
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Host-pathogen interplay in viral transmission and immune evasion

Mesman, A.W.

Publication date
2014

Link to publication

Citation for published version (APA):
Mesman, A. W. (2014). Host-pathogen interplay in viral transmission and immune evasion.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/hostpathogen-interplay-in-viral-transmission-and-immune-evasion(506be9fd-3ffa-449f-9f99-5b47a059159e).html




Partly published in modified form:

Pattern recognition receptors in HIV transmission 
Annelies W. Mesman and Teunis B.H. Geijtenbeek 

Frontiers in immunology, 2012 March; 3(59)

RIG-I-like receptors and intracellular  
Toll-like-receptors in antiviral immunity 
Diede Brunen#, Annelies W. Mesman# 

and Teunis B.H. Geijtenbeek 
Future virology, 2013 February; 8(2); 183-194

Department of Experimental Immunology, Academic Medical Center,  
University of Amsterdam, Amsterdam, The Netherlands.

# Equal contribution

1
GENERAL INTRODUCTION



INNATE IMMUNITY 
To protect us from invading pathogens such as viruses, bacteria, fungi and parasites, 

humans have evolved a highly sophisticated defense system, consisting of an innate and 

adaptive immune system. The innate system forms the first line of defense: it acts fast and 

non-specific to various pathogens. Two of its main functions are eradication of pathogens 

and relaying information regarding the intruding pathogens to the adaptive system. The 

adaptive immune system, consisting of T and B lymphocytes, is slower in onset but highly 

specific to pathogens and antigens, and enables immunological memory1. Innate immune 

cells include the dendritic cell subsets dendritic cells (DCs) and Langerhans cells (LCs), 

macrophages and granulocytes such as neutrophils2. These cells are present in mucosal 

tissues, including the skin, lungs and vagina, where our body interacts with the external 

environment, to identify potential invading pathogens. 

Tissue macrophages and DC subsets all derive from bone marrow hematopoietic 

stem cells and obtain their specific function and tissue localization after specific lineage 

differentiation3. LCs reside in the upper epidermal layer of the skin and epithelial mucosa. 

They belong to the DC family and are thought to have an important function in maintaining 

mucosal homeostasis4,5. LCs seem to have an antiviral function and are not efficiently 

equipped to sense bacteria, probably to prevent immune activation in response to commensal 

bacteria6,7. Underneath, in the dermis or submucosa, DCs and macrophages are located, 

that in addition to antiviral functions comprise defense mechanisms against bacterial and 

fungal pathogens8. Macrophages continually display phagocytic activity and are prone to 

initiate local inflammation while they persist in the tissue9, whereas DCs migrate to the 

lymph nodes after pathogen encounters to present antigen to T lymphocytes. Although 

DCs, LCs and macrophages all are capable of antigen presentation, DCs are considered 

professional antigen presenting cells (APCs) due to their ability to rapidly migrate to the 

lymph nodes, giving them a unique role in bridging innate and adaptive immunity8,10.

After pathogen uptake, DCs obtain an activated and mature phenotype and migrate to the 

lymph nodes, where degraded antigens are presented in the context of major histocompatibility 

complex (MHC) molecules to T cells. Presentation of endogenous antigens via MHC class I to 

CD8+ T cells induces specific cytotoxic T lymphocytes, which in turn kill virally infected cells. 

Exogenous antigens are generally presented to CD4+ T cells via MHC class II and give rise to 

T helper cells11. The combination of antigen presentation to CD4+ T cells and the production 

of specific cytokines by DCs control differentiation of the appropriate T helper (Th) subset. 

Secretion of inflammatory cytokines interleukin (IL)-12 and interferon (IFN)-γ drives Th1 

skewing; these cells activate other immune cells including CD8+ T cells and are important to 

combat intracellular pathogens. IL-4 is the key mediator in directing Th2 polarization, which 

is required for humoral B cell responses and defense against extracellular infections, such as 

parasites. The combination of IL-6, IL-17 and IL-1β leads to Th17 differentiation, crucial for 

clearance of fungal infections12,13. Follicular Th cells (Tfh) are specialized to generate humoral 

immunity and differentiate in the presence of IL-6, IL-21 and IL-27. Tfh cells promote formation 

and maintenance of germinal centers in the lymph nodes and by means of IL-21 production 



mediate the class switching of antibodies14. Regulatory T cells (Treg), for which differentiation 

depends on TGF-β, counterbalance immune activation. These cells maintain tolerance to self-

antigens and control inflammatory responses, by suppressing the other Th subsets15,16.

