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Dendritic cells (DCs) are key initiators of the adaptive immunity, and upon recognition of pathogens are able to skew T cell differentiation to elicit appropriate responses. DCs possess this extraordinary capacity to discern external signals using receptors that recognize pathogen-associated molecular patterns. These can be glycan-binding receptors that recognize carbohydrate structures on pathogens or pathogen-associated patterns that additionally bind receptors, such as Toll-like receptors (TLRs). This study explores the early signaling events in DCs upon binding of α2-3 sialic acid (α2-3sia) that are recognized by Immune inhibitory Sialic acid binding immunoglobulin type lectins. α2-3sias are commonly found on bacteria, e.g. Group B Streptococcus, but can also be expressed by tumor cells. We investigated whether α2-3sia conjugated to a dendrimeric core alters DC signaling properties. Through phosphoproteomic analysis, we found differential signaling profiles in DCs after α2-3sia binding alone or in combination with LPS/TLR4 co-stimulation. α2-3sia was able to modulate the TLR4 signaling cascade, resulting in 109 altered phosphoproteins. These phosphoproteins were annotated to seven biological processes, including the regulation of the IL-12 cytokine pathway. Secretion of IL-10, the inhibitory regulator of IL-12 production, by DCs was found upregulated after overnight stimulation with the α2-3sia dendrimer. Analysis of kinase activity revealed altered signatures in the JAK-STAT signaling pathway. PhosphoSTAT3 (Ser727) and phosphoSTAT5A (Ser780), involved in the regulation of the IL-12 pathway, were both downregulated. Flow cytometric quantification indeed revealed de- phosphorylation over time upon stimulation with α2-3sia, but no α2-6sia. Inhibition of both STAT3 and -5A in moDCs resulted in a similar cytokine secretion profile as α-3sia triggered DCs. Conclusively, this study revealed a specific alteration of the JAK-STAT pathway in DCs upon simultaneous α2-3sia and LPS stimulation, altering the IL10:IL-12 cytokine secretion profile associated with reduction of inflammation. Targeted control of the STAT phosphorylation status is therefore an interesting lead for the abrogation of immune escape that bacteria or tumors impose on the host.
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Introduction

Dendritic cells (DCs) are antigen presenting cells that continuously sense the intrinsic host environment. DCs possess the extraordinary capacity to recognize internal and external danger signals and respond appropriately using pattern recognition receptors (PPRs) (1). Upon encounter of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs), DCs can leave the periphery and migrate to the lymphoid tissues to activate an appropriate adaptive immune response (2). In contrast, recognition of self-associated molecular patterns (SAMPs), such as self-antigens, leads to the induction of a tolerogenic response (3).

Glycans form cellular immune recognition elements and are considered key modulators of the immunological outcome (4, 5). Glycosylation is a common post-translational modification in eukaryotes, and glycan patterns can be recognized as PAMPs or SAMPs by DC PRRs, such as C-type lectin receptors (CLRs) and Sialic acid binding immunoglobulin type lectins (Siglecs) (6). SAMP-associated glycan patterns predominantly refer to sialic acids (3). This negatively charged monosaccharide decorates the terminal positions of larger polysaccharide molecules on cell surfaces. Positioned at the outer rim of the glycocalyx in an α2-3-, α2-6-, or α2-8-linkage, sialic acids portray a dominant role in cell-cell interactions and maintenance of intrinsic homeostasis (7). Due to its presence on all cells, the inherent sialic acid signature is an effective marker to promote tolerance upon encounter of self-antigens (3). Synthetic antigens modified with a sialic acid can alter the immunogenicity of the antigen by imposing a regulatory program on DCs. The DC can subsequently skew the differentiation of naïve T cells to regulatory T cells via e.g. an altered cytokine secretion profile, and reduce inflammatory T effector cell responses (8). The impact of sialic acids on altering T cell differentiation is therefore highly appealing as a target in DC-based immunotherapeutic strategies (9, 10).

Furthermore, sialic acids are increasingly acknowledged for their role in the immune regulation of cancer. During cancer progression, tumor cells often highly increase their sialic acid expression to create an immunosuppressive tumor microenvironment (11). Tumor hypersialylation furthermore alters myeloid cells and hamper immunotherapy efficacy, as the T cell and NK cell responses are dampened by the tolerogenic immune signals emanating from the tumor cell surfaces (11). Novel approaches to combat quenching of immune cell activity using targeted delivery of sialyltransferase inhibitors are currently being explored to improve immunotherapeutic strategies (12, 13).

Sialic acids are also taken advantage of by pathogens to benefit their own survival. Bacteria obtain sialic acids by de novo synthesis or from an environmental source (14). By doing so pathogens can hide and escape from immune surveillance. Group B Streptococcus (GBS) uses sialic acids to mimic the host cell surface. The capsular polysaccharides of all serotypes are decorated with terminal α2-3-linked sialic acids, causing suppression of the host immune response, promoting bacterial survival (15, 16). This exploitation of sialic acid by GBS eventually results in the devastatingly high incidence of sepsis and meningitis in infants (16).

