicate and therefore 
cannot produce de novo intracellular antigens, resulted in activation of CD8+ 
T cells. Although DCs are also infected by MV and cross-presentation might 
therefore be of less importance, cross-presentation does provide non-infected 
bystander DCs with means to induce immunity against MV. In contrast, immature 
LCs are not infected by MV and hence need cross-presentation to activate CD8+ 
T cells. Strikingly, immature LCs exposed to MV were not able to activate CD8+ 
T cells. Mature LCs are infected by MV and can activate CD8+ T cells after MV 
exposure. However, mature LCs cannot cross-present UV-MV, indicating that 
the incapacity of LCs to cross-present MV is activation state-independent, and 
might be an intrinsic property of LCs (Fig. 3). 

Antibodies targeted to Langerin are found in Birbeck granules (BGs) and are 
presented to CD4+ T cells to induce adaptive immune responses (Chapter 5)80. 
Therefore, BGs might play an important role in antigen presentation by LCs, and 
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might be the reason why LCs cannot cross-present antigens. Defective routing 
of Langerin due to the absence of Rab11a, results in degradation of Langerin 
in a lysosome-dependent manner. This suggests that BGs fuse with lysosomes. 
Lysosomes are loaded with Cathepsins, which are proteases that are activated by 
acidic environments, and might degrade proteins carried by BGs. Acidification 
is described to release ligands bound to C-type lectins, including Langerin81. 
Langerin binding decreases at a pH below 6 (ref. 50), whereas most Cathepsins 
are activated around pH 5 (ref. 82). Hence, Langerin releases its ligands before 
reaching lysosomes. Thus, Rab11a might protect Langerin from lysosomal 
degradation by routing it back to the cell membrane, while leaving the ligands 
in lysosomes. Furthermore, the rate of degradation influences the capacity to 
cross-present83,84. Before presentation in HLA molecules, proteins need to be 
processed and spliced into short peptides. Previously, the acidification rate has 
been suggested to play an important role in antigen presentation. More specific, 
acidification in DCs is slower than in macrophages, which could explain why 
DCs can and macrophages are inefficient in cross-presenting antigens83,84. Similar 
mechanisms might be involved in LCs; HIV-1 routed to BGs and is degraded to 
prevent infection. Therefore, antigens routed towards BGs might be degraded too 
rapid for cross-presentation. Thus, BGs could be a dead end for infection as well 
as cross-presentation.

Sorting of antigens in phagosomes is dependent on TLR triggering85,86. Presence 
of TLR ligands together with antigens is required for antigen presentation via 
phagosomes. Likewise, PRRs might need to be triggered inside endosomes 
to allow cross presentation. IFN-β matured monocyte-derived LCs to allow 
cross-presentation87, thus IFN-β might provide the maturation trigger for BGs. In 
our hands primary human LCs stimulated with an maturation cocktail containing 
TNF, poly(I:C) and LPS were unable to cross-present antigens. This suggests that 
specific IFN-β-mediated activation is required for cross-presentation, however, 
this has to be further investigated. Others reported monocyte-derived LCs to 
cross-present influenza virus-proteins without additional maturation stimuli88. 
As discussed in chapter 5, this could reflect differences between primary human 
LCs and in vitro-generated LCs.

The difference in cross-presentation capacity between DCs and LCs also could 
have an intrinsic cellular explanation. Cross-presentation requires re-routing of 
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exogenous antigens. The exact mechanisms and routes are heavily debated89, but 
cross-presentation likely requires exogenous antigens to enter the cytosol and/
or endoplasmic reticulum of the APC. This provides pathogens access to the 
basic cellular machinery, which is a potential security breach that could result in 
infection of APCs. Therefore the capacity to cross-present might come with the 
trade-off of increased susceptibility to infection. DCs are able to cross-present 
MV to CD8+ T cells, however DCs are also infected and stimulate dissemination 
of MV (Chapter 4). In contrast, LCs are relatively resistant to MV and HIV-1 
infection (Chapter 5) (ref. 44), as LC activation is required for productive infection. 
Although immature LCs express the entry receptor for Edmonston MV, they 
are not infected by Edmonston MV. Thus, LCs seem resistant to viral infections 
and this might be the reason for their inability to cross-present. Sequestering 
antigens in BGs could prevent leakage into the cytosol, which might be required 
for infection and cross-presentation. Apoptotic cells are likely taken up by other 
mechanisms, besides Langerin- and CD150-dependent mechanisms. Still, LCs 
are unable to cross-present viral antigens from apoptotic cells. Considering that 
mature LCs do express CD150 and do not cross-present MV-derived antigens, this 
suggests that the inability to cross-present is an intrinsic property of LC. Other 
models show cross-presentation by LC. Targeting DEC205 (CD205) and Langerin 
on murine LCs did allow for cross-presentation and CD34+-derived human 
LCs activated CD8+ T cells via cross-presentation after Langerin targeting88. As 
discussed in chapter 5, this might indicate differences between mouse and men, 
and the origin of these cells. The ontogeny of LCs is still discussed (reviewed by 
Merad et all90) as it is not yet clear where LCs develop in vivo. Although the cells 
used in the other study express CD1a and Langerin, both markers for LCs, these 
might ultimately not determine whether cells have all the characteristics of LCs. 
It could be that cross-presentation of LCs depends on the CLRs targeted, however 
our data suggest that cross-presentation is intrinsically defective in LCs.