PATTERN RECOGNITION RECEPTORS
Detection of microorganisms by the innate immune system relies on the recognition of specific 

classes of conserved microbial features - so-called pathogen associated molecular patterns 

(PAMPs) - via pattern recognition receptors (PRRs). Various cell wall components of bacteria 

and fungi function as PAMPs, whereas viral PAMPs mainly consist of nucleic acids2,17.

In general, recognition of pathogenic structures by PRRs mediates internalization of 

pathogens as well as induction of gene expression, promoting activation and maturation 

of immune cells. This activation includes upregulation of chemokine receptors supporting 

migration to lymph nodes as well as costimulatory molecules to effectively present antigens 

and activate T cells. Moreover, PRR signaling induces a pathogen-tailored cytokine program 

that shapes specific immunity through T helper cell polarization2. 

PRR function is not only dependent on the type of PAMP recognized, but also on the 

cellular background. Each cell type of the innate immune system expresses its own specific 

set of PRRs. Since most pathogens are recognized by multiple PRRs, the combination 

of triggered receptors orchestrates the immune response. The complexity of this system 

is further increased due to integration of various signaling pathways, which inhibit or 

synergistically enhance innate responses, thereby enabling pathogen-specific responses18.

There are four main families of PRRs: Toll-like receptors (TLR), C-type lectin receptors (CLR), 

NOD-like receptors (NLR) and RIG-I-like receptors (RLR). TLRs constitute the most extensively 

studied class of PRRs19-21. TLR1/2/4 and 6 are expressed on the cell surface, where TLR4 

binds gram negative bacteria and the other TLRs recognize gram positive bacteria and fungi. 

Together with the cytosolic NLRs, these receptors are responsible for bacterial-induced immune 

responses. For viral recognition, endosomal TLR3, TLR7/8 and TLR9 sense dsRNA, ssRNA and 

DNA respectively21. TLRs signal via adaptor molecules MYD88 or TRIF to activate transcription 

factors NF-κB (nuclear factor kappa B) and IRF (interferon regulatory factor). NF-κB is capable 

of inducing expression of a large variety of inflammatory genes, including cytokines, and 

therefore has a central role in directing immune responses. The transcription factor consists 

of dimers of subunits p65, p50, c-Rel, p52 and RelB, which are kept inactive in the cytosol by 

IKKα/β kinases prior to activation22. The IRF family has nine members (IRF1-9), of which IRF3 

and IRF7 are primarily responsible for imposing antiviral type I IFN. Similar to NF-κB, IRFs are 

present in the cytosol and translocate to the nucleus after activation by phosphorylation23.  

Endosomal TLRs and cytosolic RLRs play an important role in response to viral infections. 

These families differ in ligand recognition, cellular localization and signaling pathways, 

but they also share several features. The most prominent result of activation of either 

intracellular TLRs or RLRs is activation of the type I IFN system via transcription factor IRF3, 

leading to IFN-β expression21. Subsequent autocrine or paracrine binding of IFN-β to the 

IFN-α/β receptor (IFNAR) on the cell membrane induces downstream signaling via the JAK–
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STAT pathway. Activated JAK will phosphorylate STAT1 and STAT2, resulting in dimerization 

and recruitment of IRF9 and translocation to the nucleus. Here, the complex, now named 

ISGF3, will bind to IFN-sensitive response elements (ISRE) present in IFN stimulated genes 

(ISGs), resulting in the activation of hundreds of antiviral ISGs. Although the mechanism 

of induction is still unclear, STAT1 homodimers can also be formed in response to IFNAR 

signaling. These dimers bind GAS (IFNγ activated sites) elements in promoter regions24,25. 

