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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. 

12

1



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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ABSTRACT
Measles virus (MV) is highly infectious, and has long been thought to enter the host by 

infecting epithelial cells of the respiratory tract. However, epithelial cells do not express 

signaling lymphocyte activation molecule (CD150), which is the high-affinity cellular 

receptor for wild-type MV strains. We have generated a new recombinant MV strain 

expressing enhanced green fluorescent protein (EGFP), based on a wild-type genotype B3 

virus isolate from Khartoum, Sudan (KS). Cynomolgus macaques were infected with a high 

dose of rMVKSEGFP by aerosol inhalation to ensure that the virus could reach the full range 

of potential target cells throughout the entire respiratory tract. Animals were euthanized 

2, 3, 4 or 5 days post-infection (d.p.i., n=3 per time point) and infected (EGFP+) cells 

were identified at all four time points, albeit at low levels 2 and 3 d.p.i. At these earliest 

time points, MV-infected cells were exclusively detected in the lungs by fluorescence 

microscopy, histopathology and/or virus isolation from broncho-alveolar lavage cells. On 

2 d.p.i., EGFP+ cells were phenotypically typed as large mononuclear cells present in the 

alveolar lumen or lining the alveolar epithelium. One to two days later, larger clusters of 

MV-infected cells were detected in bronchus-associated lymphoid tissue (BALT) and in the 

tracheo-bronchial lymph nodes. From 4 d.p.i. onward, MV-infected cells were detected in 

peripheral blood and various lymphoid tissues. In spite of the possibility for the aerosolized 

virus to infect cells and lymphoid tissues of the upper respiratory tract, MV-infected cells 

were not detected in either the tonsils or the adenoids until after onset of viremia. These 

data strongly suggest that in our model MV entered the host at the alveolar level by 

infecting macrophages or dendritic cells, which traffic the virus to BALT or regional lymph 

nodes, resulting in local amplification and subsequent systemic dissemination by viremia.

AUTHOR SUMMARY
Measles remains an important vaccine-preventable cause of morbidity and mortality 

in developing countries. The causative agent, measles virus (MV), is one of the most 

contagious viruses known. Measles has an incubation time of approximately two weeks, 

and surprisingly little is known about the early events after MV infection. Epithelial cells 

in the upper respiratory tract have long been considered as early target cells, but more 

recently alveolar macrophages (AM) and dendritic cells (DC) have been proposed as 

alternatives. We have infected cynomolgus macaques with a high dose of a recombinant 

EGFP-expressing MV strain via aerosol inhalation, to ensure the virus had access to the 

entire respiratory tract. At 2 days post-infection, MV-infected mononuclear cells were 

detectable in the alveolar lumen but not in the upper respiratory tract. These infected 

cells migrated through the bronchus-associated lymphoid tissue to the draining tracheo-

bronchial lymph node at 3 days post-infection. Systemic infection was initiated from this 

point, as observed in macaques euthanized 4 or 5 days post-infection. Thus, even though 

the aerosolized virus had access to epithelial cells and lymphoid tissues along the entire 

respiratory tract, AM and DC in the lungs were the first cells that sustained MV replication.
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INTRODUCTION
Measles virus (MV) is one of the most contagious human viruses known, and is transmitted 

via aerosols or by direct contact with contaminated respiratory secretions. Clinical signs 

appear approximately two weeks after infection and include fever, rash, cough, coryza and 

conjunctivitis1. Measles is associated with a transient but profound immunosuppression, 

resulting in increased susceptibility to opportunistic infections. While significant progress 

has recently been made in global control programs, 164,000 deaths were still attributed 

to measles in 20082.

It has been well established that MV infects cells via receptor-dependent fusion of the 

virion at the plasma membrane3. Two cellular receptors for MV have been identified. In 

1993 the membrane cofactor protein CD46, expressed by virtually all nucleated human 

cells, was the first protein to be identified as MV receptor4,5. However, it soon became 

evident that only vaccine and laboratory-adapted MV strains were able to utilize this 

molecule as an entry receptor6. Signaling lymphocyte activation molecule (SLAM or 

CD150), a membrane glycoprotein expressed on subsets of immune cells, was identified 

as the receptor for wild-type MV strains in 20007,8. It is now generally accepted that 

pathogenic wild-type MV strains use CD150 as high affinity cellular receptor, whereas 

vaccine and laboratory-adapted strains can use either CD46 or CD150. Distribution of 

CD150 explains most, but not all aspects of measles pathogenesis and it may be possible 

that the utilization of additional low-affinity cellular receptors explains how wild-type 

viruses enter CD150- epithelial or neuronal cells9-11.

Previously, we successfully infected macaques with a recombinant MV based on the 

pathogenic IC323 strain12 that expresses enhanced green fluorescent protein (EGFP) 

from a promoter-proximal additional transcription unit (ATU); this wild-type recombinant 

virus (rMVIC323EGFP) uses CD150 but not CD46 as a cellular entry receptor in vitro13. In 

macaques, rMVIC323EGFP proved to be virulent and CD150-expressing lymphocytes and 

dendritic cells (DC) were identified as the predominant target cells for MV replication14. 

In a more recent study, macaques were infected with a rMVIC323 that inefficiently binds 

CD150, showing that this virus was attenuated and indicating that CD150-mediated entry 

is indeed essential for MV to be fully virulent in vivo15.

In vitro studies have demonstrated that at a high multiplicity of infection (MOI) wild-type 

MV can infect cells that do not express CD150, although this process is inefficient and usually 

does not result in cell-to-cell spread or virus release13. However, a number of CD150- cell 

types of epithelial or neuronal origin have been identified in which wild-type MV infection 

at a low MOI results in cytopathic effects and virus release9-11. It is thought that entry into 

these CD150- cells is mediated by an unidentified cellular receptor for MV, which is often 

referred to as the epithelial cell receptor (epR). Even though the receptor has not been 

identified, epR-binding sites on the MV hemagglutinin protein have been mapped9,10, and 

the receptor appears to be a protein expressed on the basolateral side of polarized epithelial 

cells associated with tight junctions9,16,17. In human tissues, cells within the epithelium have 
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historically been shown to be infected by wild-type MV. More recently, epithelial cell infection 

has been demonstrated with dual immunofluorescence, using the recombinant rMVIC323EGFP 

strain in non-human primates14,16. However, the limited epithelial cell infection observed 

predominantly occurs in the presence of substantial infection of lymphoid and myeloid cells, 

which is consistent with the differential expression of CD150 on these cell types.

It has been postulated that MV infection starts from the luminal side of the upper 

respiratory epithelium1. However, there is no direct evidence for initial MV infection and 

replication in epithelial cells. Furthermore, the absence of CD150 or epR on the apical 

side of these cells makes it highly unlikely that respiratory epithelial cells are an initial 

target for MV. However, the respiratory epithelium contains many other cell types besides 

epithelial cells. Several research groups have postulated new strategies for MV to enter a 

host, namely via direct initial infection of CD150+ immune cells present throughout the 

respiratory tract and interdigitated within the epithelium14,18. In 2006, the C-type lectin 

DC-SIGN was identified as an attachment receptor for MV19. In vitro DC-SIGN expressing 

DC could efficiently capture and transmit MV to CD4+ and CD8+ T-lymphocytes expressing 

CD150. This suggests a potential role for the DC as an initial target cell in vivo, where 

DC capture the virus from the luminal side of the respiratory tract and, with or without 

productive infection, transport the virus to draining lymph nodes (LN) containing many 

CD150+ cells, thereby initiating the typical systemic infection19,20. 

In the present study, we have generated a rMV based on a genotype B3 wild-type 

MV isolate from Khartoum, Sudan. The open reading frame (ORF) encoding EGFP was 

introduced into the virus genome in the promoter-proximal position within an ATU using 

a similar approach as previously described for rMVIC323EGFP12. In an attempt to identify the 

early target cells of MV in non-human primates, macaques were infected with rMVKSEGFP 

and sacrificed 2, 3, 4 or 5 days post-infection (d.p.i). Infections were performed by 

inhalation of a high dose of virus formulated as small-particle size nebulized aerosol, thus 

exposing the entire upper and lower respiratory tract to the virus. MV-infected EGFP+ 

cells were identified at all four time points, albeit at low levels 2 and 3 d.p.i. Infection is 

initiated in large mononuclear cells in the alveolar lumen, most likely either AM or DC.

RESULTS
Generation and characterization of rMVKSEGFP
MVi/Khartoum.SUD/34.97/2 (MVKS) was isolated from a measles case in Khartoum, 

Sudan in 199721-23. This virus was previously shown to be highly virulent in macaques24. A 

consensus sequence of the complete viral genome was derived de novo, including the 3’ 

and 5’ ends which were sequenced following rapid amplification of cDNA ends (RACE), 

and a full-length anti-genomic plasmid (pMVKS) was constructed (figure 1A). The plasmid 

was modified by the addition of an ATU encoding EGFP at the promoter proximal position 

(figure 1A) to generate pMVKSEGFP. Recombinant viruses rMVKS and rMVKSEGFP were 

recovered following transfection of Vero-SLAM cells, and were passaged exclusively on 
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Epstein-Barr virus-transformed human B-lymphoblastic cells (B-LCL) (figure 1B). Presence 

of a silent point mutation in the MV nucleocapsid (N) ORF (T1245C) acts as a genetic 

tag and its presence was confirmed by RT-PCR and sequencing of the ORF (data not 

shown). Observation of rMVKSEGFP by fluorescence microscopy revealed a high level of 

EGFP expression associated with single infected cells and multinucleated syncytia. Growth 

analysis of MVKS, rMVKS, rMVKSEGFP and rMVIC323EGFP in B-LCL over a period of 4 days 

demonstrated that the viruses reached equivalent titers (figure 1C).

Early rMVKSEGFP replication in the respiratory tract
Four groups of three cynomolgus macaques were infected with rMVKSEGFP via the aerosol 

route as described previously25. Throat and nose swabs were collected daily and virus 

isolations were performed to determine the MV load in these clinical samples. Necropsies 

were performed 2, 3, 4 and 5 d.p.i. BAL cells were collected for virus isolation and the 

entire respiratory tract was screened macroscopically and microscopically for fluorescence 

by live cell UV fluorescence and confocal scanning laser microscopy. At 2 and 3 d.p.i., 

no macroscopic fluorescence was detectable, probably because of low levels of viral 

replication. No virus could be isolated from the nose, whereas from throat swabs virus 

was only isolated at 4 (2/6 animals) and 5 (3/3 animals) d.p.i. (figure 2A). However, MV 

was isolated from BAL cells as early as 2 d.p.i. (2/3 animals) and by 3, 4 and 5 d.p.i. virus 

was isolated from BAL cells of all animals with virus loads increasing over time (figure 2A). 

Microscopic detection of MV replication in freshly collected tissues of the respiratory tract 

proved that as early as 2 d.p.i. the virus was consistently present in the lungs of all animals 

Figure 1. Generation and growth of rMVKSEGFP. (A) Plasmids generated after RT-PCR, cloning and 
sequencing of MV RNA isolated from MVKS-infected PBMC. pMVKS is a full-length plasmid containing the 
complete antigenome of MVKS and pMVKSEGFP was modified by the insertion of an ATU at the promoter 
proximal position containing the ORF encoding EGFP. (B) rMVKS and rMVKSEGFP were rescued from 
Vero-SLAM cells and passaged in B-LCL. Fluorescence microscopy confirmed high levels of EGFP expression 
in rMVKSEGFP infected cells. (C) Growth curves of MVKS, rMVKS, rMVKSEGFP and rMVIC323EGFP in human 
B-LCL. Virus was harvested 24, 48, 72 and 96 hours post infection, CCID50 was determined in an endpoint 
titration test. Measurements shown are averages of triplicates ± SD. Key: h.p.i.: hours post infection.
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(figure 2B). On 2 and 3 d.p.i. single infected mononuclear cells with the appearance, size 

and typical tissue distribution of AM and/or DC were detected attached to the alveolar 

wall or inside the alveolar lumen. At these time points no MV-infected epithelial cells 

were detected in the lungs of any animal, either phenotypically, following screening of 

lung slices for EGFP-positive cells or histologically, by dual staining of MV proteins and 

cytokeratin. MV-infected cells could not be detected in the nasal septum, nasal concha, 

nasal lining, trachea or primary bronchus 2 and 3 d.p.i. By 4 d.p.i. a fluorescent signal 

was detected in the nasal septum of a single animal, and by 5 d.p.i. the nose, trachea and 

primary bronchus were consistently positive (table 1).

Systemic rMVKSEGFP replication 
Virus isolations were performed from peripheral blood mononuclear cells (PBMC) and single 

cell suspensions of four lymphoid organs (retropharyngeal LN, mandibular LN, tonsil and 

tracheo-bronchial LN). RNA isolations and virus detection by RT-PCR were performed on 

the axillary LN and tracheo-bronchial LN, which drain the arm and the lungs, respectively. 

Furthermore, PBMC and all lymphoid organs were analyzed directly by flow cytometry and 

Table 1. Dissemination of MV in tissues during early stage of infection.

Days post-infection (d.p.i.)

Tissue 2 3 4 5

Lung 3 3 3 3

Tracheobronchial LN 1 1 3 3 3

PBMC 2 - 4 - 3 3

Adenoid 1 - 3 3

Retropharyngeal LN - - 1 3

Mandibular LN - - - 3

GALT 3 - - 1 3

Spleen - - 1 2

Tonsil - - 1 1

Thymus - - 1 1

Nasal septum - - 1 1

Nasal concha - - - 2

Trachea - - - 2

Inguinal LN - - - 2

Axillary LN - - - 1

Mesenteric LN - - - 1

Numbers indicate the number of macaques with EGFP+ cells in this tissue (n=3).
1 LN: lymph node
2 PBMC: peripheral blood mononuclear cells
3 GALT: gut-associated lymphoid tissue
4 -: no EGFP+ cells detected
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UV microscopy for fluorescence. Viremia was detected in all animals on 4 and 5 d.p.i. but in 

none of the animals sampled 2 and 3 d.p.i. (figure 3A, left panel, and table 1). Virus was not 

isolated from any lymphoid organ 2 d.p.i. However, by 3 d.p.i. virus was isolated from the 

tracheo-bronchial LN of all animals (data not shown). RT-PCR and flow cytometry confirmed 

the early presence of MV in the tracheo-bronchial LN, but not in more distally located LN, for 

example the axillary and retropharyngeal LN (figure 3A, right panel and 3B). Flow cytometry 

confirmed that the number of EGFP+ cells increased over time. Virus was detected by almost 

all methods in multiple lymphoid organs 4 and 5 d.p.i. by which time the MV was spreading 

systemically (table 1). Macroscopic detection of EGFP proved possible only 4 and 5 d.p.i 

(figure 3C). The tonsil of a single animal was positive 4 d.p.i . By 5 d.p.i. MV was detected 

macroscopically at multiple locations (adenoids, tonsil, retropharyngeal LN, trachea, tongue, 

tracheo-bronchial LN) in all animals indicating widespread dissemination. Phenotyping of 

the MV-infected cells in PBMC or single cell suspensions of lymphoid tissues collected on 4 

and 5 d.p.i. showed that these were predominantly T- or B-lymphocytes (data not shown). 

Phenotyping of early MV-infected cells in the lungs
Early after infection MV was consistently present in the lungs. In order to characterize the 

early target cells, live agarose-inflated lung slices containing EGFP+ cells were formalin-fixed 

and paraffin-embedded. Serial sections were cut and used for immunohistochemistry and 

indirect immunofluorescence to determine the precise location of MV infection, identify 

Figure 2. Early rMVKSEGFP replication in the respiratory tract. (A) Virus isolation performed from nose 
and throat swabs (left two panels), and from BAL cells (right panel). Each symbol represents an individual 
animal, bars indicate the geometric mean. Key: VI: virus isolation; d.p.i.: days post infection. (B) Live cell 
confocal microscopy performed on agarose-inflated lung slices from animals on 2 and 3 d.p.i. EGFP+ cells 
are shown in green, DAPI was used to counter stain nuclei (blue). Three images were collected, labeled i, 
ii and iii. Panels iia and iib show infected cells in one image from different orientations.
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Figure 3. Systemic rMVKSEGFP replication. 
(A) MV load in PBMC and LN. The left 
panel shows virus isolations performed 
from PBMC, each symbol represents 
an individual animal, bars indicate the 
geometric means. The right panel shows 
the presence of MV genome in the 
axillary LN (crosshairs, geometric mean 
in blue) and in the tracheobronchial 
LN (triangles, geometric mean in red). 
Key: VI: virus isolation; RT-PCR: real-time 
reverse transcriptase PCR; d.p.i.: days post 
infection. (B) Detection of EGFP+ cells by 
flow cytometry from the retropharyngeal 
LN (left) and the tracheobronchial LN 
(right) on 2, 3, 4 and 5 d.p.i. Data of a 
representative animal are shown on 
each time point. Number of EGFP+ cells 
per million total cells are shown within 
the plots. (C) Representative example of 
macroscopic EGFP detection at 5 d.p.i. 
Arrow indicates the infected tonsillar 
tissue expressing EGFP. Key: Tg: tongue; 
Tn: tonsil; L: larynx.

34

2



the phenotype of the infected cells and gain an understanding of how such “seeding” 

of MV infection in the lungs might lead to the establishment of systemic infection. At 3 

d.p.i., two foci of infection were identified in paraffin-embedded lung sections of one of 

the three infected animals, interestingly both in BALT (figure 4A). These BALT structures 

were lined by a cytokeratin-positive epithelial cell layer and contained numerous immune 

cells (figure 4B), that stained positive with CD11c for AM or DC, Mac387 for macrophages, 

CD20 for B-lymphocytes and/or CD3 for T-lymphocytes. Blood vessels, identified using the 

endothelial cell-specific marker CD31, were always present in BALT structures irrespective 

of the presence or absence of MV-infected cells. Since there were a limited number of foci 

of infection identified this early after infection, we were unable to quantify the levels of 

infection in different cell types. However, MV-infected B-lymphocytes, T-lymphocytes and 

DC could readily be detected by specific dual labeling at higher magnifications (figure 4C 

and figure S2). Multiple foci of MV-infected cells were detected 4 and 5 d.p.i. in the alveolar 

lumina and walls of all animals and the majority of these infected cells were CD11c+ (figure 

S1), consistent with what had been observed previously in macaques euthanized 7 d.p.i. [25].

Analysis of BALT structures in the lungs of non-infected macaques indicated that even 

though cytokeratin-positive epithelial cells lined these structures, cells of lymphoid and myeloid 

origin were present both within the epithelium and in direct contact with the adjacent lumen. 

Indirect immunofluorescence identified CD11c+, CD3+ and CD20+ cells in direct contact with 

the lumen of alveoli, bronchioles or bronchi (figure 4D, asterisks). This was also confirmed in 

virus-negative BALT structures from uninfected animals (data not shown).

Early MV infection in lymphoid tissue is frequently associated  
with the presence of blood vessels 
Within the infected BALT structures, MV-infected cells were readily detected in direct 

contact with or in close proximity to the endothelial wall of blood vessels. A similar 

distribution was observed in the tracheo-bronchial LN, tonsils and adenoids on 4 and 

5 d.p.i., in which MV-infected cells were mostly detected in close proximity to venules 

(figure 5). On rare occasions, MV-infected cells with the morphology of dendritic cells 

could be seen migrating through the endothelium (figure 5, right panel and figure S2).

DISCUSSION
In the present study, we have generated and utilized a virulent rMV strain expressing EGFP, 

based on a wild-type genotype B3 MV isolate from Khartoum, Sudan. In growth curves in 

human B-LCL recombinant strains rMVKS and rMVKSEGFP reached equivalent titers, which 

were slightly higher than those reached by rMVIC323EGFP. These data suggest that the 

addition of EGFP into the genome had no detectable effect on virus fitness as determined in 

vitro. Pathogenesis studies performed with molecular clones of wild-type MV have thus far 

exclusively been based on the Japanese strain IC32311. Development of a second recombinant 

wild-type MV serves to complement ongoing studies of MV pathogenesis and ensures that 

observations are not strain-specific. Expression of EGFP from a promoter-proximal ATU leads 
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Figure 5. Dissemination of MV into the lymphoid organs via blood vessels. (A, B) H&E staining (left panel) 
and EGFP staining (right panel) on serial sections of tonsils at 4 d.p.i. (A) and 5 d.p.i. (B). Asterisk denote 
the proximity of venules to MV-infected cells. (C) Dual labeling of EGFP (green) and the endothelial 
marker CD31 (red) performed on the tonsils from animals euthanized 5 d.p.i. The left panel shows MV-
infected cells in close proximity to CD31+ endothelial cells of venules (arrows), the right panel shows an 
MV-infected cell migrating through the wall of the venule (arrow). DAPI was used to counter stain nuclei 
in blue. Single color images for (C) are available as supporting data (figure S2).

Figure 4. Characterization of MV infection in BALT structures. (A) H&E staining on lung slice from an 
animal euthanized on 3 d.p.i.. The number of EGFP+ foci was extremely low, the boxed area (Ai) is 
a BALT which was the only area on the section where EGFP+ cells were present. (Aii) shows a serial 
section stained with anti-GFP (black) to detect the presence of virus (see also Figure S3, annotated 
immunohistochemical and H&E annotated pathology scans). (B) Indirect dual immunofluorescence of 
the infected BALT structure, showing the presence of T-lymphocytes (CD3), DC or macrophages (CD11c, 
mac387) and B-lymphocytes (CD20) within the BALT. The BALT is lined by a layer of cytokeratin-positive 
epithelial cells, and has a blood vessel with CD31-positive endothelium running through it transversely. 
(C) Higher magnifications of dual immunofluorescence within the BALT indicates the presence of MV-
infected T-lymphocytes (CD3), DC or macrophages (CD11c) and B-lymphocytes (CD20), Double positive 
cells are indicated by arrows. In panel (B) and (C), EGFP+ cells are shown in green, cell-type specific 
staining is shown in red. DAPI was used to counter stain nuclei in blue. (D) Dual immunofluorescence 
performed on uninfected BALT region. Dual labelling with cytokeratin (green) and CD3, CD11c or CD20 
(red) showed that T-lymphocytes, B-lymphocytes and DC or macrophages are present in very close 
proximity or in direct contact with the alveolar or bronchiolar lumen (asterisks). Single colour images for 
(C) are available as supporting data (figure S2).

◀
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to significant amounts of EGFP and, interestingly in the case of MV, has no or only a limited 

effect on the virulence in vivo. This was not the case for other morbilliviruses, for example 

canine distemper virus26. The new recombinant virus rMVKSEGFP described here also proved 

to be virulent in cotton rats [Lemon K, manuscript in preparation], and allowed sensitive 

microscopic detection of the virus in vitro, ex vivo and in vivo.

Macaques were infected with a high dose of rMVKSEGFP via the aerosol route and 

early necropsies were performed to identify the initial target organs, tissues and cells. The 

nebulizer used was similar to the type that is used in ongoing clinical trials of measles aerosol 

vaccination, organized in India by the World Health Organization. The nebulizer produced 

a volume median diameter (VMD) of 4-6 µm, allowing the inoculum to deposit both in 

the upper respiratory and lower respiratory tract, and reach the alveolar lumina. A high 

infectious dose (106 CCID50) was nebulized to ensure that all potential early target cells for 

MV infection in the respiratory tract were exposed to the virus. Such an approach is important 

in any study which aims to identify key cells targeted by a respiratory virus as it ensures the 

pathogen can access the broadest range of cell types and associated tissues throughout the 

respiratory tract. However, it is important to acknowledge our limited understanding of how 

MV is transmitted from human to human: in our current study we have infected animals 

with cell-free virus but transmission between humans could also involve excretion of cell-

associated virus. Studies which examine the pathological consequences of MV infection in 

animals at later time points would greatly facilitate our understanding of virus transmission, 

both for MV and other respiratory viruses. The techniques and bank of tissues collected in 

this and other studies could be used to shed light on person to person transmission.

Our data strongly suggest the following sequence of events. At early time points (2 and 

3 d.p.i.), MV infected large mononuclear cells with the phenotype and location of AM or 

DC. Targeting of these cells was followed by the establishment of localized MV replication 

in close proximity, lymphoid aggregates in the lungs (BALT). These BALT structures 

contained a large number of B-cells and memory CD4+ T-cells27, both cell types previously 

described as preferential targets for MV in lymphoid tissue at later time points14. Seeding 

and amplification of the infection in these microenvironments, which are well suited to a 

lymphotropic virus such as MV, is likely to be critical in the establishment of the infection. 

From the lungs, MV was transported by infected cells to the draining tracheo-bronchial LN. 

After localized replication in the lungs and increased replication in the tracheo-bronchial 

LN, MV spread systemically through viremia to the majority of lymphoid organs by 4 or 5 

d.p.i. MV-infected cells were always detected in close proximity to venules within lymphoid 

organs, suggesting that these were involved in spreading the virus.

It has been stated that MV initially targets the epithelium of the upper respiratory 

tract to establish infection1. However, all known wild-type MV receptors are absent on 

the luminal side of respiratory epithelial cells, making their initial infection by MV highly 

unlikely. Other potential entry strategies by which MV might enter a susceptible host have 

been described in the literature. For example, the Trojan horse strategy that has been 

described for HIV-1 has also been considered for MV19. DC could capture MV from the 
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respiratory tract using dendrites protruding through the epithelium and transmit virus 

to CD4+ and CD8+ T-lymphocytes, leading to infection. In vivo in the macaque model, 

infection of DC has indeed been described in submucosal tissues14. Furthermore, in the 

present study we demonstrate that MV was detectable in the lungs 2 d.p.i., since MV-

infected cells could be both isolated from BAL and imaged in situ by live cell confocal 

scanning laser microscopy. These data confirm that large mononuclear cells present in the 

alveolar lumen or lining the alveolar epithelium, most likely AM and/or DC, are among 

the earliest cells infected by MV in the macaque model. Even though the IfnarKO-SLAMGe 

mouse model does not recapitulate the whole spectrum of measles pathogenesis, initial 

infection of AM and DC was also shown in this model by flow cytometry28.

We show here that, in the respiratory tract, BALT structures were the only MV-infected 

tissues at 3 d.p.i. BALT is normally lined by a continuous epithelial layer, making direct entry 

of MV unlikely. However, the epithelium of the BALT has previously been described to be a 

flattened respiratory epithelium, with common influx and efflux of lymphocytes, AM and DC29. 

Furthermore, the epithelium of BALT of many mammalian species contains M-cells30, cells that 

are specialized for antigen uptake. In mouse models, it has been shown that BALT plays a role 

in the uptake of multiple bacteria (Pseudomonas aeruginosa31, Mycobacterium tuberculosis32). 

Reoviruses have also been described to be taken up by M-cells, with subsequent spread to the 

regional lymph nodes33. In this study we did not observe antigen uptake by M-cells. Instead, 

we observed infected cells resembling AM or DC at 2 d.p.i. and suggest that they transported 

MV through the BALT epithelium into the underlying lymphoid tissue.