Targeting CLRs with antibodies is a promising strategy for vaccine development. 
Attaching proteins to antibodies is a strategy to induce cellular immunity. Studies 
show that the T cell responses that results from targeting CLRs, is dependent 
on the CLR targeted88,91-94. Although challenging, differences between CLR 
targeted provide many different options to shape immune responses induced by 
the vaccine. Making use of the natural ligands of CLRs is another strategy for 
vaccination95. To specifically target antigens a CLR, specific carbohydrates could 
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be developed based on known differences in structure and carbohydrate-binding 
affinity between CLRs. This way, antigens are targeted to DCs via natural routes 
that induce protective immunity. However, both strategies need adjuvants to 
induce a robust immune response. Hence, not only the CLR targeted, but also 
the PRR used to activate the immune response determine the outcome of the 
vaccine. Therefore, the CLRs targeted together with the adjuvant used is key to 
vaccine design. Although the applications look promising, in-depth knowledge 
of all processes involved and their interplay with each other is needed to really 
understand, and eventually predict, the outcome of vaccination.

Concluding remarks

The immune system relies on DC subsets to induce adaptive responses. In this 
thesis we have studied dermal DCs and LCs. Although LCs and DCs belong to 
the APC family, they behave completely different in response to viral infections. 
DCs are infected by- and facilitate transmission of MV and HIV-1 to T cells. 
At the same time, DCs induce anti-viral T cells responses that should be able 
to clear the infection. On the other hand, LCs are largely resistant to HIV and 
MV infection, and protect against HIV-1 infection by degradation of the virus 
through Langerin-mediated capture. However, their ability to induce antiviral 
responses seems limited as they do not cross-present MV antigens. Detailed 
knowledge on how these cells and viruses work individually, as well as how they 
interact is needed to develop therapeutic strategies. 
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English Summary
Dendritic cells (DCs) are crucial in the defense against invading pathogens, 
which they recognize via pattern recognition receptors (PRRs).  PRR triggering 
by pathogens induces signaling pathways that initiate specific gene transcription 
programs leading to DC activation and induction of pathogen-tailored immunity. 
Activated DCs migrate towards the lymph nodes (LN), where they present 
pathogen-derived antigens to T cells. T cells that recognize peptides presented on 
activated DCs start to proliferate and differentiate into effector cells that migrate 
back to the side of infection to clear the infection. 

In this thesis I investigated the role of two DC subsets, DCs and Langerhans cells 
(LCs), in viral infections. We assessed their role in the dissemination of HIV-1 
(Chapters 2 and 3) and Measles virus (MV) (Chapter 4), and how they induce 
immunity against these viruses (Chapters 4 and 5). 

Dendritic cells and HIV-1

To induce immune responses, Toll-like receptors (TLRs) activate Nuclear 
Factor κB (NF-κB) subunit p65 upon pathogen recognition. p65 activity is 
enhanced by signaling induced via C-type lectin DC-SIGN after recognition of 
mannose-expressing pathogens. Strikingly, these innate signaling receptors are 
also crucial for HIV-1 replication in DCs. In chapter 2 we demonstrate that HIV-1 
activates TLR8, which results in translocation of p65 into the nucleus. There, p65 
initiates transcription of the integrated HIV-1 genome by RNA polymerase II 
(RNAPII). Activation of p65 does not result in full-length HIV-1 transcription 
and TLR8 triggering therefore alone results in abortive short HIV-1 transcripts 
without de novo virus production. A second signal required for progressive 
transcription is provided by DC-SIGN. HIV-1 binding to DC-SIGN results in 
post-translational modifications of p65, which allows for full-length HIV-1 
transcription. DC-SIGN activates the kinase Raf-1 resulting in phosphorylation 
of p65 at serine 276, thereby allowing recruitment of Positive Transcription 
Elongation Factor b (pTEF-b) and subsequent recruitment of RNAPII to complete 
HIV-1 transcription. Therefore, DCs facilitate transmission of HIV-1 to T cells and 
their innate signaling via PRRs DC-SIGN and TLR-8 allows HIV-1 replication.