To gain insight into the self and foreign discrimination by DCs, and the in vivo induction of an immune suppressive T cell response (8), we explored human DC immune signaling upon sialic acid binding. We conjugated α2-3-linked sialic acids to a dendrimeric core for multivalent ligand presentation. By proteomic and phosphoproteomic analysis we studied the induced signaling pathways. With concomitant TLR4 stimulation to trigger DC maturation and cytokine secretion, we mimicked bacterial pathogen recognition by DCs. We report specific signaling profiles upon stimulation with α2-3 sialic acid in presence of LPS, affecting kinases within the MAPK/ERK and JAK-STAT pathway and subsequent anti-inflammatory cytokine responses. These results demonstrate the dynamic signaling networks and specific pathways underlying DC immune suppressive signaling upon recognition of sialic acid linkages.

Targeted control of STAT phosphorylation provides an interesting lead for the revocation of tolerance in bacterial and tumoral immune surveillance escape. Continued investigations on the DC signaling cascade from the JAK-STAT pathway to the control of the IL-12 transcripts and the ensuing suppression of effector T cells could be an appropriate continuation of this study. Moreover, this study also provided insight in the alterations in the MAPK signaling pathways and other kinome signatures, which were not pursued here. Further efforts to analyze these pathways and profiles will yield information on the role of DCs in the polarization of naïve T cells towards effector or regulatory T cells. The upstream signaling from the α2-3sia binding Siglec towards the immunosuppressive DC phenotype has important practical implications for the use of the sialic acid-Siglec axis as a therapeutic strategy in immunotherapy. The homology of the Siglec receptors and their affinity towards multiple sialic acids complicates their therapeutic application. Moreover, it must also be taken into account that the use of Siglec receptor-specific antibodies as blocking agent may also trigger Siglec-dependent signaling pathways. Nonetheless, these challenges are manageable with the rapid developments currently in the field of Siglec research.



Materials and Methods


Synthesis of the Glycodendrimers

Three glycodendrimers were synthesized for this study, the control, α2-3 sialic acids and α2-6 sialic acids. To generate 2.0 PAMAM dendrimers with a cystamine core (Sigma-Aldrich) the glycans 3’-Sialyl-N-acetyllactosamine (Dextra Laboratories; α2-3sia dendrimer) and 6’-Sialyl-N-acetyllactosamine (Dextra Laboratories; α2-6sia dendrimer), and D-(+)-galactose (Sigma-Aldrich; control dendrimer), were conjugated via reductive animation using the free reducing ends. Approximately 32 equivalents of the glycan were added per dendrimer in dimethylsulphoxide (DMSO, Sigma-Aldrich) and acetic acid (8:2 ratio, Sigma-Aldrich). To the cocktail 160 equivalents of 2-Methylpyridine borane complex (Sigma-Aldrich) was added up to a desired total volume of 200 µL, and incubated at 65°C for 2 hours with repeated vortexing. The reaction products were purified over disposable PD10 desalting columns (GE Healthcare) using 50 mM NH4HCO3 pH 4.4, and submitted to multiple cycles of lyophilization and redisolving in H2O. The products were validated using LC-MS and plant lectin binding.



Primary Cell Isolation and Culture

Monocytes were obtained from buffy coats obtained from healthy donors (Sanquin Amsterdam, reference: S03.0023-XT) using Ficoll (Stemcell Technologies) and Percoll (Sigma-Aldrich) gradient centrifugation. The monocytes were cultured for four days in RPMI 1640 (Invitrogen), supplemented with 10% FCS (Biowittaker), 1.000 U/mL penicillin (Lonza), 1 U/mL streptomycin (Lonza), 262.5 U/mL IL-4 (Biosource) and 112.5 U/mL GM-CSF (Biosource) to obtain immature monocyte-derived DCs (moDCs). Expression of CD1a and CD14 (both BioLegend) was monitored via flow cytometric analysis as markers of moDC differentiation, and CD83 and CD86 (both Becton Dickinson) as markers of maturation.



Cytokine Analysis

1 µM dendrimer was added to approximately 50·103 day 4 moDCs, with or without 10 ng/mL LPS derived from E. coli 0111:B4 (Sigma-Aldrich). For the inhibition studies, 0.25 µM of the STAT5 inhibitor CAS 285986-31-4 (Calbiochem) or the STAT3 inhibitor JSI-124 (Sigma Aldrich) were used. After overnight stimulation, the supernatants were harvested and the cytokines IL-10 and IL-12p70 (both Biosource) were measured by sandwich ELISA according to the manufacturer’s protocol. Briefly, NUNC MaxiSorp plates were coated with the capture antibody in 0.05 M NaHCO3 buffer overnight at 4°C. The plates were washed and blocked using PBS + 1% BSA (EMD Millipore). The supernatants were incubated on the coated plates for 2 hours at room temperature, washed, and binding of the cytokine was detected with a peroxidease-conjugated detection antibody. Binding was visualized with 3,3’,5,5’-tetramethylbenzidine (Sigma-Aldrich) and quantified on the iMarkTM Microplate Absorbance Reader (Bio-RAD) at 450 nm.