RIG-I-like-receptors
The soluble RLRs are expressed at basal levels in most cell types. RIG-I belongs to the 

family of DExD/H box-containing RNA helicases, which are characterized by their ability 

to unwind dsRNA. RIG-I possesses two N-terminal caspase activation and recruitment 

domains (CARDs) that mediate downstream signaling26. Furthermore, the intrinsic ATPase 

activity of RIG-I is critical for both helicase activity and RIG-I function. Two other DExD/H 

box-containing RNA helicases, or RIG-I-like helicases, were found to be closely related 

to RIG-I. Mda5 contains similar CARD and helicase domains to RIG-I, while the other 

closely related helicase, LGP2, contains a helicase domain, but lacks the CARD.  Emerging 

evidence shows that additional RNA helicases act as PRRs. Recently, DDX1, DDX21 and 

DHX36, were found to recognize dsRNA and subsequently induce type I IFN responses, 

indicating the presence of many more less-studied RLRs27.

Activation of RLRs is controlled by multiple consecutive mechanisms to prevent 

unnecessary immune activation. First, ligand binding alters the folding of the receptor, 

rendering the CARD domains accessible28 and allowing the constitutive phosphorylated 

CARD domains of RIG-I and Mda5 to be dephosphorylated by serine/threonine phosphatases 

PP1α and PP1γ29-31 (figure 1, box). The current hypothesis is that these events are followed 

by ubiquitination of the receptors and oligomerization before signal transduction to adaptor 

protein MAVS (also known a IPS-1)32-34. MAVS signals via NEMO (NF-κB essential modulator), 

which is part of the IKK complex, and links the complex to two IκB kinase (IKK)-related kinases 

IKKε and Tank-binding protein (TBK1)35,36. Thus through MAVS signaling, RLR triggering 

activates TBK1/IKKε for subsequent IRF3 translocation (figure 1). In addition, activation of 

NEMO leads to degradation of IKKα, allowing translocation of NF-κB dimers37,38.

Both RIG-I and Mda5 induce the same signaling pathways but differ regarding recognition 

of viral PAMPs and therefore virus specificity. RIG-I plays a particularly important role in detecting 

a wide array of negatively polarized single stranded (ss)RNA viruses, including members of 

the Paramyxoviridae, such as measles virus (MV) and Sendai virus (SeV). Furthermore, RIG-I 

is also capable of detecting several positive stranded RNA viruses belonging to Flaviviridae, 

including Hepatitis C Virus, West Nile Virus and Dengue virus38. 5´-triphosphate ssRNA and 

5´-triphosphate blunt end short double stranded (ds)RNA, both products of viral transcription, 

induce RIG-I-dependent type I IFN38-40. Interestingly, viral copy-back defective interfering 

genomes form complementary blunt-ended dsRNA structures and also serve as RIG-I 

ligands41,42. Since recognition of these aberrant particles does not require viral transcription, 

presence of defective interfering particles can lead to rapid antiviral responses. 
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Whereas the ligand of RIG-I is known, the exact ligands of Mda5 and LGP2 remain to 

be elucidated. Mda5 preferably binds long dsRNA or high molecular weight aggregates of 

branched ss- and ds-RNA43,44. Consequently, Mda5, rather than RIG-I, has a high affinity 

for cytosolic poly(I:C), which contains branched structures. Mda5 is especially important in 

detecting members of the positive strand ssRNA38,45, but also recognizes negative-strand 

MV and SeV, despite the fact that these viruses generate hardly any cytosolic dsRNA and 

actively suppress recognition by the receptor46,47. 

C-type lectin receptors
CLRs - originally described as Ca2+ dependent carbohydrate binding lectins – are adhesion 

molecules for self and non-self glycosylated structures. CLRs within the scope of this thesis 

belong to two families of transmembrane receptors: The mannose receptor family or the 

asialoglycoprotein receptor family. These receptors harbour one C-terminal carbohydrate 

recognition domain (CRD), which determines their specificity18,48. 

CLRs aid antigen recognition, capture of antigens and induction of innate immunity 

and multiple CLRs are expressed on immature APCs. For internalization, CLRs contain 

internalization motifs in their cytoplasmic tail49 and associate with proteins involved in 

actin rearrangement50,51. Upon internalization, receptors traffic to various compartments 

to promote phagocytosis and antigen presentation. Furthermore, CLR-induced signal 

transduction affects gene transcription of cytokines directly or indirectly at  the level of 

transcription factors and therefore drives T cell responses18. 