An alternative route for MV to enter a susceptible host would be via direct infection 

of CD150+ cells in Waldeyer’s tonsillar ring, consisting of tonsils and adenoids. Tonsils and 

adenoids are lined by CD150- epithelial cells, but at sites of damage or in tonsillar crypts direct 

infection of CD150+ cells at the luminal surface might be possible. In our model, tonsils and 

adenoids were directly exposed to a high dose of nebulized virus, but a consistent level of 

infection was only detected 4 and 5 d.p.i., when the infection already was systemic. Only one 

out of six animals had MV-infected cells in the adenoid 2 d.p.i. and no infection was observed 

in the tonsils 2 and 3 d.p.i. These data suggest that MV cannot easily penetrate the epithelial 

layer to initiate MV infection of CD150+ cells in tonsillar tissue of the Waldeyer’s ring. 

Following the initial infection of cells in the lung, the draining TB-LN was the first 

lymphoid organ being consistently MV-positive 3 d.p.i. Since this LN drains the lungs, it is 

most likely that MV-infected cells are transported through lymphatic vessels to reach the 

TB-LN. In the BALT and TB-LN, MV-infected cells were often detected in close proximity 

of venules. We hypothesize that MV-infected cells are transported through these venules 

into the bloodstream, from where they reach the spleen and other lymphoid organs, 

initiating the systemic infection as observed 4 and 5 d.p.i. The proximity of MV-infected 

cells to venules in the tonsils and adenoids 4 and 5 d.p.i. substantiates this hypothesis.

In conclusion, aerosol exposure of the entire respiratory tract of macaques to a high dose 

of infectious MV leads to initial infection of mononuclear cells in the alveoli (2 d.p.i.), 
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followed by MV replication in BALT (3 d.p.i.). Phenotypically and based on location it 

is likely that the initial target cells in the alveoli are AM or DC. In BALT, T-lymphocytes, 

B-lymphocytes and DCs are all productively infected. CD11c+ cells are the major target cell 

population in the lungs 4 and 5 d.p.i. indicating an important role for AM and/or DC early 

in establishing the infection.

MATERIALS AND METHODS
Ethics statement 
Animals were housed and experiments were conducted in strict compliance with 

European guidelines (EU directive on animal testing 86/609/EEC) and Dutch legislation 

(Experiments on Animals Act, 1997). The protocol was approved by the independent 

animal experimentation ethical review committee DCC in Driebergen, the Netherlands 

(Erasmus MC permit number EUR1664). Animal welfare was observed on a daily basis, and 

all animal handling was performed under light anesthesia using a mixture of ketamine and 

medetomidine to minimize animal suffering. After handling atipamezole was administered 

to antagonize the effect of medetomidine.

Generation of wild-type recombinant MV expressing EGFP 
rMVKSEGFP is based on a wild-type genotype B3 virus isolated from PBMC collected in 

1997 from a severe measles case in Khartoum, Sudan21. The clinical isolate (MVKS) was 

passaged exclusively in CD150+ human B-LCL and was previously shown to be highly 

pathogenic in macaques24. Total RNA was isolated from B-LCL infected with MVKS and the 

complete consensus genomic sequence determined following RT-PCR (GenBank accession 

number HM439386). The sequences of the genomic termini were confirmed by 5’ RACE. 

A full-length cDNA which expressed the MVKS anti-genome (pMVKS) was constructed 

based on a modified pBluescript vector34. A single silent mutation was introduced into 

the N ORF (T1245C) to act as a genetic tag to distinguish recombinant virus from the 

clinical isolate. The full-length plasmid was modified further by the introduction of an 

ATU expressing EGFP at the promoter proximal position to generate pMVKSEGFP. Plasmid 

sequences are available on request. Recombinant viruses were recovered from MVA-T7-

infected Vero-SLAM cells transfected with the full-length plasmids along with plasmids 

expressing MV N, P and L. Virus stocks were grown in B-LCL and tested negative for 

contamination with Mycoplasma species. Virus titers were determined by endpoint 

titration in Vero-SLAM cells, and expressed in 50% cell culture infectious dose (CCID50).

Virus fitness of MVKS, rMVKS, rMVKSEGFP and rMVIC323EGFP was compared in a 

growth curve. Human B-LCL were infected in triplicate with MVKS, rMVKS, rMVKSEGFP or 

rMVIC323EGFP in 24-wells plates at MOI 0.1. At 24, 48, 72 and 96 hours post infection 

plates were freeze-thawed at -80°C, and cells and supernatant fluids were harvested. 

After sonification and clarification, the amounts of cell-free virus at different time-points 

were determined by endpoint titration in Vero-CD150 cells using ten-fold dilutions and 

testing eight wells per dilution, and expressed in CCID50.
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Early target cell animal study 
Twelve juvenile, MV-seronegative cynomolgus macaques (Macaca fascicularis) were 

housed in negatively pressurized, HEPA-filtered BSL-3 isolator cages. Animals were 

infected with rMVKSEGFP by aerosol inhalation using a pediatric face mask (ComfortSeal 

silicone mask assembly, small, Monaghan Medical Corp., Plattsburgh NY). Aerosol was 

generated using the Aerogen Aeroneb Lab nebulizer with an OnQ aerosol generator (kind 

gift of Dr. J. Fink, Aerogen) as previously described25. This nebulizer generates a small 

particle size aerosol (VMD 4–6 µm), which is deposited on epithelia throughout the entire 

respiratory tract upon inhalation35. A total dose of 106 CCID50 was nebulized, but we 

previously found that a substantial part of nebulized virus is lost due to inactivation during 

nebulization, condensation in the nebulizer tubing or face mask, deposition on the skin of 

the animals or deposition in the mouth followed by swallowing. We therefore estimated 

that the delivered dose was approximately 105 CCID50, of which based on previous studies 

approximately 10% is expected to reach epithelia in the lungs35. Animals were euthanized 

on 2, 3, 4 or 5 d.p.i. (n=3 per time point). 

Necropsy 
Animals were euthanized by sedation with ketamine (20 mg/kg body weight) followed by 

exsanguination. Macroscopic detection of EGFP was performed at necropsy as described 

previously14. Briefly, fluorescence was detected with a custom-made lamp containing 

6 LEDs (peak emission 490 – 495nm); emitted fluorescence was detected through an 

amber cover of a UV transilluminator used for screening DNA gels. Photographs were 

made using a Nikon D80 SLR camera. Organs were collected in PBS, directly processed 

and screened for presence of EGFP by UV microscopy. From here, EGFP+ samples were 

transferred to 4% (w/v) paraformaldehyde in PBS (to preserve EGFP autofluorescence) or 

to 10% neutral buffered formalin. The left lung lobe was inflated as described previously 

[Lemon K, manuscript in preparation] using a solution of 4% (w/v) agarose in PBS mixed 

1:1 with DMEM/Ham’s F12 medium supplemented with L-glutamine (2 mM), 10% (v/v) 

heat-inactivated fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 

µg/ml). The inflated lung was allowed to solidify on ice, and ~1 mm slices were cut by 

hand. Slices were permeabilized with 0,1% (v/v/) Triton-X100, counterstained with DAPI 

and directly analyzed for EGFP fluorescence by confocal laser scanning microscopy with 

a LSM700 system fitted on an Axio Observer Z1 inverted microscope (Zeiss). Images and 

videos were generated using Zen software.

Blood samples 
Small volume blood samples were collected in Vacuette tubes containing K3EDTA as an 

anticoagulant daily after infection. White blood cells (WBC) were obtained by treatment 

of EDTA blood with red blood cell lysis buffer (Roche diagnostics, Penzberg, Germany) 

and used directly for detection of EGFP by flow cytometry. During necropsy blood was 

collected in heparin to prevent coagulation, PBMC were isolated by density gradient 
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centrifugation, washed, resuspended in complete RPMI-1640 medium (Gibco Invitrogen, 

Carlsbad, CA, USA) supplemented with L-glutamine (2 mM), 10% (v/v) heat-inactivated 

FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml), counted using a haemocytometer 

and used directly for flow cytometry and virus isolation. Isolation of MV was performed on 

human B-LCL using an infectious center test as previously described24. Virus isolations were 

monitored by UV microscopy for EGFP fluorescence after co-cultivation with B-LCL for 3-6 

days and results were expressed as number of virus-infected cells per 106 total cells.

Broncho-alveolar lavage 
A BAL was performed post-mortem by direct infusion of 10 ml PBS into the right lung 

lobe. BAL cells were resuspended in culture medium with supplements as described above, 

counted and used directly virus isolation. Virus isolation was performed on B-LCL as described 

above. The remaining BAL cells were examined for EGFP expression by UV microscopy.

Throat and nose swabs 
Throat and nose swabs were collected daily in transport medium (EMEM with Hanks’ 

salts, supplemented with lactalbumine enzymatic hydrolysate, penicillin, streptomycin, 

polymyxine B sulphate, nystatin, gentamicin and glycerol) and frozen at -80°C. After 

thawing samples were vortexed, the swab was removed and the remaining transport 

medium was used for virus isolation36. Isolation of MV was performed on Vero-SLAM cells 

using an infectious center test as previously described24. The isolations were screened for 

EGFP fluorescence at day 3 and 7 post titration and results are expressed as the number 

of EGFP+ wells per 96 total wells.

Lymphoid organs 
Lymphoid organs were collected during necropsy in PBS for direct preparation of single 

cell suspensions using cell strainers with a 100 μm pore size (BD Biosciences). Single cell 

suspensions were used directly for detection of EGFP by flow cytometry. From a selection 

of lymphoid organs (retropharyngeal LN, mandibular LN, tonsil and tracheobronchial LN) 

single cell suspensions were also used for virus isolation on Vero-SLAM cells as described 

above. The isolations were screened for EGFP fluorescence at day 3 and 7 post titration. 

The axillary and tracheobronchial LN were also collected in RNA later (Ambion) during 

necropsy for virus detection by real-time RT-PCR. 

Flow cytometry 
Freshly isolated WBC, PBMC and single cell suspensions prepared from lymphoid organs 

were analyzed unstained for EGFP expression by flow cytometry. EGFP was detected in the 

FITC channel on a FACS Canto II, approximately 106 events were obtained per sample to 

allow detection of low frequent EGFP+ populations. 
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Immunohistochemical and immunofluorescence analysis  
of formalin-fixed tissues 
Only lung slices which were scored positive on live UV fluorescent screening were processed 

to paraffin. At days 2 and 3, 8/49 and 16/95 slices were scored positive, respectively. 

Sections (7 µm) were cut and deparaffinized, antigen retrieval was performed in a pressure 

cooker at full power for 3 min in 0.01 M TRIS-EDTA buffer (pH 9.0). MV-infected cells were 

detected using a polyclonal rabbit antibody to EGFP (Invitrogen). Sections were incubated 

in primary antibody overnight at 4°C, and specific antibody-antigen binding sites were 

detected using an Envision-Peroxidase system with DAB (DAKO) as substrate. Dual 

labeling indirect immunofluorescence was performed using polyclonal rabbit anti-EGFP 

and monoclonal mouse antibodies to the macrophage/DC marker CD11c (Novocastra, 

clone 5D11), the T-lymphocyte marker CD3 (DAKO, clone F7.2.38), the B-lymphocyte 

marker CD20 (DAKO, clone L26), the epithelial cell marker cytokeratin (DAKO, clone 

AE1/AE3), the endothelial cell marker CD31 (DAKO, clone JC70A) and the macrophage 

marker Mac387 (Abcam). Further dual labeling to assess the organization of epithelia 

and different cell types within BALT were carried out with a polyclonal antibody to 

epithelial cytokeratin (DAKO, Cat. No. Z0622) in combination with the above monoclonal 

antibodies to CD3, CD20 or CD11c. In all cases antigen binding sites were detected with 

a mixture of anti-mouse Alexa 568 and anti-rabbit Alexa 488 (Invitrogen). Sections were 

counterstained with DAPI hardset mounting medium (Vector). All fluorescently stained 

slides were assessed and digital fluorescent images acquired with a Leica DFC350 FX 

digital camera and processed using Leica FW4000 software.
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Supplementary Figure 1. CD11c+ DC and macrophages targeted in the lung at 4 and 5 d.p.i. At 4 and 5 
d.p.i. the CD11c+ DC or macrophage population was the major cell type in the lung in which MV replicates. 
Dual labelling for EGFP (green) and CD11c (red), DAPI was used to counter stain nuclei in blue. Left panels 
show EGFP alone (green), centre panels show CD11c alone (red), right panels show overlay of EGFP and 
CD11c. The two rows are two representative examples of double positive cells as indicated by arrows.
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Supplementary Figure 2. Single color images for figure 4C and 5C.
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VIRUS INFECTION IN  
NON-HUMAN PRIMATES



ABSTRACT
Measles virus (MV) is a highly contagious virus that is transmitted by aerosols. During 

systemic infection, CD150+ T and B lymphocytes in blood and lymphoid tissues are the 

main cells infected by pathogenic MV. However, it is unclear which cell types are the 

primary targets for MV in the lungs and how the virus reaches the lymphoid tissues. In vitro 

studies have shown that dendritic cell (DC) C-type lectin DC-SIGN captures MV, leading to 

infection of DCs as well as transmission to lymphocytes. However, evidence of DC-SIGN-

mediated transmission in vivo has not been established. Here we identified DC-SIGNhi 

DCs as first target cells in vivo and demonstrated that macaque DC-SIGN functions as 

an attachment receptor for MV. Notably, DC-SIGNhi cells from macaque broncho-alveolar 

lavage and lymph nodes transmit MV to B lymphocytes, providing in vivo support for an 

important role for DCs in both initiation and dissemination of MV infection
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INTRODUCTION 
Measles virus (MV) is a highly contagious virus, transmitted via the respiratory route. 

Despite the availability of an effective vaccine and increased vaccination coverage, 

measles outbreaks are still associated with high levels of childhood mortality1. Clinical 

symptoms appear approximately two weeks after MV infection and are associated with 

a profound immune suppression that lasts for several weeks to months and leads to 

enhanced susceptibility to opportunistic infections2,3.

The entry receptor for wild-type MV is CD150 (signaling lymphocyte activation 

molecule or SLAM)4, expressed mainly by B and T lymphocytes and dendritic cells (DCs). 

Recently, Poliovirus-receptor-like-4 (PVRL4 or Nectin-4) was identified as the epithelial 

entry receptor. This protein is exclusively expressed on the basolateral side of epithelial 

cells and usage of this receptor is associated with a later stage of disease progression and 

host-host transmission5,6. Macaque infection studies demonstrated that MV is detected 

at the peak of infection in the lungs, peripheral blood mononuclear cells (PBMC) and all 

lymphoid tissues7-9. We have shown in an in vivo study using a pathogenic recombinant 

(r)MV expressing enhanced green fluorescent protein (EGFP) that memory  CD150+ B and 

T lymphocytes are the predominant cells infected in blood and lymph nodes during the 

peak of infection10,11. However, it remains unclear which cells are the first target cells after 

aerosol infection and how the virus is disseminated from lungs to the lymphoid tissues. 

Dendritic cells have been suggested to play an important role in virus transmission. DCs 

are professional antigen presenting cells that migrate to lymph nodes upon encountering 

pathogens and induce a pathogen-specific immune response12. Besides playing a pivotal 

role in shaping the immune response to MV3,13-16, DCs have also been suggested to transmit 

MV to lymphocytes13. Several in vitro studies have shown that DCs efficiently transmit 

viruses such as human immunodeficiency virus (HIV) type 1 and MV to lymphocytes13,17, 

but little is known about virus transmission in vivo.  

The C-type lectin Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing 

Non-integrin (DC-SIGN) is an attachment receptor for MV13,18. DC-SIGN has a high affinity 

for mannose containing structures, including glycosylated viral proteins such as HIV-1 

gp12017,19 and the MV fusion (F) and hemagglutinin (H) transmembrane glycoproteins13. 

In vitro models demonstrate that interaction of MV with human DC-SIGN enhances DC 

infection as well as transmission of MV from DCs to both CD4+ and CD8+ T cells. MV 

transmission can occur independent of DC infection (in trans) through capture of the 

virus and transmission to target cells18. Due to the widespread distribution of DC-SIGN+ 

DCs throughout the respiratory tract18 and their capacity for viral transmission, DCs have 

been suggested as key players in initiating MV infection of the host and disseminating the 

virus from the first site of infection to local or draining lymphoid tissues. However, it is not 

known whether DC-SIGN is involved in virus transmission in vivo.

We recently studied the early events after MV infection of macaques with the 

pathogenic rMVKSEGFP strain via aerosol inhalation. EGFP-positive cells were exclusively 

detected in the alveolar lumen or attached to the alveolar epithelium of the lungs 2 days 
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post-infection (d.p.i.). From 3 d.p.i. clusters of MV-infected cells were detected in bronchus-

associated lymphoid tissue (BALT) and in the tracheo-bronchial lymph nodes (TBLN)20. 

The initial target cells morphologically resembled either DCs or alveolar macrophages 

(AM) but their identity and role in viral transmission remained unknown. In order to gain 

more understanding of the in vivo function of DCs in measles, we here investigated the 

phenotype of the first target cells and their function in the early stages of MV infection.

After aerosol infection with the pathogenic rMVKSEGFP strain, we observed that 

DC-SIGNhi cells in the lungs and lung-draining lymph nodes of non-human primates were 

among the first MV-infected cells. Ex vivo cultured lung tissue from infected animals 

showed focal infection that spread outward during culture and after 8 days most infected 

cells were T cells, suggesting that DC-SIGNhi cells in lungs are a first target and transmit the 

virus to lymphocytes after initial infection. Furthermore, isolated DC-SIGNhi DCs interacted 

with MV and were able to transmit the virus to lymphocytes more efficiently than DC-SIGN- 

cells. Our data strongly suggest an important role for DC-SIGN in dissemination of and 

infection with measles virus in vivo. 

RESULTS
DC-SIGN+ cells are early target cells in lungs and tracheo-bronchial 
lymph nodes
Cynomolgus macaques were infected with a high dose (106 TCID50) of rMVKSEGFP by 

aerosol inhalation20. To investigate the role of DCs during early MV infection, we analyzed 

DC-SIGN, HLA-DR and EGFP expression of broncho-alveolar lavage (BAL) cells collected 

2-5 d.p.i. The size of the DC-SIGNhi/HLA-DR+ and DC-SIGNlo/HLA-DR+ cell subpopulations 

in the total BAL population remained stable and relative numbers in the total population 

at 4 d.p.i were 16.1% ± 4.5 and 18.8% ± 4.5, respectively. These subpopulations 

represented the antigen presenting cells, whereas the DC-SIGN-/HLA-DR- cells included 

the lymphocytes. We were unable to detect any macroscopic MV at day 2 d.p.i.20 and 

therefore measured infection by EGFP using flow cytometry. The number of MV-infected 

cells detected was in the same range as previously reported20. EGFP+ DC-SIGNhi cells were 

detected in 2/3 animals at the earliest time point, 2 d.p.i., whereas no EGFP+ DC-SIGNlo/

HLA-DR+ cells were present on day 2 (figure 1A). In 1/3 animals, few (< 10/106 BAL 

cells) DC-SIGN-/HLA-DR- infected cells were identified in BAL on 2 d.p.i. Low numbers of 

infected cells 2 d.p.i. did not allow for detection of MV-captured antigen independent of 

infection on DCs. These data indicate that the DC-SIGN+ cell population is among the first 

to become infected by MV. From 3 d.p.i. onwards, EGFP+ DC-SIGNhi cells were detected in 

all animals (n=3 per time point) and the number of MV-infected cells increased over time. 

Similarly, the infection of DC-SIGNlo/HLA-DR+ as well as DC-SIGN-/HLA-DR- cells increased 

over time, suggesting that the virus was disseminated to these populations. 

At 3 d.p.i. live agarose-inflated lung slices from 2 animals were cultured to visualize 

infection over time (figure 1B). Small areas of EGFP fluorescence were visible after culture for 
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3 days, demonstrating MV infection of single cells that spread throughout the tissue, since a 

clear focal spread of MV was observed the next 7 days. After 5 days of culture, cells emigrating 

from the tissue into the supernatant were analyzed for immune cell markers to determine the 

phenotype of MV-infected cells. The total population consisted mainly of cells negative for 

lymphocyte or DC markers (figure 1C). In contrast, more than 70% of the EGFP+ population 

cells were CD3+ (T cells), whereas EGFP+ DC-SIGN+/HLA-DR+ (DCs) and CD20+ (B cells) were 

also identified (figure 1D). Together, these data suggest that DC-SIGN+ cells in the lungs are a 

target for MV at the earliest time points of infection. At later time points DC-SIGN-/HLA-DR- 

cells (mainly T lymphocytes) became the predominant MV-infected cell population.

We next analyzed the localization of DC-SIGN+ cells in the lungs. In lung tissue from 

both uninfected animals and 2 d.p.i, DC-SIGN expression was mainly detected on cells 

with irregular, DC-like morphology located in close proximity of the lumen and large 

round cells lining the alveolar lumen (figure 1E and F), suggesting that DC-SIGNhi cells 

can encounter inhaled viral particles, explaining their infection at the earliest time point.

Next we investigated the appearance of infected cells in the lung draining TBLNs. 

Single cell suspensions of TBLNs collected 2, 4 or 5 d.p.i. were analyzed for EGFP, HLA-DR 

and DC-SIGN expression (figure 2). We could not detect any MV-infected cells in TBLN 2 

d.p.i.. MV-infected DC-SIGNhi/HLA-DR+ cells, DC-SIGNlo/HLA-DR+ cells as well as DC-SIGN-/

HLA-DR- cells were detected 4 d.p.i. and the number of infected cells increased at day 5 in 

all three subsets. These data suggest that DC-SIGNhi/HLA-DR+ cells are an initial target for 

MV in the lung at day 2 and dissemination from lung to draining TBLN occurs after day 2 

and results in infection of antigen-presenting cell and lymphocyte populations. 

Phenotype of DC-SIGN+ cells in macaques
In order to study the role of DC-SIGN+ cells in lymphoid tissue in macaques, we characterized 

these cells by flow cytometry and immunofluorescence microscopy. Cells isolated from 

TBLNs of uninfected animals were stained for DC-SIGN and multiple monocyte markers: 

HLA-DR, DC-marker CD11c, DC maturation marker CD83, and macrophage scavenger 

receptor CD163. All DC-SIGN+ cells expressed HLA-DR, whereas CD11c and CD83 were 

only expressed by part of the DC-SIGN+ population (figure 3A). However, DC-SIGN was 

expressed by almost all CD83+ and CD11c+ cells (figure 3B). In addition, we identified a 

small subset of CD163+ cells in the TBLN that was partially positive for DC-SIGN (figure 

3A). These data suggest that DC-SIGN is expressed by all CD11c+ and CD83+ DCs as well 

as a subset of macrophages in macaques.

Next we analyzed distribution of DC-SIGN+ DCs and macrophage marker MAC387+ 

macrophages in both lungs and draining lymph nodes from infected macaques. Because 

EGFP-expressing rMV was used, unstained infected sections served as control besides 

isotype controls, and gave no signal in the GFP channel. In lung sections collected 2 or 

3 d.p.i. almost no co-localization was observed between DC-SIGN and MAC387. Most 

large cells near the alveolar lumen were either DC-SIGN+ (figure 3Ci) or MAC387+ (figure 

3Cii). Some co-localization as seen in TBLN was observed (figure 3Ciii and iv). In addition, 

53

DC-SIGN IN MEASLES VIRUS INFECTION

3



Figure 1. Infection of DC-SIGN+ cells in the lung. (A) Infection of the DC-SIGNhi, DC-SIGNlo and DC-SIGN- 
cells in BAL from MV-infected macaques, determined by detection of EGFP in flow cytometry at day 2-5 
d.p.i.. Each dot represents an individual animal. Lines indicate geometric means. (B) Macroscopic images 
from EGFP+ lung slices collected 3 d.p.i., cultured for additional 3, 5, 7 or 10 days. (C) Phenotype of cells 
migrating from the ex vivo cultured lung slice, collected from supernatant after 5 days of culturing. (D) 
Phenotype of EGFP+ cells collected from lung slice medium. (E-F) DC-SIGN expression on lung sections 
from uninfected macaques (E) or 2.d.p.i. (F). Asterisks indicate DC-SIGN reactivity.
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many DC-SIGN+ cells were observed in peripheral lymphoid tissues, including axillary lymph 

nodes (figure 3D) and tonsils (data not shown), at 4-5 d.p.i. the time at which infection just 

reached a systemic phase20. Thus it seems that infection of lymphoid tissue is associated 

with abundant numbers of DC-SIGN+ cells in lymphoid tissues. In the axillary lymph node 

4 d.p.i., the expression patterns of DC-SIGN and MAC387 marker indicated two distinct 

cell populations, although co-localization was observed in a relatively small number of cells 

(figure 3D). These data show that DC-SIGN is expressed predominantly by DCs and some 

macrophages in the lungs and lymph nodes in uninfected and MV-infected animals. 

Macaque DC-SIGN binds MV and transmits the virus to target cells 
Human DC-SIGN is an attachment receptor for MV and mediates both infection of DCs (via 

CD150) and transmission to target cells (via CD150 or PVRL4), which can be independent 

of infection of DCs13,18. Non-human primate homologues are ≥94% identical to human 

DC-SIGN and share a high affinity for ICAM-2, ICAM-3 and cross-react with multiple 

monoclonal antibodies against human DC-SIGN21. We investigated whether macDC-

SIGN binds MV and is able to transmit the virus to target cells. Chinese hamster ovary 

(CHO) cells transfected with macDC-SIGN expressed high levels of DC-SIGN, but were 

negative for MV entry receptor CD150 (figure 4A). Next we investigated the interaction 

of macDC-SIGN with different mannose- and fucose-containing structures using the 

fluorescent bead binding assay17. CHO cells expressing macDC-SIGN efficiently interacted 

with mannose, fucose and fucose-containing structures such as Lewis X and Lewis Y 

(figure 4B). Furthermore, macDC-SIGN expressing CHO cells interacted strongly with the 

HIV-1 envelope glycoprotein gp120. The interaction was specific for macDC-SIGN since 

antibodies against DC-SIGN blocked the binding to background levels comparable to the 

parental cell-line (figure 4B). To investigate interaction of macDC-SIGN with MV, CHO cells 

expressing macDC-SIGN cells were incubated with FITC-labeled MV. MacDC-SIGN+ CHO 

cells bound MV as determined by flow cytometry (figure 4C). Binding to fluorescent virus 

particles was macDC-SIGN-dependent, since it was inhibited by a blocking antibody against 

Figure 2. Infection in the tracheo-bronchial lymph nodes. Infection of the DC-SIGNhi, DC-SIGNlo and 
DC-SIGN- cells in TBLN from MV-infected macaques, determined by detection of EGFP in flow cytometry 
from 2-5 d.p.i.. Each dot represents an individual animal. Lines indicate geometric means.
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Figure 3. DC-SIGN is expressed by DCs and a subset of macrophages in lymph nodes. (A) TBLN cells were 
stained for DC-SIGN in combination with DC and macrophage markers and analyzed by flow cytometry. 
Gray areas show negative controls (DC-SIGN single staining). (B) DC-SIGN expression of CD11c+ and CD83+ 
cells in TBLNs. (C-D) Dual immunofluorescence staining of DC-SIGN (green) and MAC387 (red) in lung 
sections 2 or 3 d.p.i. (C i-iv) and axillary lymphoid tissue 4 d.p.i. (D). Nuclei are stained blue with Hoechst.
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DC-SIGN compared to the isotype control. Incubation of CHO and CHO-macDC-SIGN cells 

with rMVKSEGFP for 48 hours did not lead to infection, showing that macDC-SIGN does 

not facilitate entry (figure 4D). To investigate the role of macDC-SIGN in MV transmission, 

cells were incubated with rMVKSEGFP, washed and subsequently co-cultured with CD150+ 

Raji B cells for 24 hours. CHO cells expressing macDC-SIGN transmitted MV to the B cells. 