Thesis_book_file.indb   140 4/4/2012   8:49:19 PM



141

7

In contrast to DCs, LCs are protected from HIV-1 infection by the C-type lectin 
Langerin. Langerin captures HIV-1 resulting in internalization into Birbeck 
granules and degradation of the virus. However, co-infections like with Herpes 
simplex virus 2 and fungal infections, as well as activation of LCs interfere 
with the protective function of LCs in vitro. However, little is known about the 
function of LCs in vivo. Therefore, in chapter 3 we studied the in vivo role of 
LCs - and specifically the role of Langerin - in HIV-1 transmission. We assessed 
the effect of a single nucleotide polymorphism (SNP) on Langerin function in a 
heterosexual and homosexual transmission cohort. Notably, we show that the 
SNP rs13383830 D288 was associated with increased susceptibility to HIV-1 
infection in women. Our data demonstrate that this SNP decreased Langerin 
binding to HIV-1, which would limit its anti-viral function. In line with the 
absence of Langerin in rectal mucosa, we did not find an association with 
rs13383830 D288 and HIV-1 infection in the homosexual transmission cohort. 
Thus, our data strongly suggest that Langerin protects against HIV-1 infection 
and has an anti-viral function in LCs in vivo.

Overall, our data underline the different functions of DCs and LCs in HIV-1 
infection. Strikingly, we show that innate signaling via TLR8 and DC-SIGN 
facilitates infection of DCs. Therefore, DCs might be a relatively easy target 
in mucosal tissues. In contrast, LCs are protected from HIV-1 infection via 
heterosexual transmission by Langerin in vivo. This shows that strategies to 
prevent HIV-1 dissemination should try to interfere with DCs, whereas they 
should leave LCs unaffected to prevent increase in susceptibility to HIV-1.

Antigen presentation by dendritic cells

Induction of viral immunity depends on antigen presentation by DCs to CD8+ 
T cells. We assessed the role of DC subsets in presentation of MV to T cells. In 
chapter 5 we demonstrated that DCs capture MV via DC-SIGN and CD150, the 
entry receptor of wild type MV. MV capture by DC-SIGN enhances transmission 
to T cells, similar to what is observed for HIV-1. Moreover, capture of MV by 
DC-SIGN resulted in activation of MV specific CD4+ T cells. DCs were able to 
activate CD8+ T cells via both the classical presentation of endogenous antigens 
in HLA-I and via cross-presentation of exogenous MV antigens in HLA-I. Thus, 
CD150 allows infection of DCs by MV, whereas DC-SIGN facilitates transmission 

Thesis_book_file.indb   141 4/4/2012   8:49:20 PM



142

7

of the virus to T cells and activation of an adaptive immune response to MV.

In chapter 5 we showed that LCs capture both wild-type and laboratory-adapted 
MV strains through Langerin. However Langerin does not mediate viral fusion 
and infection of LCs. Immature LCs are refractory to MV infection, whereas 
mature LCs are infected. This is partly explained by the lack of CD150 expression 
on immature LCs, whereas mature LCs do express CD150. However, immature 
LCs do express CD46, the entry receptor for laboratory adapted MV, but still are 
not infected with the laboratory-adapted strain. This suggests that immature LCs 
have additional antiviral mechanisms that prevent infections, besides Langerin. 
Since immature LCs are refractory to MV infection, they were unable to activate 
CD8+ T cells via the classical HLA-I presentation route. Infected mature LCs were 
able to induce CD8+ T cells via the classical route. Strikingly, both immature and 
mature LCs were unable to cross-present exogenous cell free MV or MV-infected 
apoptotic cells to CD8+ T cells. This suggests that LCs are intrinsically incapable 
of cross-presenting antigens. 

