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Editorial on the Research Topic
 Addressing Roles for Glycans in Immunology Using Chemical Biology




INTRODUCTION TO CHEMICAL GLYCOIMMUNOLOGY

Advances in genetic techniques have enabled the identification of disease-susceptibility genes and the development of experimental models for mechanistic studies. However, this progress has only partially translated into new therapies, highlighting the relevance of both epigenetic control of gene expression and post-translational modifications as control points in the transition from genotype to phenotype. The cell surface provides a tightly-regulated temporal and spatial signature containing crucial biological information, and much of its dynamic response to environmental factors remains to be explored.

Glycoconjugates, macromolecules containing carbohydrates (glycans) linked to proteins or lipids, are a central component of the cell surface. These structurally diverse biomolecules expose their carbohydrate portion outside the cell, and in doing so, are essential in storing and transmitting information and regulating cell-cell interactions. One of the many fields where glycans have arisen as key communicators is immunology, as they mediate diverse immunological functions (Zhou et al., 2018). The complex mechanisms involved in the biosynthesis and assembly of glycans is a non-template driven manner, which results in a high, natural heterogeneity that is key to adapting cellular responses. However, structural characterization of these glycans and the functional interpretation of the array of carbohydrates on a cell surface, generally referred to as the glycome, remains an analytical challenge for chemists.

Since the glycome is unique to each cell type and significantly different between organisms, “self” and “non-self” signals are imbedded in the glycome (Varki, 2011). Moreover, glycans on immune cells are involved in different processes such as cell differentiation, trafficking, and response to pathogens (Varki, 2017). In this sense, glycan information is translated by glycan binding proteins (GBPs), also called lectins. The abilities of these GBPs to modulate immune cell function is intimately connected to their ability to differentiate glycan structures in a precise and effective manner. Evolution of lectins has granted these proteins a selective recognition, which is influenced not only by structure, but also by multivalency of their cognate glycan ligand, reflecting the naturally crowded and heterogeneous state of the cell surface (Kaltner et al., 2019). Consequently, chemistry has been crucial in untangling the roles of GBP-glycan interactions. Chemical tools and approaches provide a powerful complementary approach that has greatly aided our understanding of GBPs by designing inhibitors and synthetic ligands able to control immune cell function via glycan recognition. Below, we discuss the 13 manuscripts within this series in the context of three themes: GBPs, immunomodulation, and technological advances.



TARGETING AND EXPLOITING GBPS

In mammals, immune cells are modulated by three major GBP families: C-type lectins (Brown et al., 2018), Galectins (Cerliani et al., 2017), and Siglecs (Duan and Paulson, 2020; Laubli and Varki, 2020). Galectins are a family of evolutionary-conserved, soluble lectins involved in multiple immunoregulatory pathways. Unraveling the molecular determinants of ligand recognition has and will continue to provide a path toward lectin engineering for improved function and efficient inhibition. This topic is reviewed by Modenutti et al., providing a synopsis of the available tools for studying galectins and their structural characterization, with emphasis on the role of water molecules in galectin-glycan binding. An alternative for modulating immune responses is using recombinant lectins to target cell surface glycans. Working with an engineered galectin1-galectin3 tetramer, Farhadi et al. investigated induction of apoptosis in cultured T cells. Through amplifying and integrating galectin-1 and−3 activities, these synthetic constructs provide new tools for understanding how these lectins, and their glycan ligands, influence innate and adaptive immunity. Beyond the human immune response, Vasta et al. provide a review on simpler organisms lacking adaptive immunity that also leverage galectins. Focusing on oysters and a parasite called Perkinsus marinus, that can deplete oyster stocks, the authors review recent evidence implicating galectin-like proteins produced by the oysters as a defense mechanism against the parasite. An intriguing mechanism is proposed whereby these oyster-derived GBPs bind both “self” and “non-self” glycans on host and pathogen to bring the parasite to the phagocytic hemocytes of the host.

Even though lectin families are defined by their affinity toward certain monosaccharides or oligosaccharide structures, most GBPs have low monovalent affinities, which is greatly enhanced through cell surface multivalency. Inspired by this principle of avidity, Li et al. and Goyard et al. designed synthetic multivalent glycoclusters to target GBPs on mammalian immune cells or pathogens, respectively. In the first manuscript, the focus is on DC-SIGN, a C-type lectin on dendritic cells (Li et al.). A comprehensive 20-member library of mannosides was synthesized based on 5 substructures of a high mannose N-glycan, each displayed at four valencies, and the most multivalent (hexameric) constructs showed the best binding to DC-SIGN. A TLR agonist and peptide T cell epitope were conjugated to the hexameric constructs and, surprisingly, their ability to induce monocyte maturation and T cell activation did not directly correlate with ligand potency. Accordingly, the avidity for DC-SIGN may have other consequences, such as intracellular routing and antigen presentation. In the second manuscript, a synthetic strategy is presented to prepare heteroglycoclusters designed to interact with LecA (galactose-binding lectin) and LecB (fucose binding lectin) (Goyard et al.). These lectins are virulence factors from Pseudomonas aeruginosa. Working with cyclopeptide-based heteroglycoclusters, fucose, mannose, and galactose can be co-presented to mimic the natural cell surface diversity and simultaneously target multiple lectins.



IMMUNOMODULATION USING GLYCOCONJUGATES OR MANIPULATING GLYCANS

Two major classes of glycoproteins are N-glycans and mucin-type O-glycans (Moremen et al., 2012). Heavily O-glycosylated mucins are an important component of the molecular shield of gastrointestinal, respiratory, and reproductive epithelial tissues. Pinzón Martín et al. reviewed the role of mucins in immunomodulation from a chemical perspective, pointing out the current challenges in their synthesis, expression, and structural characterization as fundamental and necessary steps toward understanding their clinical application. Glycoproteins can also be used for antibody development of anti-carbohydrate antibodies, which often requires the glycan to be chemically conjugated to a carrier protein. Pillot et al. address an important question, asking whether the protein conjugation site matters. Working with the Pneumococcal surface adhesin A protein, five mutants were engineered each with a single cysteine at different distances from known T-helper epitopes. A synthetic tetrasaccharide carbohydrate antigen, from the capsular polysaccharide of S. pneumoniae, was conjugated to the mutants via maleimide chemistry. The conjugation site furthest from the T-helper epitopes generated the highest anti-carbohydrate antibody titers, indicating that the site of conjugation does matter, which has important implications for the design of conjugate vaccines.

Glycolipids are another major class of glycoconjugates. Work by Lai et al. and Howlader et al. demonstrate applications of synthetically-prepared glycolipids and inhibitors of glycolipid-acting enzymes, respectively. Invariant NKT (iNKT) cells recognize glycolipids presented by CD1d (Rossjohn et al., 2012), and Lai et al. explore how iNKT cells respond to α-Lactosyl Ceramide (α-LacCer) relative to the commonly used α-Galactosyl Ceramide (α-GalCer). α-LacCer was synthesized and found to stimulate much weaker iNKT cell responses compared to α-GalCer. Consequently, α-LacCer suppressed iNKT responses to α-GalCer, which the authors use as a means of modulate iNKT responses and disease in the context of several iNKT-dependent injury mouse models. In the second manuscript, the ability of catabolic enzymes (sialidases) to remodel glycolipids were examined in the context of leukocyte adhesion. Using a neuraminidase-3 (Neu3) inhibitor, Howlader et al. report that interactions between the integrin LFA1 and ICAM, a key step in leukocyte adhesion and migration to inflammatory sites, is altered. Modulating Neu3 activity not only affected cell glycolipid composition, but also altered LFA1 sialylation, expression on the cell surface, and lateral mobility.



TECHNOLOGICAL ADVANCES FOR STUDYING IMMUNE CELL-RELATED GLYCOCONJUGATES

Chemistry has been instrumental in generating libraries of natural oligosaccharides. Such libraries have enabled the study of GBP specificity and glycoprofiling of diverse, complex biological samples, such as human plasma to investigate aberrant glycosylation as a source of disease biomarkers. Specifically, Glycan libraries continue to be strongly leveraged for use in glycan microarrays. A review of glycan microarrays is presented by Gao et al., which begins by exploring chemical linking strategies used for immobilizing glycans to solid supports. An overview is presented on applications of glycan microarrays for studying the glycan binding specificity of Siglecs and Galectins, entry receptors for pathogens, and naturally occurring anti-glycan antibodies in humans (Gao et al.). Next generation approaches, such as those using DNA-encoding and cell-based approaches, are also discussed.

The natural heterogeneity of glycans has, for many years, delayed their detailed structural characterization and impaired a thorough understanding of their biological relevance. Three articles deal with the analytical challenge of glycan characterization from different perspectives (Lippold et al.; Rebello et al.; de Haas et al.). de Haas et al. review the advances in understanding the role of N-glycans on cell surface immune receptors. Here, available methodologies are discussed in relation to their potential to study this post-translational modification on processes such as pathogen recognition, antigen presentation, and immune signaling. Considering that monoclonal antibodies as therapeutics have revolutionized clinical approaches to treat many diseases, and the fact that their glycosylation can regulate their therapeutic efficacy through modulating their interactions with antibody receptors, glycoprofiling of antibodies has reached the spotlight in recent years (Mimura et al., 2018). Lippold et al. present the development of an affinity chromatography-mass spectrometry approach to understand the relevance of heterogeneous glycosylation of monoclonal antibodies. Their methodology focuses in the heterogeneous glycosylation of mAbs and its interaction with FCgIIIA, which is critically important in antibody-dependent cellular cytotoxicity. This functional separation was applied to Cetuximab as a case study, since this antibody contains a glycosylation site in both the Fc and Fab regions. Finally, and beyond biotherapeutics, the human plasma N-glycome has arisen as a source of biomarkers for different pathologies. Rebello et al. present a mass spectrometry assay for the relative quantitation of antennary fucosylation in total plasma N-glycome. The utility of this application was highlighted by its ability to detect and quantify antennary fucosylation in the plasma of colorectal cancer patients.



FUTURE PERSPECTIVES

This collection of articles highlights the relevance of chemical approaches for studying glyco-related immune pathways, exemplified with probes to target GBPs, structure–function relationships, and new analytical techniques. A close collaboration and interplay between chemists and immunologists have and will continue to lead to new breakthrough in the roles of glycosylation in immunity. Indeed, outcomes of this interdisciplinary strategy is facilitating and will certainly accelerate vaccine design, identification of new biomarkers and moreover, precise modulation of biotherapeutic activities.
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Multivalent structures displaying different instead of similar sugar units, namely heteroglycoclusters (hGCs), are stimulating the efforts of glycochemists for developing compounds with new biological properties. Here we report a four-step strategy to synthesize hexadecavalent hGCs displaying eight copies of αFuc and βGal. These compounds were tested for the binding to lectins LecA and LecB from Pseudomonas aeruginosa. While parent fucosylated (19) and galactosylated (20) homoclusters present nanomolar affinity with LecB and LecA, respectively, we observed that hGCs combining these sugars (11 and 13) maintain their binding potency with both lectins despite the presence of an unspecific sugar. The added multivalency is therefore not a barrier for efficient recognition by bacterial receptors and it opens the route for adding different sugars that can be selected for their immunomodulatory properties.

Keywords: heteroglycocluster, multivalency, orthogonal ligation, lectin, Pseudomonas aeruginosa


INTRODUCTION

Glycoclusters and glycodendrimers remain a growing source of interest in glycosciences (Renaudet and Roy, 2013). For a long time, synthetic chemists focused their efforts on structures displaying multiple copies of a single sugar unit to both clarify and modulate biological and pathological processes involving multivalent interactions with proteins (Bernardi et al., 2013; Cecioni et al., 2015; Arsiwala et al., 2019). However, these compounds only partially reflect the heterogeneous expression of glycans at the cell surface (i.e., glycocalyx) and completely underestimate that other sugar units may participate or promote additional biological events (Jiménez Blanco et al., 2013; Müller et al., 2016). For this reason, the development of structures displaying different rather than unique sugars, namely heteroglycoclusters (hGCs), as mimics of the glycocalyx is renewing the enthusiasm in this field.

So far, several heterovalent structures have been reported for studying the interaction process with a large class of carbohydrate-specific proteins (i.e., glycosidases, glycosyltransferases, lectins, antibodies) (Deguise et al., 2007; Ortega-Muñoz et al., 2009; Gómez-García et al., 2010; Lindhorst et al., 2010; Karskela et al., 2012; Abellán Flos et al., 2016; Vincent et al., 2016; Ortiz Mellet et al., 2017; Gade et al., 2018; Ogura et al., 2018) or for triggering multifaceted immune response against tumor cells (Ragupathi et al., 2002; Zhu et al., 2009; Pett et al., 2017). These studies highlight the complexity of heterocluster effects and reinforce the need of new structures to go one step further toward the understanding of naturally occurring recognition events and the development of more active compounds. Among recent reports, J. M. Garcia Fernandez and coworkers have demonstrated the impact of heterovalent display in both glycosidase inhibition and lectin binding using a competitive enzyme-lectin binding assay (Abellán Flos et al., 2016; García-Moreno et al., 2017). In addition, the Wong group have shown by glycan array that ligand density and neighboring sugars significantly affect the binding with antibodies (Liang et al., 2011). In another study, Reymond and co-workers focused their interest on the lectins LecA and LecB from Pseudomonas aeruginosa (Michaud et al., 2016). These two lectins play central roles in both the adhesion of the bacteria to host cells and the biofilm formation, causing severe damages in particular for immunocompromised patients (Mitchell et al., 2002; Imberty et al., 2004). Instead of using homovalent structures specific for either LecA or LecB, the authors postulated that the utilization of compounds combining both α-fucose (αFuc) and β-galactose (βGal) could bind simultaneously LecA and LecB, thus improving inhibitory effect to fight this antibiotic resistant bacterium. To this aim, glycodendrimers decorated with βGal and αFuc have been synthesized and promising activity in comparison with their previous homoclusters has been observed. This pioneering study prompted us to design new heterovalent glycodendrimers and to study their ability to bind these two lectins with high affinity and without loss of efficiency.

In the course of developing multivalent glycoconjugates (Galan et al., 2013; Daskhan et al., 2015), we recently focused on the synthesis of a variety of cyclopeptide-based hGCs using orthogonal chemoselective conjugation methods such as the oxime ligation (OL), the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC), and the thiol-ene, thiol-chloroactetyl and diethyl squarate couplings (TEC, TCC, DSC). We thus synthesized diverse 4-, 8-, and 16-valent structures displaying from 2 to 4 different sugars in well-defined shuffled proportion and disposition (Thomas et al., 2012; Daskhan et al., 2016; Pifferi et al., 2017). In addition, sequential one-pot multi-click and iterative divergent strategies gave access to glycoconjugates with unprecedented structural complexity in excellent yields and purity (Thomas et al., 2015a). In the present study, we capitalized on these methodologies to synthesize glycodendrimers bearing βGal and αFuc with different chemical linkage and evaluated their binding to LecA and LecB. Because αMan is ligand of LecB, though with a lower affinity than αFuc, we also synthesized different combinations of hGCs containing this residue to evaluate its potential influence in the binding to these two lectins.



RESULTS AND DISCUSSION

In a previous report, we described a series of homovalent glycodendrimers with nanomolar affinity for LecB (Berthet et al., 2013). These compounds have been prepared by a convergent oxime conjugation of cyclopeptides and/or polylysine dendrons then aminooxylated sugar units have been grafted at the periphery. However, the same strategy is not compatible to introduce two different sugars in a regioselective and controlled manner (Bossu et al., 2011). Instead, we used here OL and CuAAC to secure the molecular assembly and the final purification of complex structures (Thomas et al., 2015b). To do so, the construction of the dendrimer core was first carried out from a central cyclopeptide A (Figure 1) containing two aminooxy groups and two serine as oxo-aldehyde precursors as previously described (Pifferi et al., 2017). This scaffold A was successively functionalized with two cyclopeptides: the first one B (right arm) contains one aldehyde and four azido groups, whereas the second one C (left arm) displays one aminooxy and four serines. Treatment with sodium periodate of the resulting hexadecavalent dendrimer afforded 1 which was functionalized with aminooxylated αFuc (2), βGal (3), and αMan (4) in aqueous solution containing 0.1% TFA at 37°C for 30 min. These three octavalent conjugates displaying eight copies of αFuc (5), βGal (6), and αMan (7) were subsequently conjugated without further purification with propargylated αFuc (8), βGal (9), and/or αMan (10) in PBS (pH 7.4, 10 mM) with CuSO4, tris(3-hydroxypropyltriazolylmethylamine) (THPTA) and sodium ascorbate (Figure 2). After RP-HPLC purification, the resulting hGCs 11–14 were obtained in 76–84% yield.
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FIGURE 1. Strategy for the construction of the hexadecavalent scaffold 1. Reagents and conditions (Pifferi et al., 2017): (1) 0.1% TFA in H2O/CH3CN (1:1), 37°C, 30 min; (2) i: NaIO4, H2O, r.t., 40 min; ii: 0.1% TFA in H2O/CH3CN (1:1), 37°C, 30 min; (3) NaIO4, H2O, r.t., 40 min.
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FIGURE 2. Synthesis of hGCs 11–14 by a mixed OL and CuAAC strategy. Reagents and conditions: (1) 2, 3, or 4, 0.1% TFA in H2O/CH3CN, 37°C, 30 min; (2) 8, 9, or 10, CuSO4, Na ascorbate, THPTA, PBS (pH 7.4, 10 mM), r.t., 90 min, 81% for 11, 84% for 12, 77% for 13, and 76% for 14.



The resulting hGCs were tested in solution with lectins by Isothermal Titration Calorimetry (Table 1) and their binding properties were compared with homoclusters 15–20 (Berthet et al., 2013; Thomas et al., 2015b) displaying either 4 and 16 βGal or αFuc units attached with an oxime or a triazole linker (Figure 3). Methyl α-L-fucoside (αFuc-OMe) and methyl β-D-galactoside (βGal-OMe) were used as monovalent references for LecB and LecA to calculate the relative potency (α) and relative potency per sugar (β) of each multivalent compound. Experiments were performed in direct injection mode (i.e., ligand in syringe and protein in cell) to minimize aggregation problems.



Table 1. Isothermal titration microcalorimetry data for binding to LecA and LecBa.
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FIGURE 3. Structure of the tetravalent (15–18) and hexadecavalent (19–20) homoclusters.



For LecB, we observed modest and similar Kd (0.3 μM) for tetravalent compounds 15 and 16, with negligible improvement factor α compared to αFuc-OMe indicating the absence of cluster effect (Table 1, Figure 4A, and Supplementary Information). Instead strong aggregation is observed as shown on the thermogram in Figure 4A. The analysis of the thermodynamic contributions indicates a strong gain in enthalpy but that is completely counterbalanced by the entropy cost. This again indicates that the tetravalent compound is bridging between different lectin tetramers instead of clustering neighboring binding sites.
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FIGURE 4. ITC data. Thermograms obtained by injections of (A) glycocluster 16 at 140 μM in a solution of LecB (70 μM) and (B) glycocluster 18 at 80 μM in a solution of LecA (35 μM) with corresponding integrated titration curves. Molar ratio is indicated as number of glycocluster molecules per lectin monomer.