Pre-treating cells with mannan or DC-SIGN blocking antibodies decreased transmission 

to background levels (figure 4E). Thus, macDC-SIGN interaction with MV mediates viral 

binding and transmission of the virus to lymphocytes independent of infection.

DC-SIGN+ cells from both BAL and lymph nodes transmit MV 
to lymphocytes
Next we investigated whether DC-SIGN+ cells of macaques transmit MV to lymphocytes 

ex vivo. DC-SIGNhi/HLA-DR+, DC-SIGNlo/HLA-DR+ and DC-SIGN-/HLA-DR- cells were purified 

by flow cytometry sorting from BAL and lymphoid tissues of uninfected macaques (figure 

5A). In addition to these 3 populations, we detected a small DC-SIGN+/HLA-DR- in BAL 

(designated as p4 in figure 5A). However this population consisted of too few cells for 

additional phenotyping. Expression of DC-SIGN following sorting was confirmed at both 

the protein and mRNA level (data not shown). Functionality of DC-SIGN expressed by the 

sorted cells from BAL was investigated with the bead binding assay (figure 5B). DC-SIGNhi 

cells interacted with HIV-1 gp120, which was inhibited by mannan. The other subsets 

interacted much less with HIV-1 gp120. Similar results were obtained with cells from TBLN 

(not shown), supporting a role for macDC-SIGN+ cells in virus capture.

CD150 was expressed by a subpopulation of DC-SIGN-/HLA-DR- cells, which included 

T and B lymphocytes, in BAL. Low CD150 expression was detected on most cells in TBLN.  

DC-SIGNhi/HLA-DR+ and DC-SIGNlo/HLA-DR+ cells expressed very low levels of CD150 in BAL 

and the receptor was not detected on the cell-surface on DC-SIGNlo/HLA-DR+ cells in TBLN 

(figure 5C). These data suggest that the HLA-DR+ cells in the lungs are not highly susceptible 

to MV infection without activation. However, we showed that DC-SIGN is able to capture 

MV for transmission. Therefore, we investigated the interaction of the different cells with 

fluorescently labeled MV. Notably, DC-SIGNhi cells isolated from lymphoid tissue bound 

more efficiently to fluorescently-labeled MV and the binding was blocked to background 

levels with the inhibitor mannan. In contrast, DC-SIGNlo and DC-SIGN- cells did not bind 

to MV (figure 5D). These data strongly suggest that despite low expression of CD150, the 

DC-SIGNhi cells in contrast to DC-SIGNlo and DC-SIGN- cells efficiently capture MV. 

We subsequently investigated the transmission of MV to Raji B cells by the different 

subsets isolated from uninfected macaques. Ex vivo infection of unsorted BAL cells was 

inefficient and only 1% EGFP+ cells was detected 24 hours after infection with rMVKSEGFP 

(MOI 3). However, microscopic analysis showed that a number of infected cells in the 

total BAL cell population showed a DC-like morphology (figure 5E). Ex vivo infection levels 

of the sorted DC-SIGN/HLA-DR subsets were below 0.5% 24 h.p.i., and no differences 

were observed between subsets (figure 5F). Inefficient infection of ex vivo isolates might 
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Figure 4. Macaque DC-SIGN binds mannose structures including MV and transmits MV to CD150+ target 
cells. (A) CHO cells were transfected with macDC-SIGN. The mean expression levels of DC-SIGN and 
CD150 of the parental cell line and transfectants are depicted. Gray areas represent isotype controls. (B) 
MacDC-SIGN binds mannose and fucose structures on fluorescent beads. Binding was blocked by anti-
DC-SIGN (20 µg/ml). (C) CHO transfectants were pre-incubated with anti-DC-SIGN antibodies or isotype 
control (20 µg/ml) before incubation with FITC-labeled UV-inactivated MV. Binding was measured by flow 
cytometry. (D) Parental and transfected CHO cells were infected with rMVKSEGFP (MOI 1) and 48 hours 
post infection EGFP levels were measured in FACS. (E) Cells were incubated with rMVKSEGFP (MOI 3). 
After 3 hours cells were washed and CD150+ Raji cells were added to the culture. Infection of Raji cells 
was determined by measuring EGFP in flow cytometry. Transmission was blocked by pre-incubating CHO 
macDC-SIGN cells with anti-DC-SIGN (20 µg/ml) or mannan (0.25 mg/ml). All data are representatives for 
at least 2 independent experiments. Error bars represent standard deviations of duplicates.

indicate that lung factors facilitate infection in vivo. Thus, transmission by the sorted cells 

to B cells was primarily due to infection independent of direct infection of the subsets. The 

different purified cell populations from BAL were pulsed with rMVKSEGFP for three hours, 

and after washing, CD150+ Raji cells or B-LCL cells were added. Infection of the lymphocytes 

was measured in the co-culture at day 1 or 2 by flow cytometry. Notably, we observed a 
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higher transmission of MV to target lymphocytes by the DC-SIGNhi cells compared to both 

DC-SIGNlo/HLA-DR+ and DC-SIGN-/HLA-DR- subsets (figure 5G). Similarly, transmission of MV 

by DC-SIGN+ subsets isolated from TBLNs was significantly higher compared to DC-SIGNlo/

HLA-DR+ and DC-SIGN-/HLA-DR- subsets. Transmission of MV by DC-SIGNhi/HLA-DR+ cells 

was partially dependent on DC-SIGN since it was inhibited by blocking antibodies against 

DC-SIGN (figure 5H). These data suggest that DC-SIGN+ cells capture MV and facilitate 

infection of lymphocytes, thereby amplifying local and systemic spread. 

DISCUSSION
In this study we have investigated the role of DC-SIGN+ DCs during the early stage of MV 

infection using both in vivo and ex vivo models. After aerosol infection of macaques with 

the pathogenic rMVKSEGFP strain, we observed that DC-SIGNhi DCs were among the first 

infected cells in the lungs of macaques. These cells were sorted by flow cytometry and 

DC-SIGNhi DCs were efficient in MV capture as well as MV transmission to lymphocytes. 

Furthermore, using cell-lines expressing macDC-SIGN we showed that macDC-SIGN is an 

attachment receptor for MV, similar to human DC-SIGN. This suggests that DC-SIGN+ DCs 

are an initial target for MV for viral transmission and thereby contribute to viral dissemination 

upon aerosol infection. Notably, although we detected MV-infected DC-SIGNhi cells at the 

earliest time point in the lungs, DC-SIGNhi DCs as well as macDC-SIGN-transfected cells 

were able to transmit MV independent of infection. Thus, transmission of MV to lymph 

nodes could depend on infected as well as non-infected DC-SIGN+ cells in the lungs.

Epithelial cells in the upper respiratory tract have long been considered as early target 

cells in MV infection2. Epithelial cells express the recently identified entry receptor PVRL4 

exclusively on the basolateral side of the cells, and no CD150, and therefore cannot play a role 

in initiation of infection5,6. DCs and AMs have been proposed as initial target cells for the virus 

since these cells express CD15018,20,22. Non-human primate infection studies have shown that 

large mononuclear cells in the lung are targets for MV after aerosol infection20. The identity of 

these cells was not determined but it was suggested that these cells disseminate MV infection 

from lungs to BALT and subsequently to TBLNs draining the lungs20. Moreover, Ferreira et al, 

using a transgenic mouse model after both intranasal and intraperitoneal infection, observed 

MV infection of AMs and DCs in the airways preceding infection in mediastinal lymph nodes22. 

Here we observed infected DC-SIGNhi/HLA-DR+ cells 2 d.p.i., whereas no infected DC-SIGNlo/

HLA-DR+ cells were identified at that time point. DC-SIGN+ cells in the lungs were often located 

in or adjacent to the lumen, where virus is encountered. The cells were positive for CD11c, 

demonstrating that these cells are myeloid and not plasmacytoid DCs. Therefore, DC-SIGN+ 

DCs in macaque lungs could be a target for MV and play a role in dissemination. 

Furthermore, we observed the infection in the lungs spread throughout foci, where 

mainly T cells were affected. Since DCs are important for inducing BALT formation in 

response to viral infections and for maintenance of the organized BALT structure23,24, 

DC-SIGN+ DCs might spread initial infection to BALT and enhance local MV replication in 
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Figure 5. DC-SIGN expressed by BAL and lymph node cells enhances MV transmission. (A) DC-SIGNhi/
HLA-DR+ (p1), DC-SIGNlo/HLA-DR+ (p2) and HLA-DR-/DC-SIGN- (p3) cells were sorted by FACS from BAL 
and lymphoid tissues of uninfected animals. Gates and percentages of the subsets are depicted. A 
representative FACS plot of 3 independent experiments is shown. (B) DC-SIGN on sorted BAL cells binds 
HIV-1 gp120-coated fluorescent beads. Binding was blocked by mannan (0.25 mg/ml). Representative 
data of 2 independent experiments are shown. (C) CD150 expression of the 3 subsets from BAL and TBLN 
(black lines) compared to isotype controls (gray areas). Percentages of CD150+ cells are depicted in the 
histograms. (D) Sorted cells from lymph nodes of an uninfected animal were incubated with fluorescently 
labeled rMVKSEGFP or medium control. Binding was measured by flow cytometry and the mean 
fluorescent intensity (MFI) is depicted. (E) Representative example of 2 independent ex vivo infections 
of BAL cells with rMVKSEGFP (MOI 3) 24 hours post infection. The left (brightfield) and right (EGFP 
fluorescent) panel are corresponding pictures. (F) Infection of sorted DC-SIGN subsets with rMVKSEGFP 
(MOI 3) was determined by measuring EGFP in FACS. Means and standard deviations of 2 independent 
experiments are shown. (G-H) Cells were incubated with rMVKSEGFP (MOI 1) for 3 hours. Then the cells 
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were washed and B cells were added. After 24 hours EGFP expression was measured by flow cytometry. 
For BAL cells, combined data of 2 independent experiments are shown (G). Cells isolated from lymph 
nodes were pre-incubated with blocking anti-DC-SIGN antibodies (20 μg/ml) for 30 minutes. ** p < 0.01 
(H). Bars represent the mean of duplicates.

◀

the lungs, as well as activate immune cells in BALT. A role for DCs in amplification of MV 

infection in the lungs is supported by a previous finding where MV-infected CD11c+ cells 

were observed in small infected foci in the lungs from 3 d.p.i.20. In addition, CD11c+ DCs 

have been identified as major target cells in peripheral tissues and were often observed 

in conjunction with infected T lymphocytes, suggesting viral transmission between the 

cells10. We observed from 3 d.p.i. that the infection in all animals spread to other cells 

including the DC-SIGN-/HLA-DR- cells, which contain activated CD150+ lymphocytes. 

Furthermore, ex vivo lung cultures showed that these cells become the predominant 

infected population in lungs 8 d.p.i.. Notably, although we measured infection in vivo, 

we detected low levels of CD150 on DC-SIGNhi cells from BAL and lymph nodes. This is 

consistent with previous findings, where low levels of CD150 in the respiratory tract were 

detected18. This could indicate that high levels of DC-SIGN allow infection when CD150 

expression is low, since DC-SIGN enhances MV infection13. 

Previously, DC-SIGN was detected on cells expressing CD11c, described as a marker for 

myeloid DCs and a subset of AMs in the human lung25,26 and in macaques no co-localization 

of MAC387 and CD11c in BALT cells 3 d.p.i. was seen20. Here, we observed that DC-SIGN 

was predominantly expressed by CD11c+ DCs, whereas a subpopulation of MAC387+ 

macrophages expressed DC-SIGN. This subpopulation might represent AMs since it has been 

described that AMs express DC-SIGN after activation27,28. Pulmonary DCs are professional 

antigen presenting cells and equipped to rapidly migrate to the draining lymph node upon 

encountering virus in the lung29-31. Besides their role as migratory antigen presenting cells, 

DCs also play a major role in MV pathogenesis by contributing to infection and immune 

suppression2. DC-SIGN contributes to these processes since interactions with viral pathogens 

enhance infection and viral uptake as well as modulate immune responses14,17,18. Furthermore, 

MV can induce TLR2 activation32, which might also be involved in DC-mediated immune 

responses as well as induction of migration from lungs to LN. In contrast, AMs are crucial for 

maintaining homeostasis in steady-state condition and restoring homeostasis after infection33. 

This classical division of DCs as migrating antigen presenting cells and macrophages as tissue 

residents further supports a role for DCs transferring viruses to lymphoid cells17,18. 

Our data show that at day 2 d.p.i. no MV infection was observed in draining lymph 

nodes, whereas we detected infected DC-SIGNhi DCs in the lungs. At 4 d.p.i. we observed 

infection of different cell types in draining lymph nodes, suggesting that the virus had 

spread from lung to lymph nodes. In our previous study, MV-infected cells with the 

morphology of DCs were detected migrating through the endothelium early in infection20, 

suggesting that infected or MV-bound DCs migrate from the lungs to TBLNs to transmit 

the virus to T lymphocytes. Migration of DCs after MV infection is further supported by 
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a strong induction of lymph node homing chemokine CCR734. In the TBLNs draining the 

lungs, DC-SIGN was mainly expressed by CD11c+ DCs and DC maturation marker CD83+ 

DCs, implying a role for these cells in immune activation. 

We and others have shown that DC-SIGN functions as an attachment receptor 

for viruses such as MV and HIV-1, which can enhance infection thereby promoting 

transmission. However, infection of DCs is not required for viral DC-SIGN-mediated 

transmission13,17,18. Here we showed that macDC-SIGN efficiently captured MV and 

transmitted it to lymphocytes independent of MV infection. Further, isolated DC-SIGNhi 

cells from the lungs or TBLNs bound MV and enhanced transmission of the virus to B cells. 

DC-SIGN antibodies partially blocked transmission, indicating that DC-SIGN is involved, 

but other factors, such as heparan sulfates35,36, might also contribute. B cell infection 

could be a result of trans- or cis infection, although inefficient infection of DC-SIGNhi cells 

supports the model of transmission independent of DC infection in our ex vivo assays. We 

therefore hypothesize that DC-SIGN+ cells, infected or uninfected, facilitate transfer to 

lymphocytes that are the main replicators for MV. 

Overall, we have shown a role for DC-SIGN in MV transmission, using a macaque 

infection model. Our results using primary cells from the lungs and lymphoid tissue are in 

concordance with the results previously obtained with human monocyte-derived DCs18. 

In vitro studies of DC-SIGN-mediated mechanisms however do not take into account the 

plasticity of the phenotype and function of innate immune cell subsets37,38. Taken together, 

these data support the idea that MV targets HLA-DR+ cells including DC-SIGN+ cells, in the 

lungs directly after infection. This study provides a better understanding of initiation of 

MV infection in vivo, which may be beneficial for development of an aerosol- or powder-

delivered vaccine39-42 to increase immunization coverage.

MATERIALS AND METHODS
Ethics statement
Animal experiments were conducted in compliance with European guidelines (EU directive 

on animal testing 86/609/EEC) and Dutch legislation (Experiments on Animals Act, 1997). 

The protocol was approved by the independent animal experimentation ethical review 

committee Dier Experimenten Commissie in Driebergen, The Netherlands. Animals were 

obtained from the National Institute of Public Health and the Environment, Bilthoven, 

and transported to the central animal housing facility of the Erasmus MC in Rotterdam. 

The animals were housed in groups, received standard primate feed and fresh fruit on a 

daily basis and had access to water ad libitum. In addition, their cages contained several 

sources of environmental enrichment in the shape of hiding places, hanging ropes and 

other toys. Animal welfare was observed on daily basis, animal handling was performed 

under light anesthesia using ketamine and medetomidine. After handling atipamezole 

was administered to antagonize the effect of medetomidine.
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Animal studies
The infection study was previously described by Lemon et al.20. In short, MV-seronegative 

cynomolgus macaques (Macaca fascicularis) were infected with an estimated dose of 105 CCID50 

rMVKSEGFP via aerosol inhalation, using a pediatric face mask. Animals were euthanized 2, 3, 4 

or 5 d.p.i. (n=3 per time point). Animals were euthanized by sedation with ketamine (20 mg/kg 

body weight) followed by exsanguination. For both experiments with infected and uninfected 

animals, tissues were collected in PBS and directly processed. A broncho alveolar lavage (BAL) was 

performed post-mortem by direct infusion of 10 ml phosphate buffered saline (PBS) into the right 

lung lobe. BAL cells were re-suspended in RPMI1640 supplemented with L-glutamine (2 mM), 

penicillin (100 U/ml), streptomycin (100 mg/ml) and 10% (v/v) heat-inactivated fetal bovine serum  

(FBS), lymphoid organs were collected during necropsy in PBS for direct preparation of single 

cell suspensions. Suspensions were obtained by mashing the nodes, using cell strainers with a 

100 mm pore size (BD Biosciences) and washing the cells in RPMI1640. Single cell suspensions 

and BAL cells were counted and used directly for flow cytometry, FACS sorting or ex vivo assays.

Lung slices
The left lung lobe of 2 animals on 3 d.p.i. was inflated using a solution of 4% (w/v) 

agarose in PBS mixed 1:1 with DMEM/Ham’s F12 medium supplemented with L-glutamine 

(2 mM), 10% (v/v) heat-inactivated FBS, penicillin (100 U/ml) and streptomycin (100 mg/

ml). The inflated lung was allowed to solidify on ice and 1 mm slices were cut by hand. 

Sections were washed in PBS and transferred to a 6-wells plate.

Antibodies
All antibodies used cross-react with macaques according to the NIH Nonhuman Primate 

Reagent Resource or the manufacturer. The following antibodies were used for flow cytometry 

and blocking: DC-SIGN-specific mouse antibodies AZN-D1 and AZN-D217, DCN46 conjugated 

with PE (BD Pharmingen, San Diego, CA, USA), fab161A conjugated with APC (R&D Systems, 

Minneapolis, USA), HLA-DR- (L243) specific mouse antibodies conjugated with pacific blue 

(biolegend, San Diego, CA, USA), MAC387 (Abcam, Cambridge UK), PE-conjugated CD11c 

(S-HCL-3) mouse antibodies (Becton Dickinson, New Jersey, USA), PE-conjugated mouse antibody 

CD83 (HB15A; Beckman Coulter, Miami Florida, USA), PE-conjugated mouse antibody CD163 

(GHI/61; ebioscience, San Diego, CA, USA), CD150 antibody (A12; ABD Serotec, Dusseldorf, 

Germany), Alexa488- or Alexa647-labeled anti-mouse antibodies (Molecular probes, Eugene, 

OR, USA). MV infection was detected via EGFP in the FITC channel of the flow cytometer.

Cell lines and viruses
Stable CHO transfectants expressing rhesus macaque DC-SIGN [Genbank AF391086] were 

generated using pRc/CMV-rh-DC-SIGN as previously described17. CHO cells expressing 

macaque DC-SIGN were selected with neomycin (1 mg/ml). CHO, Raji and Epstein-Barr virus-

transformed B-lymphoblastic cell line (BLCL-GR) were cultured in RPMI1640 supplemented 

with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 mg/ml) and 10% (v/v) 

FCS. Generation of rMVKSEGFP for animal studies is described by Lemon et al.20. For ex vivo 
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infection and transmission assays, rMVKSEGFP and rMVIC323EGFP were propagated on B-LCL 

cells or Vero-CD150 cells and titrated on Vero-CD150 cells for titer determination.

FACS analysis and sorting
Flow cytometry was performed on a FACS Canto II or FACScan (BD Bioscience San Jose, 

CA, USA). Cell sorting was performed on a BD FacsAria. For all experiments, cells were 

washed in PBS/0.5% BSA and incubated with directly-labeled antibodies (1-5 µg/ml) or 

isotype controls (BD, San Jose, CA, USA) for 30 minutes at 4°C. Samples were fixed with 

4% (w/v) paraformaldehyde before measuring. Samples were analyzed by Cell Quest 

Pro software (BD Biosciences, San Jose, CA, USA) and experiments were analyzed using 

FlowJo 7.6.3 software (Tree star inc.).

Immunohistochemical and indirect immunofluorescence analysis
Formalin-fixed tissues were processed to paraffin. Consecutive sections (7 µm) from lung and 

lymphoid tissues were cut. Immunocytochemical staining was performed using a BondMax 

immunostainer with a polymer-based peroxidase detection system. DC-SIGN+ cells were 

detected using a monoclonal antibody to DC-SIGN (Invitrogen, ER2 antigen retrieval). Dual 

labeling indirect immunofluorescence was performed using monoclonal mouse antibodies 

macrophage marker MAC387 (Abcam, Cambridge, UK) and DC-SIGN Mab161 (R&D 

Systems, Minneapolis, USA). Mab161 and MAC387 antibodies were visualized with a 

mixture of anti IgG1 and IgG2b conjugated with Alexa 546 or Alexa 488 (Molecular probes, 

Eugene, OR, USA). Nuclei were counterstained with Hoechst (Molecular probes, Eugene, 

OR, USA). All fluorescent stained slides were assessed with a Leica DMRA microscope and 

processed using Image Pro Plus software (Media Cybernatics). Matched isotype antibodies 

(BD, San Jose, CA, USA) served as negative control and were essentially blank.

MV Infection and transmission assays
For infection and transmission assays cells (10-50x103) were seeded in a V-bottom plate 

and pre-incubated with mannan (0.25 mg/ml; Sigma-Aldrich, Zwijndrecht, Netherlands), 

anti-DC-SIGN (AZN-D1 or AZN-D2; 20 µg/ml) or IgG1 isotype control (20 µg/ml; BD, San 

Jose, CA, USA) for 30 minutes at 37°C, before incubation with rMVIC323EGFP or rMVKSEGFP 

at a multiplicity of infection (MOI) of 1-3 at 37°C for 24 hours in the case of infection. For 

transmission, after 2 hours the cells were washed and Raji (5x104 cells) were added. After 

one to three days cells were harvested, washed and fixed with 4% (w/v) paraformaldehyde 

and EGFP expression was measured by flow cytometry. The gate for both populations was 

set at the uninfected control sample.

Fluorescent bead adhesion assay 
The fluorescent bead adhesion assay was performed as described before17. In short, 

streptavidin was covalently coupled to carboxylate-modified TransFluorSpheres (488/645 

nm by 1.0 µm; Molecular Probes, Eugene, OR, USA). The streptavidin-coated beads were 

incubated with biotinylated-sugars (Glycotech, Gaithersburg, MD, USA) at 4°C or biotinylated 
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Goat-anti-human Fc (Jackson Immunoresearch, Baltimore, PA, USA) at 37°C and subsequently 

gp120 Fc at 4°C. The coated beads were added to cells at a ratio of 20:1. Cells (10-20x103) 

were incubated with beads for 45 minutes at 37°C. Mannan (0.25 mg/ml; Sigma-Aldrich, 

Zwijndrecht, Netherlands) and blocking antibodies against DC-SIGN (20 µg/ml) were used to 

determine the specificity of the adhesion. Binding was measured by flow cytometry.

FITC-labeled MV binding assay
To generate FITC-labeled viruses, purified rMVIC323EGFP (2.4x107 TCID50) was inactivated 

by dialyzing against 0.1% (w/v) formalin for 72 hours at 4°C. Next, viruses were labeled 

with FITC (0.1 mg/ml in 0.5 M bicarbonate buffer (pH 9.5) for 1 hour with constant 

stirring. The virus preparations were dialyzed against PBS overnight to remove unbound 

FITC. CHO cells (20x103) were plated in 96 well v-bottom plates and pre-incubated with 

medium (RPMI 1640 medium, supplemented with L-glutamine, 10% (v/v) FCS, penicillin 

and streptomycin), mannan (0.25 mg/ml; Sigma-Aldrich, Zwijndrecht, Netherlands), 

blocking antibodies against DC-SIGN (AZN-D1) or IgG1 isotype control (BD, San Jose, 

CA) for 30 minutes at 37°C. Subsequently the cells were incubated with 20 µl of virus 

preparation for 30 minutes at 37°C. Binding was measured by flow cytometry.

Fluorescently-labeled MV binding assay
MV labeling was performed as described by Hadac et al43. In short, MV-FSL-FLRO4 virions 

were prepared by adding 10 µl of FSL-FLRO4 (Kode Biotech, Auckland, New Zealand) 

(100 µg/ml) to 100 µl of rMVKSEGFP (2.2x106 TCID50) or 100 µl RPMI (control), followed 

by incubation for 2 hours at 37°C. 20 µl of the prepared MV-FSL-FLRO4 or FLRO4-medium 

control was added to sorted cells (20x103) in RPMI medium and incubated at 37°C for 

30 minutes. Mannan (0.25 mg/ml; Sigma-Aldrich, Zwijndrecht, Netherlands) was used to 

determine the specificity of the binding. Following incubation the cells were washed and 

then fixed in 4% (w/v) paraformaldehyde before flow cytometry. 

Statistical analysis
To evaluate differences between groups, a t test was used. P < 0.05 was considered significant.
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ABSTRACT
Measles virus (MV) is a highly infectious virus that has evolved several mechanisms to 

escape antiviral immunity. Induction of antiviral type I interferon (IFN) responses requires 

activation of RIG-I-like receptors (RLR) RIG-I and Mda5 via dephosphorylation that is 

mediated by PP1 phosphatases. Here we demonstrate that MV efficiently infects dendritic 

cells (DCs) by suppressing RLR dephosphorylation via DC-SIGN signaling. Activation 

of kinase Raf-1 via DC-SIGN induced phosphorylation of PP1 inhibitor I-1, driving its 

association with GADD34-PP1 holoenzymes. As a result, GADD34-PP1 holoenzymes 

were unable to dephosphorylate RIG-I and Mda5, hence attenuating type I IFN responses. 

Interference with DC-SIGN signaling allowed RLR activation and blocked MV infection of 

DCs. Thus, MV hijacks DC-SIGN signaling that targets PP1 phosphatases to escape RLR 

activation and promote its replication. 
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INTRODUCTION 
Measles is a highly contagious airborne disease and remains a major cause of morbidity 

and mortality despite the availability of an effective vaccine1. The causative agent, measles 

virus (MV) severely suppresses immune responses in the host, leading to secondary 

opportunistic infections2. Production of antiviral type interferon (IFN) is important for the 

control of MV replication and hence disease progression, and therefore MV has evolved 

various strategies to suppress type I IFN responses3. 