The studies described in this thesis demonstrate that, although DCs and LCs both 
belong to the DC family, they have very different characteristics, reflecting their 
distinct localization and function. DCs are efficient antigen presenting cells but 
also facilitate viral transmission via DC-SIGN. In contrast, LCs protect against 
viral infection through Langerin and are largely refractory to viral infections. 
Notably, LCs fail to induce CD8+ T cell responses via cross-presentation. These 
findings suggest that viral protection mechanisms in LCs are coming at the cost 
of inefficient antigen presentation abilities. 
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Nederlandse Samenvatting
Dendritische cellen (DCs) zijn cruciaal voor de afweer tegen ziekteverwekkers die 
ze herkennen via patroon-herkennende receptoren (pattern recognition receptors, 
PRRs). PRR stimulatie als gevolg van ziekteverwekkers induceert signalen die 
transcriptie van specifieke genen initieert. Deze eiwitten zorgen voor activatie van 
de DC en inductie van specifieke immuniteit.  Geactiveerde DCs migreren naar 
lymfeknopen (LK) waar ze antigenen van de ziekteverwekkers presenteren aan 
T cellen. De T cellen die de antigenen herkennen op geactiveerde DCs beginnen 
zich te vermenigvuldigen en zich te specialiseren. De gespecialiseerde T cellen 
migreren naar de plek van de infectie waar ze helpen de infectie te klaren. 

In dit proefschrift heb ik gekeken naar de rol van twee type DCs, de DCs en 
de Langerhans cellen (LCs), tijdens virale infecties. We hebben onderzocht wat 
hun rol is tijdens HIV-1 infectie (Hoofdstukken 2 en 3) en mazelenvirus (MV) 
infectie (Hoofdstukken 4 en 5), en hoe deze cellen een immuunreactie induceren 
tegen deze virussen.

Denritische cellen en HIV-1.

Als Toll-achtige receptoren (Toll-like receptors, TLR) ziekte verwekkers 
herkennen, activeren ze Nuclear Factor kB (NF-κB) residu p65. De activiteit 
van p65 IVHIVkan worden versterkt door mannose structuren die signalen via 
het C-type lectine DC-SIGN induceren. De signalering van deze aangeboren 
afweer receptoren wordt misbruikt door HIV-1 voor zijn replicatie. In hoofdstuk 
2 hebben we laten zien dat HIV-1 TLR8 bindt om p65 te activeren. P65 start 
de replicatie van het geïntegreerde HIV-1 genoom door RNA polymerase II 
(RNAPII). Activatie van p65 is niet voldoende om volledige afschrijving van het 
HIV-1 genoom te krijgen. Alleen het activeren van TLR8 is daarom niet genoeg om 
nieuwe virussen te maken. Een tweede signaal dat gegeven wordt door DC-SIGN 
is nodig. HIV-1 bindt aan DC-SIGN wat zorgt voor veranderingen op het eiwit 
p65: DC-SIGN activeert de kinase Raf-1 wat resulteert in fosforylatie van p65 
op serine 276. Deze modificatie zorgt er voor dat RNAPII het volledige genoom 
van HIV-1 kan afschrijven. Onze data laten zien dat DCs niet alleen verspreiding 
van HIV-1 faciliteren, maar dat hun aangeboren afweer receptoren TLR8 en 
DC-SIGN worden misbruikt door HIV-1 om zich te kunnen vermenigvuldigen. 
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In tegenstelling tot DCs, worden LCs beschermd voor HIV-1 infectie door 
het C-type lectine Langerin. Langerin vangt HIV-1 waardoor het virus wordt 
opgenomen in Birbeck granulen en daar wordt afgebroken. Echter, co-infecties 
zoals Herpes simples virus 2 and schimmel infecties, evenals activatie van LCs 
verminderen de beschermende functie van LCs in vitro. De rol in van LCs in 
vivo was nog niet bekend, daarom hebben wij in hoofdstuk 3 de rol van LCs – en 
specifiek de rol van Langerin – in HIV-1 transmissie onderzocht. We hebben 
gekeken naar de invloed van één enkele nucleotide polymorfisme (single nucleotide 
polymorphisms, SNPs) op Langerin functie tijdens hetero- en homoseksuele 
HIV-1 transmissie. We hebben laten zien dat de SNP rs13383830 D288 
geassocieerd is met HIV-1 infectie bij heteroseksuele transmissie. Onze data 
laten zien dat deze SNP de binding van Langerin aan HIV-1 verminderd, wat de 
beschermende functie van Langerin zou verminderen. Als een logische gevolg 
van de afwezigheid van Langerin in het rectum, hebben we geen associatie tussen 
deze SNP en HIV-1 infectie gevonden bij homoseksuele HIV-1 transmissie. Onze 
data geven een sterke aanwijzing dat Langerin en LCs bescherming tegen HIV-1 
infectie en dat ze een antivirale rol spelen in vivo.