Primary Cell Stimulation, Lysis and Protein Extraction

Approximately 2.5·107 day 4 moDCs were stimulated at 37°C with 1 µM of the dendrimer with or without LPS (Sigma-Aldrich). After 30 minutes, the cells were immediately cooled to 4°C by placement on ice and washed using pre-cooled 4°C PBS. Lysis buffer (20 mM HEPES pH 8.0, 9 M CH4N2O, 1 mM Na3VO4, 2.5 mM Na4P2O7, and 1 mM Na2C3H7PO6) was freshly prepared and added to the cells. After vortexing the cells were snap frozen in liquid nitrogen. The protein concentration was measured by BCA assay (Thermo Fisher Scientific) according to manufacturer’s protocol. 45 mM DDT was added to 10 mg protein, incubated for 30 minutes at 55°C, followed by reduction of the lysate. Subsequent addition of 110 mM iodoacetamide solution alkylated the protein lysate. The urea concentration was then diluted to 2 M with 20 mM HEPES buffer pH 8.0 for digestion with sequencing grade modified trypsin (enzyme:protein 1:100 w/w). The tryptic lysate digests were acidified with 1% TFA and checked for the pH (<3). The tryptic peptides were then captured through solid-phase extraction with the OASIS HLB-based cartridges (Waters Corporation). After washing with 0.1% TFA, the peptides were eluted with 0.1% TFA and 80% acetonitrile.



TiOx Phosphopeptide Enrichment

Titanium dioxide (TiOx) chromatography was applied to capture the phosphopeptides. 500 µg desalted tryptic digests were diluted 1:1 with lactic acid solution (0.3 g/mL lactic acid, 0.07% TFA/53% acetonitrile). 200 µL pipette tips were fitted with a 16G-needle punch of a C8 disk EMPORE, on which 2.5 mg TiO2 was added. The TiOx bed was preconditioned with 0.1% TFA and 80% acetonitrile before equilibration with 0.3 g/mL lactic acid in 0.07% TFA/54% acetonitrile, allowing capture of phosphorylated serine and threonine peptides of the tryptic digest. After sequential washing of the bedding with lactic acid, and 0.1% TFA + 80% acetonitrile, the phosphopeptides were eluted with 0.5% and 5% (v/v) piperidine in 20% (v/v) phosphoric acid to quench the basic solution. Pipette tips (200 µL) were again fitted with a 16G-needle punch of an EMPORE disk of poly(StyreneDivinylBenzene) material, preconditioned with 0.1% TFA and 80% acetonitrile, and equilibrated with 0.1% TFA. After loading the enriched phosphopeptide mixture, the bedding was washed with 0.1% TFA. Through centrifugal filtration, the phosphopeptides were desalted in 0.1% TFA and 80% acetonitrile and lyophilized.



NanoLC-MS/MS Acquisition and Data Processing

The peptides were redissolved in loading solvent (0.5% TFA/4% acetonitrile) prior to separation on an Ultimate 3000 nanoLC (Dionex LC-Packings) equipped with a 20 cm x 75 µmID fused silica column, custom packed with 3 µm 120 Å ReproSil Pur C18 aqua (Dr Maisch GMBH) on-line coupled to a MS/MS platform (QExactive, ThermoFisher). The MS/MS spectra were matched to the Uniprot human reference proteome FASTA file (release February 2013, 70136 entries) in MaxQuant v1.4.1.2. The measured phosphopeptides intensities were normalized to the median intensity of all identified peptides (‘normalized intensity’ from the MaxQuant Evidence table) and quantified by their extracted ion chromatograms (‘Intensity’ in MaxQuant). The fold change was calculated in R, as well as the p values from the replicates using a limma test (17), which were considered significantly altered at p < 0.05. Phosphopeptide quantification by the OncoProteomics Laboratory, VUmc has been previously described thoroughly (18, 19). The significant peptides were functionally correlated using the online STRING tool v11.0 (https://string-db.org/), and mapped in Cytoscape v3.5.1 (https://cytoscape.org/) (20, 21). Gene Ontology (GO) term enrichment analysis was performed with the Cytoscape plugin ClueGO v2.5.5 (http://apps.cytoscape.org/apps/cluego) (21). The significantly altered phosphoproteins were integrated and visualized in pathways using Pathview under default settings (https://pathview.uncc.edu/) (22). Phosphoproteomic alterations were analyzed and visualized using Integrative Inferred Kinase Activity (InKA) analysis v1.2.2 (https://inkascore.org/) and PTMsigDB analysis v2.0 (https://github.com/broadinstitute/ssGSEA2.0) (23, 24).



Flowcytometric Quantification of Phosphoproteins

Approximately 5·104 day 4 moDCs were stimulated at 37°C with 1 µM the dendrimer with or without LPS (Sigma-Aldrich). After the indicated time points, cells were immediately cooled to 4°C by placement on ice and washed using pre-cooled 4°C PBS. The cells were gently fixed in PBS + 4% PFA, for 15 minutes at room temperature, followed by washing in PBS. Permeabilization of the cells was performed by adding 90% pre-cooled 4°C methanol for 30 minutes. After washing, STAT3 (1:1000, clone 124H6, Cell Signaling), STAT5A (1:500, clone 4H1, Cell Signalling), pSTAT3 (1:1000, clone E121-31, Abcam), or pSTAT5A (1:500, ab30649, Abcam) antibodies were added and incubated for 60 minutes at room temperature. After extensive washing, the secondary antibodies Alexa-488 goat anti-mouse IgG2a and Alexa-647 donkey anti-rabbit IgG (both 1:1000, from Invitrogen) were added for 30 minutes before flow cytometric analysis by CyAn™ ADP (Beckman Coulter), and analyzed using FlowJo v10.



