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Abstract 

Dectin-1 (Clec7a) is a paradigmatic C-type lectin receptor that binds Syk through a 

hemITAM motif and couples sensing of pathogens such as fungi to induction of innate 

responses. Dectin-1 engagement triggers a plethora of activating events but little is 

known about the modulation of such pathways. Trying to define a more precise picture 

of early Dectin-1 signaling, we explored the interactome of the intracellular tail of the 

receptor in mouse dendritic cells. We found unexpected binding of SHIP-1 phosphatase 

to the phosphorylated hemITAM. SHIP-1 co-localized with Dectin-1 during 

phagocytosis of zymosan in a hemITAM-dependent fashion. Moreover, endogenous 

SHIP-1 relocated to live or heat-killed Candida albicans (HKC)-containing 

phagosomes in a Dectin-1-dependent fashion in GM-CSF-derived bone marrow cells 

(GM-BM). However, SHIP-1 absence in GM-BM did not affect activation of MAPK or 

production of cytokines and readouts dependent on NF-κB and NFAT. Notably, ROS 

production was enhanced in SHIP-1-deficient GM-BM treated with HKC, live C. 

albicans or the specific Dectin-1 agonists curdlan or whole glucan particles. This 

increased oxidative burst was dependent on Dectin-1, Syk, PI3K, PDK1 and NADPH 

oxidase. GM-BM from CD11c∆SHIP-1 mice also showed increased killing activity 

against live C. albicans that was dependent on Dectin-1, Syk and NADPH oxidase. 

These results illustrate the complexity of myeloid CLR signaling, and how an activating 

hemITAM can also couple to intracellular inositol phosphatases to modulate selected 

functional responses and tightly regulate processes such as ROS production that could 

be deleterious to the host. 
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Introduction  

Aside from their well-known role in the initiation of adaptive immunity, dendritic cells  

(DC) regulate innate responses that can help clear pathogens. C-type lectin receptors  

(CLR) expressed on DC are specialized at recognizing the molecular signatures of  

microbes. Dectin-1 (Clec7a) is a paradigm of signaling CLR expressed on myeloid cells  

that detects β-1, 3 glucans in a variety of bacteria and fungi (1) and behaves as an  

activating CLR that promotes inflammation and immunity (2). Upon sensing  

particulated β-glucans, Dectin-1 is phosphorylated on intracellular tyrosines (3).  

However, only Y15 phosphorylation in a single YXXL motif termed hemITAM is  

required for Spleen Tyrosine Kinase (Syk) recruitment and activation (4-8).   

Activated Syk mediates recruitment of the CARD9/Bcl10/Malt-1 module that  

activates the IκB kinase complex for canonical NF-κB signaling (9). Syk  

phosphorylation also triggers activation of p38, ERK and JNK MAPKs (10), PI3K/Akt  

(11, 12) and NFAT (13). In addition, some Dectin-1-mediated responses are Syk  

independent such as the Raf-1 kinase pathway that results in phosphorylation and  

acetylation of the NF-κB p65 subunit (14), or phagocytosis of zymosan particles in  

macrophages (15). These signaling events trigger an array of mechanisms that  

contribute to the elimination of β-glucan-containing pathogens such as Candida  

albicans, including phagocytosis, reactive oxygen species (ROS) production (5),  

dendritic cell maturation or secretion of cytokines including IL-2, IL-6, IL-10, TNFα  

and IL-23 (10).   

Negative regulation of Syk-mediated activating mechanisms remains relatively  

undefined and derives mostly from studies on the heterologous regulation by ITIM or  

inhibitory ITAM-containing receptors (16) that recruit phosphatases such as SH2- 

containing tyrosine phosphatases (SHP) SHP-1/2 or inositol phosphatases such as  
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SHIP-1/2 (11, 17). Among CLRs, Clec12a recruits SHP-1 and SHP-2 (18), resulting in  

the inhibition of Syk-triggered ROS production in response to monosodium urate (19).  

Notably, Dectin-1 signaling is facilitated by clustering of the receptor in a phagocytic  

synapse excluding regulatory tyrosine phosphatases CD45 and CD148 (20), but  

negative modulation of Dectin-1 signaling once the synapse is established is not well  

defined.   

In an attempt to define novel effectors and regulators for Dectin-1 signaling, we  

have characterized the interactome of the activated Dectin-1 hemITAM by an unbiased  

proteomic approach. Unexpectedly, we found that SHIP-1 phosphatase associates with  

Dectin-1 phosphorylated hemITAM. We provide evidence that SHIP-1 has a functional  

role on Dectin-1 signaling in DC as SHIP-1 relocates along with Dectin-1 to the live or  

heat-killed C. albicans (HKC)-containing phagosome in GM-BM in a Dectin-1- 

dependent manner. GM-BM from CD11c∆SHIP-1 mice also exhibit augmented ROS  

production in response to Dectin-1 agonists or C. albicans, resulting in increased killing  

of pathogen. These findings reveal a novel role for SHIP-1 coupling to Dectin-1  

hemITAM in the selective control of downstream responses.   
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Materials and Methods  

Reagents and Yeasts  

Candida albicans (strain SC5314, kindly provided by Prof. C. Gil, Complutense  

University, Madrid) was grown on YPD-agar plates (Sigma, St. Louis, MO) at 30°C.  

HKC was prepared by boiling for 30 minutes. HKC stimulations were performed at a  

10:1 ratio except when indicated. Live C. albicans was used at a 3:1 ratio except when  

indicated. When required, HKC was stained with 2.5 mM and live C. albicans with 20  

µM CFSE or Cell Violet dye (Molecular Probes, Eugene, OR). Curdlan (150 µg/ml,  

Invivogen, San Diego, CA), WGP (150 µg/ml, Biothera, Eagan, MN), Laminarin  

(Dectin-1 inhibitor, 200 µg/ml, Sigma), R-406 (Syk inhibitor, 3 µM, Hözel diagnostic,  

Cologne, Germany), UO126 (Erk inhibitor, 10 µM, Cell Signaling, Danvers, MA),  

Ly294002 (PI3K inhibitor, 25 µM, Sigma), Bx-795 (PDK1 inhibitor, 1 µM, Abcam,  

Cambridge, UK), Akt inhibitor VIII (0.75 µM, Calbiochem, Darmstadt, Germany), or  

DPI (NADPH oxidase inhibitor, 5 µM, Sigma) were used when required. Selected  

concentrations of inhibitors were chosen after titrating three different doses, and the  

selected one did not impact cell viability (Data not shown).  