Langerin
Most CLRs are expressed by multiple cell types, but langerin expression is confined to 

LCs. Langerin recognizes high mannose, fucose, β-glucans, and GlcNAc strucures in a 

Ca2+-dependent manner52 and as a consequence functions as a receptor for fungi53 and 

viruses, including MV54 and human immunodeficiency virus (HIV)-155. Langerin has a short 

cytoplasmic domain that does not contain typical internalization motifs and whether 

receptor triggering induces signaling remains to be elucidated. Notably, langerin induces 

formation of birbeck granules, organelles unique to langerin-expressing cells52,56. Birbeck 

granules have been indicated to support uptake and degradation, and hence have LCs 

been suggested to have a protective function against viruses55. 

Dectin-1
Dectin-1, a Ca2+ independent CLR, is present on DCs, LCs, macrophages and neutrophils for 

recognition of β-glucans on the fungal cell wall57,58. Dectin-1 is characterized by its ability 

to actively mediate phagocytosis and, unlike other CLRs described here, activate NF-κB by 

itself59. Dectin-1 harbours a cytoplasmic hemi-ITAM motif, which enables receptor-mediated 

phagocytosis and signaling60. Phosphorylation of the motif results in recruitment of Syk58, 

which signals via the Card9-BCL-10-MALT1 complex to canonical NF-κB subunits c-Rel and p65 

to promote cytokine transcription. Additionally, Syk signals via NIK to induce non-canonical 

NF-κB subunit RelB. Furthermore, dectin-1 activation boosts expression of proinflammatory 
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Figure 1. RIG-I-like receptor signaling. Ligand recognition leads to conformational changes and 
dephosphorylation of the CARD domains (depicted in the box), allowing signal transduction of RIG-I 
and Mda5 to MAVS. RLRs induce signaling via MAVS and NEMO to kinases TBK1/IKKε and IKKα/IKKβ, 
resulting in nuclear translocation of IRF3 and NF-κB respectively.

cytokines via Raf-1 through phosphorylation and acetylation of p65. Activation of Raf-1 

however has another function in antifungal DC responses as it mediates inactivation of 

RelB-p65 dimers, allowing transcription of IL-1β and IL-12b59. Simultaneous signaling via Raf-1 

and NIK is therefore required for expression of cytokines leading to Th1/Th17 T cells (figure 2). 

DC-SIGN
DC-SIGN is primarily expressed by DCs, although it has been detected on some 

macrophage subsets61,62. The receptor, containing a single CRD, forms tetramers and in 

a Ca2+-dependent manner recognizes high mannose and fucose structures on a wide 

array of viruses, bacteria, fungi and helminths63,64. These pathogens include mannose-

bearing Candida albicans65, MV66, HIV-167, Mycobacterium tuberculosis68 as well as fucose-

containing Heliobacter pylori and Schistosoma mansoni69. Furthermore, DC-SIGN binds 

endogenous ligands ICAM-2 on endothelial cells and ICAM-3 on T cells mediating DC 

migration and immune activation of T cells63,70. 

DC-SIGN-mediated internalization of pathogens promotes antigen presentation. 

However, the uptake and binding functions of the receptor are subverted by numerous 

mannose-bearing pathogens including HIV-1, MV, Ebola and Herpes Simplex Virus, which 

all target DC-SIGN to promote DC infection and/or viral transmission to lymphocytes71. DC-
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Figure 2. Dectin-1 signaling. Dectin-1 recognizes β-glucan structures. The receptor signals via Syk to a 
CARD9-Bcl10-MALT1 scaffold, leading to activation of the canonical NF-κB subunits p65 and c-Rel, as 
well as NIK, which results in activation of noncanonical NF-κB subunit RelB. A third signal, mediated by 
Raf-1 causes acetylation and phosphorylation of p65, leading to retention of inactive RelB, promoting 
transcription of cytokines IL-1β and IL-12p40.

