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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. 

93

TLR AND RLR-MEDIATED DC-SIGN EXPRESSION

5



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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