Onze data benadrukken het verschil tussen DCs en LCs in HIV-1 transmissie. 
Opvallend is dat we hebben gevonden dat aangeboren afweer receptoren 
worden misbruikt door HIV-1 om zijn replicatie te ondersteunen. Daarom zijn 
DCs misschien een relatief makkelijk doel voor HIV-1 in mucosa. Dit staat in 
sterk contrast met de rol van LCs die beschermen tegen HIV-1 infectie tijdens 
heteroseksuele transmissie in vivo. Dit betekend dat strategieën om HIV-1 infectie 
te voorkomen zich moeten richten op de DCs, terwijl ze de LCs ongemoeid laten 
om toenamen van HIV-1 gevoeligheid te voorkomen.

Antigeen presentatie door DCs. 

Afweerreacties tegen virussen zijn afhankelijk van antigeen presentatie van 
DCs aan CD8+ T cellen. Wij hebben gekeken naar de rol van DC subtypes in de 
presentatie van MV antigenen aan T cellen. In hoofdstuk 4 hebben we laten zien 
dat DCs MV binden met DC-SIGN en CD150, de infectiereceptor van wild type 
MV. Binding van MV aan DC-SIGN zorgt voor transmissie naar T cellen zoals 
ook bekend is voor HIV-1. Binding van MV aan DC-SIGN zorgt voor presentatie 
van MV-antigenen aan CD4+ T cellen. DCs waren ook instaat MV-antigeen te 
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presenteren via de klassieke presentatie van endogene antigenen in HLA-I én via 
kruispresentatie van exogene MV-antigene in HLA-I. We hebben dus laten zien 
dat CD150 infectie van DCs veroorzaakt, terwijl DC-SIGN transmissie van het 
virus naar T cellen en het induceren van een antivirale afweer reactie faciliteert. 

In hoofdstuk 5 hebben we laten zien dat LCs zowel wild type als laboratorium 
aangepaste MV stammen binden via Langerin. Als MV aan Langerin bindt zorgt 
dit niet voor infectie van de LCs. Immature LCs zijn beschermt tegen MV infectie, 
terwijl mature LCs wel door MV geïnfecteerd worden. Dit kan deels verklaard 
worden door de afwezigheid van CD150 op immature LCs, terwijl CD150 wel 
tot expressie komt op mature LCs. Zowel immature als mature LCs brengen de 
infectiereceptor van laboratorium aangepast MV CD46 tot expressie. Opvallend 
genoeg worden immature LCs ook niet door de laboratorium stam van MV 
geïnfecteerd, terwijl mature LCs dat wel worden. Dit suggereert dat immature 
LCs andere antivirale mechanismes hebben dan Langerin. Omdat immature LCs 
niet geïnfecteerd worden door MV, kunnen ze ook geen CD8+ T cellen activeren 
via de klassieke HLA-i route, terwijl mature LCs dat wel kunnen. Opvallend 
genoeg kunnen zowel immature als mature LCs geen CD8+ T cellen activeren 
via kruispresentatie van zowel cell-vrij virus als apoptotische geïnfecteerde 
cellen. Dit suggereert dat LCs de intrinsieke capaciteit missen om antigenen te 
kruispresenterend. 

De studies de we in dit proefschrift beschrijven laten zien dat LCs en DCs heel 
verschillend reageren op virus infecties, wat hun verschillende karakteristieken in 
lokalisatie en functie reflecteert. DCs zijn efficiënte antigeen presenterende cellen, 
maar helpen ook bij het verspreiden van virussen via DC-SIGN. Daarentegen 
beschermen LCs tegen verspreiding van virussen via het C-type lectine Langerin 
en zijn LCs grotendeels beschermt tegen virale infecties. Opvallend is dat LCs 
niet instaat zijn antigenen te kruispresenteren aan CD8+ T cellen om antivirale 
afweer te starten. Onze vindingen suggereren dat de bescherming tegen virale 
infectie ook zorgt voor een inefficiënte antigeen presentatie. 
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voor hoe jij als spin in het web mij en Younes begeleidde. Jouw enthousiasme is 
een van de redenen dat ik verder ben gegaan in het onderzoek, bedankt! Heel veel 
succes met je specialisatie en het opzetten van je eigen groep in Utrecht.