Statistics

The plotted data is represented as mean ± SD of at least three healthy donors or independent experiments. The statistical analyses were performed in GraphPad Prism v7.04. Independent samples were evaluated by the Students t-test, groups with a non-normal distribution were compared by the Kruskal-Wallis test, with the overall statistical significance set at P < 0.05.




Results and Discussion


Quantitative Analysis of the DC Phosphoproteome After α2-3 Sialic Acid Stimulation

To obtain a global overview of the α2-3 sialic acid-induced signaling in DCs, we performed LC-MS/MS-based phosphoproteomic analysis of human DCs stimulated with sialic acid-coated dendrimers. From peripheral blood of three human donors, we isolated the monocytes and differentiated these to monocyte-derived DCs (moDCs) using an IL-4/GM-CSF cocktail for four days of culture. We introduced α2-3-linked sialic acids (α2-3sia) to a dendrimer through reductive animation (25). The small second generation dendrimeric core was selected as carrier system, as the spherical platform allows compact packing of the glycans and multivalent presentation on the polymeric arms. We selected 3’-sialyl-N-acetyllactosamine for coupling, as the saccharide ring is opened at the carbon atom during conjugation (Figure 1A). By using this trisaccharide, the α2-3sia–galactose linkage is maintained, mimicking the sialic acid decorated bacterial capsule of GBS (26). We also conjugated a galactose in a similar fashion, which served as a C6H12O5 (open galactose)-dendrimer control. The dendrimers were validated using plant lectins (Sl. Figure 1) and incubated after overnight with moDCs to study alterations in cytokine secretion profiles. IL-12 secreted by DCs is a key inducer of the pro-inflammatory immune response, while IL-10 regulates IL-12 production and plays a significant role the induction of regulatory T cells (27). The antagonistic relation of the two cytokines is therefore an effective indicator of the DC immune status. We determined the optimal dendrimer concentration at 1 µM (data not shown) measured an increased IL-10:IL-12 secretion profile when the α2-3sia dendrimer was given to DCs in the presence of LPS, which was not observed with the control dendrimer (Figure 1B). No cytokines were measured in the medium controls, without the TLR4 stimulus.




Figure 1 | Experimental setup and quality control of the phosphoproteomics. (A) A schematic model of the two glycodendrimers synthesized, the control and α2-3 sialic acid dendrimer. Through reductive animation an excess of the glycans is introduced and conjugated to the dendrimer, by opening the saccharide ring at the reducing end. **p < 0.01 (B) After overnight stimulation of the moDCs with the dendrimers, IL-10 and IL-12 were quantified in the supernatant through an ELISA assay. Only in the conditions with LPS stimulation cytokines were measured. Stimulation with LPS plus the α2-3 sialic acid dendrimer resulted in a significant decrease of IL-10. One donor is depicted as a representative of 8 individuals, ND, Not Determined; range IL-10 319-6072 pg/mL; IL-12 48-1175 pg/mL. (C) Day 4 human moDCs from three independent donors were stimulated with the control or the α2-3 sialic acid dendrimers with or without LPS stimulation for 30 minutes at 37°C. The cells were immediately cooled to 4°C to maintain the phosphoprotein signature, and lysed. The lysate was digested with trypsin, and subsequently prepped and subjected for peptide isolation. Using TiOx chromatography, the lysate was enriched for phospho-serine and –threonine, before label-free phosphoproteomic analysis using LC-MS/MS. (D) 9,566 phosphopeptides and 12,851 proteins were quantified with a false discovery rate of < 1% (n=3). (E) Approximately 90% of the phosphopeptides identified were phosphorylated at the serine, 10% at the threonine, and <1% at the tyrosine (n=3).



To decipher the signaling events occurring upon α2-3 sialic acid recognition by dendritic cells, we added 1 µM of the glycodendrimer to approximately 2.5·107 moDCs with or without LPS for 30 minutes at 37°C (Figure 1C). To maintain the phosphorylation signatures, the cells were immediately chilled, lysed in a buffer with protease and phosphatase inhibitors, and snap-frozen in liquid nitrogen until the solid-phase extraction of the peptides before titanium dioxide (TiOx) chromatography and nanoLC-MS/MS quantification. A total of 9,566 phosphopeptides and 12,851 proteins were quantified with a false discovery rate of < 1% (Figure 1D). The majority of the phosphopeptides found were phosphorylated at the serine, while only approximately 10% was phosphorylated at the threonine (Figure 1E). TiOx chromatography also captured the much less prevalent phosphorylated tyrosine residues, resulting in a total presence of <1%. The amount of (phospho)peptides and sites identified was not altered upon stimulation with either of the glycodendrimers.