By contrast, for LecA, a very strong improvement of binding was observed for both tetravalent compounds 17 and 18 (Kd = 22 nM) compared to βGal-OMe (Table 1). This suggests a favorable presentation of sugar for the binding to LecA (Cecioni et al., 2012) with geometry allowing for a real clustering effect, also reflected in the huge enthalpy gain. Compound 18 that contains a triazole linkage instead of oxime (17) is the most efficient with a factor α of 7,000 and factor β of 1,700 when reported to the number of sugar (Table 1, Figure 4B, and Supplementary Information). This result is in good agreement with the well-known preference of LecA for β-galactoside containing an aromatic moiety near the anomeric position (Cecioni et al., 2012).

Interestingly, multimerisation of the tetravalent structures 15 and 18 as the hexadecavalent dendrimers 19 and 20 allowed 10-fold binding improvement for fucosylated compounds with LecB (Kd = 44 nM for 19). Only minor difference in Kd was observed between 18 and 20 and LecA (Kd = 22 and 14 nM, respectively), despite a more favorable binding enthalpy for 20 (–ΔH = 378 kJ/mol) and a higher improvement factor α (10,000) compared to βGal-OMe. While both 18 and 20 are excellent ligands for LecA, compound 20 shows a 2.5-lower β factor than 18 which suggests that increasing valency over four sugars units has low effect for enhancing affinity with LecA. Similar observations have been already reported in other studies (Cecioni et al., 2012; Michaud et al., 2016).

We next evaluated the binding potency of hGCs for LecA and LecB by ITC (Table 1, Figure 5, and Supplementary Information). Two compounds 11 and 13 display eight copies of αFuc and βGal with either oxime or triazole linkers and two other hGCs combine αMan with αFuc (12) or βGal (14). As observed with tetravalent clusters 15–16 with LecB, a higher affinity (Kd = 85–92 nM) was measured when the fucose unit is linked by an oxime linkage. These compounds 11 and 12 showed a more favorable binding enthalpy (–ΔH = 212 kJ/mol), suggesting a more favorable geometry and presentation of fucose. Moreover, no significant difference of affinity was observed between 11 and 12 with binding improvement in the same range of magnitude than homovalent compounds (i.e., β factor lower than 1), indicating the absence of influence of the partner sugar (Man or Gal).
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FIGURE 5. ITC data. Thermograms obtained by injections of (A) glycodendrimer 11 at 50 μM in a solution of LecB (32 μM), (B) glycodendrimer 11 (50 μM) in a solution of LecA (32 μM), and (C) glycodendrimer 14 (40 μM) in a solution of LecA (29 μM) with corresponding integrated titration curves. Molar ratio is indicated as number of glycocluster molecules per lectin monomer.



As for LecA, as mentioned with homovalent structures 17–20, hGCs displaying βGal 11, 13, and 14 lead to similar Kd (21–35 nM), showing strong binding entropy contribution (–ΔS = 173–199 kJ/mol) counterbalanced by favorable binding enthalpy (–ΔH = 216–243 kJ/mol).

When the binding is compared to parent galactosyl-homoclusters, the β factor was ~500 for both βGal-αFuc hGCs 11 and 13 and 900 for 14 which displays βGal-αMan combination. The stoichiometry data for these three compounds indicated that approximately six βGal can bind to a monomer of LecA, which indicates a good accessibility despite the presence of non-specific sugars close to βGal. This results supports the fact that high affinity could be due to an aggregative binding mode. In the case of LecB, the stoichiometry measured for 11–13 (n = 0.1) lead to a similar hypothesis. Altogether, our data suggest that hGCs combining both βGal and αFuc derivatives not only bind to both lectins with nanomolar affinity, but also that the presence of the other sugar does not affect the binding potency.



CONCLUSION

We have developed a synthetic strategy to prepare a series of heteroglycoclusters displaying eight copies of αFuc and βGal. Binding assays with both LecA and LecB lectins from Pseudomonas aeruginosa have revealed that the combination of αFuc and βGal with unspecific sugars maintain the binding potency of the parent homoclusters with both lectins. The review by Jiménez Blanco et al. (2013) opened the questions of the effect of functional promiscuity of glycoligands on different heteroglycocompounds, since such complex architecture are efficient mimics of cell surfaces. The authors raised concerns that the complexity may create “messiness or noise in the processes they participate in.” We could demonstrate here that the crowding with an alternate sugar does not lower the efficiency of the glycocluster to bind to the bacteria lectins. In the future, this could be of importance for designing active compounds that will have the capacity of both binding to the bacterial surface and activating the immune system by different clusters of sugars.



EXPERIMENTAL SECTION


Materials

All chemical reagents were purchased from Aldrich (Saint Quentin Fallavier, France) or Acros (Noisy-Le-Grand, France). All protected amino acids and Fmoc-Gly-Sasrin® resin was obtained from Advanced ChemTech Europe (Brussels, Belgium). For peptides and glycopeptides, analytical RP-HPLC was performed on Waters system equipped with a Waters 2695 separations module and a Waters 2487 Dual Absorbance UV/Visible Detector. Analysis was carried out at 1.0 mL/min (EC 125/3 nucleosil 300-5 C18) with UV monitoring at 214 nm and 250 nm using a linear A–B gradient (buffer A: 0.09% CF3CO2H in water; buffer B: 0.09% CF3CO2H in 90% acetonitrile). Purifications were carried out at 22.0 mL/min (VP 250/21 nucleosil 100-7 C18) with UV monitoring at 214 nm and 250 nm using a linear A–B gradient. HRMS and ESI-MS and HRMS spectra of peptides and glycopeptides were measured on an Esquire 3000 spectrometer from Bruker. Lectins LecA and LecB were produced in recombinant form in Escherichia coli BL21(DE3) as described previously (Mitchell et al., 2005; Blanchard et al., 2008).



Synthetic Procedures
 
Synthesis of Compound 11

Cyclopeptide 1 (4.5 mg, 0.72 μmol) and aminooxy Fuc 2 (1.6 mg, 8.7 μmol) were dissolved in 0.1% TFA in H2O (10 mM). After stirring for 30 min at room temperature, the propargyl Gal 9 (5.1 mg, 23.2 μmol) dissolved in DMF (1 mL) and a solution of CuSO4 (1,4 mg, 5.8 μmol) in PBS buffer (500 μL, 100 mM) were added. Then was added a solution of THPTA (10.1 mg, 23.2 μmol) and sodium ascorbate (5.1 mg, 40.1 μmol) in PBS buffer (500 μL, 100 mM). All solutions were previously degassed under argon. The reaction was stirred at room temperature under argon and after 1 h analytical HPLC indicated complete reaction coupling. Then Chelex resin was added to remove excess of copper and the reaction mixture was directly purified by RP-HPLC affording pure compound as a white powder. Yield: 81% (5.4 mg, 0.59 μmol); RP-HPLC: Rt = 4.28 min (C18, 214 nm 5–100% B in 15 min); MS (ESI+) m/z calcd. for C387H619N103O158 [M+5H]5+: 1847.3, found 1847.4.

Synthesis of Compound 12

Compound 12 was obtained from compound 1, aminooxy Fuc 2, and propargyl Man 10 following the procedure described for 11. Yield: 84% (5.6 mg, 0.61 μmol); RP-HPLC: Rt = 4.33 min (C18, 214 nm 5–100% B in 15 min); MS (ESI+) m/z calcd. for C387H618N103O158 [M+4H]4+: 2309.1, found 2308.7

Synthesis of Compound 13

Compound 13 was obtained from compound 1, aminooxy Gal 3 and propargyl Fuc 8 following the procedure described for 11. Yield: 77% (3.5 mg, 0.38 μmol); RP-HPLC: Rt = 4.34 min (C18, 214 nm 5–100% B in 15 min); MS (ESI+) m/z calcd. for C387H619N103O158 [M+5H]5+: 1847.3, found 1847.3.

Synthesis of Compound 14

Compound 14 was obtained from compound 1, aminooxy Man 4 and propargyl Gal 9 following the procedure described for 11. Yield: 76% (3.1 mg, 0.33 μmol); RP-HPLC: Rt = 10.62 min (C18, 214 nm 5–100% B in 20 min); MS (ESI+) m/z calcd. for C387H619N103O166 [M+5H]5+: 1873.7, found: 1874.1.

Synthesis of Compound 15

Aldehyde-containing cyclopeptide (Singh et al., 2005) (10.0 mg, 8.04 μmol) and aminooxy Fuc 2 (8.6 mg, 48.23 μmol) were dissolved in 0.1% TFA in H2O (10 mM). After stirring for 30 min at room temperature, the crude mixture was purified by RP-HPLC. Fractions containing the product were combined and lyophilized to afford the title compound as a white fluffy powder (12.8 mg, 6.75 μmol, 84%). RP-HPLC: Rt = 4.77 min (C18, 214 nm 5–60% B in 15 min); HRMS (ESI+) m/z calcd. for C79H130N19O34 [M+H]+: 1888.9027, found: 1888.9058.

Synthesis of Compound 16

The title compound was prepared according to already published protocol. Analytical data were in agreement with the literature (Ribeiro et al., 2018).

Synthesis of Compound 17

The title compound was prepared following the procedure described for 15 using aminooxy Gal 3 (7.5 mg, 38.6 μmol) and was obtained as a white fluffy powder after lyophilisation (13.7 mg, 7.02 μmol, 80%). RP-HPLC: Rt = 3.38 min (C18, 214 nm 5–60% B in 15 min); HRMS (ESI+) m/z calcd. for C79H130N19O38 [M+H]+: 1952.8824, found: 1952.8890.

Synthesis of Compound 18

The title compound was prepared following the procedure described for 16 from propargyl Gal 9 (13 mg, 58.7 μmol) and was obtained as a white fluffy powder after lyophilisation (13.7 mg, 7.02 μmol, 80%). RP-HPLC: Rt = 4.17 min (C18, 214 nm 5–60% B in 15 min); HRMS (ESI+) m/z calcd. for C83H134N22O34 [M+H]+: 1996.9464, found: 1996.9428.

Synthesis of Compound 19

The title compound was prepared according to already published protocol. Analytical date were in agreement with the literature (Berthet et al., 2013).

Synthesis of Compound 20

The title compound was prepared according to the same protocol as compound 18 and was obtained as a white fluffy powder after lyophilisation (4.8 mg, 0.51 μmol, 69%). RP-HPLC: Rt = 3.98 min (C18, 214 nm 5–60% B in 15 min); MS (ESI+) m/z calcd. for C395H628N111O158 [M+7H]7+: 1350.2, found: 1351.8



Isothermal Titration Microcalorimetry

ITC experiments of compounds 15–18 were perfomed with a PEAQ-ITC titration calorimeter (Microcal). Other compounds were assayed with a VP-ITC isothermal titration calorimeter (Microcal). The experiments were carried out at 25°C. All glycocompounds and lectins LecB and LecA were dissolved in the same buffer composed of 20 mM Tris with 100 mM NaCl and 0.1 mM CaCl2 at pH 7.5. For PEAQ-ITC, the lectins were placed in the microcalorimeter cell (200 μL) at concentrations varying from 35 to 70 μM. A total of 29 injections of 1.3 μL of glycoclusters at concentrations varying from 80 to 140 μM were performed. For VP-ITC, the microcalorimeter cell (1.447 mL) contained the lectins with concentrations between 30 and 100 μM. A total of 30 injections of 10 μL were performed intervals of 5 min while stirring at 310 rpm with glycoclusters concentrations varying from 0.40 to 0.150 μM. The experimental data were fitted to a theoretical titration curve using the Microcal PEAQ-ITC analysis software, with ΔH (enthalpy change), Ka (association constant), and N (number of binding sites per monomer) as adjustable parameters. Dissociation constant (Kd), free energy change (ΔG), and entropy contributions (TΔS) were derived from the previous ones. Two or three independent titrations were performed for each ligand tested.
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Dendritic cells (DCs) are important initiators of adaptive immunity, and they possess a multitude of Pattern Recognition Receptors (PRR) to generate an adequate T cell mediated immunity against invading pathogens. PRR ligands are frequently conjugated to tumor-associated antigens in a vaccination strategy to enhance the immune response toward such antigens. One of these PPRs, DC-SIGN, a member of the C-type lectin receptor (CLR) family, has been extensively targeted with Lewis structures and mannose glycans, often presented in multivalent fashion. We synthesized a library of well-defined mannosides (mono-, di-, and tri-mannosides), based on known “high mannose” structures, that we presented in a systematically increasing number of copies (n = 1, 2, 3, or 6), allowing us to simultaneously study the effect of mannoside configuration and multivalency on DC-SIGN binding via Surface Plasmon Resonance (SPR) and flow cytometry. Hexavalent presentation of the clusters showed the highest binding affinity, with the hexa-α1,2-di-mannoside being the most potent ligand. The four highest binding hexavalent mannoside structures were conjugated to a model melanoma gp100-peptide antigen and further equipped with a Toll-like receptor 7 (TLR7)-agonist as adjuvant for DC maturation, creating a trifunctional vaccine conjugate. Interestingly, DC-SIGN affinity of the mannoside clusters did not directly correlate with antigen presentation enhancing properties and the α1,2-di-mannoside cluster with the highest binding affinity in our library even hampered T cell activation. Overall, this systematic study has demonstrated that multivalent glycan presentation can improve DC-SIGN binding but enhanced binding cannot be directly translated into enhanced antigen presentation and the sole assessment of binding affinity is thus insufficient to determine further functional biological activity. Furthermore, we show that well-defined antigen conjugates combining two different PRR ligands can be generated in a modular fashion to increase the effectiveness of vaccine constructs.

Keywords: DC-SIGN, TLR7, glyco-antigen, vaccine model, peptide conjugate, tumor-associated antigens, mannoside
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GRAPHICAL ABSTRACT. Synthetic multivalent presentation of CLR ligands on tumor antigens together with TLR7 agonist, provides DC targeting and induction of tumor specific T cells.




INTRODUCTION

DC-SIGN (CD209) is an extensively studied receptor, due to its expression on various dendritic cell (DC) populations and its role in infection of certain viruses, like HIV (Bernardi et al., 2013; van Kooyk et al., 2013). This C-type Lectin Receptor (CLR) recognizes carbohydrate-based Pathogen-Associated Molecular Patterns (PAMPs) containing Lewis structures and high mannose glycans commonly found on bacteria, fungi and viruses (Geijtenbeek and Van Kooyk, 2003). DC-SIGN occurs on the cell surface as a tetramer, and therefore multivalent presentation of its carbohydrate ligand is favored for high affinity binding (van Kooyk et al., 2013).

Two strategies have been developed to target DC-SIGN using mannose-based ligands to deliver cargo to DCs. The first strategy uses mannosyl monosaccharides or analogs thereof, as these are readily available. Because the binding affinity of the mono-mannosides for DC-SIGN is relatively low with respect to larger and more complex oligo-mannosides (van Liempt et al., 2006), they are generally incorporated into dendrimers, liposomes or nanoparticles to achieve a multivalent presentation, enhancing the binding to DC-SIGN (Fehres et al., 2015; Ordanini et al., 2015; Silva et al., 2015; Berzi et al., 2016; Le Moignic et al., 2018). The other strategy uses larger and more complex oligomannosides with intrinsic multivalence. Various oligosaccharides have been explored for DC-SIGN binding (Ni et al., 2006; McIntosh et al., 2015), a prime example being the “high mannose” structure Man9 (Figure 1A). Both strategies have previously been used to deliver cancer antigens to DCs to enhance uptake and antigen presentation for the development of more effective cancer immunotherapies (Buskas et al., 2005; Moyle et al., 2007; Srinivas et al., 2007; McIntosh et al., 2015; Glaffig et al., 2018).
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FIGURE 1. Schematic overview of the Mannose-cluster library. (A) Symbolic and chemical representation of the high affinity DC-SIGN ligand high mannose N-glycan Man9. The 5 mannoside configurations within Man9 are indicated in the figure. (B) From left to right, the 5 different oligomannosides. Top-down, the peptide backbone with increased valency. The total library of 20 mannoside clusters are illustrated as symbols and coded A1–E6.



Another approach for the development of well-defined anti-cancer vaccines entails the covalent attachment of other adjuvants to the antigens of choice, targeting other Pattern Recognition Receptors (PRR), such as members of the Toll-Like Receptor (TLR) family (Deres et al., 1989; Cho et al., 2000; Blander and Medzhitov, 2006; Fujita and Taguchi, 2012; Willems et al., 2014), the NOD-like receptor (NLR) family (Willems et al., 2016), or combinations thereof (Buskas et al., 2005; Moyle et al., 2007; Sedaghat et al., 2016; Zom et al., 2019). PAMP recognition by TLRs induces DC maturation, stimulating antigen processing, and presentation for the induction of pathogen-specific T cells (Ackerman and Cresswell, 2003). The covalent attachment of a TLR agonist to an antigen can accelerate uptake and enhances antigen presentation while DC maturation via the TLR-ligands is maintained (Khan et al., 2007; Ignacio et al., 2018). Furthermore, it has been shown by simultaneous targeting of CLRs and TLRs, that CLR stimulation influences the TLR signaling cascades. For example, simultaneous triggering of DC-SIGN with TLR4 strengthens and prolongs TLR- signaling to enhance pro-inflammatory cytokine production in DCs (Fritz et al., 2005; Gringhuis et al., 2007). Since DC maturation is a necessity for upregulation of antigen processing and presentation, we hypothesized that a peptide-antigen conjugate, equipped with both a mannose-based DC-SIGN targeting glycan and a TLR-ligand, could lead to synergy in antigen presentation and improve specific T cell activation. We here describe the generation of such conjugate vaccine modalities, composed of a well-defined DC-SIGN targeting oligomannose cluster, a synthetic long peptide gp100 antigen, and a TLR7-agonist. TLR7 was selected as candidate due to its residency within the endosomes. We hypothesized that upon binding and internalization via DC-SIGN, the vaccine conjugate would be processed in endosomes where it can encounter TLR7. Using this strategy, we additionally avoid competition between binding of DC-SIGN and other cell surface TLRs.

Synthesizing high mannose structures is time and labor intensive and obtaining these structures in large quantities is challenging (Evers et al., 1998; Umekawa et al., 2008; Amin et al., 2011; Temme et al., 2013). We have therefore dissected the “high mannose” Man9-structure in smaller oligomannosides to explore which oligomannoside configurations could be used as a tool to effectively target the DC-SIGN receptor. To this end, we synthesized an array of oligomannose containing clusters (Figure 1B) that varied in number (ranging from 1 to 6 copies) and type of mannoside, each representing a part of the Man9 oligosaccharide (mono-; α1,2-di-; α1,3-di-; α1,6-di-; and an α1,3-α1,6-tri-mannoside, coded A–E, Figure 1A). This library has allowed us to compare side-by-side, the different mannoside configurations in different, well-defined clustered representations. The high affinity binders were used for conjugation to a model peptide antigen, containing the helper T cell epitope gp100280−288 and effector T cell epitope gp10044−59, to generate conjugates that could be targeted to DCs. To enhance the presentation of the antigens embedded in the conjugates by the DCs, we equipped the conjugates with a previously reported 8-oxo-adenosine analog (Jin et al., 2006; Gential et al., 2019), a ligand for the endosomal TLR7 which resulted in trifunctional conjugates (CLR-antigen-TLR). Using monocyte-derived dendritic cells (moDCs) we showed that the generated trifunctional conjugates represent attractive vaccine modalities that effectively targeted and activated DCs allowing effective antigen presentation.



