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GENERAL DISCUSSION
Human infectious diseases are defined by the interactions between pathogens and the host. 

Whereas the immune system aims to control the infection, the pathogen intends to survive and 

spread. Innate immune cells and the pattern recognition receptors (PRR) expressed by these 

cells are important in pathogen recognition and therefore pivotal in this interplay. This chapter 

summarizes the previous chapters and discusses how our findings relate to the dissemination 

of MV and HIV-1 and the induction of immune responses in response to viral infections. 

DENDRITIC CELL SUBSETS IN VIRAL DISSEMINATION
Over the last decade, enormous progress has been made in the global response to 

measles. MV-related mortality dropped from 871.000 to an estimated 164.000 deaths in 

2008. Many countries have set MV elimination goals for 2020, but as the decline since 

2010 has stagnated reaching these targets will be challenging1,2. The current epidemic in 

the Netherlands among orthodox Protestants stresses the importance of high vaccination 

coverage and indicates Western challenges of immunization programs. Although the 

mortality rate in the Netherlands typically is low, 15% of the reported cases developed 

MV-related complications such as otitis, encephalitis or pneumonia3. 

Regarding HIV/AIDS, the number of newly HIV-1 infected individuals has declined by 20% 

between 2001 and 2011 and an increasing number of people receive ART. However, with 

nearly 5% of the adults in Sub-Saharan Africa infected, there is need for novel therapeutic 

strategies4. Understanding the pathogenesis and initiation of infection can provide important 

knowledge for improvement or development of therapeutics. For both MV and HIV-1 infection, 

specific DC subsets and expression of CLRs influence infection. In particular DC-SIGN, which 

enhances DC infection of as well as viral transmission to lymphocytes, is an important factor 

in dissemination of both MV and HIV-15-7, as will be discussed below. 

MV infection 
For a long time, epithelial cells in the upper respiratory tract were considered to be initial 

target cells in MV infection8. Identification of CD1509 and nectin-410,11 as the entry receptors 

for wildtype MV changed this hypothesis. CD150 is expressed by lymphocytes, DCs and 

macrophage subsets9,12, while nectin-4 is expressed on basolateral side of epithelial cells 

and associated with host-to-host transmission13. These findings shifted the emphasis of 

the initial targets for MV to DCs due to their location in the respiratory tract and their 

ability to transmit the virus to lymphocytes6,12. To study MV pathogenesis, non-human 

primate models have proven to be very useful. Macaques are a natural host for MV and 

pathology upon infection in these animals resembles infection in humans14. Furthermore, 

macaque DC-SIGN is highly similar to its human homologue and this model therefore 

allows investigation of the function of DC-SIGN+ DCs in the course of infection15. 

In macaques, MV infection initiates in the lungs, even after exposing the upper 

respiratory tract to a high dose of virus. The first clusters of infected cells are located in 
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BALT, indicating local replication (chapter 2). In humans, BALT structures sometimes are 

present in children and can be induced in pulmonary inflammation, but are rarely found 

in healthy adults16, thus this event in the early stage of infection might be specific for 

non-human primates. From the lungs, infected cells reach the lung-draining TBLNs and 

lead to systemic infection via blood to peripheral lymphoid tissues 5 days post infection. 

Only by that time infection is observed in tissues in the upper respiratory tract. From the 

moment MV reaches the lymphoid tissues, T and B lymphocytes are the predominant 

infected cells and LNs throughout the host serve as the main sites for viral replication after 

viraemia (12 and chapter 2). However to establish infection in the lungs, DCs and possibly 

AMs are crucial. The alveolar spaces where infection initiates do not contain lymphocytes 

and innate immune cells are thus required for viral dissemination. LCs are only present in 

the upper respiratory tract17 and therefore not considered targets for MV in early infection. 

2 d.p.i. MV replication can be detected in DCs or AMs, based on their phenotype 

and location, in the alveolar spaces and lining the alveolar epithelium (chapter 2). The 

location and morphology of these cells overlaps with the expression pattern of DC-SIGN. 

