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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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