Ik heb aardig wat afdelingen aangedaan tijdens mijn AIO-tijd. Daarom wil ik 
iedereen van het MCBI – en specifiek groep Rood en de BC-vleugel – in het VUmc, 
iedereen van het CEMM en LVIP in het AMC bedanken voor de tips, hulp en 
gezelligheid. Voormalig kamergenootjes op het VUmc en van de twee kamers in 
het AMC: ik heb een top tijd gehad met jullie in het soms wat volle hokje.

Thesis_book_file.indb   149 4/4/2012   8:49:24 PM



150

7

Misschien minder direct betrokken bij het dagelijks werk, maar daarom niet 
onbelangrijk voor het reilen en zijlen van de LC-groep: de ‘huidmensen’. Ik wil 
de Boerhaave kliniek, Dokter Annemarie Knottenbelt van het Flevoziekenhuis 
in Almere, Prof. Dr. van der Horst en haar groep bij plastische chirurgie in het 
AMC en Maria bedanken voor het beschikbaar stellen en vervoeren van huid. 
Zonder jullie hulp en medewerking zou het LC-onderzoek nog moeilijker zijn.

Most of the work in one of my chapters is done in Frederick (MA, USA), and 
just thinking of my time there makes me smile again. Mary and Pat, thanks for 
having me and helping me around, I really enjoyed staying in your lab. I spend 
quite some time with the ‘Frederick Social Club’ in the pubs of Frederick, thanks 
for allowing me to join, and special thanks to Taras: you took me by the hand and 
showed me the surroundings: highly appreciated!

Rik en Rory, bedankt voor de gezelligheid op het lab in Rotterdam en voor alle 
tools en assistentie die ik nodig had bij het werken met mazel virus. Ik vond het 
leuk met jullie samen te werken.

Stoom afblazen van al dit werk moest natuurlijk ook. Dat heb ik in het begin 
gedaan bij H3 (later H2) van Martinus. Daar was ik niet altijd op tijd en ook niet 
altijd even scherp; super dat dat kon. Waar ik voor mijn gevoel op terug moet 
komen: in de eerste week van mijn AIO-bestaan hebben we met ons team (en 
club) een harde klap moeten opvangen: Matthijs, verd*mme jonge, ik mis je.

Nu blaas ik stoom af met onze band GO!MMM. Jorg, Rogier, misschien dat ik het 
niet altijd even duidelijk uit, maar ik vind het een eer met jullie te spelen. 

Yasmin, Jacqueline, Alike, Eva, Bieuwke en Andreas: bedankt voor de ontspanning 
in de vorm van koffie, bier, muziek, etc. tijdens en buiten het werk.

Lieve familie: Toos, Maarten, Margriet, Ad, Jantine, Joram, Marah, Hagar, Geert, 
Carina, Sander, Pim, Tess, Jorre, Hendrik en Alicia, ik vind het altijd een gezellige 
boel in alle thuizen. Bedankt dat jullie altijd interesse tonen in wat ik doe, ondanks 
dat de details soms onvatbaar zijn (ligt aan mij..). Bedankt voor het klussen in ons 
huis, het oppassen op Jasmijn en hulp met fotografie. De combinatie ‘huis kopen 
en verbouwen’, ‘vader worden’ en ‘je boekje afmaken’ is best een zware klus en ik 
ben dan ook erg dankbaar voor alle hulp, steun en ontspanning.
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Manja, liefie. Ik weet eigenlijk niet zo goed waar ik je niet voor moet bedanken. 
Zoals boven genoemd, is het zorgen voor Jasmijn, het afmaken van een PhD en het 
schrijven van een boekje een heftige combinatie. Gelukkig begrijp jij dat helemaal 
en help je me waar nodig. Bedankt dat je me altijd steunt, dat ik mijn frustraties 
bij je kan uiten en dat je wanneer nodig op mijn rem trapt om me in toom te 
houden. Bedankt dat je me laat gaan als ik wat nukkig ben door vermoeidheid 
of stress. Sorry daarvoor. Bedankt je dat je zo’n lieve moeder bent voor Jasmijn. 
Bedankt dat je mijn vriendin wilt zijn. Schatje, zonder jou was het niet gelukt.

Thesis_book_file.indb   151 4/4/2012   8:49:25 PM