DC-SIGN+ DCs as well as a small population of DC-SIGN+ macrophages reside in the lungs 

in uninfected conditions and DC-SIGN+ cells are among the first infected cells (chapter 3). 

Pulmonary DC-SIGN+ cells have low surface levels of CD150 and expression of DC-SIGN 

might facilitate initial MV infection in the lungs, despite their low expression of the entry 

receptor (6 and chapter 3). Binding of MV to DC-SIGN increases fusion via CD150 and 

recruits the entry receptor to the cell membrane5,18. Moreover, DC-SIGN signaling is 

an important factor in MV replication. MV ligation to the receptor induces activation 

of Raf-1, which blocks the induction of antiviral type I IFN responses and consequently 

strongly enhances replication in DCs (chapter 4 and figure 1). Expression of DC-SIGN 

thus promotes DC infection in different ways, facilitating viral replication. Besides DCs, 

AMs also might be infected. In general, macrophages are not easily infected with MV19, 

but they form a heterologous cell population and AMs, which together with DCs have 

also been designated as an initial target cell for MV in a murine model20, could make up 

a specific susceptible macrophage subset. The primary function of AMs is to maintain 

pulmonary homeostasis and, in contrast to DCs, they do not migrate to draining lymph 

nodes after activation21. Thus, AMs could contribute to local infection and inflammation, 

but it is not expected that these cells are important for viral dissemination. 

Dissemination likely occurs via transfer of infected cells since MV spreads rather via 

cell-cell contact than cell free, and additionally MV can pass to neighbouring cells via the 

formation of syncytia8,22,23. Cell-to-cell spread is visible in the infection pattern in BALT, 

where clusters of infected can be seen after 3 days post infection (chapter 2), and is 

reflected in the focal spread of ex vivo infected lung tissue (chapter 3), where small foci of 

infection rapidly infected the surrounding cells. DCs are equipped to rapidly migrate to the 

lymph nodes after pathogen encounter and thus might transfer the virus from the lungs 

to the lymph nodes. MV-infected DC-shaped cells are found near blood vessels in BALT 

and lymph nodes of animals (chapter 2) and in close proximity of target lymphocytes or 
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infected T lymphocytes (12 and chapter 2), supporting the hypothesis that the virus is 

disseminated by infected DC-SIGN+ DCs. Additionally, DC-SIGN-mediated transmission to 

lymphocytes can also occur independent of DC infection6 and indeed isolated DC-SIGN+ 

cells from the lungs of macaques are able to transmit MV independent of replication 

(chapter 3). The process of MV transfer between DCs and T cells is promoted by the 

formation of a virological synapse, which augments transmission both dependent and 

independent of DC infection24,25. Thus, DCs could alternatively capture virus in the alveoli 

and transfer MV to the lymph nodes independent of cell infection. Either DC infection 

or capture of MV by DC-SIGN+ DCs could allow transfer of the virus to the BALT and 

draining lymph nodes for dissemination. Also at the later stages of infection in lymphoid 

tissues DC-SIGN+ cells become infected and since lymphoid tissues, both before and after 

MV infection, harbour abundant numbers of DC-SIGN+ cells (6 and chapter 3), this will 

further enhance transmission and systemic infection.  

Figure 1. DCs promote dissemination of MV via DC-SIGN. CD150+ DCs and AM in the lungs are the first 
infected cells after aerosol infection. DCs migrate to the lung-draining lymph nodes with the virus. MV 
binding to DC-SIGN promotes replication and transmission via multiple mechanisms: DC-SIGN captures 
MV and enhances transmission to lymphocytes (1); DC-SIGN promotes fusion via CD150 (2); and DC-SIGN 
signaling suppresses antiviral type I IFN responses (3).
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Overall, our in vivo and ex vivo data show that expression of DC-SIGN promotes 

infection of DCs and transmission of MV to lymphocytes. The results of chapters 2-4 

therefore strongly indicate that DCs are important for initial replication and dissemination. 