  

Mouse strains and cells  

Mouse colonies were bred at CNIC in specific pathogen-free conditions. All animal  

procedures conformed to EU Directive 2010/63EU and Recommendation 2007/526/EC  

regarding the protection of animals used for experimental and other scientific purposes,  

enforced in Spanish law under Real Decreto 1201/2005. CD11c-Cre/+ SHIP-1flox/flox  

(CD11cΔSHIP-1) mice were generated by crossing CD11cCre/+ mice provided by Boris  

Reizis (Columbia University, New York, USA) (21) with SHIP-1flox/flox mice (22).  

Frozen bone marrows from Clec7a-/- mice (23) and their WT counterparts were kindly  
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donated by Gordon Brown and Delyth Reid (University of Aberdeen, UK). LysM-Cre/+  

SHIP-1flox/flox mice were previously described (24). GM-CSF-cultured bone marrow- 

derived cells (GM-BM) (25) were obtained as described (26) and purified by positive  

selection using anti-CD11c microbeads (Miltenyi, Bergisch, Germany). SHIP-1 deletion  

in CD11c+ cells was confirmed in purified GM-BM both at the mRNA (Supplemental  

Fig. 1A) and the protein (Supplemental Fig. 1B) level.  

Bone marrow-derived macrophages were obtained after plating total bone marrow cells  

from WT or LysM-Cre/+ SHIP-1flox/flox (LysMΔSHIP-1) mice in culture-treated plates  

with RPMI 10% FCS supplemented with 20% of L929 supernatant as s source of M- 

CSF. One day after, 2 millions of non-adherent cells were plated on p60-Petri dishes for  

7 days, supplementing with complete fresh medium every 3 days. Macrophages were  

detached in PBS 5mM EDTA, counted and plated in RPMI 10% FBS. Cells were pre- 

stimulated for 16 hours with 25 U/ml IFNγ. Cells were exposed to HKC and ROS  

production was analyzed as indicated.  

For neutrophils purification, total bone marrow cells from WT or LysM-Cre/+ SHIP- 

1flox/flox  (LysMΔSHIP-1) mice were flushed from tibia and femurs in PBS 2mM EDTA  

0.5% FBS. Gradient centrifugation was performed in 65% Percoll (GE Healthcare,  

Buckinghamshire, UK) for 25 minutes at 4º and 1400 rpms. Pellets were collected and  

lysed in red blood cells lysis buffer (Sigma). Remaining purified neutrophils (≈ 80%  

CD11b+ Ly6G+) were counted, plated in RPMI 10% FBS and stimulated as indicated.   

  

Pull down and proteomics study  

For pull-down assays, C57BL/6 mice were subcutaneously injected with Flt3 ligand- 

expressing B16 melanoma cells in order to expand the pool of dendritic cells (DC) in  

the spleen (27). After 12 days, CD11c+ cells were isolated and total lysates were  
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prepared in lysis buffer (TBS - 1% NP40). Soluble lysates or, alternatively, recombinant  

tSHIP-1 (28) were incubated with biotinylated peptides (GenScript, Piscataway, NJ)  

corresponding to the cytoplasmic tail of mouse Dectin-1 (NH2- 

MKYHSHIENLDEDGYTQLDFSTQDIHKR-C, biotin in C-terminal lysine),  

phosphorylated or not in the Tyr3 and 15, or mouse CD69 (NH2- 

MDSENCSITENSSSHLERGQKDHGTSIHFEK-C, biotin in C-terminal lysine).  

Peptides were pulled down using streptavidin-conjugated magnetic beads (Life  

Technologies, Carlsbad, CA) and interacting proteins were analyzed by mass  

spectrometry or western blotting using antibodies against SYK (N-1), SHIP-1 (P1C1)  

for Fig. 1C and Supplemental Fig. 1B or (D20 and V19) for Fig. 1D (Santa Cruz,  

Dallas, TX), LYN (C13F9) and SHP-2 (#3752) (Cell Signaling). Scaffold software  

(Proteome software, Runcorn, UK) was used to analyze mass spectrometry data.  

  

Plasmids, constructions, transfection and confocal microscopy   

EGFP-tagged SHIP-1 protein was generated by PCR using pExpress vector (Invitrogen)  

as template and 5’TTTCCCCTCGAGCTATGCCTGCCATGGTCCCTGG-3’ and  

5’TTTCCCGAATTCGCAGGTCTTCTTCAGAGATCAGTTTCTGTTCGCGGCCGC 

ACTGCATGGCAGTCCTGCCA-3’ as primers. The PCR product was cloned into  

pEGFP-N1 (Clontech, Mountain View, CA). EGFP-tagged Syk was generated by  

cloning the coding region for murine Syk, from RAW264.7 cDNA using 5’- 

CTCGAGACCATGGCGGGAAGTGCTGTGG-3’ and 5’- 

GAATTCGGTTAACCACGTCGTAGTAGT-3’ as primers. The PCR product was  

cloned into pEGFP-N1 (Clontech). For generation of mCherry-tagged wild type Dectin- 

1 (D-1 WT) or cherry-tagged Dectin-1, where tyrosine 15 was mutated to phenylalanine  

(D-1 Y15F), we extracted Dectin-1 by PCR using pcDNA.3.1-cloned mouse Dectin-1  
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as template; WT or Y15F mutated were generated with a mutagenesis kit (Agilent  

Technologies, Santa Clara, CA) and primers 5’- 

TTTCCCCTCGAGCCAAATATCACTCTCATATAGA-3’ and 5’- 

TTTCCCGAATTCTTACAGTTCCTTCTCACAGATAC-3’ and subsequently cloned  

into pmCherry-C1 (Clontech).  

CHO-K1 cells maintained in complete Ham’s F-12 Nutrient Mix supplemented with  

10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin and 2mM L-Glutamine (Gibco,  

Life technologies) were transiently transfected with the indicated constructions of  

plasmids using Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA). Transfected  

cells were grown for 24-48 hours on glass coverslips before the addition of 10 µg/ml of  

zymosan (Sigma) for 20 min at 37 °C. Cells were then fixed with 0.5% PFA for 30 min,  

and coverslips were mounted. Confocal images were obtained with a Leica TCSSP5  

confocal scanning laser unit attached to an inverted epifluorescence DMI6000B  

microscope fitted with an HCX PL APO lambda blue 63X/1.4 NA oil immersion  

objective, using Las-AF acquisition software (Leica, Solms, Germany).  

Relocation analysis was performed using ImageJ and IMARIS software (Bitplane,  

Belfast, UK). Volumes covering the receptor area (red channel) and the total cell area  

(green channel) were determined. Enrichment index was defined as EI= MGIR/(MGIC- 

MGIR) where MGIR is the mean green intensity in the receptor volume and MGIC is  

the mean green intensity in the total cell volume.  

  

Flow cytometry and phagocytosis assay  

Phenotypic analysis of GM-BM was performed by flow cytometry using APC-anti- 

CD11c and FITC-anti-I-Ab (MHC-II) antibodies from eBioscience (Hatfield, UK).  

