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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.
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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. 

123

DECTIN-1 SIGNALOSOME

7



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.
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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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