SIGN-mediated transmission to lymphocytes can occur after DC infection (in cis) or after 

viral capture, independent of infection (in trans). Furthermore, DC-SIGN mediates signal 

transduction. Triggering of DC-SIGN alone does not activate NF-κB and therefore does not 

mature DCs. However, receptor activation affects TLR-induced NF-κB and thereby modulates 

immune responses. During the last years, multiple mechanisms underlying DC-SIGN signaling 

have become clear, as well as the remarkable differences between mannose and fucose 

mediated downstream signaling events. Via interaction between the cytoplasmic domain 

of DC-SIGN and F-actin binding protein LSP1, a signalosome complex containing adaptor 

proteins KSR and CNK and kinase Raf-1 associates with the receptor. This complete complex 
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is required to activate Raf-1, which has a pivotal role in DC-SIGN signaling. When mannose-

containing ligands bind to the receptor, Guanine exchange factor (GEF) LARG and RhoA 

are recruited to the DC-SIGN signalosome and through activation of PAK and Src kinases, 

phosphorylate Ser (S)338 and Tyr (Y)340/341 of Raf-1 respectively. Following Raf-1 activation, 

DCs shape adaptive immune responses by modulating TLR-mediated NF-κB activation: 

Phosphorylation and acetylation of p65 leads to an increased and prolonged expression of 

IL-10, IL-6 and IL-12 and subsequent Th1 skewing50,72 (figure 3). Moreover, DC-SIGN-Raf-1 

signaling is also crucial for initiation of HIV-1 transcription73. Not all DC-SIGN-induced immune 

modulation is mediated via NF-κB. For example, mannose tick protein Salp15 induces Raf-1/

MEK signaling and decreases transcription of IL-6 and TNF-α, by targeting degradation of 

mRNA of these cytokines and additionally inhibits IL-12 transcription by remodelling of the 

IL-12p35 nucleosome74. The different effects of Salp15 compared to other mannose ligands 

are presumably a result of involvement of additional receptors in the response to Salp15. 

Upon binding of fucose structures, such as Heliobacter pylori or Schistosoma mansoni 

soluble egg antigen, the KSR-CNK-Raf-1 triad dissociates from the receptor, preventing signaling 

via Raf-1. In a LSP1-dependent manner, recognition of fucose structures causes reduced 

transcription of proinflammatory cytokines IL-6 and IL-12, but increased IL-10 transcription50. 

Thus DC-SIGN has a pivotal role in skewing Th1 responses against mannose-bearing viruses and 

bacteria while fucose-containing bacteria and parasites prevent Th1 skewing.  

INFECTIOUS DISEASES
Parallel to our immune system, a variety of pathogens has coevolved mechanisms to escape 

immune surveillance or responses and consequently may cause harm. Three pathogens 

that are subject of this thesis are MV (chapter 2-5), HIV-1 (chapter 6) and Candida albicans 

(chapter 7). These three pathogens indeed cause morbidity and mortality, MV and HIV-1 

(global data are not available for C. albicans) mainly in low-resource settings - in particular 

sub-Saharan Africa75,76.

Candida Albicans
Candida albicans is one of many commensal fungal species that exist as a part of the normal flora 

in the skin, mucosa and gut of most humans. However, in the case of immune compromised 

individuals, e.g. in AIDS patients, C. albicans can become virulent and cause systemic infection, 

candidiasis, which has a high mortality rate77. The cell wall of C. albicans holds a variety of 

structures that can be recognized by the immune system, such as β-glucans, chitin and 

mannan. Consequently, C. albicans can interact with multiple PRRs, including TLR2 and 4 and 

various CLRs including dectin-1, DC-SIGN, mannose receptor (MR) and langerin78. Dectin-1 

has an important role in antifungal responses, which is indicated by the association between 

dectin-1 polymorphisms and a highly increased risk to develop candidiasis79. The combination 

of PRRs triggered by C. albicans, as well as the pathogenicity, depends on the strain and the 

polymorphic phase of the fungus, which can switch between a budding yeast and a hyphal 

form80-83. When C. albicans invades the host, phagocytic cells, macrophages and neutrophils, 
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are particularly important for ingesting and eradicating the pathogens84. Not only recognition 