Type I IFN responses induced by single-stranded (ss) RNA viruses, such as MV, are 

mediated by the cytoplasmic RIG-I-like receptors (RLRs) RIG-I and Mda5. RIG-I interacts with 

the 5’ leader of MV ssRNA to induce IFN-β4. The mechanisms leading to Mda5 activation 

by MV are still unknown5. RLR triggering leads to activation of IκB kinase (IKK)-related 

kinases, IKKε and Tank-binding protein (TBK1), through the mitochondrial antiviral signaling 

(MAVS; also known as IPS-1) adaptor protein6,7. Both IκB kinases activate transcription 

factor IRF3, which induces expression of IFN-β8. Signaling by IFN-β via type I IFN-α/β 

receptor (IFNAR) on infected and neighbouring cells induces transcription of hundreds of 

antiviral interferon-stimulated genes (ISG), such as MxA and ISG15 that are paramount in 

defense against viruses3. The RLR signaling pathway induces a very potent and rapid type I 

IFN response, and therefore activation of RLRs is tightly regulated by multiple consecutive 

processes, including dephosphorylation, ubiquitination and oligomerization of the RLR 

CARD domains9-14. Constitutive phosphorylation of the CARD domain residues Ser8 and 

Thr170 of RIG-I and Ser88 of Mda5 keeps the RLRs inactivate9,12,13. RLR-induced type 

I IFN production requires receptor dephosphorylation by serine-threonine phosphatases 

PP1α and PP1γ13. The exact regulation of these phosphatases is not yet understood, 

but dephosphorylation of RIG-I and Mda5 is crucial for oligomerization of RLR signaling 

domains, subsequent activation of MAVS and downstream signaling9,12,13,15. 

Airborne infection of MV initiates in the lungs and disseminates to lymphocytes 

throughout the host within 2 weeks post infection16,17. DCs in the lungs are among the 

first cells that become infected17,18 and express signaling lymphocyte activation molecule 

(SLAM, CD150), the entry receptor for wildtype MV16,19. MV also interacts with C-type lectin 

receptor (CLR) DC-SIGN to enhance infection of DCs and subsequent viral transmission 

to lymphocytes18,20,21. DCs are also required to induce MV-specific adaptive immunity and 

DC-SIGN sensing of MV induces innate signaling through the serine-threonine kinase 

Raf-1, which modulates TLR-induced immune responses22. Raf-1 signaling induces 

phosphorylation and acetylation of TLR-induced NF-κB subunit p65, which increases 

expression of pro-inflammatory cytokines affecting immune responses22. However little is 

known about the role of innate signaling induced by MV in type I IFN responses in DCs. 

In the present study we show that MV infects primary human DCs and attenuates 

type I IFN responses induced by both RIG-I and Mda5. Notably, MV binding to DC-SIGN 

suppresses activation of both RIG-I and Mda5 via Raf-1 signaling. We identify GADD34 as 

the regulatory subunit of PP1 holoenzymes that are responsible for dephosphorylation of 

RIG-I and Mda5, which are suppressed by Raf-1 signaling. Raf-1 induces phosphorylation 
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of PP1 inhibitor 1 (I-1), which inhibits PP1 phosphatase activity by inducing complex 

formation between I-1 and GADD34-PP1 holoenzymes. Inhibition of dephosphorylation 

of both RIG-I and Mda5 suppresses type I IFN responses in DCs upon MV infection. 

Interference with the DC-SIGN signaling pathway allows dephosphorylation of both RLRs, 

leading to strong antiviral type I IFN responses that decrease MV replication. Thus, we have 

uncovered a novel regulatory mechanism that controls RLR activation and have identified 

the phosphatase inhibitor I-1 as a target for suppression of antiviral responses, which is 

exploited by MV to infect DCs. This evasion mechanism might be used by other viruses 

and targeting this mechanism might allow for more efficient combating of viral infections. 

RESULTS
MV infection requires CD150 and is enhanced by DC-SIGN
To investigate the function of viral receptors involved in replication of MV, human monocyte-

derived DCs were infected with pathogenic strain rMVKSEGFP(3) in the presence of blocking 

antibodies against CD150 or DC-SIGN. This virulent recombinant strain expresses enhanced (E)

GFP as a result of viral replication, without altering its pathogenicity16,17. DCs were efficiently 

infected with the virus as measured by flow cytometric analyses 24 hours post infection (h.p.i.). 

CD150 was crucial for infection since blocking antibodies against CD150 almost completely 

abrogated infection, whereas blocking DC-SIGN decreased infection (figure 1a). Analysis of 

the GFP expression in infected cells, as a measure for viral replication, showed that CD150 

blocking antibodies did not alter the replication level of MV in DCs despite the large effect 

on the percentage of infected cells (figure 1b). Notably, blocking DC-SIGN decreased MV 

replication in DCs, suggesting that DC-SIGN signaling affects not only fusion but also the 

replication cycle of MV. Next, viral transcription was measured 2-8 hours after infection of 

DCs. MV-N is the first transcribed gene of the unsegmented MV genome upon cellular entry23. 

We detected MV-N mRNA as early as 2 h.p.i. and transcripts accumulated over time (figure 

1c). Viral transcription was decreased with antibodies against either CD150 or DC-SIGN. These 

data indicate that both CD150 and DC-SIGN are important for early transcription; CD150 is 

critical for infection, whereas MV binding to DC-SIGN enhances both fusion and replication.

Type I IFN responses in DCs to MV are mediated by RLRs
Since type I IFN responses affect viral replication3, we measured expression of IFN-β in DCs 

infected with rMVKSEGFP(3). Moreover, we also investigated functional type I IFN antiviral 

responses by measuring induction of antiviral ISGs, such as MxA. Infection of DCs with 

rMVKSEGFP(3) induced IFN-β as well as MxA expression (figure 2a). Viral replication or 

transcription of MV is required for induction of type I IFN responses24,25. Blocking viral entry 

or membrane fusion by preincubating DCs with anti-CD150 or fusion inhibitor protein (FIP) 

decreased mRNA expression of IFN-β as well as the ISGs MxA, ISG15, RIG-I and Mda5 to 

steady-state levels (figure 2b). Furthermore, MV-induced expression of ISGs was inhibited 

by soluble IFNAR B18R, which scavenges IFN and prevents IFN-induced signaling (figure 

2b). Thus, MV infection induces type I IFN responses and enhances expression of antiviral 
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proteins including the sensors RIG-I and Mda5 in an IFNAR-dependent manner. We next 

studied whether the RLRs mediate MV-induced type I IFN responses in DCs. Silencing of 

either RIG-I or Mda5 by RNA interference (RNAi; Supplementary figure 1) partially decreased 

expression of IFN-β and MxA in response to MV, whereas silencing of both receptors 

together further decreased expression (figure 2c). Transfection of DCs with RLR ligand 

poly(I:C)-LyoVec (poly(I:C)-LV) also induced type I IFN responses, which were abrogated 

by silencing of both receptors (figure 2d), further supporting specificity of RLR silencing. 

RLR signaling through adaptor protein MAVS induces activation of TBK1 and IKKε through 

phosphorylation at specific sites6,7. Inhibition of TBK1-IKKε by BX79526, an inhibitor of 

both kinases, completely abrogated MV-induced IFN-β and MxA responses in DCs upon 

infection (figure 2e). BX795 also blocked type I IFN responses induced by transfection with 

poly(I:C)-LV (figure 2f). These data demonstrate that MV-induced type I IFN responses in 

DCs are triggered by both RIG-I and Mda5 and depend on TBK1-IKKε signaling.

MV-induced DC-SIGN signaling attenuates type I IFN responses
We have previously shown that Raf-1 activation by DC-SIGN influences TLR-induced 

immune responses via modulation of NF-κB activation22. Since MV interacts with DC-SIGN, 

we investigated whether DC-SIGN signaling affects RLR-induced type I IFN responses by 

DCs. Transfection of DCs with poly(I:C)-LV led to induction of type I IFN responses (figure 

3a,b). Notably, DC-SIGN triggering by antibody crosslinking strongly impaired IFN-β, MxA 

and ISG15 mRNA expression (figure 3a,b). DC-SIGN-mediated suppression of RLR-induced 

type I IFN responses was dependent on Raf-1 signaling, since treatment with Raf inhibitor 

GW507427 as well as silencing of Raf-1 (Supplementary figure 1) restored expression of 

IFN-β, MxA and ISG15 (figure 3a,b). Thus, DC-SIGN activation suppresses RLR-induced 

type I IFN responses through Raf-1 signaling. 

DC-SIGN triggering activates Raf-1 through phosphorylation of Ser338 and Tyr340-

Tyr34122,28. We therefore investigated whether DC-SIGN crosslinking and MV infection leads 

Figure 1. MV infection of DCs is dependent on CD150, while DC-SIGN enhances infection and replication. 
(a,b) DCs were preincubated with blocking DC-SIGN or CD150 antibodies and infected with rMVKSEGFP(3). 
EGFP was measured by flow cytometry 24 h.p.i.. (c) Quantitative real-time (RT) PCR of DCs preincubated 
with blocking DC-SIGN or CD150 antibodies and infected with rMVKSEGFP(3) for 0-8 hours. MV-N mRNA is 
normalized to GAPDH and expression at 2 h.p.i. is set to 1. Bars indicate mean and s.d. of duplicates (a,b) 
or of two donors (c). A representative of at least three independent experiments is shown.
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to Raf-1 phosphorylation. Crosslinking of DC-SIGN with anti-DC-SIGN on DCs, in contrast to 

the isotype control, led to Raf-1 phosphorylation of both Ser338 and Tyr340-Tyr341 (figure 

3c). Similarly, DC infection with rMVKSEGFP(3) led to phosphorylation of Raf-1 at these sites 

Figure 2. MV-induced type I IFN responses in DCs depend on cell infection and RLR signaling via TBK1/
IKKε. (a) IFN-β and MxA mRNA levels determined by quantitative RT-PCR and normalized to GAPDH in 
DCs infected with rMVKSEGFP(3) for 6-24 hours (h). (b-f) RT-PCR data for IFN-β, MxA (c-f), ISG15, RIG-I 
and Mda5 (b) determined as in a in DCs infected with rMVKSEGFP(3) for 24 hours (b,c,e) or stimulated 
with poly(I:C)-LyoVec (poly(I:C)-LV) (d,f) in the presence or absence of blocking CD150 antibodies, fusion 
inhibitor protein (FIP), B18R neutralizing interferon receptor (b), after RIG-I or Mda5 silencing by RNA 
interference (siRNA) (c,d) or in the absence or presence of TBK1-IKKε inhibitor BX795 (e,f). Expression in 
rMVKSEGFP(3)- or poly(I:C)-LV-stimulated cells is set to 1. N.d. is not determined. Data are presented as 
mean and s.d. of at least four (a) or three (b-f) independent experiments.
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and phosphorylation was completely abrogated by blocking antibodies against DC-SIGN 

(figure 3d). These data demonstrate that MV activates Raf-1 through DC-SIGN. We next 

investigated whether DC-SIGN signaling is exploited by MV to limit type I IFN responses. 

Figure 3. Raf-1 activation via DC-SIGN decreases type I IFN expression. Quantitative RT-PCR analysis 
of IFN-β (a,b,e,f), MxA and ISG15 (b,e,f) mRNA expression in DCs after poly(I:C)-LV stimulation in the 
absence or presence of DC-SIGN receptor crosslinking (XL) (a,b) or rMVKSEGFP(3) infection (e,f). Cells were 
pretreated with Raf inhibitor GW5074 (a,d) or Raf-1 siRNA (b,e). Expression in rMVKSEGFP(3)- or poly(I:C)-
LV-stimulated cells is set to 1. (c,d) Raf-1 phosphorylation at Ser338 or Tyr340-341 in unstimulated 
(dashed line) cells, after stimulation by receptor crosslinking with DC-SIGN antibodies (filled) or isotype 
control (black line) (c) or rMVKSEGFP(3) infection (d) for 15 minutes in the absence (black line) or presence 
(filled) of blocking DC-SIGN antibodies. Data are presented as mean and s.d. of at least three independent 
experiments. N.s. is not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t-test).
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Notably, both inhibition of Raf by GW5074 and silencing of Raf-1 increased MV-mediated 

IFN-β and ISG expression in response to infection with rMVKSEGFP(3) (figure 3e,f). These 

data strongly suggest that DC-SIGN signaling suppresses RLR-induced type I IFN responses 

via Raf-1 and MV uses this mechanism to impair type I IFN production in DCs.

DC-SIGN signaling suppresses RLR activation
Constitutive phosphorylation of Ser8 and Thr170, and Ser88 within the CARD domains 

of RIG-I and Mda5, respectively, keeps the receptors in their inactive state9,12,13. 

Activation of RLRs requires dephosphorylation of these amino acid residues. We 

therefore investigated whether DC-SIGN-Raf-1 signaling affects phosphorylation of these 

receptors. Poly(I:C)-LV stimulation resulted in dephosphorylation of RIG-I and Mda5, 

which allowed activation of the receptors (figure 4a). Notably, DC-SIGN crosslinking 

prevented dephosphorylation of the CARD domains of both RIG-I and Mda5, whereas 

inhibition of Raf-1 restored dephosphorylation of both receptors (figure 4a,b). These 

data strongly suggest that DC-SIGN signaling suppresses RLR activation by preventing 

dephosphorylation of their respective CARD domains. Infection with rMVKSEGFP(3) 

resulted in minor dephosphorylation of RIG-I and Mda5 8 h.p.i.. Inhibition or silencing of 

Raf-1 dramatically increased the MV-induced dephosphorylation of both receptors (figure 

4c,d). Similar Raf-1-dependent inhibition of RLR dephosphorylation was observed with 

another pathogenic MV strain rMVIC323EGFP(1)16 (figure 4c,d and Supplementary figure 

2). rMVKSEGFP(3) induced almost complete dephosphorylation of RIG-I Ser8 and Thr170 

at 16 h.p.i, suggesting that DC-SIGN modulation of RLR responses occurs early after 

infection (figure 4c). Strikingly, we observed no dephosphorylation of Mda5 16 h.p.i. with 

rMVKSEGFP(3), not even after Raf-1 inhibition, implying that MV uses another mechanism 

after initiation of infection to suppress Mda5 activation (Davis et al; submitted). Together 

these data show that MV-induced Raf-1 signaling suppresses RIG-I and Mda5 activation by 

preventing dephosphorylation. We next determined phosphorylation of TBK1 and IKKε, 

as a measure of RLR activation by poly(I:C)-LV stimulation in the absence or presence of 

DC-SIGN triggering. DC-SIGN activation impaired phosphorylation of both TBK1 and IKKε 

at Ser172, while pretreatment of DCs with GW5074 restored phosphorylation (figure 

4e). Infection of DCs with either rMVKSEGFP(3) or rMVIC323EGFP(1) led to a small increase 

in Ser172-phosphorylated TBK1 and IKKε, whereas blocking Raf-1 signaling strongly 

Figure 4. DC-SIGN-Raf-1 signaling inhibits dephosphorylation of RIG-I and Mda5 and phosphorylation of 
TBK1/IKKε. (a,b) Flow cytometric analysis of RLR activation measured by RIG-I phosphorylation at Ser8 or 
Thr170 and Mda5 phosphorylation at Ser88 (a-d) following poly(I:C)-LV stimulation in the absence (red) or 
presence (yellow) of DC-SIGN receptor crosslinking (XL) compared to unstimulated cells (blue; a,b) and the 
effect of Raf inhibitor GW5074 (purple; b). (c,d) RLR phosphorylation after infection with rMVKSEGFP(3) or 
rMVIC323EGFP(1), in the absence (yellow) or presence (purple) of Raf inhibitor GW5074 (c) or Raf-1 siRNA 
(d). (e,f) TBK1-IKKε activation determined by phosphorylation of Ser172 in response to poly(I:C)-LV (e) 
in the absence (red) or presence (yellow) of DC-SIGN XL, or after rMVKSEGFP(3) or rMVIC323EGFP(1) (f), in 
the absence (yellow) or presence (purple) of GW5074. Data are representative for at least four (a, b, e; 
rMVIC323EGFP(1) (c,f)); rMVKSEGFP(3) (c)) or three (d; rMVKSEGFP(3) (f)) independent experiments.
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enhanced phosphorylation of both kinases (figure 4f). These results suggest that Raf-1 

activation suppresses TBK1 and IKKε activation via inhibition of RLR dephosphorylation. 

Raf-1 inhibits RLR activation by blocking PP1 activity
Dephosphorylation of the CARD domains of RIG-I and Mda5 is mediated by PP1α/γ 

phosphatases13. To investigate whether DC-SIGN signaling interferes with the activity of 

these phosphatases to suppress RLR activation, we measured PP1 phosphatase activity in 

lysates of DCs stimulated with poly(I:C)-LV in combination with DC-SIGN crosslinking or 

after infection with MV. Although DC-SIGN activation slightly decreased overall PP1 activity, 

no statistical differences between unstimulated and stimulated cells were observed (figure 

5a). PP1 phosphatases are ubiquitously expressed in cells and PP1 holoenzymes consist of 

a catalytic and regulatory subunit, of which the latter determines substrate specificity29,30. 

To specifically examine whether Raf-1 influences PP1α/γ phosphatases, we set out to 

identify the regulatory subunit of the complex. One of the possible PP1-binding partners, 

growth arrest and DNA damage protein (GADD34), has been reported to be required 

for IFN-β responses after viral infection in DCs31,32. We therefore investigated whether 

GADD34 association with the catalytic PP1α/γ subunits is involved in targeting of RIG-I 

and Mda5 for dephosphorylation. Pretreatment of DCs with the specific GADD34 inhibitor 

guanabenz33 blocked dephosphorylation of RIG-I at Ser8 and Thr170, and Mda5 at Ser88 in 

a concentration-dependent manner, indicating the involvement of GADD34 in RLR activation 

(figure 5b). We next assessed GADD34-PP1-specific activity in DCs following pulldown of 

GADD34 from whole cell lysates after poly(I:C)-LV stimulation or MV infection. We observed 

a strong increase in PP1 activity after poly(I:C)-LV stimulation, which was blocked by 

DC-SIGN triggering (figure 5c). Inhibition of Raf-1 restored PP1 activity after poly(I:C)-LV 

plus DC-SIGN costimulation (figure 5c). Notably, DC infection with either rMVKSEGFP(3) or 

rMVIC323EGFP(1) did not induce GADD34-PP1 activity, however, inhibition of Raf-1 resulted 

in a strong increase in phosphatase activity (figure 5c). These results indicate that Raf-1 

activation blocks PP1 activity in the GADD34-PP1 complex to prevent RLR activation.

Activity of GADD34-PP1 complexes is specifically inhibited by I-1; association of I-1 

with GADD34-PP1 blocks interactions between the holoenzymes and their substrates34. 

Since I-1 requires phosphorylation at Thr35 and Ser67 for the association with 

GADD34-PP1 complexes35,36, we examined whether Raf-1 modulates PP1 activity – and 

subsequent RLR activity – by phosphorylating I-1. First, we assessed phosphorylation 

of I-1 upon MV infection. I-1 became phosphorylated at both Ser and Thr residues in 

response to rMVKSEGFP(3), which coincided with its association with both PP1α and PP1γ 

holoenzymes as both catalytic subunits immunoprecipitated together with I-1 (figure 5d). 

Both phosphorylation as well as association of I-1 with PP1α and PP1γ was dependent 

on Raf-1 activity (figure 5d). Next, we measured RLR phosphorylation levels in DCs after 

silencing I-1 (Supplementary figure 1). Silencing of I-1 allowed dephosphorylation of both 

RIG-I and Mda5 after MV infection (figure 5e). Similarly, I-1 silencing after co-stimulation 

with poly(I:C)-LV and DC-SIGN crosslinking allowed complete dephosphorylation of both 
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RLRs to the same level as poly(I:C)-LV alone (figure 5f). Together, these results show that 

Raf-1 signaling leads to phosphorylation of I-1 and subsequent association of I-1 with 

PP1 holoenzymes, which prevents RLR dephosphorylation and subsequent RLR activation. 

Moreover, silencing of GADD34 completely abolished RLR dephosphorylation after MV 

infection or poly(I:C)-LV stimulation, confirming the role of GADD34-PP1 holoenzymes 

in mediating RLR dephosphorylation (figure 5e,f). We next investigated the functional 

effects of this signaling pathway on type I IFN expression. GADD34 silencing suppressed 

RLR-induced IFN-β and ISG induction after poly(I:C)-LV stimulation (figure 5g), whereas I-1 

silencing completely abrogated DC-SIGN-mediated suppression of IFN-β and ISG mRNA 

expression (figure 5g). Moreover, rMVKSEGFP(3)-induced IFN-β and ISG mRNA levels, 

which were reduced via Raf-1 signaling, strongly increased after I-1 silencing (figure 5h). 

Together, these results indicate that DC-SIGN-induced Raf-1-mediated signaling induces 

association of I-1 with GADD34-PP1 holoenzymes to block PP1 activity and subsequently 

RLR dephosphorylation and RLR-mediated type I IFN responses to MV.

MV activates Raf-1 to promote DC infection
We next investigated whether RLR-induced type I IFN responses affect infection of MV 

in DCs. Infection of DCs with rMVKSEGFP(3) was strongly increased by inhibiting IFNAR 

signaling, while the addition of human recombinant IFN-β decreased the percentage 

of infected cells (figure 6a). Notably, DC infection was enhanced when either RIG-I or 

Mda5 was silenced or RLR signaling was inhibited by TBK1 inhibitor BX795 (figure 6b,c), 

conditions which decreased type I IFN responses (figure 2c,e). This indicates that type I IFN 

responses induced by DCs in response to MV infection limit MV replication. 

GADD34, a part of the PP1 holoenzyme dephosphorylating RLRs, is required for RLR-

mediated type I IFN responses (figure 5e-h), while MV-mediated Raf-1 activation suppresses 

GADD3434-PP1α/γ activity via I-1 (figure 5c-h). To understand the consequences of 

RLR dephosphorylation and the inhibition of dephosphorylation by I-1 on MV infection, 

GADD34 and I-1 were silenced in DCs. DC infection by MV was increased after type I IFN 

responses were abrogated (figure 5h) by GADD34 silencing (figure 6d), while vice versa, MV 

infection was decreased after type I IFN responses were enhanced (figure 5h) by silencing 

of I-1 (figure 6e). These data demonstrate that modulation of RLR dephosphorylation is an 

important factor in controlling viral replication through modulation of type I IFN responses. 

Moreover, silencing of Raf-1 strongly decreased infection of MV in DCs (figure 6f), which 

is in line with the increase of type I IFN responses (figure 3e,f). Thus MV suppresses type I 

interferon responses via DC-SIGN-Raf-1 signaling to promote infection of DCs. 

DISCUSSION
Type I IFN responses are crucial in the elimination of viral infections and therefore viruses 

have developed several strategies to manipulate these antiviral responses to escape 

immune surveillance. DCs are targeted by MV early in infection17,18, which makes them an 

important target for suppression of antiviral responses by the virus. In the present study 
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Figure 5. DC-SIGN-Raf-1-induced modulation of type I IFN responses is mediated via I-1 and GADD34. 
(a,c) PP1 activity in DC lysates before (a) or after (c) GADD34 pulldown, following poly(I:C)-LV stimulation 
in the absence or presence of DC-SIGN receptor crosslinking (XL) (left graphs) or rMVKSEGFP(3) or 
rMVIC323EGFP(1),infection (right graphs), in the absence (black bars) or presence (white bars) of Raf 
inhibitor GW5074. (b,e,f) RLR dephosphorylation determined as described in Figure 4, following 
poly(I:C)-LV stimulation (b,f) in the absence (b,f; red) or presence of GADD34 inhibitor guanabenz (b; ◀
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we have elucidated the mechanism by which MV suppresses type I IFN responses in DCs 

and we have identified DC-SIGN as an important suppressor of RLR activity. DC-SIGN 

signaling via Raf-1 induced by MV as well as DC-SIGN crosslinking impairs RLR-elicited 

type I IFN expression via phosphorylation of PP1 inhibitor protein I-1. Raf-1 activation 

following DC-SIGN ligation results in phosphorylation of the inhibitory subunit at both Ser 

and Thr residues, thereby inducing association of I-1 to GADD34-PP1α/γ phosphatases. 

As a result, GADD34-PP1 holoenzymes are unable to dephosphorylate the RIG-I and Mda5 

CARD domains, preventing signaling via MAVS to downstream effectors TBK1 and IKKε 

and subsequent type I IFN expression, hence promoting DC infection. 

We found that after DC infection MV triggered both RIG-I and Mda5, consistent 

with previous findings in cell lines37. MV-mediated RLR activation resulted in type I IFN 

responses and lower infection levels. However, despite type I IFN induction, MV efficiently 

replicated in DC, indicating evasion of antiviral responses. Strikingly, here we found that 

black and yellow) or DC-SIGN XL (f; yellow) after GADD34 (upper panel) or I-1 (lower panel) silencing. 
(d) Ser/Thr phosphorylation of I-1 and association with PP1α/γ with I-1 determined by immunoblotting 
(IB) after immunoprecipitation (IP) with anti-I-1 from whole cell lysates of unstimulated or rMVKSEGFP(3) 
infected cells in the absence or presence of GW5074. (e) RLR activation by rMVKSEGFP(3) in the absence 
(black) or presence of GADD34 (yellow) or I-1 (purple) silencing. (g,h) Quantitative RT-PCR analysis of 
IFN-β, MxA and ISG15 following poly(I:C)-LV stimulation in the absence or presence of DC-SIGN XL (g) 
or after rMVKSEGFP(3) infection (h) in the absence (black bars) or presence of GADD34 (white bars) or I-1 
(gray bars) silencing. Data are representative for at least four (c), three (b,c,f,g,h) or two (a,d,f) donors. 
N.s. is not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t-test).

Figure 6. DC-SIGN-Raf-1 signaling induced by MV promotes infection of DCs. (a-f) Infection with 
rMVKSEGFP(3) in the absence or presence of blocking IFNAR antibodies, recombinant human (rh) IFN-β 
(a), TBK1-IKKε inhibitor BX795 (c) or silencing of RIG-I, Mda5 (b), GADD34 (d), I-1 (e) or Raf-1 (f). GFP was 
measured by flow cytometry 24 h.p.i. (a-f) and 48 h.p.i. (d-f). Bars indicate mean and s.d. of duplicates. 
A representative of at least three independent experiments is shown.
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MV almost completely inhibited dephosphorylation of RIG-I residues Ser8 and Thr170 

and Mda5 Ser88. This dephosphorylation was recently described as one of the steps 

preventing unnecessary signal transduction to MAVS following ligand binding, since 

it allows accessibility to the CARD domains38, which then precedes RIG-I and Mda5 

ubiquitination and oligomerization10,11,14. Dephosphorylation of these residues by serine-

threonine phosphatases PP1α and PP1γ is therefore a prerequisite for RLR activation9,12,13. 