This is in particular due to expression of DC-SIGN, of which the function is exploited in 

multiple ways by the virus. Furthermore, DC-SIGN expression remains high in MV-infected 

cells (chapter 5), suggesting that MV is able to make optimal use of the receptor to 

promote its dissemination. 

HIV-1 infection
In contrast to MV infection, the majority of HIV-1 infections occurs via sexual transmission4. 

The female genital mucosa as well as the rectal mucosa and foreskin contain innate immune 

cells that are important for initiation of HIV-1 infection. Both HIV-1 infected DCs and LCs 

have been observed in mucosal tissues very early after in vivo and ex vivo virus exposure and 

are considered to be early target cells for the virus26-31. Here I will discuss the function of DCs 

and LCs in HIV-1 transmission and their role in the selection of R5-tropic virus. 

The ability of DC-SIGN to promote infection and transmission of HIV-1 has been 

discussed earlier in this thesis and the cellular processes involved in viral transfer from DCs 

to T cells are remarkably similar to MV. Both immature and mature DCs transmit virus to 

T cells, dependent or independent of infection7,32,33. Binding to DCs and internalization of 

HIV-1 is mainly facilitated by DC-SIGN. Virus capture through DC-SIGN favours infection 

of DCs, since DC-SIGN colocalizes with CD4 and CCR5 and thereby promotes binding 

to the fusion receptors34. Alternatively, DC-SIGN is able to mediate internalization of 

infectious viral particles into specific vesicles, where intact virions can remain infectious 

for days32,33,35,36. Recently it has been shown that signaling via DC-SIGN is crucial for DC 

infection and transmission. Activation of Raf-1 via DC-SIGN, in combination with TLR8 

triggering is required to initiate HIV-1 transcription37. Furthermore, DC-SIGN-mediated 

activation of RhoA via LARG and downstream effector cdc42, which is also a prerequisite 

for activation of Raf-1, stimulates the formation a virological synapse between DCs and T 

cells, which allows rapid recruitment and transfer of vesicles containing HIV-1 particles38,39. 

DC-SIGN-mediated transmission of HIV-1 is supported by various studies. Ex vivo and in 

vivo data have identified infected DCs hours after infection and HIV-1 infected cells in 

draining lymph nodes within days post exposure, supporting that DC-SIGN+ cells migrate 

to the lymph nodes and transfer HIV-1 to T cells28-30. Thus, the interaction of HIV-1 with 

DC-SIGN is important for viral dissemination by promoting replication and transmission. 

It is not known whether DC-SIGN signaling similar to MV suppresses antiviral responses. 

In contrast to respiratory infection by MV, different DC subsets are involved in sexual 

transmission. In particular LCs are important and due to their localization in the epithelium 

these cells are the first to encounter HIV-1 and therefore regarded as “primary gatekeepers”40. 

Infected mucosal LCs have been identified as early target cells in foreskin and vagina27,28. 

The role of LCs in initiation of infection and transmission to lymphocytes is very different 

from DCs and is mainly determined by the maturation or activation status of the LCs. 
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Moreover, LCs have intrinsic characteristics that contribute to the inhibition of X4-tropic 

HIV-1 transmission (chapter 6). Under homeostatic circumstances, LCs bind HIV-1 envelope 

protein gp120 predominantly through the CLR langerin and rapidly internalize the virus41,42. 

HIV-1 virions captured by langerin are directed to Birbeck granules for degradation41. 

Therefore, immature LCs are much less permissive to HIV-1 infection compared to DCs27,41,43. 