Dectin-1 surface expression was assessed by using biotinylated anti-Dectin-1 antibody  
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(2A11) from Acris (Herford, Germany) and APC-streptavidin from eBioscience. All  

analysis were pre-gated on live cells determined by Hoechst 33258 incorporation.  

Dectin-1 expression was assessed inside the CD11c+ gate.  

To quantify the phagocytic capacity of Dectin-1 ligands, CD11c+ purified Cell Violet (5  

µM)-stained GM-BM were exposed to CFSE-labeled (2.5 µM) HKC for 15 minutes;  

when indicated, cells were pre-treated for 30 min with laminarin. After extensive  

washing, cells were recovered on ice with PBS-5mM EDTA. Trypsin-EDTA (0.25%)  

(Gibco) treatment was used to remove bound, not internalized, HKC particles prior to  

analysis by flow cytometry. Percentage of engulfed HKC was determined as double  

positive cells for Cell Violet and CFSE. Internalization of HKC was confirmed by  

confocal microscopy  (Supplemental Fig. 1C).  

  

Immunofluorescence   

GM-BM were plated on coverslips and exposed to Cell Violet-stained (2.5 µM) HKC or  

Cell Violet-stained (20 µM) live C. albicans at a 1:3 ratio for 30 minutes. Cells were  

then fixed with BD Cytofix/Cytoperm (BD Bioscience, San Jose, CA). Phospho-SHIP- 

1 antibody from Cell Signaling (#3941s) was added and the cells were incubated at 4°C  

for 24h. Samples were washed and rabbit anti-P-SHIP-1 was detected using the  

tyramide signal amplification kit (TSA detection kit Alexa Fluor 568, Molecular  

Probes) as described by the manufacturer.  Cells were then mounted with Prolong (Life  

Technologies) and images were obtained by confocal microscopy. Images were blindly  

quantified as percentage of P-SHIP-1 positive events among HKCs or live C. albicans  

contacting GM-BM.  
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Western blot   

GM-BM were rested for 4 hours in cell culture medium without FBS and subsequently  

stimulated at the indicated times with HKC. Cell lysates were prepared in RIPA buffer  

containing protease and phosphatase inhibitors (Roche, Basel, Switzerland). Samples  

were run on Mini-PROTEAN TGX PRECAST Gels (BIO-RAD, Hercules, CA) and  

transferred to a nitrocellulose membrane (BIO-RAD) for blotting with antibodies  

against β-Actin (C4) from Santa Cruz, P-Syk (C87C1), P-ERK (E10), ERK (#9102s),  

P-p38 (28B10), p38 (#9212s), P-p40phox (#4311s), IκBα (#9242s), P-Akt (#9275s),  

Akt (40D4) from Cell Signaling. Alexa Fluor-680 or Qdot-800 conjugated secondary  

antibodies were used and gels were visualized and quantified in an Odyssey instrument  

(LI-COR, Lincoln, NE).  

  

Quantitative-PCR  

GM-BM were stimulated as indicated and the RNeasy Plus Mini kit (Qiagen) was used  

for mRNA extraction. cDNA was prepared using the High Capacity cDNA reverse  

transcription kit (Applied Biosystems, Foster City, CA). Quantitative PCR was  

performed in a 7900-FAST-384 instrument from Applied Biosystems using the GoTaq  

qPCR master mix from Promega (Madison, WI). Primers were synthetized by Sigma.  

Primers used in this work were as follows: SHIP-1 exon-1 Fw: 5’- 

AGCTGGTAGGAGCAGCAGAG-3’; SHIP-1 exon-1 Rv: 5’- 

AGTAGCTCCTCTGCCTTGGA– 3’; Egr-3 Fw: 5’-CAACGACATGGGCTCCATTC-3’;  

Egr-3 Rv: 5’-GGCCTTGATGGTCTCCAGTG– 3’; IL-1β Fw: 5’- 

TGGTGTGTGACGTTCCCATT-3’; IL-1β Rv: 5’- CAGCACGAGGCTTTTTTGTTG-3’.  
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Cytokine Determination 

Purified GM-BM were left unstimulated or treated overnight with HKC at the indicated 

ratios. Culture supernatants were collected for cytokine determination by ELISA using 

kits for TNFα, IL-6, IL-12p40, IL-2 (eBioscience), IL-10 (BD OptEIA) according to the 

manufacturers´ protocols. Live C. albicans was incubated with GM-BM at the indicated 

ratios for 4 hours and IL-1β was determined in culture supernatants by ELISA (R&D 

systems, Abingdon, UK). 

 

Measurement of Reactive Oxygen production 

Production of reactive oxygen species (ROS) was measured by luminol-enhanced 

chemiluminescence (20). 100,000 GM-BM were plated in 100 µl of regular culture 

medium on a 96- well sterile luminometer plate (Corning, Corning, NY). When 

indicated, GM-BM were pre-treated with different inhibitors for 30 minutes; then, cells 

were stimulated as indicated and L-012 (Wako Chemicals, Osaka, Japan) was 

incorporated to the medium (1 mM final concentration) at the beginning of the 

stimulation. Chemiluminescence was measured at 5 min intervals and expressed as 

Relative Light Units /second (RLU/s). ROS generation was normalized to maximum 

PMA-induced (Sigma) ROS production. 

 

Colony forming units counting 

GM-BM were plated in 24-well plates and stimulated with live C. albicans (1:3 ratio). 

After 3.5 hours, supernatants were collected and GM-BM were lysed with sterile water 

to release live yeasts. Supernatants and water were pooled and serial dilutions were 

prepared and plated on YPD agar plates. In any single experiment, a control condition 

was run in parallel, where the same amount of live C. albicans was grown without GM-
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BM. Plates were incubated at 30ºC for 48 hours and colony-forming units (CFUs) were 

counted. Data are expressed as “% Candida killing”, resulting from considering the 

CFUs obtained in the not co-cultured control condition, referred to the CFUs counted in 

each experimental stimuli. 

 

PAS-hematoxylin staining  

GM-BM were coated on coverslips and exposed to live C. albicans (1:3 ratio) for 3.5 

hours. After fixing with 4% paraformaldehyde for 10 minutes, samples were stained 

using Periodic Acid Schiff (PAS), counterstained with hematoxylin and examined by 

light microscopy. 