PP1 phosphatases are involved in many cellular processes, and their localization and 

actions are defined by specific regulatory and inhibitory subunits29,30. In the current study 

we demonstrated that GADD34 is the regulatory subunit of PP1α/γ holoenzymes for 

dephosphorylation of RIG-I and Mda5 and consequently crucial for subsequent type I IFN 

induction. Moreover, GADD34-PP1 complexes were specifically inhibited by I-1. Activity 

of GADD34 and I-1 largely influenced MV replication in DCs, decreasing or enhancing 

infection levels, respectively, by affecting type I IFN expression. Identification of PP1α/γ 

regulatory subunit GADD34 and its specific inhibitor I-1 in the activation process of RIG-I 

and Mda5 further advances our knowledge of RLR receptor regulation.

Besides triggering the cytosolic RLRs, MV extracellularly triggers DC-SIGN signaling, 

leading to DC-SIGN-mediated Raf-1 activation. We found that MV-induced Raf-1 activation 

is responsible for the block in dephosphorylation of RIG-I and Mda5 and subsequent RLR 

activation and antiviral responses. We identified the inhibitory subunit I-1 as a target 

of Raf-1-mediated signaling. It remains to be established whether phosphorylation of 

I-1 occurs either directly by Raf-1 or via downstream effector(s). The phosphorylation 

of I-1 drives its association with GADD34-PP1-specific holoenzymes, thereby blocking 

its phosphatase activity34. Consequently, Raf-1 activation lowered RLR-mediated type 

I IFN responses, thereby increasing MV replication. Overall these findings indicate PP1 

phosphatases as targets for antiviral suppression. 

We further observed that DC-SIGN-mediated modulation of RLR signaling is transient in 

nature but crucial in establishing infection of DCs. Two pathogenic MV strains inhibited RLR 

dephosphorylation early after infection, while 16 hours post MV infection RIG-I but not Mda5 

was dephosphorylated. The temporary duration of I-1-mediated inhibition of GADD34-PP1 

activity could explain why IFN-β transcripts in response to rMVKSEGFP(3) were detected from 

8 hours post infection. The strong increase of IFN-β and ISG expression and the reduction in 

viral infection after inhibition of Raf-1 until 48 hours post infection however, indicates the 

importance of this suppressive mechanism in establishing MV replication in DCs. Notably, 

16 hours post infection Mda5, but not RIG-I, dephosphorylation was still blocked, implying 

that PP1 phosphatases are targeted at two distinct moments and via different mechanisms 

in the viral replication cycle – the first induced by DC-SIGN during virus capture and a second 

at a later time point via a mechanism distinct from Raf-1-mediated signaling (Davis et al; 

submitted). Taking into account that the type I IFN system comprises several amplification 

steps, such as MAVS aggregation39 and IFNAR signaling3, it is tempting to speculate that DC-

SIGN-mediated antiviral suppression is necessary to initiate replication in DCs, after which a 

second mechanism targets Mda5 for further antiviral suppression.
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Pathogens are recognized by multiple receptors and crosstalk between signaling 

pathways of different PRRs, such as DC-SIGN and TLRs, is crucial for induction of 

pathogen-specific cytokine profiles22,40. We have previously shown that activation of Raf-1 

via DC-SIGN modulates NF-κB activity, affecting adaptive responses22. Viruses such as MV 

and HIV-1 target DC-SIGN to influence immune responses22,28. Moreover, DC-SIGN-Raf-1 

signaling to NF-κB is exploited by HIV-1 for its replication in DCs41. Here we show that 

MV interacts with multiple PRRs, both extracellular and cytosolic receptors, and their 

combined signal transduction determines antiviral responses, indicating that crosstalk 

between DC-SIGN and various receptors affects not just adaptive immunity but also other 

immunological processes. Induction of DC-SIGN signaling by MV is beneficial for the virus 

as lowering the type I IFN responses enhances its replication in DCs.

Raf-1 has a central role in DC-SIGN-mediated suppression of antiviral responses since 

we observed both increased RLR activation and type I IFN expression, as well as reduced 

infection of DCs after Raf-1 inhibition. Raf-1 has been implicated in type I IFN expression 

and viral replication previously42-44, however, here we report a DC-SIGN-dependent effect 

of the kinase. A role for DC-SIGN in promotion of MV replication via attachment has been 

shown earlier18,21. MV thus seems to target DC-SIGN to promote infection via multiple 

mechanisms, indicating a pivotal role for the receptor in viral infections. It is plausible 

that other DC-SIGN-binding RNA viruses such as dengue virus or hepatits C virus45 use 

the same strategy and target phosphatases to decrease virus-induced RLR activation 

and as such antiviral responses13. In addition to its DC-SIGN binding capacity, one of the 

herpes simplex virus 1 viral proteins is a GADD34 homologue, affecting PP1α activity46, 

implying that viruses might have evolved other mechanisms to target antiviral responses 

via phosphatases. Our study reveals that MV modulates antiviral responses at the level of 

RLR activation and highlights the role of DC-SIGN in viral infections.

METHODS 
Cells, stimulation and inhibition
Immature monocyte-derived DCs were cultured for 6–7 days from monocytes obtained from 

buffy coats of healthy donors (Sanquin) in the presence of IL-4 and GM-CSF (500 and 800 

U/ml, respectively; Biosource/Invitrogen). In short, peripheral blood mononuclear cells were 

isolated by a Lymphoprep (Axis-shield) gradient step and monocytes were subsequently 

isolated by a Percoll (Amersham biosciences) gradient step. DCs were cultured in RPMI 

supplemented with 10% FCS, pen/strep (10 U/ml and 10 μg/ml respectively; Invitrogen) and 

2 mM L-glutamine (Lonza). For RLR activation in DCs, cells were transfected with poly(I:C)-

LyoVec (LMW) (1 μg/ml, Invivogen) for 8 hours, DC-SIGN crosslinking was performed by 

coating Goat-anti-mouse (10 μg/ml; Jackson) followed by AZN-D147 or IgG1 isotype controls 

(20 μg/ml). When indicated, cells were preincubated with inhibitors for 2 hours, using Raf 

inhibitor GW507427 (1 μM, Sigma), TBK1/IKKε inhibitor BX79526 (10-100 nM; Invivogen) 

or Guanabenz acetate salt33 (5-50 nM; Sigma) or 30 minutes with 20 μg/ml anti-DC-SIGN 
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(AZN-D1), anti-CD150 (MCA2251XZ; SBD Serotec), or cocultured with the Z-D-Phe-Phe-

Gly-OH fusion inhibitory peptide (FIP) (0.2 mM; Bachem), anti-IFN-Alpha/Beta R2 (10 μg/ml; 

21385-1; PBL Interferon Source), recombinant B18R (Vaccinia Virus-Encoded Neutralizing 

Type I Interferon Receptor) (eBioscience), recombinant human IFN-β (2 ng/ml, Peprotech).

RNA interference
DCs were transfected with 25 nM siRNA using transfection reagent DF4 (Dharmacon). siRNAs 

used were: RIG-I (DDX58) SMARTpool (M-012511-01), Mda5 (IFIH1) SMARTpool (M-013041-

00), Raf-1 SMARTpool (M-003601-02), GADD34 (PPP1R15A) SMARTpool (M-004442-01), 

or I-1 (PPP1R1A) SMARTpool (M-017092-01) and as a control non-targeting siRNA pool (D-

001206-13) (all from Dharmacon). 72 hours after transfection, cells were used for experiments. 

Silencing was confirmed at mRNA and protein level with anti-RIG-I (D14G6) (3743; Cell 

Signaling), anti-Mda5 (K375) (4109; Cell Signaling), anti-Raf-1 (9422S; Cell Signaling), anti-

Gadd34 (Ab131402; Abcam) or anti-IPP1 (Ab40877; Abcam) using real-time PCR and flow 

cytometry, respectively (Supplementary figure 1 and Supplementary table 1). 

Virus and infection assays
rMVKSEGFP(3) and rMVIC323EGFP(1)48 were propagated in human Epstein-Barr virus-transformed 

B-lymphoblastic cell lines (B-LCL) or VERO/hCD150 cells. The titer was determined by titration 

on VERO/hCD150 cells and the multiplicity of the infection (MOI) of each experiment was 

calculated based on this titer. DCs were infected with MV at an MOI of 1 unless indicated 

otherwise. Infection was determined after 24 or 48 hours. Cells were fixed in 4% (w/v) 

paraformaldehyde before flow cytometric analysis was performed to detect EGFP levels.

mRNA isolation and quantitative real-time PCR
For mRNA expression analysis, mRNA was isolated with the mRNA capture kit (Roche Diagnostic 

Systems). For detection of MV-N protein mRNA, cells were extensively washed before lysis. 

cDNA was synthesized with a reverse transcriptase kit (Promega). For real-time PCR analysis, 

PCR amplification was performed in the presence of SYBR green in a 7500 Fast Realtime 

PCR System (ABI). Transcription of the target gene was adjusted for GAPDH transcription 

with Nt = 2Ct(GAPDH)-Ct(target). Primers were designed using Primer express (Applied Biosystems; 

Supplementary Table 1), except for IFN-β, MxA and ISG15 primers (kindly provided by C.L. 

Verweij, VUmc, Amsterdam) and MV-N primers, described by Druelle et al.49.

Phosphorylation assays
For Raf-1 phosphorylation assays, DCs were stimulated for 15 minutes with MV (MOI 

1). For RIG-I, Mda5, IKKε and TBK1 phosphorylation assays, cells were stimulated with 

poly(I:C)-LV for 3 hours or MV for 3, 8 or 16 hours. Afterwards, cells were fixed with 4% 

(w/v) paraformaldehyde and permeabilized in 90% methanol. Using the rabbit antibodies 

phospho-RIG-I(S8), phospho-RIG-I(T170), phospho-Mda5(S88) (all provided by M.U. Gack); 

phospho-c-raf(Ser338) (9427S; Cell Signaling), c-raf(pTyr340/341) (553009; Calbiochem), 

phospho-TBK1/NAK(Ser172) (5483S; Cell Signaling) and phospho-IKK-epsilon(Ser172) 
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(06-1340; Millipore) phosphorylation was assessed. After incubation with PE-conjugated 

donkey anti-rabbit antibodies (Jackson), fluorescence was measured by flow cytometry. 

Phosphatase activity 
DCs were stimulated with poly(I:C)-LV or rMV for 2 hours and lysates were prepared 

using phosphatase lysis buffer (50 mM HEPES [pH 7.4], 10% glycerol, 1% Triton X-100, 

supplemented with protease inhibitors). PP1 activity in lysates was measured using 

ProFluor Ser/Thr PPase assay (Promega) according to the manufacturer’s instructions, in 

the presence of 4 μM okadaic acid to block PP2 activity. GADD34-PP1 specific activity 

in lysates was measured after capturing GADD34 in anti-GADD34 (Ab131402, Abcam)-

coated black-walled high-binding 96-wells plates. The detected R110 fluorescence is a 

measure for PP1 activity. 

Detection of I-1 phosphorylation and association by immunoblotting
DCs were infected with rMVKSEGFP(3) for 3 hours and whole cell extracts were prepared 

using RIPA lysis buffer (Cell Signaling). I-1 was immunoprecipitated from 40 μg of extract 

with anti-PP1 inhibitor (Ab40877; Abcam) on protein A/G-PLUS agarose beads (Santa 

Cruz), before samples were resolved by SDS-PAGE and phosphorylation of I-1 or I-1-

associated proteins were detected by immunoblotting with anti-phosphoserine (Ab9332; 

Abcam), anti-phosphothreonine (9381S; Cell Signaling), anti-PP1alpha (2582; Cell 

Signaling) or anti-PP1Cgamma (Ab169976; Abcam). This was followed by incubation with 

a HRP-conjugated secondary antibody (21230; Pierce) and ECL detection (Pierce).
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Figure S1. Silencing of DCs by RNAi interference. (a-e) RIG-I, Mda5, Raf-1, GADD34 and I-1 were silenced 
by means of a specific SMARTpool, compared to a non-targeting siRNA. Silencing was confirmed using 
quantitative real-time PCR (bar graphs) and flow cytometry (histograms; FI: fluorescence intensity). For 
analysis of mRNA levels, expression is normalized to GAPDH and values of control si-RNA treated cells are 
set to 1. Data are representative of at least three independent experiments.
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Figure S2. Infection and type I IFN responses in DCs in response to rMVIC323EGFP(1). (a) Infection of cells with 
rMVIC323EGFP(1) (MOI 1) in the absence (black bar) or presence of DC-SIGN (gray bar) or CD150 (white bar) 
blocking antibodies after 24 hours, determined by GFP in flow cytometry. (b) IFN-β and MxA mRNA levels 
determined by quantitative real-time PCR and normalized to GAPDH in DCs infected with rMVIC323EGFP(1) 
for 2-24 hours. Graphs show means and s.d. of at least three (a) or four (b) independent experiments.

Table S1. Primersequences.

Gene product Forward primer Reverse primer

GAPDH CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG

RIG-I CCAAGCCAAAGCAGTTTTCAAG CATGGATTCCCCAGTCATGG

MDA5 TGAGAGCCCTGTGGACAACC CGCTGCCCACTTAGAGAAGC

Raf-1 GGTGATAGTGGAGTCCCAGCA TCAGATGAGGGACTGGAGGTG

GADD34 GATGATGGCATGTATGGTGAGC CCATCTGCAAATTGACTTCCC

I-1 CTGAAGCATGTGGTACAGAGGC GGCTCATAGTAGCTGCATGGC
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ABSTRACT
Dendritic cell (DC) maturation is crucial for activation of adaptive immune responses. 

Central to DC activation is pathogen recognition by pattern recognition receptors, such 

as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and C-type lectin receptor (CLRs). 

We here investigated the effects of TLR and RLR stimulation on DC maturation. Activation 

of either receptor family induced upregulation of costimulatory molecules CD86 and 

CD83. However, RLR stimulation did not affect expression of CLR DC-SIGN, whereas TLR 

stimulation resulted in reduced expression. Similarly, DC infection with measles virus (MV) 

also sustained high levels of DC-SIGN expression. Sustained high DC-SIGN expression was 

not due to type I IFN production, but DC-SIGN mRNA levels after TLR or RLR triggering 

correlated with expression of transcription factor PU.1, which is important for DC-SIGN 

expression. Differential regulation of DC-SIGN has implications for infection and antiviral 

immunity, since the receptor promotes antigen presentation, but is also exploited by 

viruses to promote their replication. 
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INTRODUCTION
Dendritic cells (DCs) are professional antigen presenting cells that efficiently recognize 

pathogens for internalization and processing. Following pathogen uptake DCs mature 

and migrate to the lymph node where they present processed antigens to T cells to mount 

appropriate T cell responses1,2. In order to sense pathogens, DCs are equipped with a 

variety of pathogen recognition receptors (PRRs), such as Toll-like receptors (TLRs), C-type 

lectin receptors (CLRs), Nod-like receptors (NLRs) and RIG-I-like receptors (RLRs). PRRs 

contribute to internalization of pathogens, but also provide intracellular signaling that 

leads to DC maturation, which is characterized by an increase of costimulatory molecules 

and alteration of chemokine receptors to allow lymph node homing3,4. These phenotypic 

changes are crucial for antigen presentation and T cell activation by DCs. 

TLRs are the best characterized family of PRRs; membrane-bound TLR1/2, TLR4 and 

TLR5 sense bacterial structures, whereas endosomal TLR3 and TLR7/8 recognize viral nucleic 

acids5. Cytosolic RLRs, RIG-I and Mda5, act as viral sensors and recently it has become 

clear that RLR recognition is often crucial to evoke a rapid and balanced antiviral immune 

response6-9. TLR and RLR activation induces signaling via adaptor proteins MyD88 or TRIF 

and MAVS, respectively. The induced signaling pathways by both receptor families lead to 

activation of multiple transcription factors, including nuclear factor (NF)-κB, activator protein 

(AP)-1 and interferon regulatory factors (IRFs). Both TLRs and RLRs mediate transcription of 

type I interferon (IFN). Secreted IFN-β binds the IFNα/β receptor (R), leading to expression 

of hundreds of interferon stimulated genes, which are pivotal in antiviral responses5,10. 

However, despite these similarities, TLRs and RLRs also differ in multiple aspects, including 

cellular expression, localization and ligand recognition. Moreover, despite the increasing 

knowledge about RLR signaling, not much is known about the role of RLRs in DC maturation. 

CLR DC-SIGN is an adhesion receptor recognizing self and non-self carbohydrate 

structures and is highly expressed on immature DCs11-13. IL-4 induces expression of DC-SIGN, 

presumably via upregulation of myeloid transcription factor PU.1, which regulates DC-SIGN 

expression in immature DCs14,15. It is assumed that during the process of DC maturation, 

expression of CLRs is downregulation when DCs mature14,16. DC-SIGN has a key role in 

pathogen recognition and shaping pathogen-specific immune responses. DC-SIGN 

binding facilitates internalization of pathogens and antigen presentation4,16 and signaling 

via the CLR modulates TLR-mediated cytokine responses and thereby affects T helper cell 

polarization17,18. Moreover, DC-SIGN binds endogenous ligands on endothelial cells and T 

cells, supporting lymph node homing and T cell activation, respectively12,13. On the other 

hand, DC-SIGN is subverted by numerous pathogens to promote their replication. DC-SIGN 

interaction with viruses including measles virus (MV) and HIV-1 enhances DC infection and 

viral transmission to the lymphocytes19-22 and DC-SIGN signaling is required to initiate HIV-1 

transcription in DCs23. Thus, expression of DC-SIGN might be strictly regulated to allow 

specific functions in pathogen recognition, migration and T cell interactions. 

In this study we have investigated the effects of DC stimulation with specific TLR and 

RLR ligands on DC-SIGN expression, which are both capable of inducing DC maturation. 
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Notably, we found that whereas DC maturation induced by TLR ligands led to reduced 

expression of DC-SIGN, RLR-mediated maturation sustained expression of the receptor, 

stressing the differential effects of ligands and activated receptor families on DC maturation. 

RESULTS
Innate sensing of pathogens is important in DC maturation. Here we investigated the effects 

of TLR and RLR triggering on upregulation of costimulatory molecules as well as expression 

of DC-SIGN, which is involved in immune activation, but also affects viral infection4. First, 

we stimulated cells with LPS or poly(I:C) to trigger TLR4 or TLR3 respectively, and measured 

protein expression of DC-SIGN and maturation markers. DC activation with TLR ligands 

led to upregulation of CD86 and CD83 and downregulation of DC-SIGN (Fig. 1A). Next 

we transfected DCs with RIG-I/Mda5 ligand poly(I:C)/LyoVec (poly(I:C)/LV) or RIG-I ligand 

3pRNA. Interestingly, DC-SIGN levels did not decrease, whereas CD86 and CD83 were 

upregulated after RLR triggering, similar to TLR-induced maturation (Fig. 1B). These data 

suggest that DC-SIGN expression is differently regulated by TLRs and RLRs, and regulation 

of DC-SIGN expression is independent of expression of costimulatory molecules. To further 

investigate changes induced by the RLR and TLR ligands on expression, we measured 

DC-SIGN mRNA levels 8 hours post stimulation. TLR stimulation led to a decrease in 

DC-SIGN mRNA levels. In contrast, RLR stimulation enhanced DC-SIGN transcription (Fig. 

2). These results suggest that the observed differences in DC-SIGN expression after RLR 

and TLR activation are regulated at the transcriptional level. 

To investigate how triggering of RLRs, in contrast to TLRs, leads to sustained DC-SIGN 

transcription, we next examined involvement of transcription factor PU.1 that has a binding 

site in the DC-SIGN promoter region14. The expression level of myeloid transcription factor 

PU.1 has been shown to correlate with expression of DC-SIGN14. Therefore, we measured 

PU.1 mRNA levels in DCs and compared the expression with RLR-activated and TLR4-

activated DCs. PU.1 expression was unaffected by RLR stimulation, but decreased after 

TLR4 triggering (Fig. 3A), suggesting that DC-SIGN transcription following RLR stimulation 

could depend on PU.1 expression and activation. Another transcription factor able to bind 

the DC-SIGN promoter is AP-1, which consists of dimers composed of jun, fos or ATF 

subunits25,26. AP-1 is activated by MAP kinases p38 and JNK, downstream mediators of both 

RLRs and TLR45. Furthermore, AP-1, together with NF-κB, is part of the enhanceosome, 

which increases IRF-mediated transcription of IFN-β in response to viral infection27. To 

investigate involvement of AP-1 in DC-SIGN expression, DCs were pretreated with chemical 

inhibitors of p38 and JNK and DC-SIGN transcription was measured. We observed no 

changes in DC-SIGN expression in unstimulated or RLR-stimulated cells in the presence 

of the inhibitors. However, LPS-mediated downregulation of DC-SIGN was restored by 

the p38 and JNK inhibitors, albeit the JNK inhibitor was less efficient (Fig. 3B, 3C). Thus, 

AP-1 appears to be involved in downregulation of DC-SIGN after TLR stimulation but did 

not affect DC-SIGN expression after RLR stimulation. The latter could indicate that AP-1 
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Figure 1. TLR and RLR induced DC maturation. (A-B) Expression of DC-SIGN, CD86 and CD83 in TLR-
stimulated (A) and RLR-stimulated (B) cells (black lines) compared to unstimulated cells (gray areas) as 
measured by flow cytometry after 24 hours. Data represent at least three independent experiments. 

activity is not involved in RLR-regulated DC-SIGN expression or alternatively that the lack 

of AP-1 signaling after RLR stimulation contributes to sustained DC-SIGN.

One of the hallmarks of RLRs signaling is the strong type I IFN induction. RLR- as well as 

TLR-induced signaling promote expression of IFN-β via IKK kinases and IRF35. Both receptor 

families activate IRF3 via kinase TBK1, but involvement of IKKε is restricted to RLRs. Furthermore, 

kinetics in type I IFN responses are different between TLR and RLR triggering28 and lead to 

differential gene transcription29. We therefore hypothesized that the observed differences in 

DC-SIGN expression between TLR and RLR stimulated cells might be related to induction of 

type I IFN. To investigate this, DCs were pretreated with TBK1/IKKε inhibitor BX795 before 

CD86, CD83 and DC-SIGN expression in response to TLR4 or RIG-I triggering were determined 

(Fig. 4A). BX795 did not affect cellular DC-SIGN levels, suggesting that the signaling pathway 

via TBK1/IKKε is not involved in the stabilization of DC-SIGN expression. Next we determined 

DC-SIGN expression in the presence of IFNα/βR blocking antibodies, since signaling via the 

IFNα/βR follows type I IFN expression and amplifies the type I IFN responses. Blocking IFNα/

βR signaling also did not affect DC-SIGN expression after triggering of TLR4 or RIG-I (Fig. 4A), 

suggesting that induction of type I IFN does not affect DC-SIGN expression. 
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There are however functional differences between type I IFN-activated mature DCs 

compared to TLR-activated DCs30,31. Therefore we additionally assessed the direct effects 

of type I IFN on CD86, CD83 and DC-SIGN expression by stimulating cells with either 

recombinant IFN-α, IFN-β or virus. Direct IFNα/βR signaling induced by IFN-α or IFN-β 

caused downregulation of DC-SIGN and upregulation of CD86, albeit both to a lesser extent 

compared to TLR activation. Neither IFN-α nor IFN-β stimulation resulted in upregulation of 

CD83 (Fig. 4B). Thus, type I IFN signaling influences DC maturation, but does not induce 

upregulation of all costimulatory molecules compared to TLR or RLR stimulation. MV 

interacts with RIG-I and Mda5, leading to expression of type I IFN32. However, little is known 

about the effect of infection on DC-SIGN expression. Infection with pathogenic rMVKSEGFP 

led to upregulation of CD86 especially at 48 hours, but not to an increase in CD83 nor 

decrease in DC-SIGN levels (Fig. 4C). The phenotype of MV-infected DCs was very similar 

to type I IFN-stimulated cells, suggesting that production of type I IFN could contribute to 

the maturation. However, in contrast to type I IFN stimulation, MV infection did not lead to 

decreased DC-SIGN expression, which might be associated with RLR activation by the virus. 

Figure 2. RLR activation induces DC-SIGN expression. DC-SIGN mRNA detected by quantitative real-time PCR 
8 hours post stimulation (gray bars) compared to unstimulated cells (black bars). Bars indicate mean and s.d. 
of four (LPS and poly(I:C)/LV) or two (3pRNA and poly(I:C)) donors. Expression in unstimulated cells is set to 1. 

Figure 3. Contribution of PU.1 and AP-1 in RLR-mediated DC-SIGN induction. (A) PU.1 mRNA detected 
by quantitative real-time PCR 8 hours post stimulation with poly(I:C)/LV (gray bar) or LPS (white bar) 
compared to unstimulated cells (black bar). Bars indicate mean and s.d. of 4 donors. (B-C) DC-SIGN 
expression was measured in the absence (black bars) or presence (gray bars) of JNK inhibitor (inh.) 
SP600125 (B) or p38 inh. SB203580 (C) on mRNA level after 6 hours of stimulation. Bars indicate mean 
and s.d. of at least two independent experiments. 
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DISCUSSION
DCs reside in mucosal tissues and upon encountering pathogens, migrate to the lymph 

nodes to present antigen and drive T cell responses. Migration and antigen presentation 

require maturation of DCs1,2 and it is assumed that DC-SIGN is downregulated during 

the maturation process16. In the present study we showed that DC-SIGN expression 

depends on receptor triggering since TLR triggering, but not RLR triggering, resulted 

in downregulation of DC-SIGN, whereas activation of both receptor families induced 

expression of costimulatory molecules. Similarly, infection with MV sustained high levels of 

DC-SIGN, which could indicate an escape mechanism as the virus hijacks the receptor for its 

dissemination19,22. Sustained cellular DC-SIGN expression after RLR stimulation could have 

multiple implications for viral infection and immune responses. The high DC-SIGN levels 

could indeed be a viral strategy to exploit immune functions and dissemination19,20,22,23,33 

or to create a suitable environment for viral replication. However, the high DC-SIGN 

Figure 4. Production of type I IFN does not affect DC-SIGN expression. (A) Expression of DC-SIGN in 
DCs 24 hours post 3pRNA or LPS stimulation in the absence (black bars) or presence (gray bars) of TBK1/
IKKε inhibitor BX795 (upper graph) or IFNα/βR blocking antibodies (lower graph). (B-C) Expression of 
DC-SIGN, CD86 and CD83 in DCs stimulated with recombinant human (rh) IFN-α or IFN-β (B) or infected 
with rMVKSEGFP (C; black lines) compared to unstimulated cells (gray areas) and isotype controls (dashed 
lines). Data represent at least two (A-B) or three (C) independent experiments.  
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expression could also promote antiviral immune responses since the CLR is important for 

antigen presentation and T cell activation4,13. 