Of note, besides langerin-mediated degradation, other cellular factors could contribute to 

the inefficient infection of immature LCs. Immature LCs are also not susceptible to infection 

with MV vaccine strains, despite expression of entry receptor CD46 and this is not related 

to langerin-mediated degradation17. Thus, in general the machinery of immature LCs does 

not seem to support viral infection. However, LCs that are activated with TLR ligands or TNF 

obtain a mature phenotype and subsequently more efficiently become infected and transmit 

HIV-1 to T cells, which depends on replication in LCs (43 and chapter 6). This dual role of 

LCs is possibly one of the factors explaining why susceptibility to HIV-1 infection is largely 

influenced by immune activation43-45. Additionally, immune activation results in an overall 

increased numbers of immune cells in the mucosa, including activated CD4+ T cells, which 

in contrast to naïve T cells are easily infected46. Together, these immune cell characteristics 

partly explain the increased risk of HIV-1 infection in individuals with genital coinfections.

Besides their protective function from infection in non-inflammatory conditions, 

LCs contribute to restriction of X4-tropic HIV-1 during transmission (chapter 6). During 

chronic HIV-1 infection, in 50% of the individuals, the phenotype of the virus switches 

from R5-tropic to X4-tropic HIV-1 and consequently X4-tropic virus can be detected 

in blood, semen and vaginal secretions of patients. However, primarily R5-tropic virus 

is transmitted and detected in new infections47,48. Mucosal tissues are involved in the 

selection of R5 HIV-1 variants and in 1998 it was already suggested that cells in the 

epidermis are capable of restricting transmission of X4-tropic virus49,50 and it was assumed 

that LCs are refractory to infection with X4-HIV-140,47,51. In our ex vivo model, infection 

of mucosal tissue leads to exclusive transmission of R5-tropic virus by LCs to T cells, even 

after exposure to high HIV-1 titers (chapter 6 and figure 2). This selection is not due 

to restriction in langerin binding, since X4 as well as R5 tropic virus interact with the 

receptor42. Furthermore, it is also not determined by specific coreceptor expression or 

exclusive infection with R5 virus. In fact, infection with X4-tropic virus leads to higher 

percentages of infected LCs compared to R5 (chapter 6). The restrictive mechanism 

therefore appears to take place in the transmission phase. One possibility is that SDF-1, an 

endogenous ligand of CXCR4, blocks infection of T cells. SDF-1 is produced by mucosal 

epithelial cells and DCs and has been described to inhibit propagation of X4-tropic virus 

at the virological DC-T cell synapse47,52,53. Future investigation will be required to examine 

involvement of SDF-1 in restricted X4 transmission by LCs. Notably, LC activation or 

maturation removes the exclusive transmission of R5-tropic HIV-1 and allows X4-tropic 

transmission to T cells (chapter 6). This demonstrates the impact of LC activation in 

transmission, but also indicates the presence of multiple selection barriers, since HIV-1 

transmission in the presence of coinfections is still mostly restricted to R5 variants. The 
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existence of multiple barriers is also illustrated by the ability of DCs to transmit both X4 

and R5 strains independent of DC infection32 and the selection for R5-tropic HIV-1 after 

infection via injecting drug use or blood transfusions, which is not associated with mucosal 

or LC-mediated mechanisms. Other possible host-related selective barriers include mucus 

secretion and higher expression of CCR5 on mucosal T cells compared to CXCR4, but also 

HIV-1 glycosylation could play a role47,50. The bottleneck in HIV-1 transmission remains 

to be elucidated and understanding of how LCs prevent X4 transmission could provide 

crucial insight into preventive methods to block transmission of all HIV-1 variants. 

DENDRITIC CELLS IN IMMUNE RESPONSES AGAINST VIRAL 
INFECTIONS
DCs have a pivotal role in host defense, both in immediate innate responses and eliciting 

adaptive immune responses. Additionally, DCs are among the first infected cells after 

exposure to MV and therefore are important targets for immune evasion. This section 

discusses the role of DCs in immune responses, with the main emphasis on MV infection. 