RESULTS AND DISCUSSION


Synthesis of the Oligomannoside Clusters

The design of the oligomannoside cluster array is based on the Man9–N-glycan structure as depicted in Figure 1A and encompasses structures displaying 1, 2, 3, or 6 copies of mono-, di-, or trimannosides. The assembly of the array is shown in Figure 2 and it employs an oligo-azidolysine (6-azidonorleucine) backbone to which propargyl mannosides can be coupled. The required oligomannosides were all generated using propargyl α-D-mannopyranoside 1 as a starting compound (Daly et al., 2012). In order to keep the anomeric alkyne moiety intact, reductive transformations were avoided and acid/base labile protective groups were applied throughout the syntheses. Selective protection of the equatorial hydroxyls in 1 with a 1,2-butane diacetal, was followed by silylation of the primary hydroxyl to yield acceptor 3 in 54% yield over two steps. Glycosylation of 3 with imidate donor 2 (Thomas et al., 2007) provided the protected 1,2-linked disaccharide 4 in 82% yield. Acidic removal of the ketal and silyl ethers was followed by a basic deacetylation leading to α1,2-di-mannoside 6 in 58% yield over two steps. For the assembly of the 1,3-linked dimannoside, the higher nucleophilicity of the C-3-OH in 6 with respect to the neighboring, axial C-2-OH (van der Vorm et al., 2018) was exploited in a regio- and stereoselective glycosylation reaction. The condensation of acceptor 6 and donor 2 (Carpenter and Nepogodiev, 2005; Sauer et al., 2019) provided disaccharide 7 in 80% yield. Subsequent removal of the protective groups by sequential acid and base treatment resulted in α1,3-di-mannoside 8 in 90% yield over two steps. The 1,6-linked disaccharide was obtained by tritylation of the primary hydroxyl in propargyl mannopyranoside 1, acetylation of secondary hydroxyls and trityl removal to give acceptor 9 in 63% yield over three steps. Glycosylation of 9 with donor 2 yielded disaccharide 10 in 79% yield, and after deacetylation α1,6-di-mannoside 11 was obtained in 66% yield. The set of propargyl mannnosides was completed with the previously described synthesis of tri-mannoside 14 from 2,4-di-O-benzoyl mannose acceptor 12. This diol was mannosylated with two copies of donor 2 to yield the fully protected trisaccharide 13 in 82% yield, which was deacylated to effectively generate trimer 14 (Wong et al., 2015).
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FIGURE 2. Synthesis of mannoside clusters. Reagents and conditions: (a) Daly et al. (2012); (b) Thomas et al. (2007); (c) i. 2,3-butanedione, HC(OMe)3, MeOH, CSA, reflux, 55%; ii. TBDMSCl, imidazole, DMF, 99%; (d) Donor 2, TMSOTf, DCM, −20°C, 82%; (e) i. TFA, H2O, 71%; ii. NaOMe, MeOH, 82%; (f) PhCH(OMe)2, CSA, ACN, 50°C, 300 mbar, 51%; (g) Donor 2, TMSOTf, DCM, −20°C, 80%; (h) i. AcOH, H2O, 95%; ii. NaOMe, MeOH, 95%; (i) i. Ph3CCl, imidazole, DCM, followed by Ac2O, pyridine, 90%; ii. BF3·Et2O, MeOH, toluene, 70%; (j) i. Donor 2, TMSOTf, DCM, −20°C, 79%; (h) NaOMe, MeOH, 66%; (l) i. PhC(OMe)3, CSA, ACN; ii. H2O, 52%; (m) Donor 2, TMSOTf, DCM, −25°C, 82%; (n) NaOMe, MeOH, 75% (see reference Wong et al., 2015); (o) Fmoc-SPPS; (q) CuI, THPTA, DIPEA, DMSO, H2O; (r) BiotinOSu or Pent-4-ynoic acid succinimidyl ester, DIPEA, DMSO.



With the required propargyl mannosides in hand, the assembly of the array was undertaken. Using solid phase peptide synthesis (SPPS), four different backbones with 1, 2, 3, or 6 azides were synthesized for the attachment of the mannose clusters (15–18). To match the length of the hexavalent scaffold 18 with the trivalent backbone, glycine residues were incorporated in the latter scaffold to separate the azidolysines in 17. Similarly, the azidolysines in the divalent scaffold 16 were also separated by a glycine residue. All backbones contained a lysine at the C-terminus for further functionalization. Via Cu(I) catalyzed Azide-Alkyne Cycloaddition (CuAAC) reactions the propargyl mannosides (5, 8, 11, 14) and peptides backbones (15–18) were clicked together. This resulted in a library of 20 well-defined structures (A1–A6; B1–B6; C1–C6; D1–D6; E1–E6, Figures 1B, 2), subdivided in five series in which the A series bears α-mannose 1, the B series carries α1,2-di-mannoside 5, the C series presents α1,3-di-mannoside 8, the D series displays α1,6-di-mannoside 11, and the E series is equipped with α1,3-α1,6-tri-mannoside 14. All mannoside-clusters were equipped with a biotin handle for cellular assays by reacting the primary amine of the C-terminal lysine with Biotin-OSu to provide compounds a1–e6. For conjugation with the model epitope clusters the clusters B6, C6, D6, and E6 were functionalized with an alkyne handle resulting in conjugation-ready compounds 19–22.



Binding Profile of the Mannoside Library

The affinity of the clusters for the extracellular domain (ECD) of the DC-SIGN receptor (DC-SIGN ECD) was estimated via surface plasmon resonance (SPR) assays (Tabarani et al., 2009). The apparent Kd was calculated in direct interaction mode using a surface functionalized in an oriented manner with DC-SIGN ECD. In this assay, tetrameric DC-SIGN ECD is attached to the surface of the sensor chip via the N-terminus of its neck oligomerization domain, thus presenting its four carbohydrate recognition domains toward the solvent, realistically mimicking the presentation of the receptor on cell surface (Porkolab et al., 2019). For some of the low affinity ligands, in the mM range, it was not possible to determine their affinity with this assay, and therefore a competition experiment was performed providing IC50 values (Timpano et al., 2008) (Figure 3A). A-specific interactions with the peptide backbone were excluded, since control clusters G1 and G2 (propargyl β-D-galactose clicked to backbones 15 and 16) showed no interaction (Supplementary Figures 1A, 5). When comparing equivalent clusters, the α1,2-di-mannoside (B series) bound with the highest affinity (Figure 3A). Hexavalent presentation (n = 6) of the oligomannosides showed micromolar affinity toward DC-SIGN. B6 had the highest affinity in the library with an apparent Kd of 0.95 μM, followed by the α1,3-dimannoside cluster C6 (1.17 μM), and the trimannoside clusters E3 (2.44 μM) and E6 (2.78 μM). Interestingly, the affinity of the trisaccharide series (E series) did not improve going form the tri- to the hexavalent representation (E3 vs. E6, Figure 3A). A potential explanation for this effect could be that the spacing of clusters is more important for the larger tri-mannosides. For the monovalent mannosides A1 and C1 we could not determine a reliable IC50 in this setup, indicating that their binding affinity for DC-SIGN is too weak (see Supplementary Figures 2, 3 for all SPR sensorgrams).
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FIGURE 3. DC-SIGN has the highest affinity for α1,2-di-mannoside in a hexavalent configuration on multiple interaction levels. (A) Surface plasmon resonance (SPR) analysis demonstrates increase of affinity for DC-SIGN with increasing multivalence (n = 1 > 2 > 3 > 6). Clusters presenting the α1,2-di-mannoside 5 (B series) have the highest affinity in comparison to the other mannosides in this array. (B) Binding of the biotinylated mannoside library to DC-SIGN on moDC was measured by flow cytometry. Normalized to the unbound control, the clusters displayed increased binding with increasing multivalence. (C) Overall binding profile of the library, normalized to A1, indicating that the highest affinity binders are the B6, C6, D6, E3, and E6 clusters. *p < 0.05 and **p < 0.01.



Next, we assessed the binding of our clusters to cellular DC-SIGN using moDCs (Figure 3B, Supplementary Figure 1B). To this end, binding of the clusters a1–a6, b1–b6, c1–c6, d1–d6, and e1–e6, decorated with a biotin handle, was determined by flow cytometry. Clusters were bound to moDCs for 30 min at 4°C. By staining using fluorophore-conjugated streptavidin and washing at 4°C, the bound clusters could be quantified by flow cytometry. Complementary to the SPR assays, the flow cytometric experiments revealed an enhancement in binding with increasing amount of mannosides for the a, b, and c series (Figure 3B). We observed significantly higher binding for the hexavalent mono-mannoside compared to the monovalent mannoside (a1 vs. a6). These results are in agreement with earlier work suggesting DC-SIGN has a preference for high mannose like mannosides (Feinberg et al., 2007). The α1,2-mannosides (b series) showed enhanced binding in comparison to the mono-mannoside and the α1,6- or α1,3-dimannosides, in line with the SPR results and earlier results (Feinberg et al., 2007). In the cellular assay we also did not observe an increase in binding with an increasing number of tri-mannosides from the trivalent to the hexavalent cluster (e3 vs. e6), in line with the SPR results. This result again illustrates the need to carefully consider the spacing between oligomannoses in multivalent mannoside clusters. The cellular assay also showed no increase in binding of the α1,6-dimannoside clusters when increasing the valency from d3 to d6, again highlighting the potential influence of the scaffold design. In control experiments ligand binding to DC-SIGN was inhibited using a blocking anti-DC-SIGN antibody (Supplementary Figure 1C). Small residual binding remained, revealing a cluster-dependent increase in binding for the a–c series and a similar trend in binding of the d- and e-series. This suggests that other carbohydrate binding receptors, such as the mannose receptor, may play a role in binding the mannoside clusters (Raiber et al., 2010; He et al., 2015).

The binding profile of all mannose clusters is graphically summarized in Figure 3C. The strongest binding was observed for the hexavalent scaffolds, engaging DC-SIGN with μM affinity. The α1,2-di saccharide (B series) bound strongest and the monosaccharide (A series) bound with the lowest affinity. Therefore, we selected the B6, C6, D6, and E6 clusters for conjugation to the melanoma gp100 antigen-TLR7 construct. Although cluster E6 bound without affinity improvement for DC-SIGN comparing to E3, the former cluster was selected to allow for a direct comparison between the different clusters at the glycoconjugate level.



Antigen and Adjuvant Conjugation

We next proceeded by synthesizing the mannose cluster-peptide-TLR7-agonist-conjugates via Fmoc-SPPS chemistry. Starting from Tentagel® S RAM amide resin we coupled Fmoc-Lys(Mmt)-OH as the first amino acid to allow the conjugation of the TLR7 ligand after assembly of the peptide (see Figure 4). The gp100 peptide contains the gp100280−288 sequence for antigen presentation to CD4+ T cells connected to the N-terminus of the gp10044−59 sequence for CD8+ T cells. The epitope was elongated with four extra amino acids on each side to act as spacers. To prevent potential oxidation Cys60 was replaced by its isosteric analog α-amino-butyric acid (Wlodawer et al., 1989), which did not influence the antigen presentation of the peptide (Supplementary Figures 1G, 6). The peptide was elongated with Fmoc-Lys(N3)-OH followed by acetylation of the N-terminus resulting in 24. C-terminal functionalization was achieved by selective removal of the Lys(Mmt) group, and subsequent coupling of an ethylene glycol spacer followed by introduction of the TLR7 agonist (Chan et al., 2009). Using our previously described protocol (Gential et al., 2019), we could introduce Boc protected TLR7-ligand 23 on-resin, resulting in functionalized solid support 25. Release of the peptide-TLR7 ligand conjugate from the resin and concomitant global deprotection of the side chains under acidic conditions resulted in azido-peptide 26, which was purified by HPLC. Control peptides lacking the N-terminal azide and/or the TLR7 ligand were synthesized to investigate the effect of the CLR clusters (gp100 and gp100-TLR7L, see Supplementary Figure 6).
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FIGURE 4. Synthesis of trifunctional CLR-epitope-TLR conjugates. Reagents and conditions: (a) Fmoc-SPPS; (b) TFA, DCM; (c) Fmoc-SPPS; (d) 23 (Gential et al., 2019), HCTU, DIPEA, DMF; (e) TFA, TIS, H2O, octanethiol, phenol; (f) CuI, THPTA, DIPEA, DMSO, H2O, (+ NaAsc, Arg, H2O), CLR clusters (19–22).



Attempts to synthesize gp100 peptides elongated with six azidolysines through SPPS proved to be troublesome and therefore we used a modular approach in which the pre-assembled CLR clusters (19–22) (Figure 2) were ligated to TLR7-peptide conjugate 26 via a CuAAC click reaction (Figure 4) (Conibear et al., 2016). This resulted in four conjugates containing a TLR7 agonist and a hexavalent α1,2-dimannnoside cluster (B6-gp100-TLR7L); an α1,3-dimannoside cluster (C6-gp100-TLR7L); an α1,6-dimannoside cluster (D6-gp100-TLR7L); or an α1,3-α1,6-trimannoside cluster (E6-gp100-TLR7L) that could be tested for their antigen presenting capacities.



Targeting Efficacy of the Mannoside-Peptide Conjugates

Immature dendritic cells are present in the peripheral tissue, acting as the first-line of defense against pathogens. In immature state, dendritic cells are optimized for phagocytosis of extracellular material and antigens. Upon maturation, triggered by e.g., pathogenic stimuli that activates TLRs, phagocytic processes are downregulated, while co-stimulatory molecules for T cell activation are upregulated and antigen presentation is enhanced (Ackerman and Cresswell, 2003). After the trifunctional peptides are internalized, the maturation process prepares the dendritic cell for optimal antigen presentation to T cells. To assess the efficacy of the selected compounds, we analyzed different biological processes that the trifunctional peptides are routed through. First, the uptake of biotinylated clusters by immature DCs was measured, followed by the ability of the trifunctional conjugates to induce DC maturation, and lastly the capability of the gp100 epitopes to be presented (Figure 5A).
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FIGURE 5. E-gp100-TLR7L increases antigen presentation of monocyte-derived dendritic cells despite slower internalization. (A) Schematic representation of the moDC readouts used. (B) The internalization of the hexavalent mannoside clusters by moDCs was measured by flow cytometry. One donor is depicted here as representation of four individual clusters b6, c6, d6 are rapidly internalized, while e6 remains longer at the surface. (C) Expression of the DC maturation marker CD86 upon overnight stimulation with the trifunctional conjugates is measured by flow cytometry. All compounds harboring the mannoside cluster and a TLR7 ligand induce expression of CD86. LPS stimulation (10 ng/mL) is used as positive control. (D) Antigen presentation by the moDCs was determined by IFNγ release of the activated T cells. The B6-gp100-TLR7L conjugate shows minimal T cell activation while the C6-, D6-, and E6-gp100-TLR7L conjugates increased T cell activation compared to gp100-TLR7L. Overall, conjugate E6-gp100-TLR7L showed the strongest antigen presentation enhancement by moDCs.



Among the various conjugates produced, two could be evaluated by SPR for their binding properties to ensure that conjugating the mannose-cluster to gp100 alone or gp100-TLR7L modules do not mask their accessibility for DC-SIGN recognition. B6-gp100 and E6-gp100-TLR7L are still binders with μM affinities of DC-SIGN surfaces, however the conjugation to either gp100 or gp100-TLR7L module decreased this affinity by a factor of about 10, suggesting that gp100 conjugation reduced binding somewhat (Comparing Figure 3A and Supplementary Figure 1A, the Kd−app goes from 0.9 to 10.6 μM for B6 to B6-gp100, and for E6 to E6-gp100-TLR7L the Kd−app goes from 2.7 to 31 μM, each time increasing by about a factor 10, Supplementary Figure 3).

For the internalization, the moDCs were incubated with clusters b6, c6, d6, and e6 for 1 h at 4°C, where after unbound ligands were washed away with ice-cold medium. Warm medium was added to the moDCs, and samples were taken at the indicated time points and put on ice. Upon staining the moDCs with fluorophore-conjugated streptavidin, we could measure the signal loss of the membrane via flow cytometry. To exclude ligand-receptor dissociation before internalization, the moDCs were fixed under gentle conditions, hereby inhibiting receptor-mediated endocytosis. On fixed moDCs the clusters remained at the surface, as no signal loss could be detected (Supplementary Figure 1D). Notably, the uptake of clusters b6, c6, d6, and e6 by immature moDCs did not correlate with their affinity for DC-SIGN (Figures 3B, 5B). The di-mannoside clusters (b6, c6, and d6) were internalized relatively fast, with a 50% uptake within 5 min (Figure 5B). The tri-mannoside cluster e6 however remained longer at the membrane surface and only a 25% uptake was seen after 30 min. Similar results were seen using a pH-sensitive fluorophore. In acidic environments, such as the endosomes and lysosomes, the fluorescence of this dye increases. Pre-complexed clusters mirrored the accelerated uptake of the di-mannoside clusters over the e6 cluster (Supplementary Figure 1E). Although the DC-SIGN mediated uptake mechanism is known (Cambi et al., 2009), the initiation trigger for endocytosis upon DC-SIGN-ligand binding remains unclear. Recognition of the di-mannoside clusters could induce signaling leading to accelerated uptake, whereas the tri-mannoside cluster could trigger a different signaling pathway. Nonetheless, the clusters harboring the smaller mannosides are preferred. Although the binding affinity of the clusters ranged from 0.9 to 6.6 μM, the di-mannosides induce more rapid DC-SIGN internalization over the tri-mannosides, and can thus increase intracellular peptide concentrations more efficiently for further antigen processing and presentation.

Next, the four trifunctional-conjugates were evaluated for their ability to mature moDCs and compared to non-mannosylated conjugates gp100 and gp100-TLR7L. Maturation of the moDCs was measured by the expression of CD86 and CD83, two costimulatory molecules necessary for T cell activation. As expected, gp100, lacking the TLR7 agonist, did not induce maturation of the moDCs. All the conjugates with the mannoside clusters and the TLR7 ligand induced the expression of the moDCs maturation marker CD86 (Figure 5C), as well as CD83 (Supplementary Figure 1F) compared to the TLR7 agonist lacking gp100 control, indicating the DCs potential to activate T cells. These results show that the conjugation of TLR7 ligand to the peptide antigen or the peptide-mannose cluster conjugates does not hamper the TLR activating ability of the ligand.

Lastly, antigen presentation was determined in a human T cell antigen presentation model (Figure 5D). In this assay, the potency of DCs to present the internalized gp100 antigen on the cell surface to gp100-specific T cells is analyzed. The IFNγ secretion of activated T cells upon recognition of the cell surface presented gp100 is measured. Day 5 moDCs were stimulated for 30 min, as the internalization was relatively fast, with the glycopeptides at the assay-optimized concentration of 20 μM (Supplementary Figure 1H). The constructs were washed away before overnight co-culture with gp100-specific T cells. Although we observed significant natural donor variability, all conjugates showed similar mannoside-dependent trends in response. Surprisingly, although the α1,2-di-mannoside cluster B6 showed the strongest binding affinity and b6 was internalized rapidly, B6-gp100-TLR7L did not enhance antigen presentation. The obstruction of antigen presentation was primarily seen with the B6-gp100-TLR7L contradicting the assumption that the best binding constructs will simultaneously maximize T cell activation. The other di-mannoside conjugates (C6-gp100-TLR7L & D6-gp100-TLR7L) performed better in the antigen presentation assay than B6-gp100-TLR7L. E6-gp100-TLR7L demonstrated the strongest antigen presentation in the three donors tested. With some exceptions in donor 1, the antigen presentation was readily enhanced compared to gp100-TLR7L and all other constructs within each donor, even though the binding affinity of E6 was a 3-fold lower than B6. The enhancement in antigen presentation of tri-mannoside conjugate E6-gp100-TLR7L may be a result of the stagnant uptake of tri-mannoside clusters (Figure 5B), altered DC-SIGN signaling and/or different intracellular routing or processing of the conjugates, compared to the di-mannosides. This indicates that oligosaccharides with high binding affinity for DC-SIGN are not per se the most suitable for use in covalent saccharide-antigen conjugates, designed for optimal antigen presentation and that the size of the clusters may affect the rate by which peptidases trim the conjugates enabling loading on MHC molecules for presentation.