 

MTT assay 

Viability of C. albicans after exposure to GM-BM was performed as described (29). In 

brief, after co-culturing live C. albicans and GM-BM (3:1 ratio) for 3.5 hours, medium 

was removed and a 5 minute incubation was performed with sterile water to lyse GM-

BM. Remaining live C. albicans were incubated at 37 ºC for 3 hours with 0.5 mg/ml of 

MTT reagent (Sigma). In any single experiment, a control condition was run in parallel, 

where the same amount of live C. albicans was grown without GM-BM. Subsequently, 

MTT was removed and newly-formed formazan crystals were dissolved in 0.04 M HCl-

isopropanol for 5 minutes at 37 ºC. Absorbance (570 nm) was determined in the 

resulting solution as a direct measurement of the activity of dehydrogenase on the 

surface of live C. albicans. Data are expressed as “% Candida killing”, resulting from 

the formula 100 x 1- (MTTExp/MTTControl), where MTTExp is the value in the GM-BM 

and C. albicans co-cultures and MTTControl is the value obtained in control wells 

containing fungus alone. 
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Statistical analysis  

Statistical analysis was performed using Prism software (GraphPad Software, La Jolla,  

CA). Statistical significance for comparison between two groups of samples coming  

from a normal distribution (D’Agostino and Pearson omnibus normality test) was  

determined using the unpaired two-tailed Student's t test. For comparison of more than  

two groups, one-way ANOVA and Bonferroni post-hoc test was used. A p value <0.05  

was considered significant (* p < 0.05; ** p< 0.01; *** p < 0.001).  
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Results  

SHIP-1 binds to the phosphorylated hemITAM of Dectin-1.  

An unbiased approach to decode the proteome interacting with the intracellular tail of  

Dectin-1 was designed to screen for novel effectors and regulators of Dectin-1 signaling  

in DC (Fig. 1A). Lysates from spleen DC were incubated with biotinylated peptides  

comprising 28 amino acids, corresponding to the intracellular domain of Dectin-1 either  

unphosphorylated or doubly phosphorylated in Tyr 3 and 15. Controls consisted of the  

intracellular tail of CD69 or no peptide. Biotin-peptides were pulled down using  

streptavidin beads and interacting proteins were analyzed by mass spectrometry. A  

comprehensive list of proteins specific for binding to the Dectin-1 cytoplasmic tail can  

be found at PeptideAtlas database (www.peptideatlas.org) with the accession number  

PASS00735. As expected, among the proteins differentially bound to the Tyr- 

phosphorylated Dectin-1 cytoplasmic tail, Syk kinase was one of the most represented  

(Fig. 1B, PeptideAtlas #PASS00735) (4). Src kinases, such as Hck and Lyn, or the  

tyrosine-phosphatase SHP-2, known to interact with Dectin-1 after activation (30, 31),  

were also detected (Fig. 1B, PeptideAtlas #PASS00735). Unexpectedly, SHIP-1  

phosphatase was the Tyr-phosphorylated tail-interacting protein with the highest  

number of unique peptides recognized (Fig. 1B, PeptideAtlas #PASS00735).   

To confirm these findings, we performed Western blot analysis of pulled-down  

lysates and confirmed specific binding of Syk, Lyn, SHP-2 and SHIP-1 to Dectin-1 Tyr- 

phosphorylated tail (Fig. 1C). These results suggested that SHIP-1 interacts with the  

Tyr-phosphorylated Dectin-1 cytoplasmic tail. To examine whether this binding was  

direct, a recombinant human SHIP-1 variant (tSHIP-1) (28) containing the SH2 domain  

was assayed with biotinylated Dectin-1 intracellular tail peptides in different  

conformations: unphosphorylated, distal Tyr (P-Y3)-phosphorylated, proximal Tyr (P- 
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Y15)-phosphorylated or doubly-phosphorylated (P-Y3,15). Notably, tSHIP-1 was 

pulled down only by Y15-phosphorylated and doubly phosphorylated Dectin-1 peptides 

(Fig. 1D). These data indicate that SHIP-1 binds directly the phosphorylated hemITAM 

in Dectin-1 cytoplasmic tail, and that phosphorylation of Tyr15 is required for SHIP-1 

recruitment to Dectin-1. 

 

SHIP-1 co-localizes with Dectin-1 in the phagosome, in a hemITAM-dependent 

manner. 

Upon phagocytosis of specific particulate ligands, Dectin-1 and Syk locate to the 

phagosome (4, 20). To address whether SHIP-1 colocalizes with Dectin-1 when 

expressed in cells, we cotransfected CHO cells with wild type (WT) or Y15F Dectin-1-

mCherry fusion protein and Syk-EGFP or SHIP-1-EGFP fusion proteins, and evaluated 

their localization by confocal microscopy upon phagocytosis of zymosan particles. 

Dectin-1 relocated to the phagosome independently of the Tyr15 of the hemITAM (Fig. 

2A, 2B), as reported (6). In contrast, Syk relocation around zymosan-triggered 

phagosomes was dependent on the presence of Tyr15 (Fig. 2A), as expected (4). 

Notably, SHIP-1 colocalized with WT but not Y15F Dectin-1 around zymosan 

phagosomes (Fig. 2B). Analysis of transversal sections across the phagosomes verified 

the localization (histograms in Fig. 2A, 2B). In summary, both Syk and SHIP-1 fusion 

proteins similarly colocalized with Dectin-1 WT but not with the Y15F mutant. 

 To quantify the relocation of Syk or SHIP-1 to the Dectin-1 receptor at the 

phagosome in an unbiased manner, confocal microscopy images were analyzed by 

IMARIS software. This enrichment index was defined as Syk-EGFP or SHIP-1-EGFP 

fluorescence intensity in the Dectin-1-mCherry area (either WT or Y15F) relative to the 

EGFP intensity in the remainder of the cell. Image analysis revealed a significant 



 

 16 

enrichment of Syk and SHIP-1 to the Dectin-1 WT phagosome, but not to the Dectin-1  

Y15F phagosome (Fig. 2C). Collectively, these results indicate that, following Dectin-1  

activation, both Syk and SHIP-1 are recruited to the intracellular domain of the receptor  

in a hemITAM-dependent manner, suggesting a potential regulatory role for SHIP-1 in  

Dectin-1 triggered responses.  

  

SHIP-1 relocates to C. albicans-containing phagosomes in GM-BM in a Dectin-1  

dependent manner.  

To test whether SHIP-1 could have a non-redundant functional effect in Dectin-1  

signaling in DC, we generated GM-BM lacking SHIP-1 (Supplemental Fig.1A, 1B)  

from CD11cCre/+SHIP-1flox/flox (CD11cΔSHIP-1) mice. Our previous analysis of DC  

compartment in germline SHIP-1-/- mice showed that mature DC are present in normal  

or increased numbers in spleen and LN, respectively, and that SHIP-1-/- DC possess a  

normal capacity for priming of antigen-specific T cell responses (32). The in vitro  

differentiation process of WT and CD11cΔSHIP-1 GM-BM cells was similar, as  

assessed by differentiation markers and numbers of recovered cells from the cultures  

(Fig. 3A). Notably, Dectin-1 was expressed at the same level in WT and SHIP-1-deleted  

GM-BM CD11c+ cells (Fig. 3B).   