Antiviral responses
Production of type I IFN is crucial in the elimination of viral infections and depends on 

viral recognition by PRRs. PRR, either RLR or TLR, signaling leads to induction of IFN-β, 

which binds the IFNAR, resulting in the activation of hundreds of antiviral ISGs. Although 

the function of most activated ISGs has not yet been uncovered, the overall effect is the 

induction of a potent antiviral state54. Plasmacytoid DCs (pDCs), predominantly present in 

blood and lymph nodes, are the most potent type I IFN-producing cells. pDCs recognize 

endosomal ssRNA and  DNA via TLR7 or TLR9 respectively and are the only cells that 

constitutively express IRF7, which allows them to produce 100- to 1000-fold more type I 

IFN than any other cell type55. However, for sensing of ssRNA viruses, cytosolic RLRs are 

often more important. These receptors are expressed at basal levels in most cell types, but 

not in pDCs56. The discovery of RIG-I and Mda5 therefore not only led to the identification 

of type I IFN inducing signaling pathways, but also to a more prominent role for DCs in 

initiation of antiviral responses57-59. Multiple in vivo studies demonstrate the importance of 

RLRs and DCs in antiviral responses upon paramyxovirus infection60-62. 

In the case of MV, the high levels of type I IFN and subsequent absence of clinical 

signs following infection with recombinant ‘IFN blind’ or vaccine strains highlight the 

importance of  this antiviral response in disease control19,63,64. Furthermore, it indicates 

that MV needs to evade antiviral immune responses to establish infection. 

RIG-I recognizes the viral RNA leader, which is synthesized during replication and 

hence viral transcription is required for RIG-I activation65. Involvement of Mda5 in MV-

induced type I IFN responses has been debated and contradicting findings are linked to 

variations in virus strains as well as cell types used in different studies19,65,66. Moreover, 

Mda5 is thought to interact with dsRNA, which is not produced by MV or other negatively 

polarized ssRNA viruses67 and therefore the MV ligand for this receptor is currently not 
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known. However in DCs, recognition by both RIG-I and Mda5 leads to RLR activation and 

contributes to induction of type I IFN responses (chapter 4).

Recently, a role for CLRs in type I IFN responses has emerged. CLR signaling has proven to 

be important to evoke pathogen-specific immune responses and this is largely influenced by 

crosstalk between CLRs, such as DC-SIGN and dectin-1, and other PRRs68-71. Concerning the 

mechanism by which CLRs affect cytokine responses and subsequent T helper cell polarization, 

two types of CLRs can be distinguished: the modulatory CLRs and the inducer CLRs. This 

distinction is made on their ability to directly activate NF-κB and induce cytokine transcription 

(such as dectin-1) or affect TLR-mediated NF-κB (such as DC-SIGN)72,73. Notably, also with 

regard to induction/modulation of type I IFN, this division seems to hold true: dectin-1 

triggering on DCs induces type I IFN via IRF5 in response to C. albicans74, whereas DC-SIGN 

suppresses RLR-mediated responses (chapter 4). The final effect of DC-SIGN-induced signaling 

on immune responses and infection depends mainly on two factors: the nature of the ligand 

and identity of the PRR that is co-triggered. Regarding the ligand, DC-SIGN discriminates 

between mannose structures, which are present on many viruses, several bacteria and fungi, 

and fucose structures expressed by bacteria, such as H. pylori and parasites including S. 

mansoni69,75. The second crucial factor for the outcome of DC-SIGN signaling is the parallel 

activation of specific TLRs or RLRs, which can either occur as the result of multiple PAMPs on 

Figure 2. LCs in selection of HIV-1 variants. Immature LCs (left) become infected with both X4 and R5 
HIV-1 variants, but exclusively transmit R5 HIV-1 to T cells. Activated LCs (right) are also infected with 
and transmit both X4 and R5 HIV-1 variants. Via an unknown mechanism, immature LCs thus restrict 
transmission of X4 HIV-1 and contribute to selective transmission of R5 HIV-1.
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one single pathogen or the presence of concurrent infections. Binding of mannose structures 

to DC-SIGN leads to activation of Raf-1 via phosphorylation of the residues Ser (S)338 and Tyr 

(Y)340/34171,76. DC-SIGN-Raf-1 activation in combination with triggering of TLR3, TLR4 or TLR5 

results in phosphorylation and acetylation of NF-κB subunit p65 and subsequent enhanced 

and prolonged transcription of IL-6, IL-10 and IL-1271 (figure 3). Moreover, triggering of both 