The difference in DC-SIGN expression after TLR versus RLR signaling was also observed 

on mRNA level, suggesting differential regulation on a transcriptional level. We therefore 

investigated involvement of transcription factors AP-1 and PU.1 that have binding sites 

in the DC-SIGN promoter14,25. AP-1 activation via JNK and p38 can be induced by RLR 

stimulation5. However, since inhibition of this pathway did not affect RLR-stimulated 

DC-SIGN expression, but restored downregulation of TLR-stimulated expression, it could 

be possible that AP-1 is not activated by RLRs in DCs, contributing to sustained high levels 

of DC-SIGN. The absence of AP-1 activity after RLR signaling in DCs however remains to 

be determined.  Notably, expression levels of PU.1, which correlate with expression of DC-

SIGN14, were exclusively downregulated in response to TLR activation. Thus, besides the 

absence of AP-1 activity, sustained PU.1 expression after RLR-activation could be related 

to high DC-SIGN expression. However, whether RLR signaling directly influences PU.1 

expression and activation of PU.1 drives the high DC-SIGN levels on DCs remains to be 

determined. Besides DC-SIGN, PU.1 regulates expression of additional PRRs involved in 

antigen uptake34-36. It would therefore be interesting to assess whether these receptors are 

also highly expressed in RLR-stimulated cells. Moreover, RIG-I signaling, in contrast to TLR 

signaling, has been reported to promote expression of several molecules of the antigen 

processing and presentation machinery37,38. Thus, induction of DC-SIGN might be associated 

with an RLR-mediated DC phenotype that allows for optimal antigen presentation. 

Type I IFN stimulation leads to DC maturation that enables prolonged ability to process 

and present antigens compared to TLR-mediated mature DCs30,39, but direct type I IFN 

stimulation led to another DC phenotype compared to RLR stimulation. Exclusive IFNα/βR 

signaling led to upregulation of CD86, but not CD83. This is consistent with previous findings, 

which demonstrated that type I IFN induces a distinct maturation program compared to TLR 

stimulation30,40.  Moreover, despite its influence on DC maturation, IFNα/βR signaling did not 

seem a crucial factor regarding DC-SIGN expression, since neither inhibition of TBK1 and IKKε 

nor blocking IFNα/βR signaling altered RLR-induced DC-SIGN expression. Overall, although the 

interaction between PRR activation, type I IFN and DC maturation remains to be elucidated, 

both RLR and type I IFN have been shown to support antigen presentation. Thus, type I IFN 

production could be required for the functional consequences of high DC-SIGN levels.

The phenotype of MV-infected DCs was very similar to type I IFN-stimulated cells, since 

we detected no upregulation of CD83 following MV infection, suggesting that type I IFN 

affects maturation after virus infection. Partial DC maturation or selective CD86 upregulation 

has been observed previously in Paramyxovirus infection41 and additionally MV has been 

reported to interfere with DC function42. Thus, high DC-SIGN expression in MV-infected 

cells could alternatively be a result of the suppression of DC maturation rather than RLR 

activation. Furthermore, other viral-mediated mechanisms could influence expression of 

DC-SIGN. HIV-1 for example inhibits uptake and recycling of DC-SIGN, which increases 

cellular expression of the receptor, leading to increased viral transmission to lymphocytes43. 
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Finally, in addition to RLR triggering, MV induces signaling via DC-SIGN itself. DC-SIGN 

triggering affects cytokine responses in DCs17,18, but its influence on maturation is not clear.  

In conclusion, RLR stimulation leads to mature DCs with high expression of costimulatory 

molecules CD86 and CD83 and sustained high expression of DC-SIGN. High expression of 

DC-SIGN could be beneficial for either immune activation or viral replication. 

MATERIALS AND METHODS
Cells 
Immature DCs were cultured as previously described24. In short, peripheral blood 

mononuclear cells were isolated from buffy coats (Sanquin) using Lymphoprep (Axis-

shield). Monocytes were isolated by using a Percoll (Amersham biosciences) gradient step. 

Cells were cultured for 6–7 days in RPMI (Lonza) supplemented with 10% FCS, pen/strep 

(10 U/ml and 10 μg/ml respectively; Invitrogen) and 2 mM L-glutamine in the presence of 

IL-4 and GM-CSF (500 and 800 U/ml, respectively; Biosource/Invitrogen). 

Stimuli
Cells were transfected with Poly(I:C)/Lyovec (LMW) (5 μg/ml, Invivogen), 3pRNA (5’ppp-

dsRNA, 1 μg/ml; Invivogen) using LyoVec reagent (Invivogen) or stimulated with LPS 

from  Salmonella typhosa  (10 ng/ml; Sigma),  poly(I:C) (10 μg/ml; Invivogen). When 

indicated, cells were preincubated with the following antibodies or inhibitors for 2 hours: 

TBK1/IKKε inhibitor BX795 (100 nM; Invivogen), anti-IFN-Alpha/Beta R2 (10 μg/ml; 

21385-1; PBL Interferon Source), p38 inhibitor SB203580 (5 μM, LC-Laboratories), JNK 

inhibitor SP600125 (12,5 μM, Tocris Bioscience). 

MV infection
rMVKSEGFP(3) was kindly provided by R. de Swart. Strains were propagated on VERO/

hSLAM cells. DCs were infected with a multiplicity of infection (MOI) of 1. Infection was 

determined by EGFP expression after 24 or 48 hours using flow cytometry after cells were 

fixed in 4% (w/v) paraformaldehyde.

Flow cytometry
Expression of DC-SIGN, CD86 and CD83 was determined using the following mouse 

antibodies: AZN-D113, FITC-conjugated DC-SIGN (R&D Systems), PE-conjugated CD86 

(BD Biosciences) and PE-conjugated CD83 (Beckman Coulter). Goat-anti-mouse Alexa 

fluor 647 (Invitrogen) was used as secondary antibody. Experiments were conducted on 

FACSCalibur (BD Biosciences) and analysed with FlowJo software (TreeStar). 

RNA isolation and quantitative real-time PCR
mRNA was isolated with the mRNA capture kit (Roche Diagnostic Systems) before 

cDNA was synthesized with a reverse transcriptase kit (Promega). PCR amplification was 

performed in the presence of SYBR green in a 7500 Fast Realtime PCR System (ABI) to 
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perform real-time PCR analysis. Transcription of the target gene was adjusted for GAPDH 

transcription with Nt = 2Ct(GAPDH)-Ct(target). Expression in the control situation was set to 1. 

Primers were designed using Primer express (Applied Biosystems).
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ABSTRACT
Sexual transmission is the main route of HIV-1 infection and CCR5-tropic (R5) HIV-1 is 

predominantly transmitted, even though CXCR4-tropic (X4) HIV-1 is often abundant 

in chronic HIV-1 patients. The mechanisms concerning tropism selection are unclear. 

Mucosal Langerhans cells (LCs) are the first immune cells to encounter HIV-1 and here we 

investigated the role of LCs in selection of R5 HIV-1 using an ex vivo tissue transmission 

model. Notably, immature LCs were productively infected by both X4 and R5 viruses, but 

only R5 HIV-1 was selectively transmitted to target T cells. Transmission of HIV-1 depended 

on de novo production of HIV-1 in LCs, since it could be inhibited by CCR5 fusion inhibitor 

as well as reverse transcription inhibitors. Immune activation by TNF allowed more efficient 

X4 and R5 infection of LCs and facilitated X4 HIV-1 transmission. Altogether, these data 

suggest that LCs play a crucial role in R5 selection and that immature LCs effectively 

restrict X4 at the level of transmission.
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INTRODUCTION
Human immunodeficiency virus-1 (HIV-1) is the virus causing acquired immunodeficiency 

syndrome (AIDS) which is a worldwide pandemic. In 2010, an estimated 34 million people 

were infected with HIV-1 and 1.8 million people died of AIDS-related illnesses1. HIV-1 

is a lentivirus that infects a variety of immune cells such as CD4+ T cells, macrophages 

and dendritic cells (DCs). Although CD4 is the main receptor for infection, HIV-1 also 

requires chemokine receptors for fusion2-4. Chemokine receptor type 5 (CCR5) and C-X-C 

chemokine receptor type 4 (CXCR4) are the most important co-receptors for the two main 

HIV-1 variants, R5 and X4 viruses, respectively. Sexual transmission is the major route of 

HIV-1 infection and predominantly occurs with the R5 HIV-1 strains. In contrast, X4 HIV-1 

strains are rarely found during primary infection, even though X4 HIV-1 is present in chronic 

infected patients5-9. During chronic infection, the virus tropism can switch from R5 to X4 

viruses which occurs in about 50% of infected individuals. Switching of co-receptor usage 

is associated with an accelerated rate of loss of CD4+ T cells resulting in rapid progression 

to AIDS and death5-9. Despite the presence of X4 viruses in the late stage of infection, 

X4 viruses are rarely transmitted5,9. Indeed, both R5 and X4 HIV-1 variants have been 

detected in body fluids including semen, blood, and cervicovaginal secretions, however, 

only R5 HIV-1 variants are generally transmitted and establish primary infection10,11. R5 

HIV-1 selective transmission may indicate the existence of a “gatekeeper” that prevents 

transmission of X4 HIV-1 variants and/or a facilitator that supports transmission of R5 

viruses12,13, however, the underlying mechanisms remain unclear14.

For transmission, HIV-1 needs to cross female, male genital or intestinal mucosal 

epithelium15-17. Langerhans cells (LCs) play a crucial role in HIV-1 transmission18-20. LCs are 

a subset of DCs that line the mucosal epithelial cells in the genital tracts and therefore are 

the first immune cells to encounter HIV-121. LCs act as a natural barrier against HIV-1 that 

capture HIV-1 through the C-type lectin Langerin, leading to internalization and degradation 

into Birbeck granules, preventing infection22. However blockage of Langerin function or 

inflammatory conditions lead to an increase of infection and these infected LCs more 

efficiently transmit HIV-1 to T cells22-28. LCs express HIV-1 receptor CD4 and the co-receptor 

CCR529,30. Therefore it is hypothesized that LCs are mainly infected by R5 HIV-1 strains19. 

Several studies have shown that LCs can be infected with and transmit R5 HIV-119,31. 

Here we have investigated whether primary LCs play a role on the selective transmission 

of R5 HIV-1 variants and the mechanism underlying this selection. We have used an ex 

vivo tissue transmission model to investigate transmission of X4 and R5 HIV-1 by LCs. 

Notably, our data show that both variants infected LCs but immature LCs selectively 

transmitted R5 HIV-1 to target cells. Immune activation changed this restriction and 

allowed transmission of both X4 and R5 viruses by LCs. Thus, immature LCs have an 

intrinsic restriction mechanism preventing transmission of X4 HIV-1, which is abrogated 

upon immune activation. Identification of this restriction mechanism in LCs might provide 

novel targets for preventing sexual HIV-1 transmission.
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RESULTS 
Human primary LCs transmit predominantly R5 HIV-1. 
We have used an ex vivo tissue transmission model23 to investigate the role of LCs in 

transmission of X4 and R5 HIV-1.  Human epidermal sheets were exposed to low or high 

titers of X4 and R5 HIV-1, NL4.3 and NL4.3-BaL, respectively. After 5 hours, unbound 

virus was washed away and infected sheets were cultured for 3 days. Emigrated LCs 

were cocultured with Jurkat T cells that are permissive for both R5 and X4 HIV-1. After 

3 days infection of Jurkat T cells was measured. R5 HIV-1 was efficiently transmitted 

by LCs to Jurkat T cells (Figure 1A). In contrast, transmission of X4 HIV-1 by LCs was 

low, even when high titers were used. To exclude that target cell characteristics affected 

HIV-1 transmission, we additionally investigated HIV-1 transmission from LCs to another 

target cell-line TZM-bl which is also susceptible to both R5 and X4 HIV-132. Similarly, LCs 

transmitted R5 viruses much more efficiently than X4 HIV-1 (Figure 1B). The predominant 

R5 HIV-1 transmission was not due to selective infection of the target cells, since both 

Jurkat T cells and TZM-bl cells were efficiently infected by X4 as well as R5 HIV-1 (Figure 

1C and 1D). To confirm that LCs predominantly transmit R5 HIV-1 strains, epidermal sheets 

were infected with additional X4 (SF2 and LAI) and R5 (SF162) HIV-1 strains. Similarly to 

NL4.3 and NL4.3-BaL, HIV-1 SF162 was transmitted more efficient than HIV-1 SF2 and 

LAI strains (Figure 1E). These data strongly suggest that primary human LCs efficiently 

transmit R5 but not X4 HIV-1 variants to T cells ex vivo.

LCs are infected by X4 HIV-1 
Next we investigated infection of LCs by X4 and R5 HIV-1 variants. In emigrated cell populations 

after ex vivo infection T cells were scarce, and epidermal T cells were not infected by HIV-123. 

Notably, 6 days post ex vivo infection, LCs were infected by both X4 and R5 HIV-1 variants. 

In fact, infection with X4 HIV-1 was more efficient (Figure 2A). Similar results were obtained 

with NL4.3-eGFP (X4) and NL4.3-eGFP-BaL (R5) that express GFP only upon replication, 

further supporting viral replication of both X4 and R5 HIV-1 variants in LCs (data not shown). 

Next we investigated whether LCs were productively infected by measuring virus particles in 

the supernatant. Epidermal sheets were exposed to X4 and R5 HIV-1 variants. After 2 days, 

emigrated LCs were collected and cultured for several days and p24 HIV-1 was measured 

in the supernatant by ELISA. The p24 production by infected LCs was higher for R5 HIV-1 

compared to X4 and the difference between the variants increased over time (Figure 2B). 

This suggests that, especially at later time points, more R5 HIV-1 viruses were produced. 

In addition, HIV-1 tat/rev transcription was analyzed by quantitative real-time PCR. HIV-1 

tat/rev transcription of X4 HIV-1 in LCs was similar to that of R5 HIV-1 (Figure 2C). To 

demonstrate that replication was required for virus production, epidermal sheets were 

treated with HIV-1 reverse transcriptase inhibitor AZT prior to infection. No tat/rev was 

detected for the cells that were treated with AZT (Figure 2C). In order to control for possible 

differences in infection of selected viruses, epidermal sheets were also infected with HIV-1 

LAI, SF2 and SF162 strains. Exposure of epidermal sheets with HIV-1 LAI and SF2 also revealed 
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infection of LCs with X4 HIV-1 strains in a level comparable to R5 HIV-1 strains (Figure 2D). 

In accordance with the infection data, immature LCs expressed both CCR5 and CXCR4 as 

measured by flow cytometry (Figure 2E). Furthermore, expression of CXCR4 mRNA was 

detected in emigrated LCs from uninfected and infected epidermal sheets (Figure 2F). These 

data strongly suggest that primary LCs are infected by both X4 and R5 HIV-1 and that the 

predominant transmission of R5 HIV-1 by LCs is not due to inability of X4 HIV-1 to infect LCs, 

but could be associated with higher virus production of R5 HIV-1. 

Figure 1. Human primary LCs predominantly transmit R5 HIV-1. Epidermal sheets were exposed to low or 
high titers of HIV-1 NL4.3 (X4) or HIV-1 NL4.3-Bal (R5) for 5 hours, then washed and cultured for 3 days. 
(A) Emigrated LCs were cocultured with Jurkat T cells and incubated for 3 days. Triple staining with CD1a 
(LC marker), CD3 (T cell marker) and p24 was used to discriminate the percentage of CD3+CD1a-p24+ 
cells depicted here as % of infected cells. (B) Emigrated LCs were cocultured with TZM-bl cells for 2 days. 
Cells were lysed and HIV-1 transmission to the TZM-bl cells was determined by measurement of luciferase 
activity (luminescence value or relative luciferase units [RLU]). (C) Jurkat T cells were infected with low or 
high titers of HIV-1 NL4.3  or HIV-1 NL4.3-Bal. After 2 days, infection of Jurkat T cells was determined 
by intracellular p24 staining. (D) TZM-bl were infected with low or high titers of HIV-1 NL4.3  or HIV-1 
NL4.3-Bal. After 2 days, infection of TZM-bl was determined by measurement of luciferase activity. (E) 
Epidermal sheets were infected with different X4 and R5 viruses HIV-1 SF2, HIV-1 LAI or SF162 along 
with HIV-1 NL4.3 and HIV-1 NL4.3-Bal. Emigrated LCs were cocultured with TZM-bl cells. After 2 days, 
HIV-1 transmission to the TZM-bl cells was determined by measurement of luciferase activity. Error bars 
represent the mean ± standard errors of the mean (SEM) of at least 3 independent experiments.
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Figure 2. Human primary LCs are infected by X4 HIV-1 variants. Epidermal sheets were exposed to low or 
high titers of HIV-1 NL4.3 (X4) or HIV-1 NL4.3-Bal (R5) for 5 hours, then washed and cultured for 3 days. 
(A) Emigrated LCs were harvested and cultured for 3 additional days. Infection of LCs was determined by 
intracellular p24 staining in flow cytometric analysis. The percentage of CD1a+p24+ cells are depicted here 
as % of infected cells. (B) Emigrated LCs were harvested and cultured for several days. Supernatants were 
collected at day 3, 8 and 12 post infection and HIV-1 p24 was measured in the supernatant by ELISA. (C) 
Epidermal sheets were exposed to HIV-1 NL4.3 or HIV-1 NL4.3-Bal 1 strains in the presence or absence 
of HIV-1 reverse transcriptase inhibitor AZT for 5 hours, then extensively washed and cultured for 3 days. 
Emigrated LCs were harvested and HIV-1 tat/rev transcription was analyzed by real-time qPCR. The expression 
of the X4 HIV-1 infected sample was set to 1. A representative experiment of 3 is presented. (D) Epidermal 
sheets were infected with different X4 (SF2, LAI, NL4.3) and R5 (SF162, NL4.3-Bal) viruses for 5 hours, then 
washed and cultured for 3 days. Emigrated LCs were harvested and cultured for 3 additional days. Infection 
of LCs was determined by intracellular p24 staining in combination with LC-marker CD1a by flow cytometric 
analysis.The percentage of CD1a+p24+ cells are depicted here as % of infected cells. (E) Surface expression 
of HIV-1 coreceptors determined on CD1a+ isolated LCs by CCR5 and CXCR4 staining in combination of 
LC-markers CD1a and langerin by flow cytometry. (F) Epidermal sheets were exposed to low or high titers of ◀
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HIV-1 NL4.3 or HIV-1 NL4.3-Bal for 5 hours then extensively washed and cultured for 3 days. Emigrated LCs 
were harvested and mRNA expression of CXCR4 was measured by real-time qPCR. For CXCR4 expression, 
the mRNA expression of non infected samples is set to 1. Error bars represent the mean ± SEM of at least 3 
independent experiments by using different donors (A) or the mean ± SEM of duplicates (B, C, E).

◀

Activated LCs efficiently transmit X4 HIV-1 variants
Next we investigated whether the activation state affects HIV-1 selection during transmission 

by LCs. Epidermal sheets were cultured for 3 days and the migratory LCs were harvested. 

These migratory LCs have an activated phenotype as shown by increased expression of CD83 

and CD86 (Figure 3A), consistent with what we previously showed23. The migratory LCs also 

expressed CCR5 and CXCR4 (Figure 3B) although at a lower level compared to immature LCs 

(Figure 2E). Similarly to the ex vivo infected LCs (Figure 2A), migratory LCs were infected by 

both X4 and R5 HIV-1 variants and infection with X4 HIV-1 was higher than R5 HIV-1 (Figure 

3C). Next we investigated transmission of HIV-1 by these activated LCs. Migratory LCs were 

infected with X4 and R5 HIV-1, washed and cultured for 3 days. At day 3, target cells were 

added and infection of the target cells was analyzed by p24 intracellular staining. Notably, in 

contrast to the ex vivo model, migratory LCs transmitted both X4 and R5 HIV-1 variants (Figure 

3D). These data suggest that maturation of LCs allows transmission of X4 HIV-1 to T cells. 

Virus replication is necessary for HIV transmission 
Next we investigated whether transmission by immature and migratory LCs was dependent 

on replication. Epidermal sheets were infected with HIV-1 in presence or absence of the 

reverse transcriptase inhibitor AZT. Emigrated LCs were cocultured with TZM-bl cells and 

transmission was measured. AZT completely prevented HIV-1 transmission of R5 as well 

as X4 HIV-1 by LCs (Figure 4A). Next, migratory LCs were infected with HIV-1 strains in 

presence or absence of different inhibitors, including CCR5 antagonist Maraviroc, AZT and 

protease inhibitor Indinavir, which prevents HIV-1 release. Both AZT and Indinavir blocked 

transmission of both R5 and X4 HIV-1 whereas Maraviroc only blocked transmission of R5 

HIV-1 (Figure 4B). These data strongly suggest that HIV-1 transmission by both immature 

and mature LCs is dependent on virus replication. 

TNF-matured LCs transmit both X4 and R5 HIV-1. 
The activation state is the main difference between the ex vivo explant and migratory LC 

transmission models. Therefore we investigated X4 and R5 infection and transmission 

after ex vivo pre-activation of LCs with TLR2 agonist Pam(3)CSK4 or TNF. Both TNF and 

Pam(3)CSK4 increased infection of LCs by both R5 and X4 HIV-1, although infection with 

R5 remained lower (Figure 5A). Next, emigrated LCs were cocultured with target cells to 

investigate transmission. Notably, TNF induced transmission of X4 HIV-1 by LCs (Figure 5B) 

and this was dependent on viral replication in LCs since AZT abrogated transmission (Figure 

5C). Although Pam(3)CSK4 similarly to TNF increased the transmission rate of R5 HIV-1 

variants, its effect on X4 HIV-1 variants was not noticeable. These data strongly suggest 

that immune activation of LCs abrogates the intrinsic restriction of X4 transmission. 
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Figure 3. Activated LCs transmit X4 HIV-1 variants. (A) Migratory LCs were analysed for expression of CD83 
and CD86 by flow cytometry. (B) Surface expression of HIV-1 coreceptors was determined on migratory LCs by 
CCR5 and CXCR4 staining in combination of LC-markers CD1a and Langerin by flow cytometry. (C) Migratory 
LCs were infected with low or high titers of HIV-1 NL4.3 (X4) or HIV-1 NL4.3-Bal (R5) HIV-1 variants. After 
3 days LCs were harvested and infection of LCs was determined by intracellular HIV-1 p24 staining or GFP 
expression in combination with LC-marker CD1a by flow cytometric analysis. (D) Migratory LCs were pulsed 
with X4 or R5 HIV-1 strains. After 3 days, LCs were washed and cocultured with Jurkat T cells for additional 3 
days. LC-mediated HIV-1 transmission was determined via measuring infection of Jurkat T cells by intracellular 
p24 staining or GFP expression in combination with T cell-marker CD3 and LC-marker CD1a following flow 
cytometry. Error bars represent the mean ± SEM of at least 3 independent experiments (A, C, D).

DISCUSSION
CCR5-tropic HIV-1 is the predominant strain being transmitted, suggesting that part of the 

R5 selection occurs at the mucosa of vaginal tissues. Here we have shown that primary LCs 

express CXCR4 and CCR5 and become infected by both X4 and R5 HIV-1. However, almost 

exclusively R5 HIV-1 is transmitted by primary LCs after ex vivo tissue infection. These data 

strongly suggest that there is a restriction in the transmission of X4 HIV-1 by LCs. Immune 

activation abrogates this restriction since activated LCs transmit both X4 and R5 HIV-1. 

In general, R5 viruses are associated with HIV-1 transmission and predominate during 

the early stages of infection33,34. During disease progression, X4 HIV-1 populations 

have been detected in about 50% of the patients. Recent studies show that indeed 

so-called founder/transmitted viruses are R5 and in some cases dual X4R5 HIV-1 but not 

X4 variants12,13. These studies suggest that there are likely multiple mechanisms for R5 

selection14. Sexual transmission is the main route of infection, suggesting that HIV-1 after 
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Figure 4. Virus replication is necessary for HIV transmission. (A) Epidermal sheets were  exposed to low or 
high  titers of HIV-1 NL4.3 (X4) or HIV-1 NL4.3-Bal (R5) in the presence or absence of the reverse transcriptase 
inhibitor AZT. After 3 days, emigrated LCs were washed and cocultured with TZM-bl cells for 2 days. Cells 
were lysed and HIV-1 transmission to the TZM-bl cells were determined by measurement of luciferase activity 
(luminescence value or relative luciferase units [RLU]). (B) Migratory LCs were infected with X4 or R5 HIV-1 
strains in presence or absence of inhibitors CCR5 antagonist Maraviroc, AZT and protease inhibitor Indinavir. 
After 3 days of culture, LCs extensively washed and cocultured with TZM-bl cells. After 2 days, transmission 
was measured by luciferase assay. Error bars represent the mean ± SEM of triplicates (A, B). 

sexual contact has to pass the mucosal vaginal barrier to infect target cells. Little is known 

about the selectivity during transmission over the mucosal barrier but it is assumed that 

both X4 and R5 viruses are challenged by this mechanical barrier14. LCs are present in the 

epithelial layer of mucosa and as antigen presenting cells are ideally positioned as well as 

equipped to capture incoming pathogens35. Immature LCs are difficult to infect and have 

been shown to present another barrier for HIV-1 through the function of the C-type lectin 

langerin, which captures both X4 and R5 viruses, leading to HIV-1 internalization and 

degradation22,23. Immune activation or high virus titers allow infection of LCs with R522,23 

and transmission of R5 HIV-1 to T cells. We observed that transmission by LCs is dependent 

on productive infection, known as cis infection, in line with previous findings22,31. Immune 

activation has been shown to allow trans infection, which is replication independent and 

relies on capture and transmission to other cells23,25. Consistent to previous publications, 

our results confirmed that LCs selectively transmit R5 HIV-1 when they are exposed to 

virus ex vivo18,19,22,23,26-28. In general, it is thought that LCs express CD4 HIV-1 receptor 

and CCR5 coreceptor and therefore can be productively  infected with only R5 HIV-1 

and selectively transmit R5 strains19,25,30,31,36,37. These previous studies used LC cell-lines 

or in vitro generated monocyte-derived LCs25,38 and these might have distinct chemokine 

receptor expression than primary LCs. We have used the ex vivo tissue transmission model 

and observed that emigrated LC were infected by different X4 viruses. In agreement 

with infection, immature LCs expressed CXCR4, albeit al low levels, which suggests that 

permissiveness to R5 variants is not the underlying mechanism for R5 selection. Also 

C-type lectin receptors such as DC-SIGN and langerin are not selective in their binding39,40, 
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further suggesting that selection is not due to differences in binding. Infection of LCs 

with both X4 and R5 was dependent on replication and could be inhibited by fusion/

RT inhibitors. Similarly, transmission of R5 was dependent on replication suggesting 

that infection in trans did not account for the selection. We observed that LCs were 

more efficiently infected by NL4.3 (X4) compared to NL4.3-BaL (R5), however, other R5 

strains were efficient in infecting LCs suggesting that the level of infection did not affect 

transmission. We therefore hypothesize that selection could occur at the transmission 

phase and might be influenced by the higher burst size of R5 variants compared to X4.  

Furthermore, migratory LCs, which have an activated phenotype, were infected 

with both X4 and R5 and notably were able to transmit X4 as well as R5. These data 

suggest that immune activation and subsequent infection might allow X4 transmission. 