 We used heat-killed C. albicans (HKC) as a model stimulus since the heat- 

killing process exposes β-glucans (33), resulting in functional responses more  

dependent on Dectin-1 (34, 35). Following trypsin treatment to remove bound non- 

internalized HKC (Supplemental Fig. 1C), FACS analysis revealed that Dectin-1- 

dependent (laminarin-inhibited) uptake of HKC was not affected in CD11cΔSHIP-1  

GM-BM compared with WT counterparts (Fig. 3C).   
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 Next, we analyzed SHIP-1 relocation to the C. albicans-containing phagosome  

in primary GM-BM from WT or Dectin-1-deficient mice.  SHIP-1 relocated to HKC or  

live C. albicans-containing phagosomes in a Dectin-1 dependent manner (Fig. 3D, 3E).  

These data support SHIP-1 association to Dectin-1 in GM-BM.  

  

SHIP-1 absence does not affect MAPK activation and cytokine production in  

response to C. albicans in GM-BM.  

 To investigate a possible role of SHIP-1 in modulation of Dectin-1 signaling, we  

first analyzed Syk phosphorylation, a critical step for downstream signaling events  

following detection of HKC by Dectin-1 (36, 37). Stimulation with HKC induced a  

slight increase in Syk phosphorylation in CD11cΔSHIP-1 compared to WT GM-BM  

(Fig. 4A). ERK and p38 phosphorylation or IκBα degradation, as a metric of NFκB  

activation, were comparable between WT and CD11cΔSHIP-1 GM-BM in response to  

HKC (Fig. 4A). Early growth response (Egr) transcription factors are a family of  

NFAT-target genes induced in response to Dectin-1 (13). Egr-3 was similarly induced  

in WT and CD11cΔSHIP-1 GM-BM by HKC (Fig. 4B). Consistent with these results,  

no differences were observed for TNFα, IL-6, IL-12p40, IL-10 and IL-2 production in  

response to HKC between WT and CD11cΔSHIP-1 GM-BM (Fig. 4C). IL-1β  

expression in response to HKC (Fig. 4D) and IL-1β production following stimulation  

with live C. albicans (Fig. 4E), another hallmark of Dectin-1 signaling (38), were also  

unaffected in the absence of SHIP-1 in GM-BM. These results demonstrate that Dectin- 

1 engagement in SHIP-1-deficient GM-BM does not lead to significant changes in Syk- 

mediated signaling pathways and cytokine production.  

  

Enhanced Dectin-1-mediated ROS production in SHIP-1-deficient GM-BM.  
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 Aside from transcriptional activation, Dectin-1-mediated Syk triggering has also been  

shown to generate ROS (5, 36). To determine the degree of Dectin-1 dependency, we  

tested HKC-triggered ROS production in GM-BM from WT and Clec7a-/- mice (Fig.  

5A). The results showed a predominant Dectin-1 dependent, but also a Dectin-1  

independent component in ROS induced by HKC in GM-BM. Next, we tested the effect  

of SHIP-1 absence in HKC-induced ROS. Following exposure to HKC, ROS  

production was significantly increased in CD11cΔSHIP-1 compared with WT GM-BM,  

independently of the HKC:GM-BM ratio used (Fig. 5B, Supplemental Fig. 2A).  

Notably, this effect was specific to CD11c+ GM-BM, as the lack of SHIP-1 in M-CSF  

bone marrow-derived macrophages (Supplemental Fig. 2B) or bone marrow-purified  

neutrophils (Supplemental Fig. 2C) had no impact on HKC-triggered ROS production.  

To test whether the increased ROS production in the absence of SHIP-1 was  

Dectin-1-dependent, we pretreated GM-BM with laminarin, a soluble β-glucan that  

inhibits the recognition of specific ligands by Dectin-1 (39) and is capable of impeding  

Candida-induced Dectin-1-mediated ROS production (33). Consistent with Fig. 5A,  

laminarin pre-treatment inhibited the majority of HKC-induced ROS production and,  

notably, residual ROS generation was comparable in both WT and CD11cΔSHIP-1  

GM-BM (Fig. 5C), supporting that the enhanced HKC-triggered ROS production in  

SHIP-1-deficient GM-BM was mediated by Dectin-1. Moreover, we tested pure Dectin- 

1 ligands such as curdlan and whole glucan particles (WGP) (20), which generated ROS  

in GM-BM in a fully Dectin-1-dependent fashion (Supplemental Fig. 2D, 2E). ROS  

production was enhanced in SHIP-1 deficient GM-BM in response to curdlan and  

WGP, a process blocked by laminarin pre-treatment (Fig. 5D, 5E). This set of data  

illustrated that SHIP-1 regulates ROS production in response to Dectin-1 in GM-BM.  

Notably, ROS production in response to live C. albicans was modest but was also  
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enhanced in the absence of SHIP-1 in GM-BM (Fig. 5F), suggesting SHIP-1 has a 

regulatory role on ROS production in response to live fungi.  

 

Syk, PI3K and PDK1 mediate enhanced NADPH oxidase-triggered ROS 

production in SHIP-1-deficient GM-BM. 

To address the signaling pathways leading to increased ROS production in the absence 

of SHIP-1, we tested ROS production in response to HKC in GM-BM pre-treated with 

specific inhibitors (5, 36). Consistent with the dependence of ROS production 

downstream of Dectin-1 on Syk activation (5, 36, 38), the specific Syk inhibitor R-406 

fully inhibited ROS generation following HKC sensing (Fig. 6A). Downstream of 

Dectin-1/Syk, ERK inhibition reduced HKC-triggered ROS production in both WT and 

CD11cΔSHIP-1 GM-BM (Fig. 6B). Of note, despite an efficient UO126-mediated ERK 

inhibition (Supplemental Fig. 3A), and a UO126 dose-dependent reduction of IL-1β 

production in response to live C. albicans (Supplemental Fig. 3B), ROS production was 

still detected in response to HKC. Importantly, the absence of SHIP-1 generated 

increased ROS levels in the presence of ERK inhibitor (Fig. 6B), suggesting that ERK-

dependent ROS were not affected by the regulatory function of SHIP-1.  

 The phosphatase activity of SHIP-1 antagonizes the kinase activity of PI3K (40). 