Alterations in the moDC Phosphoproteome After α2-3 Sialic Acid Binding

To reveal the most significantly altered phosphoproteins, we used a pairwise comparison for each donor. Furthermore, the sialic acid stimulated conditions were compared to the ctrl-dendrimer stimulations (Ctrl vs α2-3sia; Ctrl+LPS vs α2-3sia+LPS). A total of 68 significantly altered phosphorylation sites were found upon α2-3 sialic acid triggering, while, compared to the control dendrimer, simultaneous α2-3sia and LPS stimulation resulted in 109 altered phosphosites (Figures 2A–C and Sl. Tables 1, 2). Only 4 altered phosphorylation sites were shared between the conditions (AHNAK Thr4100, Ser5749, Ser5393 and STK10 Ser448). The presence of LPS resulted in a different signaling profile, indicating modulation of the TLR4 signaling pathway by α2-3sia. The additional 41 altered phosphorylation sites found in the simultaneous α2-3sia and LPS-stimulated condition could therefore be involved in crosstalk between the α2-3sia dendrimers binding receptors and TLR4 signaling. The 86% decrease in phosphorylated proteins in the LPS stimulated condition is furthermore notable, while 84% of the phosphoproteins in the α2-3sia-dendrimer-only condition had a higher phosphorylation status (Figure 2C and Sl. Tables 1, 2). To determine whether the identified phosphoproteins are functionally cooperative after α2-3sia stimulation, sequential STRING and cytoscape analysis was employed on the significantly altered phosphoproteins (28). Due to the relatively low number of phosphoproteins, we excluded a cutoff in fold change and explored all 109 significantly altered phosphorylation sites. This resulted in a network of 58 significant phosphoproteins functionally interconnected after α2-3sia stimulation in presence of LPS (Figure 2D and Sl. Table 2). Only 7 of these phosphoproteins in the network were increased in phosphorylation. Remarkable were SRRM2 with the highest increase (9.19-fold) in phosphorylation, and HNRNPA2B1 with the strongest decrease in phosphorylation of 10.2-fold. SRMM2 is involved in pre-mRNA splicing, and HNRNPA2B1 is associated with packaging of pre-mRNAs into exosomes (28, 29). The two proteins are known to interact, suggesting a role for sialic acids in the processing of pre-mRNA (30). Furthermore, two STAT proteins had a lower phosphorylation status (4.08-fold decrease for STAT3, and 2.53-fold decrease for STAT5A). Both proteins have dual roles as signal transducers and transcription factors, and are key regulators of DC activity and DC skewing of specific T cell responses (31, 32). Notable is the phosphoprotein JUN with the most interactions with 9 other linked nodes. The 1.75-fold de-phosphosphorylated protein JUN is a transcription factor and interconnects with other DNA/RNA binding proteins, indicating activation of genetic reprogramming after α2-3sia stimulation. Analysis of altered phosphoproteins in the α2-3sia only conditions showed a small cluster of 13 interconnected nodes, and separate connections between 13 phosphoproteins (Sl. Figure 2). Notable is the connectivity between the SRRM2 protein with ACIN1. The mRNA splicing involved protein was upregulated in phosphorylation upon α2-3sia, while the presence of LPS downregulated phosphorylation on this protein. Furthermore, the phosphorylation of the transcriptional repressor BCLAF1 was remarkable. Stimulation with α2-3sia increased phosphorylation 2-folds at Ser285, while α2-3sia and LPS co-stimulation resulted in 2-fold downregulation at the same site (Sl. Tables 1, 2). In conclusion, upon α2-3sia stimulation phosphorylation was enhanced upon α2-3sia stimulation, while simultaneous α2-3sia and LPS stimulation resulted in less phosphorylation, indicating that recognition of a2-3 sialic acid by DC alters TLR 4 triggering and DC signaling. Differential signaling is therefore identified after α2-3sia stimulation in presence or absence of LPS, which leads, amongst others, to an altered cytokine secretion profile.




Figure 2 | Alterations in the phosphoproteomic landscape after sialic acid stimulation. (A) A total of 68 phosphorylation sites were significantly altered by α2-3sia stimulation, while 109 were altered by α2-3sia and LPS. Only 4 phosphorylation sites were identical between the two conditions. (B) The Volcano plot demonstrates the directionality of the phosphorylation status on proteins after stimulation with the α2-3sia dendrimer. The data above de red dotted line represent all the significantly altered phosphoproteins in three donors. The –Log10 of the average p values, calculated with a limma test, is presented against the Log2 in fold change. (C) The Volcano plot demonstrates modified phosphoprotein expression after stimulation with the α2-3 sialic acid dendrimer. The data above de red dotted line represent all the significantly altered phosphoproteins in three donors. The –Log10 of the average p values, calculated with a limma test, is presented against the Log2 in fold change. (D) STRING analysis reveals a network of 88 phosphoprotein significantly affected by α2-3 sialic acid binding in the presence of LPS. (E) Phosphoproteomic analysis after α2-6sia stimulation in presence of LPS revealed 72 significantly altered phosphoproteins, of which 8 overlapped with α2-3sia stimulation with LPS. (F) The Volcano plot demonstrates the directionality of phosphorylation status on proteins after stimulation with the α2-6sia dendrimer and LPS. The data above de red dotted line represent all the significantly altered phosphoproteins in three donors. The –Log10 of the average p values, calculated with a limma test, is presented against the Log2 fold change.



