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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 

72

4



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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