It has previously been reported that a negative correlation between high internalization efficiency and antigen presentation may be due to altered intracellular processing (Chatterjee et al., 2012) and that DC-SIGN endocytosed ligands can traffic to differential endosomal compartments upon internalization. The trifunctional conjugates here are assumed to dissociate from the DC-SIGN receptor in the early endosomes, to allow triggering of TLR7 and enable their processing (Engering et al., 2002; Wilson et al., 2019). Our data may be explained by differential routing of the conjugates or differences in processing efficiency (Chatterjee et al., 2012). Alternatively, binding of the clusters to different mannose binding lectins, may also impact uptake and routing. In this regard, the mannose receptor could be a contributing inhibitory factor as high affinity binding of the smaller mannoside clusters to this receptor is known to prohibit ligand-receptor dissociation, halting further antigen processing in the early endosomes (Hiltbold et al., 2000). Future experiments will have to shed light on how and where conjugates of this type are processed, to enable the further optimization of rationally designed self-adjuvating peptide vaccines.




CONCLUSION

With the field of dendritic cell-based immunotherapy in acceleration, the range of glycoconjugates aimed at modulating the dendritic cell phenotype has rapidly expanded (Hotaling et al., 2014). Our paper documents a systematic array of DC-SIGN-targeting clusters, with well-defined mannoside structures (mono-, di-, and tri-mannosides) and controlled (mono-, di-, tri-, hexavalent) presentation. From this array, we have identified multiple hexavalent ligands that bind DC-SIGN with micromolar affinity, with the α1,2-dimannoside cluster B6 being the best binder. The hexavalent clusters were conjugated to a model antigen and a TLR7 agonist, and tested for their ability to mature DCs and to enhance antigen presentation. Conjugation of the peptide to the sugar clusters does not hamper their binding to DC-SIGN nor does the conjugation impede TLR7 activation. Improved antigen presentation was observed for three of the four conjugates that were equipped with a TLR7 ligand and a mannoside cluster. Surprisingly, the conjugate harboring the highest affinity DC-SIGN binder, B6, showed lower antigen presentation that its C6-, D6, and E6-counterparts. This indicates that the affinity for DC-SIGN of particular mannoside clusters does not directly translate into enhanced antigen presentation of conjugates equipped with the clusters. Differences in processing pathways and speed of the multifunctional conjugates have to be taken into account and future research will be directed at mapping the events between uptake and presentation to enable the design of the next generation vaccine conjugates with tailor made activity. Taking natural variations between donors into account, the E6-gp100-TLR7L conjugate showed the best T cell activating properties and will serve as a lead for further conjugate development. The modular chemistry developed here, allows the future design of conjugates bearing multiple PRR ligands in a single molecule. The multivalent presentation of a TLR ligand may enhance the activation of its cognate TLR, and different PRR-ligands may be combined to achieve synergistic activation of DCs, for example by exploiting simultaneous TLR and NLR activation (Ignacio et al., 2018).



MATERIALS AND METHODS


General Synthesis

The brief general synthetic procedures are described below, comprehensive experimental descriptions and analytical spectra for each construct can be found in the Supplementary Materials section.

The solid-phase peptide synthesis of the azidolysine backbones was performed on a TRIBUTE® Peptide Synthesizer (Gyros Protein Technologies AB, Arizona, USA) applying Fmoc based protocol starting with Tentagel S-RAM resin (~0.22 mmol/g) on a 100 μmol scale using established synthetic protocols (Chan and White, 2000).

For the conjugation of propargyl glycosides and azidopeptides, all solvents were degassed by sonicating while bubbling argon through the solutions. A solution of azidopeptides in DMSO (0.5 M, 1 eq) was mixed with a solution of propargyl glycoside in water (0.5 M, 1.2 eq per azide) followed by addition of an aliquot of a stock solution of CuI (0.1 eq), THPTA (0.3 eq), and DIPEA (0.2 eq) in water ([Cu+] = 0.5 M). The reaction was stirred at 40°C and the process was followed via LC-MS. When reactions did not progress and turned blue, a sodium ascorbate solution (0.2–1 eq, 1 M, aq) was added. Generally, reactions were stirred overnight at 40°C. When not complete after 16 h an extra aliquot of the copper stock was added. After completion a small amount of Quadrasil® AP (washed with water) was added, stirred for 1 h, filtered and applied on gel filtration (Toyopearl HW40S, 150 mM NH4HCO3, 1.6 × 60 cm, 1 mL/min) followed by lyophilization.

To introduce the biotin handle, glycoclusters (A1–E6) were dissolved in DMSO (0.02 M). To this, a stock solution of Biotin-OSu (0.15 M, 3–4 eq) and DIPEA (0.015 M, 0.3–0.4 eq) in DMSO were added and shaken overnight after which compounds were purified via RP-HPLC (linear gradient 10–16 % B in A, 12 min, 5 mL/min, Develosil RPAQUEOUS 10.0 × 250 mm) followed by lyophilization.

For the synthesis of alkyne labeled clusters 19–22, a solution of glycoclusters (B6, C6, D6, or E6) in water (0.2 M, 1 eq) was mixed with a stock solution of S9 (0.15 M, 3 eq) and DIPEA (0.05 M, 1 eq) in DMSO and shaken 1 h. Reaction progress was followed via LC-MS and when completed, the 4-pentynoic amides were purified via gel filtration (Toyopearl HW-40S, 1.6 × 60 cm, 150 mM NH4HCO3, 1 mL/min) or RP-HPLC followed by lyophilization.

The solid-phase peptide synthesis of the gp100 peptides was performed on a TRIBUTE® Peptide Synthesizer (Gyros Protein Technologies AB, Arizona, USA) applying Fmoc based protocol starting with Tentagel S-RAM resin (~0.22 mmol/g) on a 100–250 μmol scale using established synthetic protocols (Chan and White, 2000). The consecutive steps for synthesis on 250 μmol scale* performed in each cycle were:

(1) DMF wash (1x) followed by nitrogen purge; (2) Deprotection of the Fmoc-group with 20% piperidine in DMF (8 mL) (3 × 3 min at 50°C); (3) DMF wash (3x) followed by nitrogen purge; (4.1) Coupling of the appropriate amino acid** in 4-fold excess (unless stated otherwise)***; (4.2) Step 4.1 was repeated; (5) DMF wash (3x) followed by nitrogen purge; (6) capping with a solution of Ac2O/DMF/DIPEA (8 mL, 10/88/2, v/v/v) for 2 min; (7) DMF wash (2x).

After the complete sequence the resin was washed with DMF (3x), DCM (3x), Et2O (3x), followed by nitrogen purge before treatment with the cleavage cocktail.

*All amounts are scaled-down in equimolar proportions for smaller scale.

**The amino acids applied in this synthesis were: Fmoc-Lys(Mmt)-OH, Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Trp(Boc)-OH, Fmoc-L-α-aminobutyric acid, Fmoc-Asp(OtBu)-OH****, Fmoc-Leu-OH****, Fmoc-Gln(Trt)-OH, Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Pro-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Val-OH, Fmoc-His(Trt)-OH, Fmoc-AEEA-OH (Fmoc-8-amino-3,6-dioxaoctanoic acid) (Carbosynth), Fmoc-Cys(Trt)-OH, Fmoc-Lys(N3)-OH (IRIS biotech), and 23.

***Generally, the Fmoc amino acid is dissolved in a HCTU solution in DMF (5.00 mL, 0.20 M, 1.0 mmol, 4 eq) The resulting solution was transferred to the reaction vessel followed by a DIPEA solution in DMF (4.00 mL, 0.50 M, 2.0 mmol, 8 eq) to initiate the coupling. The reaction vessel was shaken for 30 min at 50°C (unless stated otherwise).

****Aspartic acid and the adjacent Leucine and Arginine were introduced at with 1 h reaction time at room temperature. Fmoc removal was achieved with piperide/DMF in 3 × 5 min at room temperature (Behrendt and Offer, 2016).

For the final conjugation of the gp100 peptide 26 with glycoclusters 19–22, all solvents were degassed by sonicating while bubbling argon through the solutions. A solution of azidopeptide 26 in DMSO was mixed with a solution of alkyne functionalized glycoclusters in water (19, 20, 21, or 22) followed by addition of an aliquot of a stock solution of CuI (0.1 eq), THPTA (0.3 eq), and DIPEA (0.2 eq) in water ([Cu+] = 0.5 M). The reaction was stirred at 45°C and the process was followed via LC-MS. When reactions did not progress and turned blue, a stock solution of sodium ascorbate (0.25 M) and arginine (Conibear et al., 2016) (0.5 M) (0.2–1 eq ascorbate) in water was added. After completion a small amount of Quadrasil® AP (washed with water) was added, stirred for 1 h, filtered and applied on gel filtration (Toyopearl HW40S, 150 mM NH4HCO3, 1.6 × 60 cm, 1 mL/min) or purified via RP-HPLC followed by lyophilization.

(All compound characterization can be found in the Supplementary Materials section page 30 and further).



Cell Isolation and Culture

Monocytes were isolated from buffy coats of healthy donors (Sanquin Amsterdam, reference: S03.0023-XT) using sequential Ficoll (STEMCELL Technologies) and Percoll (Sigma) gradient centrifugation, and cultured for 5 days in RPMI 1640 (Invitrogen) 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). The differentiation of the moDCs was monitored via flow cytometric analysis of DC-SIGN AZN-D1-Alexa488, in house (Geijtenbeek et al., 2002), CD83 and CD86 (both PE-conjugated, Becton Dickinson) expression.



Surface Plasmon Resonance Analysis

The ECD of DC-SIGN (residues 66–404) was overexpressed and purified as previously described (Tabarani et al., 2009). The DC-SIGN S-ECD construct used for direct interaction experiment (see below) has been overexpressed and purified as described elsewhere (Porkolab et al., 2019). The SPR competition experiments were performed on a BIAcore T200 using a CM3 series S sensor chip. Flow cells were activated as previously described (Halary et al., 2002). Flow cell 1 was functionalized with BSA, blocked with ethanolamine and subsequently used as a control surface. Flow cells 2 and 3 were treated with BSA-Man α1-3[Manα1-6]Man (Dextra) (60 μg/mL) in 10 mM NaOAc pH 4 and blocked with ethanolamine. The final densities on flow cells 2 and 3 were about 2,100 RU. The affinities of the various compounds for DC-SIGN ECD were evaluated via an established inhibition assay (Andreini et al., 2011) in which DCSIGN ECD was injected at 20 μM alone or in the presence of increasing concentration of inhibitors. Injections were performed at 5 μL/min using 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2, 0.05% P20 surfactant as running buffer. The surface was regenerated by the injection of 50 mM EDTA. The data was analyzed in BIAcore BIAevaluation software using four parameter equation.

The direct interaction experiments were executed on a T200 Biacore with a CM3 series S sensor chip. Contrary to the competition assay described above, in this test, DC-SIGN ECD used harbors a StreptagII in its N-terminus (DC-SIGN S-ECD) to allow its capture and functionalization onto the surface in an oriented manner. Flow cells were functionalized as previously described (Porkolab et al., 2019). Briefly, after EDC/NHS activation, flow cells were functionalized with streptactin protein in a first step. Flow cell 1 was used as control, while other flow cells were, in a second round of activation, functionalized with 100 μg/mL of a DC-SIGN S-ECD up to a final density ranging between 2,500 and 3,000 RU, via tag specific capture and linkage by amine coupling chemistry simultaneously. The compounds were injected in running buffer of 25 mM Tris pH 8, 150 mM NaCl, 4 mM CaCl2, 0.05% Tween 20 onto the surface at increasing concentrations with a flow rate of 30 μL/min. The ligand titration led to the determination of an apparent Kd value. The data was analyzed in BIAcore BIAevaluation software for direct interaction 1:1 calculation assuming that the Kd will reflect the affinity of the ligands (glycoclusters) for the DC-SIGN oriented surface used as a whole.



Binding of the Mannose Library to moDCs

Approximately 105 day 5 moDCs were washed and resuspended in 100 μL culture medium (pre-cooled to 4°C). 20 μg/mL AZN-D1 (anti-DC-SIGN, in house Geijtenbeek et al., 2002) or purified mouse anti-human CD206 antibody (Clone 19.2, BD Bioscience) was added to the moDCs and pre-incubated for 45 min on ice. Subsequently, 10 μM of the biotinylated mannoside clusters or 1 μg/mL of LewisY-conjugated polyacrylamide (positive control) was added, and incubated for 30 min at 4°C. Cells were then washed with pre-cooled PBS (4°C), and stained with Alexa647-labeled streptavidin (InvitrogenTM) in PBS supplemented with 0.5% BSA and 0.02% NaN3 (PBA) for 30 min at 4°C. Upon washing in ice-cold PBA and fixation in PBS with 0.5% PFA, the fluorescence was measured by flow cytometry (CyAn™ ADP with Summit™ Software), and further analyzed using FlowJo v10.



Antigen Presentation

Immature day 5 moDCs were seeded in 96-well plates (Greiner) at 50·103 cells/well and incubated with 20 μM of the different gp100-conjugates in the presence or absence of the TLR4 ligand LPS (10 ng/mL) or the TLR7 ligand Imiquimod (2.5 μg/mL). The gp100 short peptide, containing the gp100280−288 sequence, was taken along as control, as well as the gp100 long peptide without the four C-terminal linker amino acids (gp100(ctrl)). After 30 min, moDCs were washed, and co-cultured overnight with CD8+ HLA-A2.1 restricted T cell clone transduced with the TCR specific for the gp100280−288 peptide (105 cells per well, E:T ratio 1:2) (Schaft et al., 2003). IFNγ in the supernatant was measured by sandwich ELISA according to the manufacturer's protocol (Biosource), and measured by spectrophotometric analysis on the iMarkTM Microplate Absorbance Reader (Bio-RAD) at 450 nm.



Internalization Assay

Immature day 5 moDCs were harvested and washed with cold HBSS (Thermo Fischer), after which half of the moDCs were gently fixed for 20 min at RT with 1% PFA in PBS. Afterwards, 20 μM of the different biotinylated mannose-clusters in cold HBSS were added. The moDCs were incubated for 1 h on ice, and washed in cold HBSS. Subsequently, warm HBSS was added to the cells, and cells were incubated at 37°C in a shaking heating block. At the indicated time points, a sample of the cells was taken and put on ice. After the last time point, the cells were stained with Streptavidin-Alexa647 (Thermo Fisher), measured using flow cytometry (CyAn™ ADP with Summit™ Software), and further analyzed using FlowJo v10. The same procedure was used for internalization with pHrodoTM Red Avidin (Thermo Fischer). The different biotinylated mannose-clusters were however incubated with pHrodo-Avidin (ratio 2:1) for 15 min at 37°C, prior to moDC exposure. The fluorescence upon internalization was measured using flow cytometry (BD LSRFortessa™ X-20 with FACSDiva Software), and further analyzed using FlowJo v10.



Statistics

Unless otherwise stated, data are presented as the mean ± SD of at least three independent experiments or healthy donors. Statistical analyses were performed in GraphPad Prism v7.04. Statistical significance was set at P < 0.05 and was evaluated by the Mann–Whitney U-test.
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Mucins and mucin-like molecules are highly O-glycosylated proteins present on the cell surface of mammals and other organisms. These glycoproteins are highly diverse in the apoprotein and glycan cores and play a central role in many biological processes and diseases. Mucins are the most abundant macromolecules in mucus and are responsible for its biochemical and biophysical properties. Mucin-like molecules cover various protozoan parasites, fungi and viruses. In humans, modifications in mucin glycosylation are associated with tumors in epithelial tissue. These modifications allow the distinction between normal and abnormal cell conditions and represent important targets for vaccine development against some cancers. Mucins and mucin-like molecules derived from pathogens are potential diagnostic markers and targets for therapeutic agents. In this review, we summarize the distribution, structure, role as immunomodulators, and the correlation of human mucins with diseases and perform a comparative analysis of mucins with mucin-like molecules present in human pathogens. Furthermore, we review the methods to produce pathogenic and human mucins using chemical synthesis and expression systems. Finally, we present applications of mucin-like molecules in diagnosis and prevention of relevant human diseases.
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INTRODUCTION

Physical protection from external pathogens and molecules is essential for cell survival. Most mammal cells exposed to the external environment use complex molecular shields and coats that are present either as a hard shell (skin) or as a soft secretion (mucus) (Hansson, 2019). Mucus is present on the ocular surface and in organs of respiratory, gastrointestinal, and reproductive tracts. It covers human organs and glands and contains proteins having highly O-glycosylated repeats, called mucins (Corfield, 2015; Bansil and Turner, 2018).

Some human pathogens use similar protection mechanisms involving highly O-glycosylated proteins (Buscaglia et al., 2006). These molecules are present in parasites, viruses and fungi and include mucin-like regions (Herpes virus), mucin-like domains (Ebola virus and Toxoplasma Gondii), mucin-like glycoproteins (Cryptosporidium parvum), mucin-associated surface proteins MASPs (Trypanosoma cruzi), and mucin-type proteins (Candida albicans), among others. In this review, we use the term mucin-like molecules (MLMs) to denote all these molecules.

Mucins and MLMs share, as a structural feature, the presence of a dense array of O-linked oligosaccharides attached to serine or threonine residues of the protein. These glycans form a cover acting as a shield for protection and interaction with receptors (Buscaglia et al., 2006). A human mucin barrier protects the mucosal membranes and takes part in cellular regeneration, differentiation, signaling, adhesion, immune response, and tumor progression (Kufe, 2009; Senapati et al., 2010). Mucins and MLMs of protozoa, viruses and fungi protect these pathogens from the vector and vertebrate-host defense mechanisms and can have a critical role in targeting, attachment and invasion of specific host cells and tissues (Buscaglia et al., 2006; Lee and Saphire, 2009).

Comprehensive reviews about the structure, properties, role in cancer, and other aspects of mucins (Corfield, 2017; van Putten and Strijbis, 2017; Bansil and Turner, 2018; Dhanisha et al., 2018; Wagner et al., 2018; Kasprzak and Adamek, 2019) prompt us to cover these aspects only briefly by providing an overview of mucins and their comparison with MLMs. We will focus in the distribution, role in diseases and chemical structure of human mucins and pathogenic MLMs and review the role of these molecules as immunomodulators and their potential use in the diagnosis and prevention of diseases. Finally, we summarize the strategies required to obtain these complex molecules.