To further investigate the specificity of the α2-3-linked sialic acid altered phosphorylation, we additionally synthesized dendrimers with α2-6-linked sialic acids (α2-6sia, Sl. Figure 1). Although both structures contain a terminal sialic acid, the linkage to the underlying galactose is structurally different. The α2-6sia binding to moDCs was studied in presence of LPS, as more biological processes were affected, similarly to the α2-3sia binding with LPS (Figure 2E and Sl Figure 3A). Only 8 of the 72 significantly altered phosphoproteins were shared between the two glycans in presence of LPS and phosphorylated at the at the same phosphorylation site (Figures 2E, F and Table 1). The directionality of the protein phosphorylation status additionally overlapped, except for RGS14 phosphorylation (-2.06 with α2-3sia; 2.27 with α2-6sia). Other studies have found a relationship between this G protein-coupled receptor and TLR4 signaling, where stimulation of DCs with LPS markedly decreased RGS14 phosphorylation, which negatively impacted DC IL-12 production (33, 34). To reveal whether the 8 overlapping phosphoproteins were correlated in function, we performed STRING analysis. However, no interactions were found (data not shown). Therefore, we concluded that the stimulation with α2-3sia leads to a very distinct signaling profile compared to α2-6sia in presence of LPS. The distinction between the two patterns might be explained by might be explained by the presence of multiple Siglec receptors and their individual binding preferences for specific sialic acid linkages (35). Siglec-7, and -9 are expressed by moDCs and bind α2-3sia, while α2-6sia is recognized by more Siglecs (36). Siglec-10 binds α2-6sia and is also able to recognize α2-3sia to a lesser extent (36). Nonetheless, the Siglec-10 receptor is expressed on moDCs only at very low levels compared to Siglec-7 and -9 (36). This would indicate binding of the α2-3sia dendrimer to both Siglec-7 and -9, while the α2-6sia dendrimer likely triggers other Siglec receptors. The observed signaling patterns are therefore the result of the collective Siglec receptors expressed by moDCs that recognize the particular sialic acid. Further elucidation of the Siglec-specific pathways upon α2-3sia and LPS co-stimulation would therefore be an intriguing area for future investigations. Analysis of altered biological processes after α2-3 sialic acid and LPS encounter.


Table 1 | The 8 shared phosphoproteins in the α2-3sia and α2-6sia stimulation with LPS.



Despite the large amount of functionally connected nodes, the biological processes affected were difficult to predict. Therefore, we applied gene ontology analysis using the Cytoscape plug-in tool ClueGO to classify in which biological processes the 109 phosphoproteins play a role (37). We continued only with the α2-3sia plus LPS stimulated condition, as the higher number of significantly altered proteins generated a more interconnected GO network compared to the α2-3sia only, α2-6sia only, or α2-6sia with LPS stimulations (Sl. Figure 2B, 3). The proteins were annotated to 36 different GO terms and organized in groups. Seven groups were found, including regulation of proliferation, growth hormone response, RNA regulation, growth factor response, organelle and podosome assembly, and SMAD protein signaling (Figures 3A, B). The proteins involved with each GO term and groups can be found in Sl. Table 5. A smaller cluster was found involving the regulation of IL-12 (Figure 3A), which could result in the alterations on the IL-10:IL-12 axis (Figure 1B). STAT3 was annotated to each of the GO terms within the IL-12 group. Pathview analysis of the JAK-STAT signaling pathway revealed that other proteins in this specific pathway were affected by α2-3sia and LPS stimulation, including the STAT proteins themselves, SOS, mTOR, CBP, and PIAS (Figure 3C) (38). Furthermore, HNRNPA2B1 within the purple IL-12 regulatory group (Figure 3A and Sl. Table 5) has been associated with the JAK-STAT signaling pathway in T cells, where stimulation with IL-12 resulted in decreased expression of HNRNPA2B1 through STAT signaling (39). The JAK-STAT signaling pathway is therefore an interesting lead to study the mechanism behind the downregulation of IL-12 secretion in DCs upon encounter of α2-3sia and LPS.




Figure 3 | Significantly altered phosphoproteins are involved in multiple biological processes. (A) GO term enrichment analysis through ClueGO of the α2-3sia altered proteins in presence of LPS mapped to multiple networks. The node color groups multiple GO terms. The node size represents the number of genes annotated to each term, and de edges between the nodes indicate an overlap in proteins. The differentially affected proteins are clustered into multiple networks and processes. (B) GO analysis results are classified in functionally grouped network of terms/pathways and color coded to the GO groups. The bars represent the % genes per term, followed by the absolute number of proteins annotated to the term and with what significance (*p < 0.05, **p < 0.01). Terms with multiple occurrences in functional groups are marked with “_1” in the name. The differentially affected proteins are categorized into 7 groups total. (C) Visualization of the significantly altered proteins of α2-3sia stimulated moDCs in presence of LPS within the JAK-STAT signaling pathway.