of C. albicans, but also several effector functions of these cells are dectin-1-mediated. First of 

all, dectin-1 contributes to phagocytosis, leading to internalization and antigen presentation 

as well as inflammasome activation. The inflammasome is a complex consisting of a cytosolic 

sensor, adaptor proteins and a caspase protease, which cleaves pro-IL-1β into its bioactive 

form. Additionally, dectin-1 mediates oxidative burst in phagocytes, a process that kills fungi 

via induction of toxic reactive oxygen species (ROS) or pH alterations84. Moreover, the Th1 

and Th17 cells that differentiate following dectin-1-mediated cytokine production by DCs, 

contribute to release of antifungal peptides and activation of phagocytes, demonstrating how 

the orchestrated collaboration of immune cells eventually expels pathogens77,84.

Viral infections 
Myelo-lymphotropic viruses attack immune cells and infections therefore generally affect 

immune responses. This also holds true for MV and HIV-1, but whereas MV causes an acute 

infection, which is usually efficiently cleared by the immune system, HIV-1 infection leads to 

a chronic infection, which eventually exhausts the immune system. MV infection too causes 

immune suppression, but although profound, it is of transient nature85,86. Another characteristic 

of lymphotropic viruses is that, in order to reach their target cells, they must traffic from their 

initial site of infection to the lymph nodes. Multiple studies have indicated that DCs play an 

important role in viral transmission to lymphocytes, due to their location and migratory capacity. 

In particular binding of MV and HIV-1 to DC-SIGN will enhance infection of lymphocytes, via 

increased DC infection or independent of DC infection, via viral capture66,67,87,88. Besides using 

host functions for their transmission, most viruses have developed strategies to inhibit host 

immune responses. These strategies include mechanisms to evade ligand induction, recognition 

by PRRs and their signaling pathways leading to antiviral activities. Viruses have developed 

a whole arsenal to circumvent recognition by TLRs or RLRs, inhibit downstream signaling 

pathways and escape degradation by type I IFN-induced proteins to promote their replication89. 

HIV-1
Currently, about 34 million people are HIV-1 infected, with 2.5 million new infections every 

year. Over 80% of new HIV-1 infections globally occur via sexual transmission75. HIV-1 is a 

lentivirus targeting CD4+ T cells and the decrease of the CD4 T cell counts over time will 

lead to immune suppression and eventually disease progression to AIDS. The introduction 

of antiretroviral therapy (ART) has increased life-expectancy as it decreases viral replication 

and recently, high coverage of ART has been shown to lower sexual transmission of the 

virus90. However, since latent viral reservoirs persist in the host, there is a need for novel 

treatment or vaccine strategies. 

In addition to T cells, DC, LCs and macrophages express CD4 and consequently can 

become infected with the virus. Infection of cells requires initial interaction between 

receptor CD4 and HIV-1 glycoprotein gp120 followed by binding to either chemokine 

receptor CXCR4 or CCR5 as coreceptor. After fusion of the virus with the cell membrane, 
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Figure 3. DC-SIGN signaling modulates TLR-induced cytokine responses. Following interaction with 
mannose-ligands, DC-SIGN signals via Raf-1. After recruitment of downstream activators by LSP1, Raf-1, 
part of the KSR1-CNK-Raf-1 signalosome, is phosphorylated, leading to acetylation and phosphorylation 
of p65. This promotes transcription of inflammatory cytokines. Fucose induced DC-SIGN signaling leads 
to dissociation of the signalosome complex. Via an unknown, LSP1-dependent mechanism, this leads to 
reduced transcription of proinflammatory cytokines.

the viral ssRNA genome is introduced in the cytosol, where it has to be reverse transcribed 

into dsDNA, which will be integrated in the host genome for replication86,91. 