Human Mucins

Mucus is a complex dilute aqueous viscoelastic secretion containing water, electrolytes, lipids, and proteins (Bansil and Turner, 2018). It is abundantly present in the epithelium of the gastrointestinal, respiratory and reproductive tracts and the secretory epithelial surfaces of liver, pancreas, gallbladder, kidney, and eyes, as well as in salivary and lacrimal glands. Mucus has diverse functions attributed to its primary structural component, mucins, which are present at concentrations between 1 and 5% (Rachagani et al., 2009; Corfield, 2015; Bansil and Turner, 2018). Mucins are expressed by epithelial cells (including endothelial cells), specialized epithelial cells known as goblet cells, leukocytes, and glands of the gastrointestinal tract (Tarp and Clausen, 2008; Rachagani et al., 2009; Dhanisha et al., 2018; Kasprzak and Adamek, 2019). They are present in the ocular surface and ear epithelium (Dhanisha et al., 2018) and cover the epithelial cell surfaces of the respiratory, digestive, and urogenital tracts forming gel-like structures (Johansson et al., 2008, 2014). Mucins form a protective barrier on the cell membrane and participate in regulation of solute transport, and as receptors for commensal and pathogenic microbes and for leukocyte targeting (Pelaseyed et al., 2014; Birchenough et al., 2015). Mucins are also associated with cellular regeneration, differentiation, integration, signaling, adhesion, and apoptosis (Bergstrom and Xia, 2013; Pelaseyed et al., 2014; Corfield, 2017; Kasprzak and Adamek, 2019).

Human mucins are encoded by 22 genes, designated MUC1 to MUC22, have a variable expression among tissues and display in the gastrointestinal tract the highest level and diversity (Behera et al., 2015). Mucins have a complex molecular organization and are classified into secreted and membrane bounded (transmembrane-) mucins considering their structure and localization (Kufe, 2009; Rachagani et al., 2009; Lang et al., 2016; Dhanisha et al., 2018). Secreted mucins form an extracellularly protective layer over the organs working as a barrier against external pathogens (Dhanisha et al., 2018). They can be gel-forming mucins (MUC 2, 5AC, 5B, 6, 19) or non-gel forming mucins (MUC 7, 8). MUC1, 3A, 3B, 4, 12, 13, 15, 16, 17, 18, 20, and 21 have a transmembrane domain attaching the glycoprotein to the membrane. Besides protection, they have a role in signaling, monitoring and repairing damaged epithelia (Martínez-Sáez et al., 2017; van Putten and Strijbis, 2017; Bansil and Turner, 2018; Dhanisha et al., 2018). Three mucins remain unclassified, the oviductal glycoprotein 1 (MUC9), endomucin MUC14 and MUC22 (Wagner et al., 2018).

Mucins contain variable glycosylated tandem repeat domains rich in proline (Pro), threonine (Thr) and/or serine (Ser) (PTS domains), and cysteine-rich regions localized at the amino and carboxy terminus and interspersed between the PTS domains (Bansil and Turner, 2018). The apomucin, or protein core, and the oligosaccharides are different among mucins (Corfield, 2015). An altered expression, up or down regulation, qualitative disturbances in glycosylation, changes in protein sequence, and in the structure of the glycans are generally associated with diseases, i.e., cancer (Brockhausen, 2003; Sheng et al., 2012; Nath and Mukherjee, 2014; Kasprzak and Adamek, 2019).

The expression of mucins was initially associated with epithelial tissues and later on with the immune system. This was particularly valid to MUC1 expressed by T and B cells (Agrawal et al., 1998; Chang et al., 2000; Treon et al., 2000; Correa et al., 2003; Fremd et al., 2016), MUC15 is expressed in adult human spleen, thymus, peripheral blood leukocyte, bone marrow, and lymph node (Pallesen et al., 2008), and MUC21 is expressed in thymus (Itoh et al., 2007). However, some mucins are found in other organs with certain specificity. Examples of these mucins are MUC14, a membrane bound mucin highly expressed in vascular tissues (dela Paz and D'Amore, 2009; Zuercher et al., 2012); MUC9, a non-gel-forming mucin, that is secreted by oviductal epithelial cells of the female reproductive tract (Slayden et al., 2018); and MUC3A and MUC3B have only been detected in the gastrointestinal tract and ear (Pratt et al., 2000; Sheng et al., 2012; Dhanisha et al., 2018; Kasprzak and Adamek, 2019). Other mucins genes such as MUC10 and MUC11 have not been identified in humans (Dhanisha et al., 2018). Detailed information about the distribution of human mucins has previously been reviewed (Behera et al., 2015; Dhanisha et al., 2018).

Membrane and secreted mucins have a high molecular weight (>200 kDa) and are composed of a long peptide chain with multiple O-linked glycans that correspond to more than 50% (w/w) of the glycoprotein. In mammals, the glycans are attached to the side chain of the serine or threonine via a N-acetylgalactosamine (GalNAc) that can be further elongated into different structures. The protein core is organized into two broadly distinct regions: a central region rich in Pro, Ser, and Thr residues containing multiple O-glycosylation and the carboxy- and amino-terminal non-repeat regions with low amounts of Ser/Thr and relatively few O-glycosylations. These non-repeat regions are generally rich in cysteine and contain N-glycans involved in the folding, oligomerization, and surface location of the proteins (Linden et al., 2008; Jonckheere et al., 2013; Martínez-Sáez et al., 2017; Bansil and Turner, 2018).

The structure of the O-glycans present in human mucins comprises three main parts: the GalNAc linked to the protein; a backbone or extension part corresponding to an elongation of the GalNAc with either α-(1-3)- or β-(1-3)-linked galactose or by β-(1-6)-, β-(1-3)-, or α-(1-6)-linked N-acetylglucosamine; and a high variable peripheral part containing fucose and N-acetyl neuraminic acid terminal units. Glycan structures are summarized in Figure 1 and by Corfield (2015).


[image: Figure 1]
FIGURE 1. Structure of human mucin glycans. (A) Schematic and chemical representation of the organization of mucins glycans, (B) Structure of the glycan cores present in mucins.


Human mucin genes exhibit a specific domain called the variable number tandem repeat region (VNTR), encoding the tandem repeats region (TR) rich in PTS-domains and glycosylations. The presence of the PTS-domain is conserved in all mucins; however, the amino acid sequences and glycans within a mucin are identical but can vary among mucins. Secreted-gel-forming mucins have a TR with cysteine-rich regions flanked at its amino- and carboxy-terminus and interspersed between PTS domains (Bansil and Turner, 2018; Wagner et al., 2018). In addition, these mucins can also have von Willebrand-D-like-domains (VWF) flanking the amino and carboxy terminus of TR and cysteine knot (CK) at the carboxy terminus (Figure 2) (Ridley and Thornton, 2018). Differently, secreted non-gel-forming mucins only contain PTS and histamine-like domains. Membrane-bound-mucins have a common structure containing TRs, a transmembrane and a cytoplasmic tail domain (Xu et al., 2016; van Putten and Strijbis, 2017). Most of these mucins also contain Epidermal Growth Factor-like (EGF) and Sea Urchin Sperm Protein, Enterokinase, and Agrin (SEA) domains (Johansson et al., 2013; Jonckheere et al., 2013).


[image: Figure 2]
FIGURE 2. Schematic representation of the structure from secreted-gel-forming, secreted-non-gel forming and transmembrane human mucins.




Pathogenic Mucins

MLMs have been identified in the parasites Trypanosoma cruzi (Di Noia et al., 2002), Leishmania (Ilg et al., 1999), Toxoplasma gondii (Tomita et al., 2018), Cryptosporidium parvum (Bhalchandra et al., 2013), and Fasciola hepatica (Noya et al., 2016). They are also present on the surface of the Ebola Virus (Lee et al., 2008), Herpes Simplex Virus (Altgärde et al., 2015) and in fungi, i.e., in Candida albicans (Altgärde et al., 2015). MLMs and mucins have similar functions acting as barrier to protect the membrane of the expressing cells (Buscaglia et al., 2006; Bergstrom and Xia, 2013), mediating interaction for cell penetration (Ricketson et al., 2015) or acting as signaling receptors in cells (van Putten and Strijbis, 2017).

Similar to human mucins, MLMs have domains rich in Pro, Thr and Ser containing multiple O-glycosylations. The structure of the glycan in MLMs from many pathogens is unknown, but some differences have been reported. Characterization of protozoan MLMs and in vitro studies showed important variations in the glycan core and the attachment of the glycans to Ser or Thr residues in T. cruzi MLMs via an N-acetylglucosamine (Previato et al., 1995).

In some Leishmania MLMs, oligosaccharides are linked to proteins by a phosphodiester bond between the carbohydrate and Ser or Thr (see Figure 3) (Ilg et al., 1996; Ilg, 2000; Jain et al., 2001).


[image: Figure 3]
FIGURE 3. Variation of the protein-glycan and membrane linkage and glycan structures in human mucins and protozoan MLMs.


Besides Protozoa, trematode parasites also express MLMs that protect them from the host immune system and mediate their interaction with the host cells (Buscaglia et al., 2006; Wanyiri and Ward, 2006; Bhalchandra et al., 2013; Cancela et al., 2015). Characterization of cDNAs of proteins in Fasciola hepatica showed as particularities of these glycoproteins the presence of repeat Ser/Thr rich motifs with different lengths, minor amino acid variation and the absence of hydrophobic amino acids. The parasite Cryptosporidium parvum also express a MLM, CpClec, a type 1 transmembrane glycoprotein containing a canonical C-type lectin domain (CTDL), a signature long loop region hydrophobic core, a WIGL motif and highly O-glycosylated Ser-/Thr-rich domains (Bhalchandra et al., 2013). This composition suggests a role in attachment and invasion of host cells (Bouzid et al., 2013).

The protozoa T. gondii contains ML-domains in different surface related sequence proteins (SRS) that attach the parasite to the mammalian host cells and induce immune subversion during the acute infection. CST1, a key structural component of T. gondii cyst, is a glycoprotein conferring the sturdiness critical for persistence of bradyzoite forms (Tomita et al., 2013). CST1 contains 13 SRS domains and a stretch region with multiple Thr-rich tandem repeats that are similar to mucin-like domains observed in C. parvum. Recently, a similar 169 amino acid long stretch domain containing Thr-rich tandem repeats was determined in the SRS13 cyst wall protein between two SRS domains. These domains in SRS13 and CST1 cyst wall protein provide a physical barrier against proteolytic enzymes and may help to maintain the identity and hydration of the parasite (Tomita et al., 2018).

Leishmania parasites contain highly glycosylated MLMs with unique structural features, so-called proteophosphoglycans PPGs. These proteins contain phosphoglycosylation, Manα1-PO4-Ser, as a unique linkage between protein and glycan (Ilg et al., 1994, 1996; Moss et al., 1999). PPGs are secreted in the surface of the parasite and along with the lipophosphoglycan (LPG) form a dense matrix of filaments, so called filamentous PPG (fPPG), that surround the parasites and promote Leishmaniasis (Rogers et al., 2004; Rogers, 2012). A characterization of fPPG stablished that mostly phosphoglycans are present in the filaments (~96%). However, a small amount of amino acids (~4%) is also observed, and from them more than half of the amino acids are Ser and a large proportion of Ala or Pro. Most of the Ser residues are phosphoglycosylated (Ilg et al., 1999; Ilg, 2000).

The surface of the protozoan parasite T. cruzi is covered with MLMs and GPI-anchored glycoconjugates, termed mucins and mucin-associated surface proteins (MASP) (El-Sayed et al., 2005). T. cruzi mucins contribute to parasite protection and to establish a persistent infection (Buscaglia et al., 2006). These mucins have been extensively studied and encoded in two gene families: TcMUC encoding mucins in the mammalian stage and TcSMUG encoding mucins in the insect stages (Di Noia et al., 1998; Pech-Canul et al., 2017). These mucins share a common structure with three domains: a N-terminal SP, a central region showing high content (60–80%) of Thr, Ser, Pro, Gly, and Ala residues and a C-terminal signal for glycosylphosphatidylinositol (GPI) anchoring. The central region, present in the mature form of the proteins, bears multiple O-glycosylation sites and in some cases, a few (1-3) N-glycans (Cánepa et al., 2012b).

Early reports describing particular features of MLMs glycans derived from T. cruzi determined the linkage of glycans to threonine or serine via N-acetylglucosamine (Previato et al., 1994), and the abundance of GPI-anchored mucins in trypomastigotes (tGPI) containing glycans with terminal, non-reducing α-galactose (α-Gal) residues (Almeida et al., 1991). This α-Gal is part of the highly immunogenic epitope Galα(1,3)Galβ(1,4)GlcNAcα present on a mucin-like GPI-anchored glycoprotein present in sera of patients with chronic Chagas' disease that is recognized by anti-α-Gal antibodies (Almeida et al., 1993). This glycoprotein has a high carbohydrate content (60%), substantial amounts of Thr, Ser, Glu, Gly, Ala, Pro, myo-inositol, ethanolamine, and 1-O-hexadecylglycerol (Almeida et al., 1994).

Besides morphological variations in the life cycle of T. cruzi, there are important changes in the structure of glycolipids, GPIs attaching MLMs and carbohydrates characterizing the different stages of the parasite (de Lederkremer and Agusti, 2009). These changes include, among others, a higher content of GIPLs in epimastigotes than in trypomastigotes (Golgher et al., 1993; Pereira-Chioccola et al., 2000) and a change in the lipid part of GPILs from epismatigotes during the exponential and stationary growth phases from 1-O-hexadecyl-2-O-hexadecanoylglycerol to ceramide (de Lederkremer et al., 1993). Variations on the GPIs attaching MLMs include the lack of galactofuranose (Galf) in the GPI-glycan of epimastigotes and trypomastigotes and a lipid change in trypomastigotes, which contain an alkylacylglycerol having mainly oleic and linoleic acid (Acosta Serrano et al., 1995; Previato et al., 1995; Almeida et al., 2000).

The first O-glycan characterized from T. cruzi MLMs showed oligosaccharide chains containing between three and six monosaccharide units that are conserved between epimastigotes and metacyclic trypomastigotes (Acosta Serrano et al., 1995). However, binding of anti-glycan antibodies showed the presence of the αGal(1,3)Gal epitope only in mucins from mammals, indicating a difference in mucins' glycosylation between mammals and insects (Almeida et al., 1994). In addition, there is polymorphism among the strains, the main difference being the presence of galactofuranose in glycans of the strains belonging to lineage I which includes G, Colombiana, and tulahuen (Figure 4) (Previato et al., 1994, 1995; Agrellos et al., 2003; Jones et al., 2004; Todeschini et al., 2009). Of particular interest is the O-glycans from mucins of T. cruzi from the Colombiana strain, due to the resistance of this strain to drugs used in Chagas' disease treatment. This strain, similar to the G-strain, presents a β-galactofuranose residue attached to N-acetylglucosamine (Todeschini et al., 2009). Additional glycosylated antigens described in T. cruzi may include a small surface antigen expressed in trypomastigotes (TSSA), which provides the first immunological marker to allow discrimination between lineages (Di Noia et al., 2002). Sequence analysis of TSSA showed high content of Ser and Thr residues in the protein backbone and multiple signals for putative O-glycosylation, suggesting that the gene encodes for a T.cruzi MLM (Di Noia et al., 2002). Further studies showed that TSSA play a role in host immune evasion, in maintaining the infection (Buscaglia et al., 2006) and in T. cruzi infectivity (Cánepa et al., 2012a). Contrary to initial studies suggesting that TSSA is glycosylated (Di Noia et al., 2002), a recent report described TSSA as a hypo-glycosylated molecule (Camara et al., 2017). Therefore, further research is still required to fully elucidate the TSSA structure and the presence of glycans.


[image: Figure 4]
FIGURE 4. Chemical structure of synthesized glycans from MLMs of Trypanosoma cruzi Colombiana strain (1–8) and Y strain (9–13).


An important group of MLMs are the viral mucin-like regions (MLRs). They are pathogenic factors in the Ebola virus (EBOV), Herpes Simplex Virus (HSV), Margburg virus (MARV), Crimean-Congo hemorrhagic fever virus (CCHFV), and human respiratory syncytial virus (hRSV) (Wertheim and Worobey, 2009). These regions should stretch the proteins to enhance their availability for binding, protecting the protein against proteolytic degradation, and acting as modulators of the host immune response (Wertheim and Worobey, 2009). EBOV has an envelope of glycoproteins that are crucial factors in determining virulence, including the MLR, called GP1. This highly glycosylated motif has N- and O-glycans (Kiley, 1988; Groseth et al., 2012) and has a similar structure to the HSV MLR (Altgärde et al., 2015). GP1 is essential for the infectivity of Zaire Ebola virus (ZEBOV) (Yang et al., 2000), and for the attachment of EBOV to host cells via interaction with surface lectins of hepatocytes, dendritic cells, macrophages, and endothelial cells (Fujihira et al., 2018). In HSV infections, a similar region from the gC glycoprotein balances the interaction and facilitate the attachment of viral particles to cells allowing an efficient release of viral progeny from the surface of infected cells (Altgärde et al., 2015).

MLMS are also present in fungi, with the Msb2 glycoprotein of Candida albicans as a main example. This high molecular weight and heavily glycosylated transmembrane protein is a sensor protein that takes part in the biosynthesis of the cell wall and in the invasion of solid surfaces (Whiteway and Oberholzer, 2004; Román et al., 2009; Szafranski-Schneider et al., 2012; Puri et al., 2015). Msb2 also protects C. albicans against antimicrobial peptides and can release its extracellular domain through a proteolytic cleavage generating a mucous layer to protect the cell. This protein is considered a functional analog of mammalian MUC1/MUC2 (Szafranski-Schneider et al., 2012).




MUCINS, MLMS, AND DISEASES

Modifications in mucins are strongly associated with diseases, susceptibility to pathogens, and the diagnosis and prognosis of cancer (Kasprzak and Adamek, 2019). An altered expression, up or down regulation of mucins, disturbances in glycosylation, and changes in the protein structure of mucins occur in many types of cancer (Rachagani et al., 2009; Hasnain et al., 2013; Nath and Mukherjee, 2014), inflammatory bowel disease, ocular surface diseases, and ulcerative colitis, among others (Dhanisha et al., 2018). Similarly, modification of MLMs protect pathogens from host proteases and recognition by the immune system, contributing to several infections (Ricketson et al., 2015; Noya et al., 2016; van Putten and Strijbis, 2017).

Cancer is a major global public health problem (Siegel et al., 2019) and its burden rose to 18.1 million new cases and 9.6 million cancer deaths in 2018 (Bray et al., 2018). In recent years, correlation studies showed an association between mucin overexpression and glycosylation with cancer formation, prognosis, and metastasis (Behera et al., 2015). MUC 1, 2, 3, 5AC, 5B, 8, 16, and 21 are related, to a different degree, in breast (Masaki et al., 1999), ovarian (Yin and Lloyd, 2001; Wang and El-Bahrawy, 2015), endometrial tumors (Hebbar et al., 2005), prostate (Xiong et al., 2006), pancreatic (Levi et al., 2004), gastric and cervical (Kaur et al., 2013), colorectal (Chang et al., 1994), renal cell carcinoma (Leroy et al., 2002), pseudoxyoma periotonei (Ciriza et al., 2000), and recently studied lung cancer (Yoshimoto et al., 2019). There are multiple recent reviews about the role on mucins and cancer for further reading (Chugh et al., 2015; Dhanisha et al., 2018; Kasprzak and Adamek, 2019).