Stimulation with HKC following PI3K inhibition reduced ROS production to the same 

level in WT and CD11cΔSHIP-1 GM-BM (Fig. 6C), suggesting PI3K as a central 

mediator of increased ROS production in the absence of SHIP-1. Phosphatidylinositides 

generated by PI3K recruit Akt (also known as PKB) and phosphoinositide-dependent 

protein kinase 1 (PDK1) to the membrane (41). Inhibition of Akt kinase (Supplemental 

Fig. 3C) did not affect HKC-triggered ROS production (Fig. 6D). Notably, inhibition of 

PDK1 reproduced the results obtained when inhibiting PI3K (Fig. 6E).  
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 Dectin-1-triggered ROS production is mediated by NADPH oxidase (3, 42).  

Diphenyleneiodonium (DPI), an NADPH oxidase inhibitor (43), abolished HKC- 

triggered ROS generation in GM-BM (Fig. 6F). Consistent with this observation, direct  

assessment of the phosphorylation status of the cytosolic p40 subunit of NADPH  

oxidase revealed increased p40 activation in HKC-treated SHIP-1-deficient but not WT  

GM-BM (Fig. 6G). Overall, these results show that SHIP-1 non-redundantly regulates  

ROS production in CD11c+ GM-BM in a Dectin-1/Syk/PI3K/PDK1 and NADPH  

oxidase-dependent manner.  

  

Enhanced killing activity against C. albicans by SHIP-1 deficient GM-BM.  

Generation of ROS by myeloid cells is a powerful weapon to fight against C. albicans  

(44, 45). To determine whether the observed increased ROS production in SHIP-1  

deficient DC resulted in enhanced candidacidal activity, we co-cultured WT and  

CD11cΔSHIP-1 GM-BM with live C. albicans for 3.5 h and evaluated colony-forming  

units (CFUs) corresponding to surviving fungus. Following co-culture at a 3:1 C.  

albicans:GM-BM ratio, WT GM-BM exhibited efficient killing activity, indicated as  

the ratio between live C. albicans following the co-culture with GM-BM compared to a  

control without GM-BM, in which the input Candida was unaffected. WT GM-BM  

Candida killing was significantly enhanced in SHIP-1-deficient GM-BM, as gauged by  

the analysis of remaining CFUs (Fig. 7A). Quantification of live C. albicans using the  

MTT colorimetric assay (29) confirmed the increase in candidacidal activity (Fig. 7B)  

and visualization of the remaining hyphae by optical microscopy indicated reduced  

numbers of C. albicans following co-culture with SHIP-1 deficient GM-BM (Fig. 7C).   

 To address whether the increased Dectin-1/Syk/NADPH oxidase-mediated ROS  

production observed in CD11cΔSHIP-1 GM-BM could account for the enhanced killing  
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activity, we pretreated cells with laminarin (Fig. 7D), R-406 (Fig. 7E) or DPI (Fig. 7F), 

and measured killing capacity of GM-BM following coculture. Inhibition of Dectin-1 

resulted in a reversal of the improved killing activity in SHIP-1-deficient GM-BM to 

levels comparable to WT (Fig. 7D). Syk or NADPH oxidase-inhibited GM-BM showed 

barely detectable candidicidal activity (Fig. 7E, 7F), correlating with fully blocked ROS 

production (Fig. 6A, 6F). These results support that SHIP-1 non-redundantly modulates 

a Dectin-1/Syk/NADPH oxidase-mediated pathway regulating candidacidal activity by 

CD11c+ GM-BM.  
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Discussion  

Dectin-1 is a prototype activating CLR that promotes inflammation and immunity  

following sensing of β-glucans in the cell wall of fungi and bacteria (1, 2, 5, 10). The  

hemITAM located in its intracellular domain is primarily considered an activating motif  

that characterizes a group of myeloid CLRs including Dectin-1, CLEC-2, DNGR-1 and  

SIGN-R3 (46-49). To explore early effectors and regulators coupling with Dectin-1  

hemITAM, we analyzed the interactome of Dectin-1 intracellular tail with DC proteins  

and found unexpected binding of SHIP-1 phosphatase to the phosphorylated hemITAM.  

Notably, Dectin-1 guided relocation of SHIP-1 to the zymosan or Candida-containing  

phagosome. At a functional level, SHIP-1 phosphatase selectively antagonize ROS  

production by a Dectin-1/Syk/PI3K/PDK1/NADPH oxidase-dependent pathway in  

response to HKC by CD11c+ GM-BM.   

Our unbiased screen for proteins binding Dectin-1 intracellular tail identified  

several kinases, including Syk, Hck and Lyn, binding to phosphorylated hemITAM,  

consistent with previous results (4, 47). Unexpectedly, some intracellular phosphatases  

also associated with Dectin-1 phosphorylated hemITAM (50), including SHP-2,  

recently described to associate to Dectin-1 (31). Among these phosphatases, SHIP-1  

presented the highest number of unique peptide counts. Interestingly, SHIP-1 has also  

been found to associate with the CLEC-2 signalosome after receptor activation (51) and  

to ITAM-domains in activating receptors such as FcγRIIα (52), FcεRIβ (53) or CD79  

(54). Since we find that SHIP-1 association to Dectin-1 is dependent on  

monophosphorylation of the Tyr15 in the hemITAM, the recruitment likely involves the  

SH2 domain of SHIP-1, similar to the association of SHIP-1 to mono-phosphorylated  

ITAM (54, 55) or to the association of SHP-2 phosphatase to Dectin-1 (31). Notably,  

SHIP-1 recruitment to the Candida-containing phagosome is dependent on Dectin-1.   
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In order to determine the relevance of SHIP-1 deletion in DC in response to  

Dectin-1, we generated CD11c+ GM-CSF-derived bone marrow cells (GM-BM) from  

CD11c∆SHIP-1 mice where effects of other SHIP-1-deficient cell types on DC function  

can be excluded (32). We find that, in our culture conditions, CD11c∆SHIP-1 GM-BM  

differentiated in vitro with no significant alterations compared to their WT counterparts  

in terms of numbers of cells generated or in maturation markers, consistent with our  

earlier findings of DC maturation and function in lymphoid tissues of germline SHIP-1- 

/- mice (32). More recent analysis indicates that myeloid SHIP-1 deficiency, including  

the DC compartment, does not lead to the myeloproliferative or inflammatory disease  

that causes the demise of germline SHIP-1-/- mice (24, 56). Nevertheless, GM-CSF- 

cultured bone marrow progenitors comprise a heterogeneous population of CD11c+  

MHCII+ cells (25), suggesting that different protocols of generation and purification of  

these cells could impact the obtained results.  