Various CLRs that interact with mannose-containing HIV-1 glycoprotein gp120 

are involved in HIV-1 infection. The outcome of this interaction however depends on 

the receptor and cells involved. DC-expressed CLRs including DC-SIGN, MR and DCIR 

promote infection of cells as well as transmission of HIV-1 to target T cells67,92. In contrast, 

HIV-1 particles that are captured by langerin on LCs are directed to Birbeck granules for 

degradation55, supporting the hypothesis that LCs have a protective function against viral 

infections. The interplay between HIV-1 and innate immune cells within the mucosa thus 

plays a crucial role in initiating effective immune response as well as dissemination of the 

virus. Genital co-infections may breach the protective mucosal barrier or activate immune 
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Figure 4. Measles virus. Graphical representation of the MV virion (left) and genome (right): The encapsidated 
ssRNA genome is surrounded by a lipid bilayer expressing fusion and hemaglutanin glycoproteins. The MV 
genome contains six genes, encoding eight proteins: N (nucleocapsid), P (phospoprotein), M (matrix), F (fusion), 
H (hemaglutanin), L (large). The leader sequence at the 3’ end contains the promoter for all genes and genome 
replication. The trailer sequence holds the promoter of the antigenome replication template. 

cells, which disrupts the protective LC function56,93. Therefore, the risk for acquiring HIV-1 

infection increases with the presence of other sexual transmitted infections (STI).

Measles virus 
MV is a paramyxovirus, belonging to the genus Morbillivirus. It is one of the most contagious 

human endemic viruses, with an estimated reproductive number (R0) of 12-1894. The 

number of measles-related deaths was reduced tremendously by 76% between 2000 and 

2008. However, despite the availability of an effective vaccine this decline has come to a 

halt and since 2010 an increasing number of outbreaks have been reported76. 

MV is spread by aerosols and infection via the respiratory tract quickly results in systemic 

infection. Clinical symptoms, starting with fever, rise from 10 days post infection (p.i.). At that 

time, the characteristic koplik spots in the buccal mucosa appear, and two weeks p.i., a rash 

develops, coinciding with viral clearance. More severe clinical manifestations are associated 

with immune suppression and include pneumonia and encephalitis95. MV-associated mortality 

is linked to the immune suppression caused by the virus, which can last for weeks or months 

after the virus is cleared and lead to secondary infections. This strong immune suppression 

has been explained by a subversion of DC function and antiviral responses induced by the 

virus and the preference of MV to infect memory T and B lymphocytes96,97. The predominant 

infection of memory cells explains the paradox of the profound immune suppression combined 

with the strong MV-specific immune responses and lifelong protection after infection95. DCs 

have been described to contribute to the immune suppression for example by reduced IL-12 

secretion and inability to stimulate T cells upon MV infection98,99. 

Wildtype MV uses costimulatory molecule CD150/SLAM as entry receptor100,101. 

CD150 is expressed on lymphocytes, macrophages, DCs and LCs and the virus can 

therefore mainly be detected in lymph nodes and peripheral blood54,102. CD150 interacts 

with the hemaglutanin (H) and fusion (F) glycoproteins on the lipid bilayer, surrounding 

the negative-sense ssRNA genome (figure 4). Following fusion, the genome enters the 
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cytoplasm, where mRNA synthesis is initiated85,103. The nonsegmented genome, consisting 

of six genes, encodes eight proteins: nucleocapsid (N) protein, which encapsidates the 

genome; phosphoprotein (P), which together with the large (L) protein forms the RNA 

dependent RNA polymerase complex; matrix (M) protein, which interacts with the virus 

membrane and F and H glycoproteins. The P gene additionally encodes non-structural 

proteins V and C, which affect many cellular and immune processes (discussed below). 

The leader sequence at the 3’ end holds a single promoter for both viral transcription and 

subsequent genome replication. For production of viral genomes an antigenome functions 

as a replication template. New viral particles bud from the cell membrane and expression 

of MV-F and MV-H on the cell surface causes multinucleated syncytia formation, which is 

a hallmark of MV infection and promotes cell to cell spread103. 

In addition to CD150, nectin-4 or PVRL4 was recently identified as specific epithelial 

cell receptor for the virus104,105. Since this receptor is exclusively expressed on the 

basolateral side of cells, nectin-4-mediated cell infection occurs at later stages of infection 

and is associated with host-host transmission106. Furthermore, MV vaccine and laboratory-

adapted strains additionally use CD46 as a receptor, which is present on all nucleated 

cells107. The ability to use CD46 is a result of several amino acid substitutions in the H 

protein, which only take place after laboratory culturing and not in wildtype strains108,109.  