In addition to cancer, mucins are also involved in other human diseases that commonly affect populations like asthma and otitis. Mucins 2, 5AC, 5B, and 6 are associated with diseases in epithelial tissue such as cystic fibrosis (Li et al., 1997; Puchelle et al., 2002; Thornton et al., 2008), MUC 3, 4, and 5AC in cap polyposis (Buisine et al., 1998), MUC19 in Sjörgen syndrome (Yu et al., 2008), and MUC 5B in diffuse panbronchiolitis (Kamio et al., 2005). Specific conditions in the eye and ear are also associated with mucins. Ethmoid chronic sinusitis is associated with MUC 4, 5AC, 5B, 7, and 8 (Jung et al., 2000), asthma with MUC 5AC and 7 (Watson et al., 2009) and chronic otitis media with MUC 4, 5AC, and 5B (Moon et al., 2000; Lin et al., 2001). Particular changes in mucins in diseases have been reported (Behera et al., 2015; van Putten and Strijbis, 2017; Kasprzak and Adamek, 2019).

In contrast to human mucins, little is known about the role of MLMs in infections. MLMs protect the pathogens (Puri et al., 2015) and ensure the targeting and invasion of specific cells or tissues (Buscaglia et al., 2006). Human secreted gel-forming mucins coat and protect mucosal surfaces from chemical, enzymatic, and mechanical damages (Portal et al., 2017) and from penetration and pathogen invasion. MLMs from pathogens may have similar functions; however, more studies are necessary to determine the mechanisms involving these molecules in pathogen protection from the host defense and in the degradation of protective mucus gels of the host.

Changes in sialylation levels in glycolipids and glycoproteins are a hallmark of human diseases (Amon et al., 2014). Nonetheless, this modification of glycans is also used by pathogens to improve their survival and pathogenicity. T. cruzi uses sialylation of proteins to avoid lysis by serum factors and to enhance the interaction with the host cells (Tomlinson et al., 1994). The parasites do not synthesize sialic acid (Jain et al., 2001), however, the mucins of the parasite membrane are acceptors for sialic acid that is transferred from the host proteins using trans-sialidases (Giorgi and de Lederkremer, 2011). Sialylation may also reduce the susceptibility of the parasite to anti-α-Gal antibodies present in the mammalian bloodstream (Pereira-Chioccola et al., 2000), allowing colonization and infection. Recently, T. cruzi mucins were also associated with parasite attachment to the internal cuticle of the triatomine rectal ampoule, a critical step leading to T. cruzi differentiation into infective forms to mammalian host cells (Cámara et al., 2019).

Proteophosphoglycans (PPG) from Leishmania parasites have different roles during infection. They contribute to binding of Leishmania major promastigotes and the survival of the parasites within the macrophages (Piani et al., 1999). Secreted PPG of Leishmania mexicana amastigotes activates the complement system binding to serum mannan-binding proteins, reducing hemolytic activity of normal serum and preventing the opsonization of amastigotes (Peters et al., 1997). Cryptosporidium parvum employs the CpMuc4 and CpMuc5 ML-proteins for attachment and invasion of intestinal epithelial cells (Connor et al., 2009). Similarly, highly polymorphic ML-proteins from Schistosma mansoni are key factors for the compatibility and interaction of schistosomes with the snail host (Roger et al., 2008).

Recent studies of the mucin-like regions in EBOV and HSV revealed their role in infection. A mouse study of EBOV's mucin-like glycoprotein (Emuc) in virus pathogenesis showed Emuc as a pathogenic factor of EBOV; it causes acute inflammation and tissue injury. In mouse muscle, Emuc induced cell death, and this tissue lesion could be directly mediated by the cytotoxicity of Emuc (Ning et al., 2018). Similarly, the MLR at the N-terminus of HSV-1 surface glycoprotein modulates the HSV-glycosaminoglycan interactions and regulate the affinity, type, and number of glycoproteins involved in the interaction and in the attachment and release of the virus (Delguste et al., 2019).

Many parasitic and viral infections that use MLMs during the infection are life-long, debilitating, and life-threatening diseases (Steverding, 2014; Malvy et al., 2019) with a substantial epidemic potential and need for further research (Malvy et al., 2019). Mucins and MLMs are becoming important markers for diagnostics and targets for drug and vaccine design. MUC1-based structures are used as targets for cancer immunotherapy (Martínez-Sáez et al., 2017) and antibodies against ML-proteins are employed to discriminate T. cruzi lineages and to diagnose Chagas disease (Bhattacharyya et al., 2014). However, mucins and MLMs research is still limited by access to pure materials and a poor understanding of the function of these molecules in diseases.



PRODUCTION OF MUCINS AND MUCIN-LIKE MOLECULES AND THEIR USE AS IMMUNOMODULATORS

The physicochemical and biological properties of mucins render them interesting biomarkers for tumor diagnosis (Pett et al., 2017) and models for the production of new biomaterials (Petrou and Crouzier, 2018).

Recombinant protein expression enables the evaluation of mucin structures and their biological role. Human MUC2 structures have been studied using the expression of the C- and N-terminal parts as a recombinant tagged protein in Chinese hamster ovary cells (CHO-K1 cells) (Godl et al., 2002; Lidell et al., 2003). Similarly, the expression of the C-terminal cysteine-rich part of the human MUC5AC mucin in CHO-K1 and a structural analysis, showed that MUC2 and MUC5AC share the sequence (Gly-Asp-Pro-His) for the site of cleavage situated in the GDPH sequence found in the von Wildebrad D4 domain (Lidell and Hansson, 2006). These facts guarantees further progress to study the role of these mucins in human mucus.

To evaluate the role of MUC6 in gastrointestinal cancer; MUC6 was expressed in COS-7, PANC-1, LS 180, and MCF7 cell lines and used in cell invasion and adhesion studies. MUC6 may inhibit tumor cell invasion and slow the development of infiltrating carcinoma (Leir and Harris, 2011). Similarly, the role of MUC5B in pancreatic cancer and respiratory epithelia was assessed by cloning and expression using a mammalian episomal expression vector pCEP-His in 293-EBNA and human lung carcinoma cells (A549) (Ridley et al., 2014). A truncated MUC5AC was employed to assess the interaction of Helicobacter pylori with the gastric epithelia using AGS cells. The production of recombinant mucins with diverse structures in different cells is a novel platform to analyze mucin biosynthesis, secretion and functions (Dunne et al., 2017). More recently, larger-scale biomanufacturing of human mucins utilized a codon-scrambling strategy to generate synonymous genes of two mucins of commercial interest in Freestyle 293-F cells. Methods for cDNA design and mucin production in mammalian host production systems were established (Shurer et al., 2019).

The heterogeneity and difficult characterization of isolated glycoproteins together with the need for homogeneous material for drug and vaccine design prompted the chemical synthesis of mucin and MLM related structures. Synthetic antigens induce a strong immune response for diagnostic and vaccine purposes. Mucin glycans from Type-1 core (Pett and Westerlind, 2014) and Type-2 core (Pett et al., 2013) and the combination of synthetic glycans with peptide synthesis by Fmoc-SPPS to obtain core mucin glycopeptides have been reported (Pett et al., 2013; Pett and Westerlind, 2014).

Synthetic tumor-associated mucin glycopeptides have been intensely studied as potential cancer vaccines over the past decade. Cancer cells can be distinguished from normal cells by overexpression of molecular markers on the membrane. Thus, some Tumor-associated carbohydrate antigens (TACAs) are promising targets for the design of anticancer vaccines (Wilson and Danishefsky, 2013; Feng et al., 2016). The MUC1 glycopeptide, which is aberrantly glycosylated and overexpressed in a variety of epithelial cancer has received much attention. MUC1 and Tumor-associated MUC1 are important antigens for tumor vaccines design (Wilson and Danishefsky, 2013) and the induction of MUC1-specific humoral and cellular responses (Martínez-Sáez et al., 2017). High antibody titers were observed for mono- and di-glycosylated glycopeptide vaccine candidates, with sialyl-TN and TN antigens from MUC1 tandem repeats connected to OVA T-cell peptide epitope (Westerlind et al., 2008, 2009). A TA-MUC1 Sialyl-TN glycopeptide (Kaiser et al., 2009) and a fluorinated-substituent analog bearing the Thomsen-Friedenreich antigen also showed a strong and highly specific immune response in mice (Hoffmann-Röder et al., 2010). Recently, a synthetic cancer vaccine candidate consisting of a MUC1 glycopeptide and B-cell epitope was used to break the self-tolerance of the immune system. The glycopeptides were combined with tetanus toxoid as the immune-stimulating carrier to obtain high IgG antibodies titers. A monoclonal antibody generated from the immunization, exclusively bound to tumor-associated MUC1, allowing for the discrimination of human pancreatic cancer (Palitzsch et al., 2016).

Determining the structure of mucin derivatives is important to design specific antigens. Some recent studies in this field include the analysis of the structure of Ser and Thr-linked glycopeptides at an atomic level using X-ray, showing that there is no equivalence of O-glycosylation in Ser and Thr during molecular recognition processes (Martínez-Sáez et al., 2015). A revision of the specificity of cancer-related monoclonal antibodies and a combination of microarray screening and saturation transfer difference STD-NMR also supported the notion that there is specificity for the amino acid (Ser or Thr) in the recognition process (Coelho et al., 2015). Other studies showed that besides the role of the amino acid, the glycosylation in MUC1 peptide strongly affects antibody binding (Movahedin et al., 2017).

Structural studies include the evaluation of a synthetic antitumor vaccine candidate with an unnatural MUC1 α-methylserine in transgenic mice, to show the important role in presentation and dynamics of the sugar moiety displayed by the MUC1 derivative in immune recognition (Martínez-Sáez et al., 2016). In other studies, a library of more than 100 synthetic MUC1 glycopeptides was used to assess the recognition of antibodies induced by three different vaccines, and provided important insights concerning the specificity of anti-glycan antibodies for the design of antitumor vaccines (Pett et al., 2017). Synthetic antitumor vaccine candidates based on mucin glycopeptides and the rational design of cancer vaccines have been reviewed (Gaidzik et al., 2013; Martínez-Sáez et al., 2017).

One of the most studied MLMs are the glycoproteins from T. cruzi. The characterization of the glycans and protein core of these molecules, has served as a model to synthesize mucin-like O-glycans, peptides, glycosyl-amino acids, and glycopeptides. Initial synthesis includes the preparation of the O-linked saccharides 1–5 (Figure 4) present in T. cruzi Colombiana and Tulahuen strains (de Lederkremer and Agusti, 2009). The first synthetic target was disaccharide 1 (Gallo-Rodriguez et al., 1996), which is the basis of synthesizing other molecules including trisaccharides 2 (Gallo-Rodriguez et al., 1998), 3 and 4 (Mendoza et al., 2010), tetrasaccharide 5 (Gallo-Rodriguez et al., 2003), pentasaccharide 6 (Mendoza et al., 2006), and hexasaccharide 7 (Agusti et al., 2015). Further reports include the synthesis of glycan 8 from the T. cruzi Y strain (Figure 4) (van Well et al., 2008). Glycosyl amino acids 9 and 10 and disaccharides glycosides 11 and 12 derived from the T. cruzi Y strain were synthesized to study the mucins as substrates for trans-sialidase activities; i.e., a chemoenzymatic reaction on the glycosyl amino acid 9 was used to obtain the glycopeptide 13. These studies delivered information about the relaxed acceptor substrate specificity of the T. cruzi trans-sialidase, which is important to understand the role of this enzyme during T. cruzi infections (Campo et al., 2007).

Further derivatives from T. cruzi ML-proteins can be used to discriminate Chagas disease infection for proper diagnostics and treatment. Seven lineage-specific peptides based on the T. cruzi trypomastigote small surface antigen (TSSA) with a N-terminal biotinylation, PEG spacer, Gly, and the terminal Cys were synthesized. Analysis of these epitopes showed the potential of synthetic peptides to provide T. cruzi antigens and to confirm the disparate geographical distribution in some samples. However, peptides alone were not sufficient to discriminate the strains. But new glycan and glycopeptide epitopes may provide new clinical biomarkers for the prognosis of Chagas disease (Bhattacharyya et al., 2014).

The use of recombinant TSSA and peptides derived from this antigen as a serological marker has been evaluated. Studies done in the last 10 years show detection of specific antibodies in human sera for the diagnosis of Chagas disease (De Marchi et al., 2011), mapping of the antigenic structure, validation of its use as a novel tool for Chagas' disease diagnosis (Balouz et al., 2015), and evaluation of TSSA as an early serological marker of drug efficacy in T cruzi-infected children (Balouz et al., 2017). These studies have shown that TSSA is useful as a marker for diagnosis and assessment of treatment efficiency, exhibiting improved sensitivity and specificity.

The interest in antigens from T. cruzi MLMs as markers for diagnostics and the development of vaccines has increased over the last years. Recent studies used the trisaccharide derivative 14 containing the immunodominant tGPI-mucin α-Gal epitope from T. cruzi to obtain a glycoconjugate with human serum albumin (HSA) as a carrier protein. Mice with an α1,3-galactosyltransferase-knockout, a mouse model for acute Chagas Disease, were immunized with this glycoconjugate and were fully protected from a lethal T. cruzi infection (Portillo et al., 2019). Similarly, a conjugate containing the synthetic trisaccharide 15 and BSA was recently introduced as a potential marker for the detection of Chagas disease using serum samples of T. cruzi-infected patients (Lopez et al., 2019). Despite these promising results, an effective vaccine against T. cruzi infections and a gold standard method for Chagas disease diagnosis are still needed.



CONCLUSION AND PERSPECTIVES

Mucin and mucin-like molecules are important markers and targets for diagnostics and the prognosis of worldwide impact, lifelong, life-threatening, or even potential epidemic diseases such as cancer, Chagas disease, and Ebola Virus infections. There is a link between human mucins, pathogenic mucin-like molecules and their expression in multiple diseases. Changes in mucin and MLM glycosylation is an important factor that modulates molecular recognition by the immune system, differentiation of healthy tumor tissues, and can facilitate infections by pathogens. However, further research is necessary to establish the mechanisms of glycan modifications and other effects of these modifications in the structure and interactions of the glycoproteins.

Diverse challenges remain in using mucin- and MLMs in diagnosis, mucin-based vaccine designs, and the production of mucin-based materials. New strategies for the production of mucins and MLMs through chemical synthesis or expression systems are needed as methods to determine the properties of these molecules. It is also necessary to find methods for easy determination, characterization, and quantification of mucin glycosylation in normal and abnormal tissues. We require further analysis of mucin like molecules from pathogens to understand the interaction of these molecules with human receptors, and to determine how MLMs support the evasion of pathogens from the immune system. In addition, future research should also include the synthesis of new epitopes to provide new clinical biomarkers for diagnostics and the development of new antigens for the design of cancer vaccines.
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A Corrigendum on
 Mucins and Pathogenic Mucin-Like Molecules Are Immunomodulators During Infection and Targets for Diagnostics and Vaccines

by Pinzón Martín, S., Seeberger, P. H., and Varón Silva, D. (2019). Front. Chem. 7:710. doi: 10.3389/fchem.2019.00710



In the original article, there was a mistake in Figure 4 as published. The strain for three structures was incorrectly assigned in the figure legend. Structures 3 and 6 were corrected and structures 6–8 required renumbering to fit the text. The correct Figure 4 and legend appear below.
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FIGURE 4. Chemical structure of synthesized glycans from MLMs of Trypanosoma cruzi Colombiana strain (1, 2, 6, 7), Tulahuen strain (3–5), and Y strain (8–13).


The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Fcɤ receptors (FcɤR) mediate key functions in immunological responses. For instance, FcɤRIIIa is involved in antibody-dependent cell-mediated cytotoxicity (ADCC). FcɤRIIIa interacts with the fragment crystallizable (Fc) of immunoglobulin G (IgG). This interaction is known to be highly dependent on IgG Fc glycosylation. Thus, the impact of glycosylation features on this interaction has been investigated in several studies by numerous analytical and biochemical techniques. FcɤRIIIa affinity chromatography (AC) hyphenated to mass spectrometry (MS) is a powerful tool to address co-occurring Fc glycosylation heterogeneity of monoclonal antibodies (mAbs). However, MS analysis of mAbs at the intact level may provide limited proteoform resolution, for example, when additional heterogeneity is present, such as antigen-binding fragment (Fab) glycosylation. Therefore, we investigated middle-up approaches to remove the Fab and performed AC-MS on the IgG Fc to evaluate its utility for FcɤRIIIa affinity assessment compared to intact IgG analysis. We found the protease Kgp to be particularly suitable for a middle-up FcɤRIIIa AC-MS workflow as demonstrated for the Fab glycosylated cetuximab. The complexity of the mass spectra of Kgp digested cetuximab was significantly reduced compared to the intact level while affinity was fully retained. This enabled a reliable assignment and relative quantitation of Fc glycoforms in FcɤRIIIa AC-MS. In conclusion, our workflow allows a functional separation of differentially glycosylated IgG Fc. Consequently, applicability of FcɤRIIIa AC-MS is extended to Fab glycosylated IgG, i.e., cetuximab, by significantly reducing ambiguities in glycoform assignment vs. intact analysis.

Keywords: affinity chromatography, mass spectrometry, middle-up protein analysis, cetuximab, Fc glycosylation, Fab glycosylation, FcɤRIIIa, Kgp


INTRODUCTION

The fragment crystallizable (Fc) of antibodies mediates immunological responses, for example through binding to Fc receptors (Nimmerjahn and Ravetch, 2008; Pincetic et al., 2014). Fc glycosylation has a key role in modulating Fc receptor-mediated effector functions, such as antibody-dependent cell-mediated cytotoxicity (ADCC) (Reusch and Tejada, 2015; Cymer et al., 2018; Saunders, 2019). The affinity toward FcɤRIIIa is known to be crucial for ADCC (Nimmerjahn and Ravetch, 2008). Fucosylation of Fc glycans drastically decreases FcɤRIIIa affinity which is attributable to an unique glycan-glycan interaction (Ferrara et al., 2011). Other glycosylation features such as galactosylation were also shown to affect the Fc-FcɤRIIIa interaction (Thomann et al., 2015; Dekkers et al., 2017). The binding of the Fc to FcɤRIIIa is asymmetric in a 1:1 stoichiometry (Sondermann et al., 2000). Nonetheless, FcɤRIIIa affinity is influenced by the pairing of Fc glycans (Shatz et al., 2013). While differential affinity of glycoforms is dominated by the stronger binding glycan, the second glycan modulates affinity to a smaller extent, but along the same structural features (Shatz et al., 2013; Lippold et al., 2019). Nowadays, therapeutic monoclonal antibodies (mAbs) are most often derived from human immunoglobulin G 1 (IgG1, schematic overview in Figure 1). They are used in the treatment of various diseases, such as cancers or autoimmune diseases (Chan and Carter, 2010; Weiner et al., 2010). In the biopharmaceutical industry, mAbs are very successful and currently dominate new approvals (Walsh, 2018). Recently, glycoengineering for enhanced FcɤRIIIa affinity and ADCC has been therapeutically exploited (Jefferis, 2009; Beck and Reichert, 2012).