 Stimulation of CD11cΔSHIP-1 GM-BM with HKC resulted in increased Syk  

phosphorylation compared with WT GM-BM, although both cells exhibit similar  

Dectin-1 expression. This result is in accord with previous data indicating an inverse  

correlation between SHIP-1 expression and Syk phosphorylation (57) and recent  

findings in human ALL cells showing that inhibition of SHIP-1 induces hyper- 

phosphorylation of Syk downstream of the B cell receptor (58). Since SHIP-1 is an  

inositol phosphatase and would not directly affect Syk tyrosine phosphorylation, it is  

feasible that SHIP-1 and Syk SH2 domains may compete for binding to the  

phosphorylated Y15 in Dectin-1 hemITAM (59). This competition between SH2  

domains for a common phospho-Tyr motifs in receptor tails has been proposed to  

explain the regulatory role of SHIP-1 at 2B4 in NK cells (60) and TREM-2 in myeloid  
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cells (61). Moreover, PI3K regulates Syk phosphorylation downstream of the CLEC2  

receptor (62), an effect that could be enhanced in the absence of SHIP-1 (40).   

 Increased phosphorylation of Syk in the absence of SHIP-1 does not result in  

augmented activation of downstream signaling pathways and transcription factors,  

including MAPKs, NF-κB or NFAT, thus producing a negligible effect on cytokine  

production. The only non-redundant effect of SHIP-1 in the modulation of Dectin-1  

functional responses is an inhibition of ROS production in response to HKC or live C.  

albicans by CD11c+ GM-BM. This SHIP-1-mediated modulation of Dectin-1 was  

CD11c+ GM-BM-specific, as it was not found in M-CSF bone marrow-derived  

macrophages and bone marrow-purified neutrophils deficient in SHIP-1. Divergent data  

regarding Dectin-1-triggered responses between CD11c+ GM-BM and some other  

myeloid cells such as bone-marrow derived macrophages or neutrophils have been  

previously described (63). Similarly, mechanisms involved in Aspergillus fumigatus- 

induced ROS production mediated by PI3K are different between neutrophils and  

dendritic cells (64).   

 IL-1β synthesis in response to C. albicans depends on ROS production (38).  

However, despite that SHIP-1-deficient GM-BM showed enhanced ROS generation in  

response to C. albicans, no differences in IL-1β production were detected. On the other  

hand, ERK was also implicated in IL-1β production (2), but ERK pathway modestly  

contributes to ROS generation after Dectin-1 ligation (65) and its inhibition does not  

revert the increased ROS production observed in the absence of SHIP-1. These results  

suggest that ROS are necessary for IL-1β production but alternative ERK-dependent  

signals are additionally needed.   

We found that SHIP-1-modulated ROS production in response to HKC proceeds  

via the Dectin-1/Syk/PI3K/PDK1/NADPH oxidase axis. PI3K activation has been  
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implicated in the generation of ROS in response to β-glucan or Aspergillus fumigatus  

(64, 66), although the precise mechanisms linking the Dectin-1/Syk axis with NADPH  

oxidase activation and ROS production are still a matter of debate. The absence of  

SHIP-1 or its catalytic activity increases the levels of PIP3 generated by the Syk-PI3K  

axis (40, 67) and would explain why PI3K inhibition reverts the increased ROS  

generation in the absence of SHIP-1. At the same time, PDK1 activity depends on  

binding to PIP3 through its PH domain, facilitating not only Akt activation but also  

some other targets such as p70 ribosomal protein S6 or PKC (68). Although PDK1 does  

not directly phosphorylate the p40 NADPH subunit (69), the PDK1 target PKC  

promotes activation of the NADPH oxidase complex (43, 70). Gp91phox and p40phox  

components of the NADPH oxidase are implicated in Dectin-1-mediated ROS  

production (71, 72) and in accordance with our results, enhanced ROS production in  

response to Saccharomyces cerevisiae is accompanied by increased p40phox and Syk  

phosphorylation (42). Thus, SHIP-1 could modulate selectively the balance of effectors  

in the PI3K pathway activated downstream of Syk after Dectin-1 engagement.   

Our results suggest that SHIP-1 regulates the levels of PIP3 generated by PI3K  

in response to Dectin-1/Syk stimulation. PIP3 accumulation in the absence of SHIP-1  

would enhance PDK1 activation, NADPH oxidase assembly and ROS production,  

boosting the killing activity of the cell against Dectin-1 triggering pathogens, such as C.  

albicans. Our data illustrate the complexity of Dectin-1 signaling, where the hitherto  

considered activating hemITAM can also couple to intracellular phosphatases to  

selectively regulate certain processes such as ROS production that could be deleterious  

to the host.  
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Figure legends 

Figure 1. SHIP-1 binds the phosphorylated hemITAM of Dectin-1. 

(A-C) Lysates from spleen DC were incubated with peptides representing the intracellular 

domains of CD69, Dectin-1 or Y3- and Y15- doubly-phosphorylated Dectin-1 (Dectin-1-P). 

Incubation without peptide was used as a negative control. Pull-down of these peptides was then 

performed with streptavidin-conjugated beads and interacting proteins were analyzed by mass 

spectrometry or western blot. A) Workflow is shown. B) Unique peptide counts determined by 

mass spectrometry from selected proteins, with their accession numbers. Data indicate unique 

detected peptides from four independent experiments, with total detected peptides in 

parenthesis. ND: Not detected. See also PeptideAtlas # PASS00735. C) Western blot of 

selected proteins pulled down in the assay. A representative blot of two performed is shown. D) 

Different concentrations (indicated in nM) of truncated recombinant SHIP-1 (tSHIP-1) were 

incubated with peptides representing the intracellular domains of non-phosphorylated Dectin-1 

(Dectin-1), P-Y3, P-Y15 or P-Y3,15 doubly-phosphorylated Dectin-1. After pull-down, tSHIP-1 

was detected by western blot. 100 kDa molecular weight (Mw) marker is shown. tSHIP-1 Mw 

is 104 kDa. A representative blot of two performed is shown. 

 

Figure 2. SHIP-1 co-localizes with Dectin-1 in the phagosome in a Tyr15-

dependent fashion.  

(A-C) CHO cells expressing either mCherry-tagged wild type Dectin-1 (D-1 WT) or mCherry-

tagged Dectin-1 where tyrosine 15 was mutated to phenylalanine (D-1 Y15F), were 

cotransfected with either EGFP-Syk or EGFP-SHIP-1 fusion proteins. Cells were then exposed 

to 10 µg/ml of zymosan for 20 minutes and colocalization of Dectin-1 WT or Y15F with Syk 

(A) or SHIP-1 (B) was examined by confocal microscopy. Representative images are shown. 

White lines indicate transversal sections of illustrative phagosomes. Fluorescence intensity 

profiles for green and red channels are plotted as histograms. Insets show a magnification of the 

selected region of interest analyzed in the histograms. C) Enrichment index of EGFP-tagged 
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Syk (left panel) and EGFP-tagged SHIP-1 (right panel) in areas where Dectin-1 was detected.  