Interestingly, ex vivo infected LCs after treatment with TNF were also able to transmit X4 

Figure 5. TNF-activated LCs transmit both X4 and R5 HIV-1. (A) Epidermal sheets were pretreated with 
Pam(3)CSK4 and TNF for 4 hours, then infected with low and high titers of X4 and R5 HIV-1, incubated 
for 5 hours then washed and cultured for 3 days. Emigrated LCs were harvested and cultured for 3 
additional days. Infection of LCs was determined by GFP expression or intracellular HIV-1 p24 staining 
in combination of LC-marker CD1a by flow cytometric analysis. (B) At day 3 post infection, emigrated 
LCs were cocultured with Jurkat T cells and incubated for an additional 3 days. HIV-1 transmission was 
determined using intracellular HIV-1 p24 staining or GFP expression following flow cytometry using T cell-
marker CD3 and LC-marker CD1a. A representative experiment of 3 is presented. (C) Epidermal sheets 
were pretreated with Pam(3)CSK4 and TNF for 4 hours or left untreated as control and then exposed to 
low or high titers of X4 and R5 HIV-1 in the presence or absence of AZT. After 5 hours incubation, infected 
sheets were washed and cultured in fresh media including stimuli in the presence or absence of AZT. After 
3 days, emigrated cells were collected, washed and cocultured with Jurkat T cells and transmission was 
determined at day 6 by flow cytometry. Error bars represent the mean ± SEM of duplicates.
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HIV-1 variants. TNF strongly increased the infection rate of LCs, consistent with previous 

reports23,41, but this was unlikely the determining factor in HIV-1 transmission, since mainly 

X4 infection was increased, whereas transmission with R5 was still much more efficient. It 

is possible that immune activation changes the internalization pathway or vesicle transport 

in LCs that might allow for efficient transmission. Pretreatment with Pam(3)CSK4 prior to 

infection, even after treatment with AZT, allowed LCs to transmit HIV-1 R5 HIV-1 variants. 

Pam(3)CSK4 was previously shown to increase trans infection by LCs23, which likely 

explains this finding. Notably, HIV-1 X4 variants were not transmitted independent of 

replication, suggesting that not only cis infection but also trans infection of X4 viruses is 

inhibited by immature LCs. Thus, the selective transmission of R5 variants by immature LCs 

is dependent on a restrictive mechanism that prevents X4 transmission but not infection 

of cells. Besides vesicular transport it is possible that selection is associated with existence 

of inhibitory factors that may block transmission of X4 HIV-1 variants or activation of 

transmission by R5 viruses. Mucosal epithelial cells and mature DCs are able to produce 

SDF-1/CXCL12, which has been shown to inhibit the propagation of X4 HIV-1 isolates at 

the DC-T-cell infectious synapse14,42. Future investigations are required to investigate the 

mechanism underlying this selection. 

In conclusion, this study showed that HIV-1 CXCR4-tropic variants are able to infect 

LCs even at an immature state. Moreover, immature LCs selectively transmit HIV-1 CCR5-

tropic strains, but this selection is not due to permissiveness of infection with X4 or R5 

variants. Identification of the X4 restriction mechanism by LCs might enable us to develop 

strategies to also prevent R5 transmission. Identification of HIV-1 X4 inhibitor(s) may lead 

to better understanding of HIV-1 transmission and more importantly a step forward for 

prevention and/or treatment of HIV-1 infection.

MATERIALS AND METHODS
Antibodies and reagents. The following reagents were used: KC57-RD1-PE (anti–HIV-1 

p24; Beckman Coulter), HI149-FITC (anti-CD1a; Pharmingen), HI149-APC (anti-CD1a; BD 

biosciences), NA1/34 (anti-CD1a; Dako Cytomation), UCHT1-PE (anti-CD3; eBioscience), 

SP34-2-PercP (anti-CD3; BD Pharmingen), 2D7-PE and 2D7-APC (anti-CCR5; Pharmingen), 

12G5-PerCP and 12G5-PE (anti-CXCR4; R&D Systems), SK3-FITC (anti-CD4; BD biosciences), 

RPA-T4 (anti-CD4; Biolegend), DCGM4-PE (anti-CD207, Beckman Coulter), 12D6 (anti-

CD207; Novocastra), HB15a-PE (anti-CD83; Beckman Coulter), 2331-FITC and 2331-PE 

(FUN-1) (anti-CD86; BD Pharmingen), IgG-PE isotype (BD Biosciences), tripalmitoylated 

lipopeptide Pam3CSK4 (Invivogen), recombinant human TNF (Strathmann Biotec). The 

following HIV-1 inhibitors were obtained through the NIH AIDS Reagent Program, Division 

of AIDS, NIAID, NIH: Maraviroc, Indinavir and Zidovudine (AZT).

Plasmids and cell lines. pNL4.3eGFP and  pNL4.3eGFP-BaL were generously provided 

by C. Aiken, Vanderbilt University, Nashville, Tennessee, USA. The human CCR5 lentiviral 

vector pLOX (LV-CCR5) was generously provided by V. Piguet, University Hospital and 
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Medical School of Geneva, Geneva, Switzerland and Jurkat T cells expressing CCR5 were 

generated by retroviral transduction as previously described43,44.

Viruses. 293T cells were transfected with NL4.3-BaL or NL4.3-eGFP-BaL proviral plasmids (10 

μg). At day 2, viruses were harvested. The following viruses were obtained through the NIH 

AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1LAI from Dr. Jean-Marie Bechet 

and Dr. Luc Montagnier45,46. HIV-1SF2 and HIV-1SF162  from  Dr. Jay Levy47,48. Virus stocks were 

propagated on PHA-stimulated human PBMCs. All produced viruses were quantified by p24 

ELISA (Perkin Elmer Life Sciences) and titrated using the indicator cells TZM-blue (contributed 

by John C. Kappes, Xiaoyun Wu [both at University of Alabama, Birmingham, Alabama, USA], 

and Tranzyme Inc. through the NIH AIDS Research and Reference Reagent Program)23.

Ex vivo tissue model. Human tissues were obtained from healthy donors undergoing corrective 

breast or abdominal surgery after informed consent in accordance with our institutional 

guidelines. Epidermal sheets were prepared as described previously22. Briefly, skins were cut 

3-mm-thick slices, containing the epidermis and dermis, using a dermatome. The slices were 

incubated with Dispase II (1 mg/ml, Roche Diagnostics) in Iscoves Modified Dulbecco’s Medium 

(IMDM), 10 %FCS and gentamycine (10 mg/ml) for either 1 h at 37°C or overnight at 4°C. The 

epidermis was mechanically separated, washed in  IMDM medium and cut it into 1-cm2 pieces.

Migratory LCs. Migratory LCs were generated by floating the epidermis on IMDM, 10% 

FCS, 10 mg/ml gentamycin. After 3 days migratory LCs were harvested, layered on Ficoll 

gradient and cultured at 5.0E+05 cells/ml in IMDM, 10% FCS and 10 mg/ml gentamycine. 

For infection, 5.0E+04 migratory LCs were exposed to low (4000 IU, MOI 0.08) or high 

titer (20000 IU, MOI 0.4) of different HIV-1 variants. For treatment with HIV-1 inhibitors, 

the migratory LCs were pre-incubated with AZT (10 μM), Indinavir (1 μM) or Maraviroc (4 

μM) for one hour before infection. The infected cells remained with the HIV-1 inhibitors 

for 3 days (day of transmission). After 3 days LCs were harvested and extensively washed. 

Migratory LCs were incubated for 3 additional days for determination of infection or were 

cocultured with the target cells similar to described above for the ex vivo model.

Immature LCs. Epidermal single-cell suspensions were generated as described before22. 

Briefly, epidermal sheets were incubating in PBS containing DNase I (20 units/ml; Roche 

Applied Science) and trypsin (0.05% Beckton Dickinson) for 30 min at 37°C. Trypsin 

digestion was inactivated with FCS. Through repeated pipetting of the digested epidermal 

sheets and filtration through sterile mesh, a single-cell suspension was generated. The 

single-cell suspension was then layered on a Ficoll gradient and immature LCs were 

purified using CD1a-labeled immunomagnetic microbeads (Miltenyi Biotec). Isolated LCs 

were tested for expression of HIV-1 related cell surface markers.

Stimulations. Epidermal sheets were incubated with Pam3CSK4 (5 μg/ml) or TNF (0.1 μg/

ml) for 4 hours prior to infection. TNF was titrated in the ex vivo experiments for optimal 

HIV-1 transmission, Pam3CSK4 was titrated for optimal HIV-1 infection of Jurkat cells and 

the other ligands were used at concentrations that activate DCs49,50.
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Infection and transmission. For infection, human epidermal sheets were inoculated 

with low (4000 IU or 40 ng HIV-1 p24) or high (20000 IU or 400ng HIV-1 p24) titers of 

different HIV-1 strains. After 5 hours incubation, infected sheets were extensively washed 

and cultured in fresh media for 3 days. For treatment with HIV-1 inhibitors, the sheets 

were pre-incubated with AZT (10 μM), Indinavir (1 μM) or Maraviroc (4 μM) for one hour 

before infection. The sheets remained with the HIV-1 inhibitors for 3 days (the day of 

transmission assay). At day 3, the epidermal sheets were removed and emigrated LCs were 

harvested. Emigrated LCs were cultured for several days for infection assays or were used 

for transmission assay. For transmission assay emigrated LCs were cocultured with either 

CCR5+ Jurkat T cells (5.0E+04 cells) or TZM-bl cells (70-80% confluence in 96 wells) for 3 

and 2 days, respectively. The following methods were used for monitoring HIV-1 infection 

in the emigrated LCs: Intracellular HIV-1 p24 staining or GFP expression in combination 

with LC-marker CD1a by flow cytometric analysis (6 days post infection), measurement of 

p24 in culture supernatants at different time points by ELISA (Perkin Elmer Life Sciences) 

and real-time qPCR for HIV-1 tat/rev transcription on the mRNA extracted from LCs lysates 

(3 days post infection). LC-mediated transmission of HIV-1 to CCR5+ Jurkat cells was 

determined by intracellular p24 staining or GFP expression in combination with LC-marker 

CD1a and T cell-marker CD3 by flow cytometry after 3 days coculturing. Transmission to 

TZM-bl cells was evaluated by measuring luciferase activity in the cocultures at 2 days post 

transmission, using a luciferase reporter assay kit (Promega).

Real-time qPCR. LCs were extensively washed with PBS. Both host mRNA and viral RNA were 

specifically isolated with an mRNA Capture kit (Roche) and by an additional 1 h of incubation 

in streptavidin-coated plates (Sigma) to ensure complete removal of complexes of mRNA and 

biotin-labeled oligo(dT). cDNA was synthesized with a reverse-transcriptase kit (Promega). 

Samples were amplified by PCR with SYBR Green as described51. Specific primers for HIV-1Tat/ Rev, 

CXCR4 and GAPDH were designed by Primer Express 2.0 (Applied Biosystems). The sequences 

are as follows: HIV-1 Tat-Rev, forward, ATGGCAGGAAGAAGCGGAG, reverse, ATTCC 

TTCGGGCCTGTCG; CXCR4 forward, CAACGTCAGTGAGGCAGATGA, reverse, TACCAGG 

CAGGATAAGGCCAA. Transcription was normalized to GAPDH transcription.
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DECTIN-1 ON MACROPHAGES 
INDUCES ANTIFUNGAL  

IMMUNITY VIA  
LEUKOCYTE-SPECIFIC  

PROTEIN 1 AND RAF-1



ABSTRACT 
C-type lectin receptor dectin-1 is important for recognition of fungal pathogens. Dectin-1 

has a pivotal function in efficient antifungal immune responses by mediating uptake of C. 

albicans for killing as well as production of cytokines. Little is known about the mechanisms 

involved in dectin-1-mediated uptake. We here found that dectin-1 associated with F-actin 

binding protein LSP1, as well as with adaptor proteins kinase suppressor of ras (KSR1), 

connector-enhancer of KSR (CNK) and kinase Raf-1. In macrophages, LSP1, in contrast to 

Raf-1, was crucial for effective uptake of C. albicans via dectin-1. Furthermore, activation of 

dectin-1 expressed by macrophages caused phosphorylation of Raf-1 and both LSP1 and Raf-1 

were involved in cytokine transcription. LSP1 was required for induction of proinflammatory 

cytokines, whereas Raf-1 enhanced the induction, probably through crosstalk with the Syk-

mediated pathway. Together, these data identify LSP1 as an important mediator in dectin-1 

function and provide more insight in dectin-1 signaling in macrophages.

120

7



INTRODUCTION  
Macrophages form an important first line of defense in the response to fungal pathogens. They 

are specialized in uptake and killing of fungi as well as activation of local immunity1,2. Cellular 

antifungal processes are initiated upon detection of pathogens via various pattern recognition 

receptors (PRRs), including Toll-like receptors (TLR), C-type lectin receptors (CLR) and cytosolic 

Nod-like receptors (NLR). CLR dectin-1 recognizes β-glucan structures on the cell wall of fungi, 

including Candida (C.) albicans, and binding mediates several processes required for anti-

fungal immunity3,4. Dectin-1 is expressed on several immune cells including macrophages, 

dendritic cells (DC) and neutrophils. C. albicans is primarily present as commensal in human 

skin or mucosa, but can lead to life-threatening systemic infections in individuals with a 

compromised immune system5. Individuals with an early stop polymorphism in the DECTIN1 

gene, reducing β-glucan binding, display a dramatic increased susceptibility to candidiasis, 

which underscores the pivotal role of dectin-1 in the antifungal response6,7.

Dectin-1 activation leads to tyrosine phosphorylation of the cytoplasmic ITAM-like 

motif of the CLR and recruitment of the spleen tyrosine kinase Syk8. This in turn results 

in formation of a caspase recruitment domain 9 (CARD9)-Bcl10-MALT1 complex and 

activation of transcription factor NF-κB9,10. Subsequently, in macrophages, this signaling 

results in the induction of proinflammatory cytokines such as TNF-α, IL-6 and IL-1β11. 

Dectin-1 signaling by itself leads to cytokine transcription, but the CLR has also been shown 

to collaborate with TLRs for cytokine induction8,12,13. In DCs, the crosstalk between dectin-1 

and TLRs is controlled by a second, Syk-independent, pathway via serine/threonine kinase 

Raf-1. Activation of Raf-1 enhances the transcriptional activity of Syk-induced NF-κB by 

acetylation of p65, which leads to increased production of proinflammatory cytokines14.

Besides induction of proinflammatory mediators, recognition by dectin-1 results in 

internalization of fungal pathogens. The CLR mediates actin-dependent phagocytosis of 

ligands and pathogens. It has been reported that the intracellular domain of dectin-1 is 

needed for phagocytosis, whereas signaling via Syk is dispensable4,13,15,16. However, the exact 

mechanisms of dectin-1-mediated uptake and the mediators involved are not fully understood.

Furthermore, dectin-1-Syk triggering mediates generation of reactive oxygen species 

(ROS), which are essential for the killing of internalized fungi by macrophages13,16. 

Production of ROS is also prerequisite for activation of the NLRP3 inflammasome, a protein 

complex consisting of NLR NLRP3, adaptor protein ASC and casapse-117. Inflammasome 

activation leads to processing of pro-IL-1β by caspase-1, which is required to obtain the 

bioactive form of the cytokine18,19. 

In the present study we identified F-actin binding protein leukocyte-specific protein 1 (LSP1) 

as a key mediator in dectin-1-induced processes in macrophages. Dectin-1 associated with 

LSP1, as well as with adaptor proteins kinase suppressor of ras (KSR1), connector-enhancer 

of KSR (CNK) and Raf-1. We demonstrated that LSP1 in contrast to Raf-1 strongly affected 

the phagocytosis of C. albicans by macrophages. Moreover, LSP1 was crucial for cytokine 

transcription and activation of Raf-1 enhanced cytokine induction in response to dectin-1 

stimulation. These results provide novel insights into dectin-1 function in macrophages. 
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RESULTS 
Dectin-1 associates with LSP1 signalosome
Macrophages and DCs express multiple CLRs that recognize fungal pathogens2,20. Dectin-1 

recognizes β-glucans while DC-SIGN and mannose receptor (MR) bind mannose structures 

on the fungal cell wall. We measured expression of these CLRs on monocyte-derived DCs 

and macrophages. DCs expressed dectin-1, MR as well as DC-SIGN, whereas macrophages 

expressed dectin-1 and MR, but lacked DC-SIGN (Figure 1A). F-actin binding protein LSP1 

has previously been shown to interact with the cytoplasmic domain of DC-SIGN, L-SIGN 

and langerin21,22. In DCs, LSP1 couples DC-SIGN to a signalosome containing KSR1, CNK 

and Raf-1. Association of this complex to the receptor is required for DC-SIGN-mediated 

signal transduction via Raf-122. Since dectin-1 triggering on DCs activates kinase Raf-114 

and dectin-1 and DC-SIGN bear a similar YxxL motif3, we investigated the interaction of 

LSP1 and the signalosome with dectin-1 on DCs and macrophages. Therefore, dectin-1 

was immunoprecipitated and immunoblotting showed that dectin-1 associated with LSP1, 

CNK, KSR1 and Raf-1 in both DCs and macrophages (Figure 1B). To investigate whether 

Raf-1 is activated upon dectin-1 triggering in macrophages, cells were stimulated with the 

specific dectin-1 ligand curdlan or C. albicans and phosphorylation of Raf-1 was measured 

by flow cytometry. Following stimulation, Raf-1 was phosphorylated on both serine338 

and tyrosine340/341 (Figure 2), which is required for its kinase activity23. Phosphorylation 

Figure 1. Dectin-1 associates with LSP1 signalosome in macrophages and dendritic cells. (A) Expression 
of dectin-1, DC-SIGN and MR on DCs and macrophages (mφ), determined by flow cytometry. Gray 
areas show isotype control and black lines fluorescence of designated receptor. (B) Cells were lysed and 
dectin-1 was precipitated from whole cell lysate. Co-immunoprecipitation of LSP1, Raf-1, CNK and KSR 
was assessed by immunoblotting. 
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was dectin-1 dependent, since antibodies against dectin-1 blocked phosphorylation. Thus, 

dectin-1 on DCs and macrophages interacts with LSP1, KSR1, CNK and kinase Raf-1. 

Moreover, similar to DCs, dectin-1 triggering on macrophages results in activation of Raf-1. 

LSP1 is required for dectin-1 mediated uptake of C. albicans 
by macrophages
Phagocytosis is one of the essential processes in the innate immune response against 

fungal pathogens by macrophages24. To investigate the role of LSP1 and Raf-1 in uptake of 

C. albicans, we used FITCylated heat-killed C. albicans and internalization was determined 

by quenching the extracellular fluorescent signal with trypan blue. Macrophage incubation 

with FITCylated C. albicans led to uptake of fungal particles within 30 minutes (Figure 

3A). Next, macrophages were incubated with cytochalasin D, which prevents actin 

polymerization. This treatment completely blocked the fluorescent signal of FITCylated 

C. albicans, confirming the rapid uptake and validating our quenching method in flow 

cytometry (Figure 3B). Involvement of dectin-1 in phagocytosis was assessed by pretreating 

macrophages with either monoclonal dectin-1 antibodies or the soluble glucan laminarin. 

Blocking of dectin-1 largely prevented uptake of fungi, indicating that dectin-1 is an 

important receptor for phagocytosis of C. albicans (Figure 3C). 

Next, we investigated whether signaling contributes to dectin-1-mediated phagocytosis 

of C. albicans. Pretreatment of cells with Raf inhibitor GW5074 did not affect internalization 

of FITCylated C. albicans, suggesting that Raf-1 signaling via the signalosome is not required 

for uptake (Figure 3D). To assess the role of LSP1 in uptake, LSP1 was silenced by RNA 

interference (RNAi). Silencing of LSP1 was confirmed at both mRNA and protein level 

(Figure 3E) and did not affect expression of dectin-1 (data not shown). In LSP1 silenced 

macrophages, uptake of fungal particles was strongly decreased (Figure 3F), suggesting 

that actin-binding protein LSP1 is important for dectin-1-mediated uptake of C. albicans. 

Figure 2. Dectin-1 stimulation in macrophages induces phosphorylation of Raf-1. Macrophages were 
stimulated with curdlan (10 μg/ml) or C. albicans for 15 minutes. Raf-1 phosphorylation at serine(S)338 or 
tyrosine (Y)340/341 was measured by flow cytometry in the presence or absence of blocking antibodies against 
dectin-1 (20 μg/ml). Data are representative for three (curdlan) or two (C. albicans) independent experiments. 
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Figure 3. LSP1 contributes to dectin-1-mediated uptake of macrophages. (A) Macrophages were 
incubated with heat-killed FITCylated C. albicans (Candida/macrophage ratio 5:1) for 30 minutes at 37°C. 
Extracellular fluorescent signal was quenched with trypan blue (400 μg/ml; right panel) before cells were 
washed, fixed in 3% PFA and analyzed by microscopy. Original magnification 20x. (B-D) Macrophages were 
treated with cytochalasin D (Cyto D; 10 μg/ml; B), GW5074 (1 μM; D) or vehicle (DMSO; B, D) for 2 hours, 
or anti-dectin-1 (20 μg/ml), mannan (100 μg/ml) or laminarin (100 μg/ml; C) for 30 minutes. Afterwards 
cells were incubated with heat-killed FITCylated C. albicans for 30 minutes and the extracellular signal 
was quenched with trypan blue. Uptake was determined by flow cytometry. Bars indicate mean and s.d. 
of duplicates and represent at least three independent experiments. (E) LSP1 expression in control siRNA 
or LSP1 siRNA treated macrophages as determined on mRNA level by realtime PCR and protein level by 
flow cytometry.  (F) Control and LSP1 silenced cells were incubated with heat-killed FITCylated C. albicans 
for 30 minutes at 37°C. After quenching, uptake was determined by flow cytometry. Bars indicate mean 
and s.d. of duplicates and represent at least three independent experiments. 

These data indicate that LSP1 contributes to internalization induced by dectin-1, whereas 

activation of Raf-1 is dispensable for phagocytosis. 

LSP1 and Raf-1 contribute to dectin-1 mediated cytokine induction 
Macrophages induce proinflammatory cytokines in response to fungal infections25. 

To understand the role of LSP1 and Raf-1 in dectin-1-induced cytokine responses, we 

measured the expression of IL-6, IL-1β and TNF-α at both mRNA and protein level in 

response to curdlan as well as C. albicans. Curdlan induced expression of IL-6, IL-1β and 

TNF-α in a dectin-1 dependent manner (Figure. 4A). Similarly, C. albicans also induced 

IL-6, IL-1β and TNF-α by macrophages (Figure 4B). However, antibodies against dectin-1 

did not completely abrogate cytokine induction to C. albicans, suggesting that other 

receptors besides dectin-1 are involved in recognition. Thus, these data suggest that 

dectin-1 is an important fungal sensor on macrophages.

124

7



In DCs, dectin-1-mediated activation of Raf-1 leads to phosphorylation and acetylation 

of NF-κB subunit p65, which enhances cytokine responses14. Therefore, we next 

investigated whether Raf-1 is involved in cytokine expression by dectin-1 in macrophages. 

Macrophages were stimulated with curdlan and C. albicans, and Raf-1 was inhibited by 

the Raf inhibitor GW5074. Both IL-6 and IL-1β mRNA expression in response to curdlan 

and C. albicans was partially inhibited by the Raf inhibitor, albeit to a lesser extent as 

observed after dectin-1 inhibition (Figure 4C). The Raf inhibitor did not affect TNF-α mRNA 

Figure 4. LSP1 and Raf-1 contribute to dectin-1 mediated cytokine induction. (A-E) Detection of IL-6, 
IL-1β and TNF-α in response to curdlan or C. albicans in the absence or presence of anti-dectin-1 (20 
μg/ml), Raf inhibitor GW5074 (1 μM) or LSP1 silencing. mRNA expression was determined by real-time 
qPCR after 6 hours of stimulation and values in stimulated cells were set to 1. Data represent means and 
s.d. of at least three (B, C. albicans; C, curdlan, D, E) or two (A, C, C. albicans) independent experiments. 
Secretion of cytokines was measured by ELISA after 24 hour stimulation (A-B) and display duplicates that 
are representative for at least three (B) or two (A) independent experiments
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levels after curdlan of C. albicans stimulation. These data suggest that Raf-1 signaling by 

dectin-1 enhances IL-6 and IL-1β but not TNF-α expression.

Next, we investigated the role of the adaptor protein LSP1 in dectin-1 signaling. Therefore, 

LSP1 was silenced by RNAi in macrophages and the cells were stimulated with curdlan and 

C. albicans.  Both IL-6 and IL-1β mRNA expression in response to curdlan and C. albicans was 

decreased after LSP1 silencing to a similar level as antibodies against dectin-1 (Figure 4D-E). In 

addition, the combination of dectin-1 blocking antibodies and LSP1 silencing did not further 

decrease mRNA expression. LSP1 silencing had no effect on the expression of TNF-α after 

curdlan stimulation (Figure 4D), whereas LSP1 silencing decreased TNF-α after C. albicans 

to a similar level as antibodies against dectin-1 (Figure 4E). These data strongly suggest that 

Raf-1 and LSP1 have distinct roles in cytokine induction by dectin-1; Raf-1 enhances cytokines 

induced by dectin-1 whereas LSP-1 seems essential for induction of IL-6 and IL-1β by dectin-1.

DISCUSSION
Dectin-1 is a crucial receptor in antifungal immune responses. Receptor recognition 

mediates uptake of fungal particles and induces expression of proinflammatory 

mediators15,16,25. Here we have shown that dectin-1 expressed by DCs and macrophages 

associated with F-actin binding protein LSP1, scaffolding proteins KSR1 and CNK and 

kinase Raf-1. We found that LSP1 was important for uptake of C. albicans in macrophages 

and was crucial for transcription of IL-1β and IL-6 in response to C. albicans or β-glucan 

curdlan. Furthermore, activation of Raf-1 via dectin-1 enhanced transcription of IL-1β 

and IL-6 in response to C. albicans or β-glucan curdlan. These data strongly suggest that 

dectin-1 on macrophages mediates its effector functions through both Raf-1 and Syk 

signaling pathways and suggest that LSP1 might be a link between both pathways. 

Internalization of fungi by macrophages is pivotal for killing of fungal pathogens and 

promotes antifungal immune responses25. We showed here that dectin-1 is a major uptake 

receptor for C. albicans in macrophages. Silencing of LSP1 in macrophages demonstrated 

that the presence of this protein strongly contributed to phagocytosis, which suggests that 

the interaction between dectin-1 and LSP1 is crucial for dectin-1-mediated internalization. 

The role for LSP1 in phagocytosis is in line with other reports that indicate LSP1 as mediator 

in cytoskeleton movements26 or intracellular routing of internalized particles21. 