Altered Kinase Signatures After α2-3 Sialic Acid Binding in the Presence of LPS

Kinases are essential to signal transduction. Their phosphorylation activity on proteins directs the protein function and localization (40). Integrative Inferred Kinase Activity (INKA) analysis was applied on the phosphoproteomic data to assess the kinase activity after moDC binding to α2-3sia in presence of LPS. This method integrates four phosphoproteomic analyses of one sample to a scoring system, allowing ranking of the kinase activity and visualization of the kinase-substrate networks (23). Multiple kinases were affected by α2-3sia and LPS stimulation (Figure 4A and Sl. Figure 4). Particularly the scoring of kinases ERK and AKT1 was lower after stimulation, while an overall decreased trend was seen with the affected kinase signature. Additionally, we performed a phosphoproteomic analysis to validate kinase signature found with the INKA scoring. This allowed evaluation of the kinase signatures after α2-3sia and LPS stimulation through Gene Set Enrichment Analysis using a post-translational modification database (PTMsigDB) with site-specific signature information of perturbations, kinase activities and signaling pathways (Figure 4B and Sl. Figure 5) (24). The red signature scores indicate a significant positive correlation between the signature and data set, while an anti-correlation is reflected by the blue negative scores. The arrows indicate a shared affected signature with the INKA scoring. A significant positive correlation was found of the signature involving U0126, a highly selective inhibitor of the MEK kinase, implying inhibition of the MAPK/ERK signaling pathway after α2-3sia binding to DCs in presence of LPS (41, 42). Furthermore, a negative correlation of the thymic stromal lymphopoietin (TSLP) signature was found. Activation of DCs by TSLP has been linked to the initiation of TH2 responses, and to promote triggering of the JAK-STAT pathway (43, 44). A negative correlation was additionally observed with the Leptin and Insulin pathways, although it was not found by INKA scoring. Interestingly, both signatures are involved in promoting DC maturation and migration (45, 46). The negative correlation would therefore indicate that the maturation process of DCs are negatively affected by α2-3sia stimulation. The phosphoproteomic analysis therefore indicates that DC triggering with α2-3sia and LPS is negatively correlated to DC maturation and the induction of inflammatory T cell responses. The kinases that emerged from the INKA and PTMsigDB analyses were mapped to the chemokine signaling pathway (Figure 4C). The kinase activity within the pathway is associated with various processes, such as genetic reprogramming and regulation of the actin cytoskeleton. DC binding of α2-3sia in presence of LPS was able to affect this signaling pathway through several kinases. Furthermore, kinase activity within the MAPK signaling pathway was additionally affected, which could lead to altered dendritic cell proliferation and differentiation (Sl. Figure 6). These results therefore imply that α2-3sia binding to moDCs enables a kinase activity pattern through similar pathways as DC triggering with chemokines. Alterations in the MAPK/ERK, and JAK-STAT signaling pathway could therefore contribute to skewing of the DC toward a tolerogenic immune status, by means of the altered IL-10:IL-12 secretion axis.




Figure 4 | Kinase activity in α2-3sia and LPS stimulation conditions. (A) INKA analysis of α2-3sia stimulated moDCs compared to control stimulation all in presence of LPS shows decreased scoring of kinases ERK, AKT1, PKCB, GSK3, PKCD, PAK1, PKA, GSK3, GRK, IκB, and RAF1. (B) PTMsigDB signature scoring after stimulation with α2-3sia and LPS is divided into three categories (perturbations, kinases and signatures of molecular pathways). Particularly the red and blue signatures are significantly altered after the stimulation. The signatures appointed by the arrows were also affected in the INKA analysis. (C) The affected kinase signatures were involved in the chemokine signaling pathway, indicated by the blue colored kinases.





JAK-STAT Signaling Pathway Is Affected After α2-3 Sialic Acid Binding in the Presence of LPS

Stimulation with α2-3sia in presence of LPS altered multiple proteins within the JAK-STAT signaling pathway (Figure 3C). The STAT proteins have been described as important regulators of DC activity and are involved in DC-mediated T cell skewing (31, 32). In the phosphoproteomic quantification, both the phosphorylation of STAT3 and STAT5A was significantly downregulated (Figures 5A, B). The STAT3 phosphorylation on serine-727 was 4.08-fold lower. Hypersialylation of cancer cells and secretion of sialic acids in the tumor microenvironment is a common step in cancer cell progression to facilitate immune escape. In NSCLC, α2-3 sialylation was elevated in total serum and phosphorylation of STAT3 Ser727 (and Tyr705) was also reduced in moDCs upon stimulation with sera of multiple non-small cell lung cancer (NSCLC) patients (47), validating the decrease in STAT3 phosphorylation measured here (48).




Figure 5 | STAT5A phosphorylation is decreased after α2-3 sialic acid binding. (A) The phosphoproteomic results (Log10 normalized intensity) of STAT3 phosphorylation after stimulation with the glycodendrimers with or without LPS stimulation. A significant decrease was seen after stimulation with α2-3sia in presence of LPS. **p < 0.01, n=3. (B) The phosphoproteomic results (Log10 normalized counts) of STAT5A phosphorylation after stimulation with the glycodendrimers with or without LPS stimulation. A significant decrease was seen after stimulation with α2-3sia stimulation in presence of LPS. *p < 0.05, n=3. (C) Flow cytometric quantification of (phosphorylated) STAT3 proteins. A trend towards decreased STAT3 phosphorylation is seen over time. (D) Flow cytometric quantification of (phosphorylated) STAT5A proteins of four different individuals. A trend towards decreased STAT5A phosphorylation is seen over time. (E) The IL10:IL-12 ratio after overnight stimulation with either of the STAT inhibitors resulted in a similar level as the α2-3sia dendrimer stimulation. Dual stimulation with the inhibitor and dendrimer demonstrated similar results. Range IL-10 22-1061 pg/mL; IL-12 7-1921 pg/mL.