[image: Figure 1]
FIGURE 1. Schematic overview of human IgG1 with a zoom into the hinge region, indicating cleavage sites of IdeS, SpeB, and Kgp. The heavy chain (HC) contains three constant domains (CH1–CH3) and a variable domain (VH), whereas the light chain (LC) has only one constant domain (CL) and a variable domain (VL). The Fd consists of VH and CH1. LC and Fd together form the antigen binding fragment (Fab). About 15% of plasma IgG contain one or more additional N-glycosylation sites in the variable domains (Anumula, 2012). CH2 and CH3 of the two heavy chains build the fragment crystallizable (Fc). Within the Fc is a conserved glycosylation site at N297 in the CH2 (Jefferis, 2009). Between the CH1 and CH2 of the heavy chains is a mostly flexible hinge region and the four chains are covalently connected via disulfide bridges. Amino acids are presented with single letter code and numbered according to the Kabat system (Kabat et al., 1991).


Numerous analytical technologies exist for assessing the effector functions of therapeutic antibodies (Jiang et al., 2011; Cymer et al., 2018). They vary largely in information content, generally with a negative correlation between complexity and resolution. Complex cellular assays are more easily translated to the in vivo situation. Contrary, physicochemical assays provide higher molecular resolution and better robustness. Though immune responses depend on the formation of immune complexes, receptor binding studies on monomeric IgG are highly relevant and widely used (Nimmerjahn and Ravetch, 2008; Cymer et al., 2018). Ultimately, combining information from different assays is essential to fully understand antibody effector functions. Glycosylation heterogeneity is a major challenge for the assessment of individual contributions of specific glycoforms to the effector functions, especially considering pairing possibilities. Several studies applied laborious glycoengineering in order to assess receptor binding and effector functions of specific glycoforms (Dashivets et al., 2015; Thomann et al., 2015; Dekkers et al., 2017; Wada et al., 2019). Affinity chromatography (AC) represents a cell-free physicochemical assay which provides a functional separation and correlates well with surface plasmon resonance (SPR) assays and ADCC assays (Dashivets et al., 2015; Thomann et al., 2015; Wada et al., 2019). We reported recently on coupling of FcɤRIIIa AC to mass spectrometry (AC-MS) (Lippold et al., 2019). This approach allows the differential assessment of Fc glycoforms in heterogeneously glycosylated mAbs with high resolution of proteoforms and affinity on an intact protein level. Whereas it should be very powerful for most mAbs, proteoform resolution may be insufficient for more complex formats (Ayoub et al., 2013). This applies to mAbs with a higher degree of heterogeneity due to sequence variants or post translational modifications (PTMs), especially additional glycosylation sites in the antigen-binding fragment (Fab). In addition, the analysis of new antibody-derived therapeutic formats, such as bispecific antibodies or fusion proteins, may be challenging (Klein et al., 2016).

Cetuximab is an approved mAb with additional Fab glycosylation and ADCC is described as one mechanisms of action (Kurai et al., 2007; Kol et al., 2017). Each heavy chain (HC) contains an N-glycosylation site at the Fab (N88) and at the Fc (N299) resulting in a high number of possible glycoforms. The proteoform heterogeneity of cetuximab is further increased by C-terminal lysine variants of the HC (Ayoub et al., 2013). Hence, glycoform assignment of the heavily glycosylated cetuximab by intact mass analysis is hindered by a high degree of ambiguities (Ayoub et al., 2013; Bern et al., 2018). Middle-up approaches are highly advantageous alternatives for obtaining information about individual subunit (e.g., Fc, Fc/2, Fab) modifications, especially for complex formats (Beck et al., 2013; Sjögren et al., 2016; Lermyte et al., 2019). Bacterial enzymes are important tools for middle-up approaches, since they cleave IgG specifically within the hinge region. Robust and simple workflows for the middle-up analysis of (therapeutic) mAbs are established (Zhang et al., 2016; Moelleken et al., 2017; Sjögren et al., 2017; Bern et al., 2018; van der Burgt et al., 2019). IdeS, SpeB, and Kgp are frequently used commercial IgG hinge-specific proteases (cleavage sites and products are indicated in Figure 1 and Supplementary Figure 1, respectively). As opposed to papain, for example, additional cleavages outside of the hinge region are not reported under standard conditions. Their characteristics were recently summarized (Sjögren et al., 2017). IdeS based middle-up MS analysis of cetuximab is commonly applied to unravel the (glycosylation) microheterogeneity (Ayoub et al., 2013; Janin-Bussat et al., 2013; Bern et al., 2018).

This study combines our recently reported FcɤRIIIa AC-MS with middle-up analysis. Therefore, we investigated how cleavages within the hinge region affect the FcɤRIIIa binding properties of the obtained Fc. Three different commercial IgG hinge-specific proteases were tested, namely IdeS, SpeB, and Kgp (Sjögren et al., 2017). We demonstrate comparability of middle-up and intact affinity assessment by FcɤRIIIa AC-MS upon Kgp digestion. Furthermore, we applied this workflow to cetuximab and simultaneously assessed the FcɤRIIIa affinity, characterized the Fc glycoform pairings and analyzed the Fab glycosylation.



MATERIALS AND METHODS


Chemicals, Proteases, and Antibodies

All chemicals in this study had at least analytical grade quality. Deionized water was obtained from a Purelab ultra (ELGA Labwater, Ede, The Netherlands). Preparation of mobile phase was performed with ammonium acetate solution (7.5 M, Sigma-Aldrich, Steinheim Germany) and glacial acetic acid (Honeywell, Seelze, Germany). IdeS (FabRICATOR®), SpeB (FabULOUS®), and Kgp (GingisKHAN®) proteases were purchased from Genovis (Lund, Sweden). A reference standard therapeutic mAb produced in CHO cells (referred to as mAb1) and the FcɤRIIIa affinity column was obtained from Roche Diagnostics (Penzberg, Germany). An EMA-approved cetuximab (Erbitux®) was used in this study. Cetuximab is a chimeric IgG1, produced by SP2/0 murine myeloma cells, which binds to the epidermal growth factor receptor (EGFR).



Antibody Digestion (IdeS, SpeB, Kgp)

All IgG hinge-specific proteases were reconstituted in deionized water following the manufacturer's instructions (IdeS: 67 units/μL, SpeB 40 units/μL, Kgp: 10 units/μL). Buffers and reducing conditions were selected from the recommended options. mAbs were digested at a concentration of 5 mg/mL (1 unit of protease per 1 μg of mAb) and incubated for 1 h at 37°C. In case of Kgp, the samples were buffer exchanged prior to digestion (10 kDa molecular weight cut-off filter, Merck, Darmstadt, Germany) to digestion buffer. 100 mM Tris buffer (pH 8) was used with mild reducing conditions (2 mM cysteine) for Kgp and reducing conditions (1 mM DTT) for SpeB, respectively. IdeS digestion was performed under non-reducing conditions with 100 mM ammonium bicarbonate (pH 7). After digestion, samples were buffer exchanged to a final concentration of 5 mg/mL in 50 mM ammonium acetate pH 5 (10 kDa molecular weight cut-off filter).



FcɤRIIIa Affinity Chromatography—Mass Spectrometry

The FcɤRIIIa AC-MS system was previously described in detail (Lippold et al., 2019). In short, a biocompatible Thermo Ultimate3000 instrument coupled to a 15 T solariX XR FT-ICR mass spectrometer (Bruker Daltonics, Bremen, Germany) was used. The column was operated at 25°C and a flow rate of 500 μL/min was applied. Prior to MS detection, the flow rate was reduced to 30 μL/min via flow-splitting. Mobile phase A was 50 mM ammonium acetate pH 5 and mobile phase B 50 mM ammonium acetate pH 3. Upon injection (50–100 μg sample), the column was washed for 10.5 min (5 column volumes) with 100% mobile phase A and then a linear gradient to 42 min to 100% mobile phase B (15 column volumes) was applied. For electrospray ionization (ESI), the capillary voltage was set to 4,000 V, the nebulizer gas to 0.8 bar, the dry gas flow to 3 L/min dry gas and the source temperature to 200°C.



Data Analysis

Average masses were calculated using the web-based Protein Tool (https://www.protpi.ch) based on the protein sequences and expected modifications. For mAb1 and cetuximab, C-terminal lysine clipping and 16 disulfide bridges were set as modifications. N-terminal pyroglutamic acid was additionally added as modification for cetuximab. Visualization and processing of mass spectra was performed in DataAnalysis 5.0 (Bruker Daltonics). Extracted ion chromatograms (EICs) were generated based on the theoretical m/z (±0.2 Th) for all observed charge states. For deconvolution, the Maximum Entropy tool was used (deconvolution range indicated in table headings, data point spacing = 1, instrument resolving power = 3,000). All described Fc glycans can be found in Supplementary Table 1 which provides information about composition and structure.




RESULTS AND DISCUSSION


IgG Protease Evaluation

The FcɤRIIIa AC-MS retention profiles of hinge cleaved mAb1, obtained by either IdeS, SpeB, or Kgp, and of intact mAb1 were compared (Figure 2). Although digestion sites of the three proteases are in close proximity in the hinge region (Figure 1), vastly different retention profiles were observed for the differently cleaved Fc. Kgp generated Fc was found to exhibit a remarkably comparable retention profile to the intact mAb1. IdeS digested mAb1 did not show retention on the FcɤRIIIa column and the expected cleavage products, including the Fc, were detected in the injection peak (Supplementary Figure 2). Under native conditions, Fc fragments consisting of paired polypeptide chains were observed rather than single Fc/2 chains which is attributable to non-covalent interactions of the Fc polypeptides (Bern et al., 2018). The lack of retention can be explained by the removal of amino acids that form an essential part of the FcɤRIIIa binding motif (Sondermann et al., 2000). In particular, L234 and L235 are crucial amino acids. The mutation of these amino acids to alanines (LALA mutant) is known to eliminate FcɤRIIIa binding and thus ADCC (Schlothauer et al., 2016; Saunders, 2019). In contrast to IdeS, the protease SpeB does not remove these key amino acids from the Fc. The Fab was observed in the injection peak while the Fc was retained on the FcɤRIIIa column (Supplementary Figure 3). However, in contrast to Kgp, the Fc retention profile upon SpeB cleavage was vastly different from that of the intact mAb. SpeB derived Fc spread over the entire chromatogram and most of the Fc eluted already before the pH gradient started. Two differences from Kgp derived Fc might provide an explanation. Firstly, the removed amino acids (THT) might lead to an impaired conformational stability of the Fc obtained by SpeB. Furthermore, substitution of H, at this position, was shown to influence FcɤRIIIa binding and ADCC (Yan et al., 2012). Finally, partial reduction, which is likely to occur under the applied reducing conditions of 1 mM DTT (Sjögren et al., 2017), is discussed to influence binding to Fc receptors and ADCC (Liu and May, 2012). Under milder reducing conditions SpeB does not show sufficient activity (data not shown). Besides the impaired retention profile, an increased heterogeneity is a disadvantage for MS analysis, when comparing SpeB to Kgp. Heterogeneity is caused by additional cleavages between H224 and T225 or T223 and H224 (Supplementary Figure 3). These products showed a similar impaired binding behavior. In contrast to SpeB, Kgp protease retains T223, H224, and T225 and works under mild reducing conditions (2 mM cysteine) which prevents reduction of the hinge interchain disulfide bonds (Moelleken et al., 2017). Both, the additional amino acids and intact disulfide bonds, might be responsible for improved binding of Kgp derived Fc over SpeB derived Fc. Interestingly, the Fab was removed in a previous study using papain to exclude that the Fab influences the FcɤRIIIa binding (Dashivets et al., 2015). In line with our observations for Kgp in FcɤRIIIa AC-MS, binding of papain generated Fc was comparable to intact IgG (glycovariants). Total binding strength as well as glycoform differences were preserved in the SPR analysis (Dashivets et al., 2015). Papain digestion is performed under conditions (5–10 mM cysteine) which are only slightly more reductive than for Kgp (2 mM cysteine) (Dashivets et al., 2015; Moelleken et al., 2017). The preferred cleavage site of papain is between the Kgp and SpeB cleavage site (H224 and T225) (Kim et al., 2016; van den Bremer et al., 2017) and corresponds to the observed additional cleavage site of SpeB. Hence, the harsher incubation conditions are more likely to cause the differences between Kgp, or papain, and SpeB than the presence or absence of H224. However, by-products (due to cleavage outside the hinge region), insufficient yields and glycoform dependency make papain less favorable as an IgG middle-up protease (Raju and Scallon, 2007; Moelleken et al., 2017). Moreover, papain might degrade the receptor material of the affinity column, since it is not an IgG-specific protease. Consequently, due to the preservation of the affinity separation and the specificity, Kgp was chosen for the middle-up FcɤRIIIa AC-MS workflow. Interestingly, an IdeS middle-up approach is described for neonatal Fc receptor (FcRn) AC (Schlothauer et al., 2013). In this study, an impact of the Fab on the FcRn interaction was shown for several mAbs. The influence of different Fabs might also be relevant for other Fc receptor interactions. Thus, middle-up AC-MS also has high potential for investigating Fab-Fc structure-function relationships in a proteoform-resolved manner.
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FIGURE 2. FcɤRIIIa AC-MS base peak chromatograms of intact and IdeS-, SpeB-, and Kgp-digested mAb1. For intact and Kgp-digested mAb1, two distinct groups of peaks were detected, namely fucosylated forms with lower affinity (RT 20–35 min) and afucosylated glycoforms with higher affinity (RT higher than 35 min); see Figure 3.




Comparability of Intact and Middle-Up FcɤRIIIa Affinity Chromatography

FcɤRIIIa AC, separates two distinct groups of peaks, representing fucosylated glycoforms (2x fucosylated glycoforms) with lower affinity and (partially) afucosylated glycoforms (2x and 1x afucosylated glycoforms) with higher affinity (Figures 2, 3) (Lippold et al., 2019). It has to be noticed that the column performance was slightly different for late eluting glycoforms compared to previous experiments on intact mAb1 (Lippold et al., 2019). Fc glycoforms are discussed in a nomenclature as listed in Supplementary Table 1. Middle-up FcɤRIIIa AC-MS exhibited sharper peaks than its intact counterpart (Figure 3). In general, decreasing the size of proteins in chromatography, in this case from 150 to 50 kDa, increases the diffusion coefficient (Tyn and Gusek, 1990). This improves the mass transfer kinetics of the protein (Gritti and Guiochon, 2012; Astefanei et al., 2017). Sharper peaks and a similar retention resulted in better separation efficiency for the middle-up FcɤRIIIa AC-MS. Mainly, several partially separated species in the EICs of Figure 3 indicate separation of glycoforms with terminal galactose present on the 1,3-arm or the 1,6-arm of G1F. Differential FcɤRIIIa affinity of G1F(1,3) and G1F(1,6) glycoforms has recently been reported [G2F = G1F(1,6) > G1F(1,3) = G0F] (Aoyama et al., 2019). Based on this, G0F/G1F(1,3) has a similar affinity as G0F/G0F. G0F/G1F(1,6) exhibits an increased FcɤRIIIa affinity comparable to G0F/G2F. Similarly, the G1F/G1F (G0F/G2F) peak shows partial separation. The first peak was assigned to G0F/G2F and G1F(1,3)/G1F(1,6) while the second peak likely represents G1F(1,6)/G1F(1,6). In addition, a third species [G1F(1,3)/G1F(1,3)] might populate the front of the peak. However, in this case peak asymmetry might provide an alternative explanation. For G1F/G2F, an early eluting peak [G1F(1,3)/G2F] was observed for the middle-up as well as the intact analysis. The affinity of G1F(1,6)/G2F was similar to G2F/G2F. A comparable glycoform ranking for mAb1 glycoforms is achieved in middle-up and intact FcɤRIIIa AC-MS analysis. The masses corresponded to the expected Fc fragments (Supplementary Table 2) and comparability of glycoform affinity ranking to the intact mAb1 was demonstrated by comparing retention time differences (Figure 3 and Supplementary Figure 4).
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FIGURE 3. Extracted ion chromatograms of major glycoforms assigned for FcɤRIIIa AC-MS of mAb1 on intact and Kgp middle-up level. *indicates additional isomers listed in Supplementary Table 2.




FcɤRIIIa Affinity Analysis of Cetuximab Proteoforms

FcɤRIIIa AC-MS of intact cetuximab is illustrated in Figure 4 by EICs using m/z values of the three most abundant fucosylated and afucosylated Fc glycoforms, assuming H7N4F1/H7N4F1 as Fab glycosylation. Fab glycans are presented and discussed at a compositional level to avoid confusion with Fc glycans. Mainly fucosylated complex and high mannose glycoforms with little terminal galactose-α-1,3 galactose (α-gal) are described for the Fc glycosylation of SP2/0 produced cetuximab. For the Fab glycosylation, highly heterogeneous complex glycans with a high amount of α-gal and N-glycolylneuraminic acid (S) are reported (Jefferis, 2009; Biacchi et al., 2015). Intact cetuximab analysis proposed G0F/G1F and M5/G1F as the main fucosylated and (partially) afucosylated glycoforms, respectively (Figure 5). Based on literature, G0F/G0F and M5/G0F should be the most abundant Fc fucosylated and (partially) afucosylated glycoforms, respectively (Ayoub et al., 2013; Bern et al., 2018). This was later confirmed by middle-up analysis. FcɤRIIIa AC-MS of intact cetuximab reduced the MS spectral complexity by separating fucosylated from (partially) afucosylated Fc glycoforms (Figure 5) compared to previously reported intact analysis (Ayoub et al., 2013; Bern et al., 2018). However, one MS peak may still be assigned to various combinations of Fc and Fab glycoforms with the same mass or similar masses. The degree of overlapping glycoforms and the resulting assignment ambiguities were exemplified by permutating three high abundant Fab glycoforms (H6N4F1, H6N4F1S1, H7N4F1) with the three most abundant Fc glycoforms (G0F, G1F, M5) already resulting in 36 different combinations (Figure 5 and Supplementary Table 3). This is excluding heavy chain positional isomers within one site, such as G0F-H6N4F1/G1F-H7N4F1 and G0F-H7N4F1/G1F-H6N4F1. The theoretical number of possible glycoforms is significantly higher when considering all possible Fc and Fab glycans. Thus, at the intact level, assessing FcɤRIIIa affinity of cetuximab glycoforms by AC-MS based on EICs is prevented by the high number of isomeric and non-resolved proteoforms. For example, Fc glycoforms G0F/G0F and G0F/G1F will be extracted as the same mass, when combined with Fab glycans of composition H7N4F1/H7N4F1 and H7N4F1/H6N4F1, respectively. The MS analysis of mAbs is generally affected by an increased signal heterogeneity derived from additional non-resolved proteoforms and adducts (Campuzano et al., 2019). In particular for native MS of complex proteins, the applied deconvolution (algorithm, settings) can have an influence on the data evaluation with respect to resolving heterogeneous mass spectra (Campuzano et al., 2019). Cetuximab glycoforms, containing H7N4F1/H6N4F1S1 and H6N4F1/H6N4F1S1 Fab glycoform pairings (Figure 5 and Supplementary Table 3), were not resolved. A mass difference of 17 Da with H7N4F1/H7N4F1 and H6N4F1/H7N4F1 means the m/z difference for the most abundant charge state (28+) is 0.6 Th. This difference cannot be resolved under the applied conditions. Additionally, isomeric and non-resolved proteoforms lead to the distortion of the relative abundances as mentioned at the start of this paragraph. This becomes quite apparent when comparing the intact to the middle-up analysis in Figures 4, 5.