CLR DC-SIGN also interacts with LSP1, where it acts as a scaffold for the KSR1-CNK-

Raf-1 signalosome and is crucial for DC-SIGN-mediated signaling22. Notably, we identified 

a similar dectin-1-bound signalosome. The interaction between DC-SIGN and LSP1 in DCs 

depends on the cytoplasmic tyrosine motif of the receptor21. Dectin-1 bears a similar YxxL 

motif3, which might be involved in the interaction with LSP1. The precise interactions 

and the downstream targets of LSP1 however, remain to be determined. Furthermore, 

although interfering with both LSP1 and dectin-1 strongly inhibited uptake to a similar 

extent, we cannot exclude that additional receptors, such as MR or TLR2, which may 

contribute to uptake of C. albicans, are affected by LSP1 silencing27,28.
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It has previously been described by our group and others that Raf-1 influences 

dectin-1-mediated cytokine transcription14,29. In DCs, Raf-1 activation via dectin-1 leads 

to phosphorylation and subsequent acetylation of p65, which enhances transcription of 

cytokines induced via the Syk-CARD9 pathway14. We here demonstrated that dectin-1 

triggering in macrophages induced phosphorylation of Raf-1. Moreover, activation of 

Raf-1 by C. albicans was completely dependent on dectin-1, demonstrating that dectin-1 

controls Raf-1 activity in C. albicans responses. Raf-1 activation enhanced cytokine 

transcription of proinflammatory cytokines IL-1β and IL-6, suggesting that activation of 

the dectin-1-Raf-1 pathway also increases transcriptional activity through p65 acetylation 

in macrophages. Furthermore, the phosphorylation of p65 in DCs additionally leads 

to the formation of inactive RelB-p65 dimers, which is required for induction of IL-1β 

and IL-1214. Since we did not observe a complete block of IL-1β expression after Raf-1 

inhibition in macrophages, this suggests that the noncanonical NF-κB pathway, which 

activates RelB in DCs14, is not involved in dectin-1 signaling in macrophages. Differential 

regulation of cytokine induction8,30 or distinctions in dectin-1 function concerning uptake15 

between DCs and macrophages have been described before and therefore might affect 

the effects of Raf-1 activation. LSP1 is required for activation of Raf-1 via DC-SIGN22. 

Notably, silencing of LSP1 resulted in a stronger decrease of IL-6 and IL-1β transcription 

compared to inhibition of Raf-1, suggesting that LSP1 in addition to activation of Raf-1 is 

also involved in other signaling pathways downstream of dectin-1. Both silencing of LSP1 

and blocking dectin-1 decreased IL-6 and Il-1β to similar level, which further suggest that 

LSP1 might be a crucial adaptor protein for dectin-1 signaling. Further studies are required 

to investigate whether LSP1 is involved in Syk activation.

Both LSP1 and Raf-1 had no clear effect on curdlan-induced TNF-α induction, implying 

multiple regulatory mechanisms for different cytokines. Interestingly, whereas the presence 

of LSP1 did not affect dectin-1-induced TNF-α in response to curdlan, C. albicans-

mediated TNF-α transcription was decreased after LSP1 silencing. It has been proposed 

that uptake is required for TNF-α production in macrophages12 and since LSP1 silencing 

impaired phagocytosis of C. albicans, this could affect subsequent cytokine induction. In 

addition, TLR2 and TLR4 signaling have been shown to be involved in response to fungal 

pathogens, thus C. albicans triggering of these receptors could also explain differences in 

cytokine responses between curdlan and C. albicans stimulation10,12,31,32. 

Overall, we demonstrated here that dectin-1 interacts with LSP1, which contributes 

to multiple receptor-mediated processes including phagocytosis and transcription of 

proinflammatory cytokines. Kinase Raf-1 also interacted with dectin-1 and affected 

dectin-1 mediated cytokine responses in macrophages, but not the uptake of C. albicans. 

These date provide novel insight in dectin-1 function in macrophages and show that 

dectin-1 uses a signaling pathway through Raf-1 to affect antifungal immunity.
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MATERIALS AND METHODS
Cells
Monocytes were isolated from PBMCs from healthy donors (Sanquin blood supply) using 

a percoll (Amersham Biosciences) gradient step. Only monocytes wild-type for dectin-1 

polymorphism rs16910526 as determined by TaqMan SNP Genotyping Assays (assay identifier, 

C_33748481_10; Applied Biosystems) were used for experiments. DCs were differentiated 

from monocytes with IL-4 and GM-CSF (500 and 800 U/ml, respectively; Biosource/Invitrogen) 

in RPMI 1640 culture medium, supplemented with 10% FCS (Invitrogen), 2 mM L-glutamine 

(Lonza) and pen/strep (10 U/ml and 10 μg/ml respectively; Invitrogen) for 7 days. Macrophages 

were differentiated in RPMI 1640 with 5% human serum (AB, male; Lonza), 2 mM L-glutamine 

(Lonza) and pen/strep (10 U/ml and 10 μg/ml respectively; Invitrogen) for 6 days. 

RNA interference
Macrophages were transfected with 25 nM siRNA using transfection reagent DF4 

(Dharmacon). The siRNAs used were: LSP1 SMARTpool (M-012640-00) and as a control 

non-targeting siRNA pool (D-001206-13) (Dharmacon). 72 hours after transfection, cells 

were used for experiments. Silencing was confirmed at mRNA level, using quantitative 

real-time PCR, and on protein level with flow cytometry. 

Flow cytometry and intracellular staining
Receptor expression was determined using mouse antibodies: PE-conjugated dectin-1 

(R&D Systems), FITC-conjugated DC-SIGN (R&D Systems), anti-CD206/MR (BD Biosciences) 

or appropriate isotype controls. Goat-anti-mouse IgG1 (Jackson) was used as secondary 

antibody. To measure intracellular proteins, cells were stimulated for 15 minutes, fixed in 

PFA, permeabilized in 90% MeOH and rabbit antibodies anti-phospho-c-raf(Ser338) (Cell 

Signaling), anti-phospho-c-raf(pTyr340/341) (Calbiochem), anti-LSP1 (Cell Signaling) and 

PE-conjugated donkey-anti-rabbit (Jackson) were used. Before detecting phosphorylation 

of Raf-1, cells were stimulated for 15 minutes with curdlan (10 μg/ml; Sigma-Aldrich) or 

heat-killed C. albicans (CBS8781; 5:1 fungal-cell ratio). All experiments were performed 

on FACSCalibur (BD Biosciences) and analysed with FlowJo software (TreeStar). 

Immunoblotting
Whole cell extracts were prepared using RIPA lysis buffer (Cell Signaling) completed with 

protease inhibitors and leupeptin, pepstatin A (Sigma-Aldrich) and PMSF (Roche). Cell 

lysis was performed at 4°C for 60 minutes, before samples were centrifuged. Dectin-1 

was immunoprecipitated from 40 μg of extract with anti-dectin-1 (Santa Cruz) on protein 

A/G-PLUS agarose beads (Santa Cruz). Next, samples were resolved by SDS-PAGE and 

western blotting was performed using anti-CNK1 (BD Biosciences), anti-KSR1 (Santa 

Cruz), anti-Raf1 (Upstate) and anti-LSP1 (Cell Signaling), followed by incubation with a 

HRP-conjugated secondary antibody (anti-rabbit; Pierce or anti-mouse; Santa Cruz) and 

chemiluminescence detection (Pierce).
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Phagocytosis assay
Cells were preincubated with anti-dectin-1 monoclonal antibodies (20 μg/ml; R&D) or 

laminarin (1 mg/ml; Sigma-Aldrich) for 30 minutes or Raf inhibitor GW5074 (1 μM; Sigma-

Aldrich), cytochalasin D (10 μg/ml; Sigma-Aldrich) for 2 hours. Next, cells were stimulated 

with FITCylated heat-killed C. albicans (CBS8781; with a fungal-cell ratio of 5:1) for 30 

minutes, washed in PBS and the extracellular C. albicans-FITC was quenched with 0.008% 

trypan blue. Phagocytosis was detected by microscopy or flow cytometry. 

Cytokine analysis
For detection of mRNA expression, macrophages were stimulated for 6 hours with curdlan 

(10 μg/ml; Sigma-Aldrich) or heat-killed C. albicans (CBS8781; with a fungal-cell ratio of 

5:1). Lysis and mRNA isolated was performed using the mRNA capture kit (Roche Diagnostic 

Systems). cDNA was synthesized with a reverse-transcriptase kit (Promega). For quantitative 

real-time PCR analysis, amplification was performed with SYBR green in a 7500 Fast Realtime 

PCR System (ABI). Transcription of the target gene was adjusted for GAPDH transcription 

with Nt = 2Ct(GAPDH)-Ct(target). Primers were designed using Primer express (Applied Biosystems). 

For ELISA measurements, cells were stimulated for 24 hours before supernatant was analysed 

for IL-1β, TNF-α and IL-6 secretion according to the manufacturers protocol (Invitrogen). 

When indicated, cells were pretreated with anti-dectin-1 monoclonal antibodies (20 μg/ml; 

R&D) or Raf inhibitor GW5074 (1 μM; Sigma-Aldrich).
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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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SUMMARY
Introduction
Dendritic cell (DC) subsets and macrophages are located in mucosal tissues to identify intruding 

pathogens. In order to do so, these innate immune cells express pattern recognition receptors 

(PRR), including various C-type lectin receptors (CLR) and Toll-like receptors (TLR) on the cell 

surface and cytosolic RIG-I-like receptors (RLR) for pathogen sensing. Activation of these 

receptors promotes pathogen uptake and induces intracellular signaling, leading to production 

of cytokines. Furthermore, upon encountering pathogens, DCs obtain a mature phenotype and 

migrate to the lymph nodes to present antigen to T lymphocytes. DCs thus have a pivotal role 

in host defense, both in immediate innate responses and eliciting adaptive immune responses. 

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 PRRs expressed by these cells are therefore 

pivotal in this interplay. 

In this thesis, I investigated the role of DCs in MV infection (chapter 2-5), another 

DC subset, Langerhans cells (LCs), in HIV-1 transmission (chapter 6) and macrophages in 

Candida albicans responses (chapter 7).  

DC subsets in viral infection
Measles virus (MV) is highly infectious and transmitted by aerosols. For a long time it has 

been thought that the virus enters by infecting epithelial cells in the upper respiratory tract. 

However, these cells do not express the entry receptor for wild type virus, CD150. Therefore 

we investigated the early events after MV infection via aerosols using a non-human primate 

model. In chapter 2 we demonstrate that infection initiates in the lungs. This was the only site 

where virus was detected at day 2 and 3 post infection (p.i.). The first infected cells detected 

in the lungs phenotypically resembled DCs or alveolar macrophages. One or two days later, 

local replication in T and B lymphocytes as well as DCs was detected and dissemination of 

the virus to the lung draining lymph nodes was observed. From day 4 post infection, MV was 

detected in peripheral blood, leading to systemic infection of lymphoid tissues. 

In chapter 3 we further investigated the role of DC-SIGN+ DCs in early infection in the 

same non-human primate model. We show that DC-SIGN+ cells are located in the alveoli, 

where they can encounter inhaled virus and that DC-SIGN+ cells are among the first 

infected cells in the lungs. Also in the lung draining lymph nodes we detected DC-SIGN+ 

infected cells from 4 days post infection. Similar to what had previously been shown 

for its human homologue, we here demonstrate that macaque DC-SIGN functions as 

an attachment receptor for MV. Isolated DC-SIGN+ cells from macaque broncho-alveolar 

lavage and lymph nodes more efficiently transmitted MV to B lymphocytes compared to 

DC-SIGN- cells. The results from these two chapters imply that MV misuses the migratory 

function of DCs for its dissemination to lymphocytes. 

Since DCs are among the first infected cells after exposure to MV, they are important 

targets for immune evasion. In chapter 4, we studied MV replication and antiviral responses 
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in DCs. MV induced type I interferon (IFN) responses in DCs via RLRs, RIG-I and Mda5. RLR 

activation requires dephosphorylation of their CARD domains by PP1α/γ phosphatases. 

We found that these phosphatases form holoenzymes with regulatory subunit GADD34. 

Notably, DC-SIGN-mediated activation of kinase Raf-1 by MV or via receptor crosslinking 

almost completely prevented this dephosphorylation. Raf-1 phosphorylated PP1 inhibitor 

I-1, driving its association with PP1α/γ-GADD34 phosphatases, inhibiting their activity. 

This suppressive mechanism of RIG-I and Mda5 strongly inhibited downstream activation 

of TBK1/IKKε, the transcription of antiviral IFN-β and interferon stimulated genes and 

hence boosted cell infection in DCs. Thus, in addition to using the receptor for migration 

to the lymph nodes, MV hijacks DC-SIGN signaling to promote its replication. 

In order to transfer to the lymph nodes, DCs must mature. In chapter 5 we compared 

DC maturation in response to TLR or RLR ligands. Activation of either receptor family 

induced upregulation of costimulatory molecules CD86 and CD83. However, RLR 

stimulation with synthetic ligands or MV infection did not affect expression of DC-SIGN, 

whereas TLR stimulation resulted in reduced expression, both on protein and mRNA level. 

This differential expression of DC-SIGN following TLR versus RLR stimulation was not 

related to type I IFN production. Sustained high levels of DC-SIGN in virally infected cells 

could be beneficial for the host since the receptor promotes antigen presentation, but also 

for the virus – as we have seen in the previous chapters.

Similar to MV, DCs can promote HIV-1 transmission to lymphocytes. However, during sexual 

transmission, LCs are the first cells to encounter HIV-1. In chapter 6 therefore, we investigated 

the role of LCs in selection of CCR5 (R5)-tropic HIV-1, which is predominantly transmitted, 

even though CXCR4-tropic (X4) HIV-1 is often abundant in chronic HIV-1 patients. We show 

that immature LCs are productively infected by both X4 and R5 viruses, but only R5 HIV-1 is 

transmitted to T lymphocytes. This viral transmission is dependent on cellular LC infection, 

indicating that the cellular machinery of LCs restricts transmission of specific CXCR4 HIV-1 

strains and implying that immature LCs play a crucial role in R5 selection. 

Macrophages in C. albicans infection 
C-type lectin receptor dectin-1 is important for recognition of C. albicans. In DCs, dectin-1 

binding induces Raf-1 activation, which is crucial for cytokine responses. We demonstrate 

in chapter 7 that dectin-1 associates with the Raf-1-CNK-KSR1 signalosome via adaptor 

protein LSP1 in both DCs and macrophages, similar to DC-SIGN. We further investigated 

dectin-1 function in macrophages and found that LSP1, but not Raf-1, is crucial for 

effective uptake of C. albicans. LSP1 and dectin-1-mediated Raf-1 activation additionally 

were involved in the transcription of proinflammatory cytokines. LSP1 was required for 

induction of cytokines in response to C. albicans or curdlan, whereas Raf-1 enhanced the 

induction. This shows that the dectin-1 signalosome is important for the function of the 

receptor, which seems to be different in DCs and macrophages.
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Conclusion
The work described in this thesis gives more insight in pathogen recognition by innate 

immune cells and underlines the specific characteristics of innate immune cells DCs, LCs and 

macrophages. Moreover, this thesis shows how viruses exploit cellular processes to promote 

their replication. In particular expression of DC-SIGN by DCs has major effects on viral 

infections, as its function is subverted by MV in multiple ways to promote its dissemination. 
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SAMENVATTING
Introductie
Dendritsche cellen (DC), Langerhans cellen (LC) en macrofagen bevinden zich in mucosale 

weefsels om binnendringende ziekteverwekkers te identificeren. Hiervoor brengen deze innate 

cellen van de aangeboren, aspecifieke afweer, receptoren tot expressie, waaronder C-type lectine 

receptoren (CLR) en Toll-like receptoren (TLR) op het celoppervlak en intracellullaire RIG-I-like-

receptoren (RLR) voor pathogeen herkenning. Activatie van deze receptoren bevordert opname 

van pathogenen door de cel en induceert intracellulaire signalering, wat leidt tot productie 

van cytokines. Daarnaast krijgen DCs een matuur fenotype na herkenning van pathogenen en 

migreren ze naar de lymfeknopen om antigeen aan T lymfocyten te presenteren.

Bepalend voor infectieziekten is de interactie tussen de pathogeen en de gastheer. 

Terwijl het immuunsysteem zich richt op het controleren van infecties, probeert de 

pathogeen te overleven en zich te verspreiden. Innate immuuncellen, en de receptoren 

die ze tot expressie brengen, zijn daarom cruciaal in deze wisselwerking. 

Voor dit proefschrift heb ik de rol van DCs in mazelen infectie (hoofdstukken 2-5), LCs 

in HIV-1 transmissie (hoofdstuk 6) en macrofagen in de immuunrespons tegen Candida 

albicans (hoofdstuk 7) bestudeerd. 

Dendritische cellen in virale infecties
Het mazelvirus (MV) is zeer infectieus en wordt verspreid via aerosolen. Lang werd gedacht 

dat het virus de gastheer binnendringt door epitheelcellen in de bovenste luchtwegen te 

infecteren. Deze cellen brengen echter niet de MV infectiereceptor CD150 tot expressie. 

Daarom hebben we de eerste gebeurtenissen na MV infectie via aerosolen bestudeerd in een 

makaak model. Hoofdstuk 2 laat zien dat infectie begint in de longen – dit is de enige plek 

waar het virus op dag 2 en 3 na infectie kan worden gedetecteerd. De eerste geïnfecteerde 

celen hier hebben de vorm van DCs of alveolaire macrofagen. Een of twee dagen later 

zien we lokale replicatie in T en B lymfocyten en DCs in de longen en disseminatie van het 

virus naar de tracheo-bronchiale lymfeklieren (TBLN). Vanaf 4 dagen na infectie is het virus 

aanwezig in het bloed, wat leidt tot systemische infectie van lymfeklieren. 

In hoofdstuk 3 hebben we de rol van DC-SIGN+ DCs in het begin van MV infectie verder 

onderzocht in hetzelfde zelfde model. We vonden in deze studie dat DC-SIGN+ cellen zich 

bevinden in de alveoli, waar ze geïnhaleerd virus kunnen herkennen, en dat DC-SIGN+ 

cellen tot de eerste MV-geïnfecteerde cellen behoren in de longen. Ook in de TBLN 

detecteerden we DC-SIGN+ geïnfecteerde cellen 4 dagen na infectie. In overeenkomst 

met wat al bekend was voor de menselijke variant, laten we in dit hoofdstuk zien dat 

DC-SIGN van makaken werkt als bindingsreceptor voor MV en dat geïsoleerde cellen met 

DC-SIGN uit de longen of lymfeklieren het virus beter kunnen overdragen aan lymfocyten 

dan cellen zonder DC-SIGN. De resultaten van deze twee hoofdstukken impliceren dat MV 

DC-SIGN+ DCs infecteert om zich te verspreiden naar de lymfeknopen. 

Omdat DCs tijdens een van de eerste geïnfecteerde cellen zijn na MV infectie, zijn ze ook 

een belangrijk doelwit voor immuunevasie. In hoofdstuk 4 hebben we de replicatie van MV 
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en de antivirale afweer in DCs daarom bestudeerd. MV induceerde antiviraal type I interferon 

in DCs via de RLRs RIG-I en Mda5. Voor activatie van RLRs is het noodzakelijk dat hun CARD 

domeinen gedefosforyleerd worden door PP1α/γ fosfatasen. We hebben gevonden dat PP1 

hiervoor holoenzymen vormt met GADD34. Echter, activatie van kinase Raf-1 via DC-SIGN, 

door stimulatie met MV of specifieke antilichamen, blokkeert de defosforylering van RLRs. 

Activatie van Raf-1 fosforyleert PP1-remmer I-1, waardoor deze bindt aan de PP1α/γ-

GADD34 fosfatasen, die vervolgens niet meer actief kunnen zijn. Dit mechanisme heeft een 

sterk remmend effect op RLR signalering en de transcriptie van type I interferon mRNA en 

verhoogt hierdoor de MV infectie van DCs. Dus naast het gebruik van DCs voor migratie naar 

de lymfeklieren, misbruikt het virus DC-SIGN signalering om replicatie te bevorderen. 

Om naar de lymfeklieren te migreren, moeten DCs matureren. In hoofdstuk 5 hebben 

we maturatie van DCs vergeleken na stimulatie met TLR of RLR liganden. Activatie van 

beide receptorfamilies zorgde voor verhoogde expressie van costimulatoire moleculen en 

maturatiemarkers CD86 en CD83. Echter veranderde de expressie van DC-SIGN niet na 

activatie van RLRs met synthetische liganden of MV, terwijl deze sterk omlaag ging na TLR 

activatie, op zowel eiwit als mRNA niveau. Dit verschil in DC-SIGN expressie na TLR versus 

RLR activatie was niet gerelateerd aan productie van type I interferon. Deze aanhoudende, 

hoge expressie van DC-SIGN in virus geïnfecteerde cellen zou voordelig voor de gastheer 

kunnen zijn, omdat de receptor antigeen presentatie bevordert, maar ook voor het virus, 

zoals beschreven in de vorige hoofdstukken. 

Net als MV, kunnen DCs transmissie van HIV-1 naar lymfocyten versterken. Maar bij 

seksuele transmissie van het virus, komt HIV-1 eerst in contact met LCs. In hoofdstuk 

6 hebben we daarom de rol van LCs in de selectie van CCR5 (R5)-tropisch HIV-1, wat 

vrijwel altijd overgebracht wordt, terwijl CXCR4 (X4)-tropisch HIV-1 vaak veel aanwezig 

is in chronische patiënten. We laten zien dat immature LCs geïnfecteerd kunnen worden 

door zowel X4 als R5 virus, maar dat ze alleen R5 virus overdragen aan lymfocyten. Deze 

transmissie van R5 virus is afhankelijk van LC infectie. Dus, de LC voorkomt specifiek de 

transmissie van X4 virus. Immuunactivatie van LCs verhoogde infectie met R5 of X4 en 

faciliteerde ook transmissie van X4 virus. Deze resultaten impliceren dat immature LCs 

belangrijk zijn voor de selectie van R5 HIV-1. 

Macrofagen in C. albicans infectie 
C-type lectine dectin-1 is belangrijk voor de herkenning van de schimmel C. albicans. In 

DCs induceert dectin-1 binding de activatie van Raf-1, wat cruciaal is voor productie van 

cytokines. In hoofdstuk 7 laten we zien dat dectin-1 in zowel DCs als macrofagen bindt aan 

het Raf-1-CNK-KSR1 ‘signalosoom’ complex via adapter eiwit LSP1, hetzelfde complex waar 

DC-SIGN aan bindt. We hebben vervolgens de functie van dit signalosome in macrofagen 

onderzocht en gevonden dat LSP1 cruciaal is voor de opname van C. albicans, terwijl Raf-1 

geen rol heeft in dit proces. Hiernaast laten we zien dat LSP1 en dectin-1-afhankelijke 

activatie van Raf-1 beide betrokken zijn bij transcriptie van cytokines. LSP1 is nodig voor de 

inductie van cytokines na activatie met C. albicans of dectin-1 ligand curdlan, terwijl Raf-1 
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de inductie versterkte. Deze resultaten laten zien dat het dectin-1 signalosoom belangrijk is 

voor de functie van dectin-1, die verschillend lijkt te zijn in DCs en macrofagen. 

Conclusie
Dit proefschrift geeft meer inzicht in herkenning van pathogenen door innate 

immuuncellen en benadrukt de specifieke functies die de verschillende cellen, DC, LC 

en macrofaag, hebben in de afweerreactie. Vooral laat dit proefschrift zien hoe virussen 

cellulaire processen gijzelen om hun replicatie te bevorderen. Met name de expressie van 

DC-SIGN op DCs heeft grote effecten op virus infectie. De functie van de receptor wordt 

op meerdere manieren misbruikt door MV om virusspreiding te verhogen.  
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DANKWOORD
Er zijn heel wat mensen die de afgelopen jaren hebben bijgedragen aan dit proefschrift, 

of het mij hebben mogelijk gemaakt hieraan te werken.

Beste Theo, dank je dat je mij inmiddels bijna 5 jaar geleden hebt aangenomen en op het 

mazelenproject hebt gezet! De afgelopen jaren heb je een paar flinke stappen gemaakt in 

je carrière, met als een van de hoogtepunten natuurlijk je oratie. Alle verhuizingen, hectiek 

en veranderingen leverden af en toe wat frustratie en stress op, maar hebben mij ook een 

mooi kijkje in de keuken van de Nederlandse immunologie gegeven. De vrijheid die je gaf, 

gecombineerd met die experimenten die dan toch moesten, en je soms briljante ingevingen, 

hebben bij mij heel motiverend gewerkt. Ook buiten werktijden ben je een leuke baas, niet 

in de laatste plaats door je fanatische houding tijdens bowlen, karaoke, poker (eigenlijk elke 

‘sport’, die je op een of andere manier ook altijd bleek te winnen). En welke AIO kan nou 

zeggen dat ze gemerged met haar promotor Ozzy Osbourne blijkt te zijn?!
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te leren kennen. Bedankt dat je me hebt overgehaald (had ik een keus?) om verder dat 

mechanisme uit te zoeken en te gek dat je op het laatste moment nog mijn copromotor 

bent geworden! Jij en Theo zijn een geweldig team. Ik voel me bevoorrecht dat ik van 

jullie heb mogen leren. 

Commissie, dank jullie voor alle aandacht die jullie aan mijn proefschrift hebben gewijd.

Mijn lieve paranimfen Nina en Janneke: Nina, met je eigenheid en oprechte nieuwsgierigheid. 

Raak die eigenschappen niet kwijt bij je onderzoek! Heel veel succes de komende jaren, ik 

zal je baarden, koffietjes en feministische preken tijdens de lunch missen. Ik ben heel blij 

dat we elkaar hebben leren kennen. En jij en Floris hebben me meerdere keren gigantisch 

geholpen met woonruimte.

Janneke, ik denk dat we nu officieel in versie 3.0 van onze vriendschap zijn beland. Ik 

ben zo blij dat we elkaar weer hebben gevonden, dat ik jullie ceremoniemeester mocht 

zijn, met alle ‘lazy lunches’, en ben heel trots op je snelle carrière in de wetenschap. De 

komende tijd wordt best spannend voor jullie. Heel veel geluk!

Dirk, als ‘reserveparanimf’ wil ik jou ook gelijk noemen, je bent de liefste en chillste 

vriend. Zo knap hoe jij (en Robbert, jaja) voor velen een tweede thuis hebben gecreëerd 

met de brug - ook dit stukje is daar getypt. Ik verheug me nu al op alle toekomstige 

borrels, weekendjes en avondjes hangen!

Jasper, dank voor het fantastische ontwerp van dit boekje. Het is roze, glimmend, hangt 

aan een touwtje: I love it!!

Iedereen van de Host Defense groep, jullie waren fantastische collega’s, vrienden en gewoon 

een heel leuke groep, zowel in het lab als daarbuiten: Agata, Daniele, Sietske, Marein, Jeroen; 

Angelic, heel veel succes met je toekomstplannen; Tanja, ongelooflijk hoeveel experimenten 

jij in een dag krijgt en toch altijd ontspannen en behulpzaam blijft; Nienke, nog maar net 
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begonnen, maar volgens mij heb je al helemaal je (genitale) niche gevonden; Saeedah, ben 

nog steeds onder de induk van je Nederlands; Dear professor Ramin - you’re terrible (or 
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je boek is geëindigd: Let’s keep each other up the hight!

Esther, bedankt voor je hulp en doorzettingsvermogen bij de blots en macrofaag 

experimenten! Het is echt dankzij jou dat we in dat laatste jaar nog meerdere stukken 
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expertise en veel succes verder met influenza.
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pictures and microscopy work. 
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