CLRs DC-SIGN and langerin interact with mannose-containing F and H proteins 

and function as attachment receptors54,66. Binding of the virus to DC-SIGN promotes 

infection of DCs as wells as transmission of MV to lymphocytes. This DC-SIGN-mediated 

transmission can occur dependent of DC infection or independent of DC infection87. The 

role for langerin-expressing LCs in infection is not yet clear. Binding to langerin contributes 

to the uptake of MV and facilitates antigen presentation by LCs to CD4+ T cells, but does 

not influence infection of LCs54. 

As most viruses, MV has evolved sophisticated mechanisms to evade host defense89,110. 

Regarding suppression of antiviral responses, MV has evolved various strategies to inhibit 

type I IFN responses, both on the level of IFN-β induction and IFNAR signal transduction110,111. 

First of all, to avoid recognition, the MV genome is immediately encapsidated by the N 

protein after transcription; only the 5´-triphosphorylated leader is not capped and, as a 

consequence, functions as a ligand for RIG-I112. Besides hiding nucleic acids to prevent 

RLR recognition, the genomes of all Paramyxoviridae include a P gene, encoding for both 

the V and C proteins that interfere with antiviral responses. Therefore, mutations of the P 

gene are linked to the inability to suppress antiviral responses and result in higher type I 

IFN levels and lower virus titers in MV-infected macaques113,114. Paramyxovirus V proteins 

directly block Mda5 function through receptor binding46,115 and additionally interfere with 

various aspects of IFNAR signal transduction, by inhibiting STAT1/2 phosphorylation116 or 

blocking STAT1/2 translocation to the nucleus117. Furthermore, the V protein itself contains 

STAT binding sites114, and thus functions as a decoy for STAT signal transduction. 
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THESIS OUTLINE 
This thesis describes the events following initial contact between a pathogen and innate 

immune cells, with a focus on recognition of pathogens and subsequent innate signaling 

that affects infection and immunity. In chapter 2-3 we investigated the role of DCs in MV 

infection in vivo. For a long time it was assumed that the upper respiratory epithelium is 

the first site of MV infection but in chapter 2 we show that this hypothesis needs revision. 

Here we have investigated the infection route of MV using a non-human primate model 

and found that infection initiates in the lungs before dissemination to the lymph nodes. 

Notably, we found that one of the first infected cells detected in the lungs were DCs. In 

chapter 3 we investigated the role of DCs in MV transmission in further detail using the 

macaque model. We showed that DC-SIGN+ cells are among the first infected cells in 

the lungs and transmit the virus to lymphocytes. Thus, infection of DCs is important for 

MV dissemination and therefore in chapter 4 we investigated replication of MV in DCs. 

Strikingly, we found that MV hijacks innate signaling to evade antiviral responses. We 

identified a novel mechanism used by MV to suppress RLR-mediated type I IFN production; 

MV-induced DC-SIGN signaling via Raf-1 blocked the dephosphorylation and thereby 

activation of RLRs. Since DC-SIGN is important for MV infection, we investigated in chapter 

5 how DC-SIGN expression is regulated in response to different stimuli. We observed that 

TLR and RLR ligands have distinct effects on DC-SIGN expression and DC maturation, 

which might have implications for viral infection. Whereas DCs are important for MV 

transmission, LCs are considered the primary gatekeepers of HIV-1 infection. In chapter 6 

we investigated infection and transmission of LCs after infection with CXCR4 and CCR5 

tropic HIV-1 strains and found that immature LCs selectively prevent X4 transmission. 

We have shown in chapter 4 that Raf-1 activation by DC-SIGN is important in viral infection 

and in chapter 7 we investigated how the fungal CLR dectin-1 induces Raf-1 activation. Similar 

to DC-SIGN, we show that dectin-1 associates with the Raf-1 signalosome via adaptor protein 

LSP1 and this signaling is involved in phagocytosis and cytokine induction in macrophages in 

response to C. albicans. Finally in chapter 8, I discuss the implications of our findings, and 

describe how these relate to our understanding of infection and immune responses. 
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