Figure 3. Mannose-signaling modulates TLR and RLR responses. Ligation of mannose ligands to 
DC-SIGN leads to phosphorylation of Raf-1. Activation of Raf-1 causes acetylation and phosphorylation 
of NF-κB subunit p65, which modulates TLR-induced cytokine transcription. Raf-1 activation also 
leads to phosphorylation of I-1, the inhibitor of PP1-GADD34 phosphatases. Blocking of PP1 prevents 
dephosphorylation of RIG-I and Mda5, which is crucial for RLR signal transduction to MAVS. Consequently, 
it attenuates downstream signaling and production of type I IFN. The simultaneous triggering of DC-SIGN 
with either TLRs or RLRs thus determines the effect of DC-SIGN-mediated Raf-1 activation.
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DC-SIGN and TLR8 is required to initiate HIV-1 replication in DCs37. In contrast, fucose binding 

to DC-SIGN causes the KSR-CNK-Raf-1 triad of the DC-SIGN signalosome to dissociate from 

the receptor, preventing activation of Raf-169. Notably, as shown in this thesis, simultaneous 

triggering of DC-SIGN and RLRs by MV, leads to DC-SIGN-Raf-1-mediated inhibition of type I 

IFN transcription. The DC-SIGN and RLR pathways do not converge at the level of transcription 

factors, but the suppression of the RLR-induced antiviral responses is mediated at the level of 

phosphatase activity that controls RLR activation (chapter 4). 

To enable signaling via RIG-I and Mda5 to MAVS, the CARD domain residues S8 and Thr 

(T)170 of RIG-I and S88 of Mda5 must be dephosphorylated by PP1 phosphatases77-79. Only 

after dephosphorylation, the receptors are ubiquitintated and oligomerize, which precedes 

signal transduction to MAVS. The number of different serine/threonine phosphatases, in 

contrast to serine/threonine kinases, is very limited but the formation of holoenzymes 

consisting of the catalytic phosphatase subunit and one of many regulatory subunits, 

which provide the holoenzymes substrate specificity, enables PP1 phosphatases to perform 

all required functions80. The specific combination of catalytic PP1α/γ79 and regulatory 

subunit Growth arrest and DNA damage-inducible protein (GADD)34 is responsible for 

the dephosphorylation and subsequent activation of RLRs in DCs (chapter 4). DC-SIGN 

signaling prevents RLR activation though the phosphorylation of PP1 inhibitor (I)-1 via 

Raf-1. Phosphorylation of I-1 drives its interaction with PP1α/γ-GADD34 holoenzymes, 

thereby blocking the phosphatase activity and as a result, GADD34-PP1 holoenzymes are 

unable to dephosphorylate the RIG-I and Mda5 CARD domains, preventing RLR signaling 

(chapter 4). This attenuates the transcription of RLR-mediated IFN-β and ISGs. Inhibition 

of the Raf-1 pathway therefore increases type I IFN responses and lowers MV replication. 

Thus MV facilitates its own replication by blocking antiviral immune responses in DCs via 

DC-SIGN-Raf-1 signaling (chapter 4 and figure 3). The inhibition of RLR dephosphorylation 

via Raf-1 is transient and is diminished between 8 and 16 hours post infection (chapter 4). 

However, inhibition of Raf-1 signaling shows that its activation affects type I IFN responses 

and DC infection for over 2 days. Since DC-SIGN-Raf-1 signaling abrogates the activation 

of RIG-I and Mda5, the effect on type I IFN and replication is very strong. However, it is also 

possible that after MV replication, F and H proteins expressed on infected cells function 

as ligand for DC-SIGN5 and provide DC-SIGN activation on surrounding cells to enhance 

the suppression for the next round of replication. Most type I IFN evasive mechanisms that 

have been described for MV rely on the nonstructural V and C proteins and thus require 

viral protein synthesis81. DC-SIGN-mediated evasion of antiviral responses could therefore 

be a DC-specific strategy to allow initial replication in cells and promote dissemination 

(chapter 2-3). The V protein, which is highly conserved among paramyxoviridae, is known 

to specifically block Mda5 function82,83 and this is because binding to the receptor it 

prevents dephosphorylation of Mda5 (Davis et al; Submitted). Thus, attenuating antiviral 

responses by inhibiting RLR activation might be a more general viral evasion mechanism. 