Using IMARIS software, the ratio between mean green fluorescence intensity in the receptor  

area and the rest of the cell was analyzed (See Materials and methods).  

  

Figure 3. SHIP-1 relocates to Candida albicans phagosome in GM-BM in a Dectin- 

1 dependent manner.  

GM-BM from wild type (WT) and CD11cCre/+SHIP-1flox/flox (CD11cΔSHIP-1) were generated  

(A) and purified by CD11c-based magnetic bead positive selection (B,C). A) CD11c and MHC  

class II expression after 8 days of bone marrow culture with GM-CSF prior to immunomagnetic  

selection was assessed to evaluate GM-BM differentiation. A representative plot of four  

independent experiments performed is shown (left panel). Total recovered numbers from these  

cultures were quantified (right panel). Bars show arithmetic mean + SEM corresponding to  

eight independent experiments. B) Dectin-1 expression was determined by flow cytometry. A  

representative plot of four independent experiments performed is shown. C) Cell Violet-labeled  

GM-BM were exposed to CFSE-stained HKC at a 1:3 ratio for 15 minutes. When indicated a  

laminarin pre-treatment was performed for 30 minutes. After extensive washing and trypsin  

treatment, phagocytosis of the yeasts was analyzed by FACS. Left panels show representative  

intensity plots. Right histogram depicts arithmetic mean + SEM corresponding to five  

independent experiments. D,E) CD11c+ GM-BM from WT or Clec7a-/- mice were exposed to  

Cell Violet-stained heat-killed Candida albicans (HKC) (D) or Cell Violet-stained live Candida  

albicans (E) at a 1:3 ratio for 30 minutes at 37ºC and then fixed, permeabilized, stained for P- 

SHIP-1 and analyzed by confocal microscopy. White arrows indicate P-SHIP-1 relocation  

around Candida-triggered phagosomes. Right histograms show quantification of P-SHIP-1  

events per contacting GM-BM in up to 25 confocal images per genotype. A representative  

experiment of two is shown.   
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Figure 4. MAPKs activation and cytokine production in response to C. albicans is  

unaffected in SHIP-1-deficient GM-BM.   

(A, B, D) Purified GM-BM from WT and CD11cΔSHIP-1 mice were left unstimulated or  

treated with HKC (ratio 1:10) for the indicated times. A) Syk, ERK and p38 MAPK activation  

and IκBα degradation were analyzed by western blot. A representative blot of four independent  

experiments is shown. B) Egr-3 mRNA or D) IL-1β  mRNA expression was measured by  

quantitative PCR. A representative experiment of two performed is shown. C) Purified GM-BM  

from WT and CD11cΔSHIP-1 mice were left unstimulated or treated overnight with HKC at 5:1  

or 10:1 HKC:GM-BM ratio. Culture supernatants were collected for TNFα, IL-6, IL-12p40, IL- 

10 and IL-2 quantification by ELISA. Bars depict arithmetic mean + SEM from three to five  

independent experiments. E) Purified GM-BM from WT and CD11cΔSHIP-1 mice were left  

unstimulated or treated for 4 hours with live C. albicans at 5:1 or 10:1 C. albicans:GM-BM  

ratio. Culture supernatants were collected for IL-1β quantification by ELISA. Bars depict  

arithmetic mean + SEM from three independent experiments.  

  

Figure 5. Enhanced Dectin-1 -mediated ROS production in SHIP-1-deficient GM- 

BM.   

Purified GM-BM from WT and Clec7a-/- (A) or from WT and CD11cΔSHIP-1 (B-F) mice were  

left unstimulated or treated with HKC at a 1:10 ratio (A-C), 150 µg/ml curdlan (D), 150 µg/ml  

WGP (E) or live C. albicans (F) at a 1:3 ratio. Dotted line and white bar in F denote ROS  

production by C. albicans alone. When indicated, GM-BM were pre-treated for 30 minutes with  

200 µg/ml laminarin. Reactive oxygen species (ROS) production was monitored by  

chemiluminescence during the indicated times and expressed as relative light units per second  

(RLU/s). Left graphs show a representative experiment. Right histograms show arithmetic mean  

+ SEM of the maximal ROS production corresponding to up to three independent experiments.   
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Figure 6. Syk, PI3K and PDK1 mediate enhanced NADPH oxidase-triggered ROS  

production in SHIP-1 deficient GM-BM.   

Purified GM-BM from WT and CD11cΔSHIP-1 mice were pretreated for 30 minutes with 3 µM  

R-406 (A), 10 µM UO126 (B), 25 µM Ly294002 (C), 0.75 µΜ Akt inhibitor VIII (D), 1 µM  

BX-795 (E) or 5 µM DPI (F) prior to stimulation with HKC at a 1:10 ratio. ROS production  

was monitored by chemiluminescence during the indicated times and expressed as relative light  

units per second (RLU/s). Left graphs show a representative experiment. Right histograms show  

arithmetic mean + SEM of the maximal ROS production corresponding to three to four  

independent experiments. G) Purified GM-BM from WT and CD11cΔSHIP-1 mice were  

exposed to HKC for the indicated times and phospho-p40phox (P-p40phox) was detected by  

western blot. A representative experiment of three is shown (left panel). Densitometric analysis  

of P-p40phox relative to β-Actin was conducted (right panel). Bars depict arithmetic mean +  

SEM from three independent experiments.  

  

Figure 7. SHIP-1 deficient GM-BM exhibit an enhanced killing activity against C.  

albicans, dependent on the Dectin-1/Syk/NADPH oxidase axis.   

(A, C) Purified GM-BM (4 x 105) from WT and CD11cΔSHIP-1 mice were incubated with live  

C. albicans for 3.5 hours in a C. albicans:DC 3:1 ratio. A) Supernatants and cell extracts were  

plated on YPD agar plates and colony forming units (CFUs) were scored to quantify surviving  

C. albicans. Bars depict arithmetic mean + SEM from three independent experiments. B) MTT  

assay to determine remaining live C. albicans in supernatant and cell extracts. Histogram shows  

arithmetic mean + SEM from three independent experiments. C) Hyphae formation was  

visualized by PAS staining, counterstained with hematoxylin. (D - F) Purified GM-BM from  

WT and CD11cΔSHIP-1 mice were pretreated for 30 minutes with 200 µg/ml of laminarin (D),  

3 µM R-406 (E) or 5 µM DPI (F) prior to incubation with live C. albicans for 3.5 hours at a 3:1  

C. albicans:DC ratio. Surviving fungi were quantified by MTT assay as in B). Histograms  

represent arithmetic mean + SEM from three independent experiments. In all cases, data are  
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expressed as “% Candida killing”, resulting from considering the CFUs/MTT values obtained  

with C. albicans alone referred to the CFUs/MTT values measured in each experimental  

condition.  
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