Phosphorylation of STAT5A on the Ser780 residue was 2.5-fold lower after 30 minutes of α2-3sia stimulation in the presence of LPS (Figure 5B). In contrast to STAT3, an immune suppressive role for STAT5A in dendritic cell signaling has not been described yet. Nevertheless, a critical role is reserved for STAT5 in DCs in the skewing of TH2, but not TH1-type immune responses (32). Phosphorylation of the Ser780 residue is necessary for translocation of the protein to the nucleus to affect genetic reprogramming of DCs during maturation (49). Analysis of the phosphorylation status through flow cytometric measurement showed only little de-phosphorylation of both the STAT proteins over time compared to control (Figures 5C, D and Sl. Figure 7A). While both the STAT protein quantities remained relatively similar over time, only a small decrease in fluorescent signal was seen at 30 minutes. Quantification of four donors however, demonstrated decreased phosphorylation of STAT3 at 30 minutes, while the phosphorylation status of STAT5A is variable over time between donors. De-phosphorylation was at its lowest already at 20 minutes for two donors, while the other two donors exhibited the decrease at 30 minutes. Overnight moDCs co-stimulation with LPS and either STAT inhibitor demonstrated an increase of IL-10 secretion (Sl. Figure 7B). Nonetheless, inhibition of both STAT proteins minimally affected IL-12 secretion (data not shown), resulting in an unaltered IL10:IL-12 ratio compared to α2-3sia stimulation (Figure 5E).

α2-3sia stimulation was able to affect the JAK-STAT signaling within LPS-treated DCs by lowering the phosphorylation status of STAT3 and STAT5A after approximately 30 minutes. STAT3 in DCs has already been proposed as a potential therapeutic target for induction of tolerance (50). Inhibition of this protein attenuates immune responses through IL-10 biased skewing of the IL-10:IL-12 axis and thus less effector T cell development. It is therefore tempting to speculate that moDC binding to α2-3sia also results the increase of IL-10 secretion through de-phosphorylation of STAT3 Ser727. Continued investigation of the DC STAT3 phosphorylation and the effect on the cytokine secretion profiles would therefore be highly relevant for insight regarding the induction of DC-mediated immune suppression. For STAT5 the therapeutic outcome is less straightforward. De-phosphorylation of STAT5A after α2-3sia and LPS stimulation suggests decreased nuclear translocation and inhibition of its transcriptional function. Translocation studies could elucidate STAT5A activity and localization within DCs after α2-3sia engagement. Furthermore, the transcriptional role of STAT5 in naïve T cell skewing is highly relevant for the suppression of the effector T cell response induced by α2-3sia and LPS-treated moDCs. Analysis of the TH1/TH2 skewing after blocking of both STAT proteins in DCs could additionally establish the validity of the JAK-STAT signaling by α2-3sia and LPS stimulation. The importance of the JAK-STAT signaling in the induction of tolerance could furthermore be elucidated via co-stimulation with the α2-3sia dendrimer and other TLR stimuli, such as DAMPs. Triggering of JAK-STAT signaling would indicate a central role of this pathway after α2-3sia recognition. Lastly, underlying glycan moieties to the sialic acid can contribute to alterations in Siglec recognition and the induced signaling (51). Larger sialic acid-harboring saccharides that are present in situ are therefore very appealing for further exploration. The use of these glycans could additionally contribute to defining the upstream proteins and receptor of the JAK-STAT pathway to provide insight of the induction of tolerance via the sialic acid-Siglec axis in situ such as in the case of tumor immune evasion (52).




Conclusion

DCs possess the extraordinary capacity to elicit an appropriate tailored immune response after recognizing internal or external danger signals. This study set out to explore the early events of dendritic cell immune signaling induced upon α2-3 sialic acid dendrimer binding in presence of LPS. Through analysis of phosphoproteomic and kinase activity we found that α2-3 sialic acid modulates LPS stimulation of DCs. The differences in the phosphoproteome induced were not observed in LPS alone nor α2-3sia alone, implying specific modulation of the TLR4 signaling pathway by α2-3sia. Gene ontology revealed that some of these altered proteins were involved in the regulation of IL-12. The IL-10:IL-12 ratio was indeed increased upon α2-3sia stimulation, implying a significant role for the annotated phosphoproteins. Kinome analysis demonstrated a negative correlation with the TSLP signature, which promotes triggering of the JAK-STAT signaling pathway and initiation of TH2 responses. The analysis of the DC kinase activity therefore indicates that α2-3sia and LPS triggering results in a kinome that negatively correlates to the induction of inflammatory T cell responses. We additionally identified a decreased phosphorylation of the STAT3 and STAT5A proteins, and the HNRNPA2B1 protein within 30 minutes after addition of α2-3sia to LPS matured DC, again indicating the involvement of the JAK-STAT pathways. Especially the critical role of DC STAT5 in the naïve T cell skewing away from TH1-type immune responses is highly relevant in the α2-3sia-mediated DC suppression of the T effector response. The decrease in STAT phosphorylation was furthermore α2-3sia-specific and could not be observed upon α2-6sia binding.
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