Furthermore, it is very plausible that this strategy is also used by other DC-SIGN-binding 

viruses, such as dengue virus, hepatits C virus or HIV-1 to suppress antiviral responses84. 
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Also coinfections with mannose-bearing pathogens such as M. tuberculosis or C. albicans 

might provide DC-SIGN signaling to suppress antiviral responses in cells infected with 

RLR-activating viruses. Besides induction of type I IFN, RLR signaling mediates cytokine 

transcription via NF-κB activation85. By impairing receptor activation, it is likely that RLR-

induced cytokine responses also are blocked by DC-SIGN–Raf-1 triggering. However, since 

inhibition of RLR activation is time-dependent and DC-SIGN-mediated phosphorylation 

and acetylation of p65, which could also enhance RLR-induced cytokine transcription, lasts 

at least 8 hours71, the eventual effects on cytokine production remain to be investigated. 

In both modulation of TLR and RLR responses via DC-SIGN, Raf-1 is central and its 

downstream targets, and hence the effect of DC-SIGN signaling, are defined by the nature 

of the PRR that is triggered besides DC-SIGN. Raf-1 is part of the DC-SIGN signalosome 

complex, which further consists of adaptor proteins KSR1 and CNK and F-actin binding 

protein LSP1. LSP-1 forms a scaffold that binds the triad KSR1-CNK-Raf-1 to the cytoplasmic 

tail of DC-SIGN69,86. Notably, dectin-1 on DCs and macrophages, which contributes to 

multiple innate antifungal responses, associates with the similar signalosome complex 

(chapter 7). LSP1 likely interacts with the cytoplasmic domain of dectin-1 and is important 

for the function of the receptor in fungal phagocytosis and cytokine induction (chapter 

7). Activation of Raf-1 via dectin-1 enhances cytokine transcription in macrophages, but 

its effect is different than observed previously in DCs, where Raf-1 activation is crucial for 

IL-1β and IL-12 responses (69 and chapter 7). This indicates that various immune cells may 

induce different singaling cascades or respond differently to ligation of a single receptor, 

depending on their specific immune function and cell machinery. Therefore it is important 

to investigate signaling per cell type. Currently, it remains to be determined whether Raf-1 

activation also influences type I IFN responses induced by dectin-1. 

Activation of adaptive immunity
MV causes an acute infection; usually the virus is cleared within 3 weeks post infection. 

Moreover, infection leads to lifelong protection, indicating a very efficient MV-specific 

immune response. However, at the same time MV infection causes a strong immune 

suppression in the host, which can last for weeks or months after the clinical symptoms 

have disappeared. This phenomenon, also called ‘the measles paradox’, is probably the 

result of high CD150 expression of memory T cells and follicular B cells, which makes these 

cells highly susceptible to infection. The preference of MV to infect these lymphocytes 

explains the simultaneous lymphopenia and strong MV-specific CD8+ T cell responses12,87. 

As described in the previous section, DCs migrate to the lymph nodes soon after MV 

infection (chapter 2) and they present MV antigens to CD4+ T cells, which is promoted 

by uptake via DC-SIGN6. In order to obtain efficient T and B cell responses, appropriate 

cues from DCs are required consisting of antigen presentation, costimulation and cytokine 

production. However, despite the fact that MV-specific responses are efficient, there are 

multiple reports indicating that MV impairs DC function and it is therefore assumed 

that this contribute to MV-induced immune suppression88. DC maturation following MV 
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infection is controversial: several studies report a lack of induction of all costimulatory 

molecules or lymph node homing receptors (89,90 and chapter 5), while others show 

normal maturation in response to the virus, but abrogated activation in response to 

subsequent CD40 ligation91-93. Furthermore, in particular the ability of DCs to promote 

T cell expansion seems to be attenuated after cells become infected with MV91,94,95. The 

underlying mechanisms of this suppression and whether or how this affects antigen 

presentation in vivo is not understood. 

Both viral sensing and production of type I IFN influence DC maturation and induction 

of adaptive immune responses. Type I IFN affects DC maturation (96 and chapter 5) 

and stimulation of cells with IFNα/β enables prolonged ability to process and present 

antigens compared to TLR-triggered DCs97,98. Production of type I IFN promotes activation 

of multiple arms of the adaptive immune responses as it supports CD4+ T cells98, CD8+ 

T cell as well as B cell responses55,99,  and all of these responses are observed in the 

response to MV. Central in DC activation and required to initiate antiviral responses is 

pathogen recognition. TLR or RLR triggering by pathogens activates DCs and results in 

phenotypical changes including upregulation of costimulatory molecules CD86 and CD83 

(85 and chapter 5). Interestingly, RLR stimulation in contrast to TLR triggering sustains 

high levels of DC-SIGN, which indicates that activation of different DC receptors (TLR, 

RLR, IFNAR) results in a differential mature DC phenotype (chapter 5). High expression of 

DC-SIGN on DCs could support the process of antigen presentation and T cell activation, 

since DC-SIGN promotes uptake, and functions as a ligand for T cells100,101. In addition, 

virus capture by DC-SIGN in lymph nodes has been shown to promote B cell responses 

in influenza infection102. Thus the numerous DC-SIGN+ cells in the lymph nodes, which 

are also observed after MV infection (6 and chapter 3), could be important for humoral 

immunity. On the other hand, high levels of DC-SIGN on virus activated cells could also 

result in further dissemination and immune evasion (chapter 3-4). In addition, sensing of 

ssRNA viruses by PRRs may also contribute to adaptive immune responses via mechanisms 

not related to type I IFN. Activation of RIG-I, in contrast to TLR signaling via MyD88, 

increases expression of antigen machinery molecules HLA-1 and TAP, important for antigen 

presentation to CD8+ T cells103,104. Furthermore, it might be possible that the exhaustion 

of memory T cells creates a perfect niche for MV-infected DC to activate naïve T cells. 

Overall, recognition by PRRs and production of type IFN are pivotal in antiviral and 

immune responses. The exact involvement in driving adaptive immunity or how these 

events affect antigen presentation are far from understood, but despite the suppressive 

effects of MV replication on DC function, there are multiple ways by which infection can 

still promote adaptive immune responses.

CONCLUDING REMARKS
Recognition of pathogens by innate immune cells is central in the induction of efficient 

immune responses. However, since innate immune cells are often the first to encounter 
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pathogens upon infection they are also targeted for immune evasion. The immune 

function of the specific cell type and the combination of PRRs triggered by pathogens are 

critical in host-pathogen interplay. 

In particular expression of CLR DC-SIGN by DCs has major effects on viral infections as 

the CLR function is subverted by viruses such as MV and HIV-1 in multiple ways to promote 

their dissemination. We identified in this thesis a novel mechanism by which DC-SIGN 

inhibits activation of another PRR family, the RLRs, to prevent antiviral responses. Another 

DC subset, LCs, is not involved in the establishment of MV infection, but is important in 

HIV-1 transmission and their cellular machinery holds restrictive transmission of specific 

HIV-1 strains. Moreover, the dectin-1 signalosome is similar in both DCs and macrophages, 

and required for their respective cell-specific antifungal responses in C. albicans infection. 

The findings described in this thesis contribute to our understanding of MV, HIV-1 and C. 

albicans infection, but are also likely applicable for other infectious diseases. Eventually, this 

knowledge may lead to the development of novel therapeutic or preventive strategies.
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