[image: Figure 4]
FIGURE 4. FcɤRIIIa AC-MS of cetuximab on intact and Kgp middle-up level. Intact analysis was restricted to the main Fab glycoform (H7N4F1/H7N4F1) and the most abundant Fc glycoforms (G0F, G1F, M5). G0F/G0F# is marked exemplarily for isomeric EICs: G0F/G1F exhibits the same EIC if the Fab glycoform is H7N4F1/H6N4F1. For middle-up FcɤRIIIa AC-MS analysis, EICs of all detected Fc glycoforms are presented. Data for C-terminal lysine variants (+K) are omitted for clarity. *indicates additional isomers listed in Supplementary Table 4.
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FIGURE 5. Assignment of cetuximab glycoforms on intact and Kgp middle-up level by FcɤRIIIa AC-MS. Fc glycoform assignment of intact cetuximab was restricted to 6 different Fab glycoform pairings indicated by a color code. The broad peaks often contain multiple isomeric and non-resolved glycoforms (Supplementary Table 3). Thirty four out of thirty six possibilities are assigned to peaks. For Kgp middle-up FcɤRIIIa AC-MS, the composition of Fab glycoforms were assigned as well as the Fc fragments (*indicates additional isomers). All observed deconvoluted masses for intact and middle-up analysis are listed in Supplementary Tables 3–5.


In contrast, middle-up FcɤRIIIa AC-MS of cetuximab simplified MS spectra enough to confidently assign Fc glycoforms and lysine variants (Figures 4, 5). Nonetheless, the Fc glycoform pairing assignments also showed some degree of ambiguity (Supplementary Table 4, e.g., M5/G1F vs. M6/G0F). However, these ambiguities were minor compared to the intact mass analysis of cetuximab. Relative abundancies were in line with literature on Fc/2 glycoforms (Ayoub et al., 2013; Bern et al., 2018). The Fc glycan pairing of cetuximab was so far only briefly mentioned in a recent study, using IdeS digestion and direct infusion with native MS conditions (Bern et al., 2018). We observed G0F/G0F as the main fucosylated glycoform. Additional galactosylation variants were observed as for mAb1. M5/G0F was determined as main (partially) afucosylated glycoform. Further high mannose glycoforms (M5/M5, M5/G1F, M5/G2F) were detected. Low amounts of G0/G0F, G0/G1F were also found. Relative FcɤRIIIa affinity was comparable to mAb1 (Figure 3) and/or consistent with literature (Lippold et al., 2019). For example, a strong decrease and a mild increase in FcɤRIIIa binding was observed for fucosylation and galactosylation, respectively (Dashivets et al., 2015; Thomann et al., 2015). High mannose glycoforms exhibited a higher affinity than the fucosylated glycoforms but their affinity is decreased compared to the afucosylated complex-type glycoforms (Yu et al., 2012). Interestingly, different pairings of high mannose glycoforms with fucosylated complex-type glycans (M5/G1F. M5/G2F) could be studied and were found with slightly higher FcɤRIIIa affinity compared to M5/M5. M5/G1F and M5/G2F showed a slightly increased affinity over M5/G0F. This confirms and extends our previous findings, which were limited to the comparison of low abundant M5/M5 and M5/G0F (Lippold et al., 2019). Though it is difficult to compare affinity of the intact and the Fc, the latter seems to show a higher affinity (Figure 4). This is comparable to the negative influence of the Fab on FcRn binding reported for cetuximab (Schlothauer et al., 2013).

Furthermore, C-terminal lysine variants (+K, Figure 1) could be studied in the middle-up analysis with respect to FcɤRIIIa affinity. Investigations of incomplete lysine clipping with respect to different Fc glycoforms and FcɤRIIIa affinity have not been described yet (Brorson and Jia, 2014). The C-terminal lysine appeared not to influence the Fc glycoform retention strongly (Supplementary Table 4) which is not surprising as the receptor binds far away from the C-terminus (Figure 1). In contrast, C-terminal lysine may interfere with complement activation. However physiological relevance may anyhow be small as the lysine is enzymatically removed upon administration (van den Bremer et al., 2015).

Moreover, middle-up FcɤRIIIa AC-MS allowed a simultaneous determination of Fab glycosylation by evaluating the injection peak (Figure 5 and Supplementary Table 5). Fab glycosylation might be relevant for antigen binding and pharmacokinetic behavior (Huang et al., 2006; Jefferis, 2007). In total, 11 Fab glycoforms were assigned. Our results are qualitatively and quantitatively in line with reported Fab glycosylation of SP2/0 produced cetuximab (Ayoub et al., 2013; Bern et al., 2018). H7N4F1 was determined to be the most abundant glycoform followed by H6N4F1S1, in line with a previous report (Ayoub et al., 2013) and in contrast to a recent study (H7N4F2) (Bern et al., 2018). The two differently reported Fab glycoforms vary only by 1 Da. However, based on in-depth structural studies on cetuximab glycosylation reporting a high amount of S and only minor abundancies of antenna fucosylation, Fab glycoforms are more likely to contain H6N4F1S1 than additional H7N4F2 (Wiegandt and Meyer, 2014).

By applying middle-up FcɤRIIIa AC-MS to cetuximab, 10 Fc glycoforms could be assigned, of which 5 Fc glycoforms were also found with the C-terminal lysine (amounting to 21 possible isomers, Supplementary Table 4). The combination of the 21 assigned Fc glycoform pairings (Supplementary Table 4) with the 11 assigned Fab glycoforms (Supplementary Table 5), belonging to 66 Fab glycoform pairings in theory, would result in 1,386 proteoforms for the intact cetuximab. This underlines the limitations of intact FcɤRIIIa AC-MS for Fab glycosylated IgGs and highlights the degree of simplification obtained by the middle-up workflow.




CONCLUSION

IgG Fc, generated by three established IgG middle-up proteases (IdeS, SpeB, Kgp), demonstrated differences in retention behavior in FcɤRIIIa AC-MS. Kgp derived Fc showed a remarkably similar retention profile and glycoform ranking as the intact mAb. Advantages of the Kgp middle-up FcɤRIIIa AC-MS workflow were demonstrated in the application to the Fab glycosylated therapeutic mAb, cetuximab. The middle-up workflow provided significantly reduced MS complexity compared to the intact level. Consequently, it revealed important information about cetuximab Fc glycoforms by enabling their confident assignment and quantitation while retaining the Fc pairing and FcɤRIIIa AC retention. Simultaneously, Fab glycosylation could be determined.

In the future, middle-up AC-MS might also be a tool to investigate the interplay of the Fab and the Fc in structure-function studies of IgG-Fc receptor interactions. Since the presented workflow with Kgp is limited to human IgG1, further development of hinge-specific antibody proteases with broader subclass coverage would be highly desired. AC-MS workflows may thus be further expanded toward clinical applications and polyclonal therapeutic samples (e.g., intravenous IgGs). Moreover, the complexity of antibody-derived therapeutics is growing. Hence, the interest in middle-up approaches might further evolve in order to characterize new generations of therapeutic proteins.
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Glycoconjugate vaccines are formed by covalently link a carbohydrate antigen to a carrier protein whose role is to achieve a long lasting immune response directed against the carbohydrate antigen. The nature of the sugar antigen, its length, its ratio per carrier protein and the conjugation chemistry impact on both structure and the immune response of a glycoconjugate vaccine. In addition it has long been assumed that the sites at which the carbohydrate antigen is attached can also have an impact. These important issue can now be addressed owing to the development of novel chemoselective ligation reactions as well as techniques such as site-selective mutagenesis, glycoengineering, or extension of the genetic code. The preparation and characterization of homogeneous bivalent pneumococcal vaccines is reported. The preparation and characterization of homogeneous bivalent pneumococcal vaccines is reported. A synthetic tetrasaccharide representative of the serotype 14 capsular polysaccharide of Streptococcus pneumoniae has been linked using the thiol/maleimide coupling chemistry to four different Pneumococcal surface adhesin A (PsaA) mutants, each harboring a single cysteine mutation at a defined position. Humoral response of these 1 to 1 carbohydrate antigen/PsaA conjugates have been assessed in mice. Our results showed that the carbohydrate antigen-PsaA connectivity impacts the anti-carrier response and raise questions about the design of glycoconjugate vaccine whereby the protein plays the dual role of immunogen and carrier.

Keywords: glycoconjugate vaccine, cysteine mutagenesis, chemoselective ligation, protein conjugation, pneumococcal vaccine, thio/maleimide ligation


INTRODUCTION

Surface exposed polysaccharides of bacterial pathogens are perceived as non-self by the host immune system. Therefore, they are often the target of a protective humoral immune response. Immunization using polysaccharides from capsulated bacteria has been introduced by Gotschlich in the late 1960s (Gotschlich et al., 1972). Capsular polysaccharides are typical T cell-independent type 2 antigens (Mond et al., 1995). This group of antigens is able to deliver prolonged and persistent signaling to the B cell through B cell receptor cross-linking. However, these vaccines fail to be active in children, the population which is the major target of the infectious diseases caused by pathogenic bacteria. A major breakthrough in the field has been later achieved by the development of the glycoconjugate vaccines (Rappuoli, 2018). A purified capsular polysaccharide or a fragment thereof or a synthetic oligosaccharide mimicking the antigenic determinants expressed by capsular polysaccharide is conjugated to a protein scaffold referred to as carrier protein. In this case, the protein moiety of the conjugate is processed by carbohydrate antigen-specific B cells after engagement of their B cell receptor. This leads to the presentation of peptides—T helper epitopes—in association with major histocompatibility complex of type II (MHCII) molecules to carrier peptide-specific CD4+ T lymphocytes. These T helper cells, in turn, stimulate the production of both plasma cells and memory B cells (Pollard et al., 2009). This vaccine strategy proved highly efficient even in infants. Consequently several vaccines active against meningococcus, streptococcus, or Haemophilus influenza type b have been launched (Berti and Adamo, 2018). Alternatively it has recently been shown that a carbohydrate epitope presented in the form of a glycopeptide by the MHCII molecules could strongly stimulate CD4+ T cells (Avci et al., 2011; Berti and Adamo, 2013). While both mechanisms probably coexist, this discovery might considerably impact the design of future glycoconjugate vaccines. Indeed, it has long been established that both length and density of the carbohydrate antigens on the carrier protein influence the immunogenicity of the conjugates in an interconnected manner. At a fixed sugar/protein ratio, the anti-carbohydrate antigen titers vary according to a bell curve as a function of density (Pozsgay et al., 1999). On the other hand, the observed optimum depends on the length of the antigen, this value being usually lowered when one increases the chain length (Anderson et al., 1989). However, if second mechanism has to be considered, the selection of the glycosylation sites is equally important. Along this line, Peng et al. have taken advantage of the propensity of flagellin to self-assemble in a supercoiled structure to selectively modify the sole lysines exposed to the solvent and thus preserving the protein properties to activate immune response (Peng et al., 2018). Stefanetti et al. recently prepared a series of glycoconjugates made of CRM197 and Salmonella O-antigen as the carrier protein and the carbohydrate antigen, respectively (Stefanetti et al., 2015). An average of one up to four O-antigen chains per protein was introduced at controlled positions. The O-antigen chains were randomly linked to surface accessible glutamic/aspartic acid or lysine residues or at more defined sites upon exploiting the kinetically favored reactivity of lysines having the lowest pKa (Crotti et al., 2014; Matos et al., 2018), the rarity of surface exposed tyrosine selectively activated (Hu et al., 2013; Nilo et al., 2014), the transglutaminase catalyzed modification of a lysine (Nilo et al., 2015b) or upon designing stapled conjugate from a reduced disulfide bond. This study was useful to demonstrate that the conjugation site plays a role in determining the immunogenicity. However, the tested formulations still contained heterogeneous mixtures of conjugates since the derivatization processes remain largely empirical. Moreover, further discrepancies arose from structural differences among the linkers used in the study although the same strain promoted azide-alkyne cycloaddition reaction was applied for the preparation of every conjugate. Such biases do not allow an unequivocal interpretation of observed results. Yet recent progress made in unnatural amino acid incorporation (Quast et al., 2015), protein glycan coupling technology (PGCT) (Ma et al., 2018) or site-selective mutagenesis (Grayson et al., 2011) offer unique opportunities to access fully defined glycoconjugate vaccines and further elucidate the relationship between carbohydrate antigen/carrier protein connectivity and immunogenicity. We report herein the preparation and the characterization of homogeneous bivalent pneumococcal conjugates. A synthetic tetrasaccharide derived from Streptococcus pneumoniae serotype 14 capsular polysaccharide equipped of a maleimido-functionalized spacer arm at its reducing end has been site-specifically attached to four different cysteine mono-mutants of the Pneumococcal surface adhesin A (PsaA).



RESULTS AND DISCUSSION


Conjugate Design, Synthesis, and Characterization

Pneumococcal infections are still a leading cause of mortality worldwide. Available prophylactic pneumococcal glycoconjugate vaccines induce capsule-specific memory B-cells and IgG capable to prevent colonization and disease (Jochems et al., 2017). Vaccine effectiveness is considerably improved by increasing the valency e.g., from 7 up to 13 serotypes (van der Linden et al., 2016). However, inclusion of serotype-independent immunogens able to control pneumococcal carriage to these vaccines has been identified as an appealing strategy (Jochems et al., 2017). PsaA is a nasopharyngeal colonization factor which is expressed by more than 99% of pneumococcal strains in a highly conserved form (Rajam et al., 2008a). These features have thus designed PsaA as a possible protein immunogen candidate (Wang et al., 2010; Gor et al., 2011; Olafsdottir et al., 2012; Lu et al., 2015). Concomitant administration of PsaA with PCV7 was accompanied with reduced colonization in a murine model (Whaley et al., 2010) and its protective effect in association with a panel of pneumococcal protein immunogens later assessed in phase I clinical trials (Schmid et al., 2011; Entwisle et al., 2017). Moreover, the successful use of PsaA both as an immunogen and a carrier protein PsaA by several laboratories including ours in mice models further encouraged us to select it as a model protein (Lin et al., 2010; Chen et al., 2016; Prasanna et al., 2019). Mature PsaA (mPsaA) i.e., PsaA deprived from its signal peptide, was therefore conjugated to the tetrasaccharide β−D−Galp−(1 → 4)−β−D−Glcp−(1 → 6)−[β−D−Galp−(1 → 4)]β-D-GlcpNAc 1 (referred to as Pn14TS) (Figure 1A). This easily synthesized tetrasaccharide is the minimal structure from the capsule of serotype 14, one of the prevalent pneumococcal serotype which has developed high antibiotic resistance (Yahiaoui et al., 2018), able to induce functional antibodies (Abs) (Safari et al., 2008). We observed that while high anti-mPsaA Ab titers were induced in mice immunized with mPsaA alone, this response was much lower when mice where immunized with a conjugate whereby Pn14TS was randomly coupled to surface-exposed lysine side-chains of mPsaA at a 5.4:1 average value for carbohydrate:protein ratio (Prasanna et al., 2019). This observation might result from mPsaA B epitope masking due to Pn14TS conjugation on the protein, immune-dominance of antigenic determinants expressed by Pn14TS over the mPsaA B epitopes or different processing of free vs. conjugated mPsaA. Developing an access to homogeneous Pn14TS-mPsaA conjugates will therefore provide tools to address these issues and document structure-immunogenicity relationships useful for future pneumococcal vaccine design.


[image: Figure 1]
FIGURE 1. (A) Structure of tetrasaccharide antigen 1 from S. pneumoniae serotype 14 capsule and its activation with a maleimide linker; reagents and conditions: (a) 3-maleimidopropionic acid N-hydrosysuccimide ester (1.45 equiv), DIEA (2 equiv), DMF, RT, overnight, 58%. (B) Ribbon diagram of PsaA (green). Regions containing known Th and B-epitopes are colored in red. Lysine side-chain are represented in green except the four lysines targeted for mutagenesis (in blue). Representation based on the 1PSZ PDB file, with a resolution of 2.0 Å (Lawrence et al., 1998).


mPsaA is a 32.4 kDa-protein which corresponds to amino acids 21-309 of PsaA sequence. mPsaA essentially adopts alpha-helical secondary structures and contains 37 lysines, most of them accessible for conjugation (Figure 1B) (Couñago et al., 2014). Interestingly, mPsaA does not contain any cysteine residue which makes site-selective cysteine mutagenesis an attractive approach to envision homogenous mPsaA conjugate synthesis (Grayson et al., 2011). Previous studies based on secondary structure predictions, endopeptidase site analyses and in silico MCHII peptide-binding affinity screening helped identifying a panel of 24 putative PsaA T-helper epitopes. Three out of them proved to be able to provoke Th cell proliferation: PsaA67−82, PsaA199−221, and PsaA231−268. The last one was deduced from three potent overlapping 15-mer peptides among which sequence 243–257 was the most potent (Singh et al., 2014). Identification of PsaA B epitopes has also been carried out using a phage display peptide library and monoclonal Abs. Two sequences in the region 132–146 and 253–267 showed promises for their immunogenicity in mice noticeably for reducing carriage and colonization (Srivastava et al., 2000; Johnson et al., 2002). Further studies have demonstrated that the sequence PsaA251−278 was involved in PsaA-mediated adherence of S. pneumoniae to epithelial cells (Romero-Steiner et al., 2006; Rajam et al., 2008b). In view of these data, we elected to mutate C-terminal lysine 309 located in an apparently non-relevant region for immunity into a cysteine. The preparation of three additional cysteine mutants at K237, K242, and K247 i.e., within or close to the potent T-helper epitope was also envisaged (Figure 1B).

We have recently reported the production in Escherichia coli BL21(DE3) of the mPsaA N-terminated by a poly-6-histidine tag sequence to facilitate its purification by immobilized-Ni affinity chromatography plus a Tabacco Etch Protease (TEV) specific cleavage site to remove the tag after purification (Prasanna et al., 2019). mPsaA production level has been increased by 5–6 fold upon adopting time/temperature/induction conditions reported by Laurentis et al. and replacing the LB by the TB growth medium (Supplementary Figure 1 and Supplementary Table 1) (Larentis et al., 2011). The four mutants have been produced accordingly after having introduced every desired mutation in the original sequence using the QuickChange method. Culture have been carried out at a 250 ml scale and yielded about 19 mg of each mutant after purification and histidine tag removal (Figure 2).


[image: Figure 2]
FIGURE 2. mPsaA K309C characterization as a representative example. Analysis of histidine tag removal from mutant mPsaA K309C by SDS-PAGE (A) and by Western blot (B). Lane 1: unstained protein marker; Lane 2: tagged mPsaA K309C; Lane 3: purified mPsaA K309C after removal of poly-histidine tag.


Having the four mutants in hand we next examined their respective conjugation with the carbohydrate antigen. To this aim, known tetrasaccharide 1 (Prasanna et al., 2019) was derivatized with a maleimide linker to provide 2 in 58% yield following RP-HPLC purification (Figure 1A). The four mutants were treated separately with DTT to reduce any inter-protein disulfide bond which might have formed during their preparation and further reacted with no more than 5 equivalent of 2 in degassed PBS, pH 7.0 at room temperature overnight. Each conjugate was then subjected to gel filtration purification to remove excess tetrasaccharide (Figure 3) and freeze-dried for storage. Gel filtration chromatography profiles of conjugates associated to mPsaA K237C, K242C, and K247C were very similar and essentially composed of a single peak. A second unidentified peak which is eluted earlier is apparent in the Pn14TS-mPsaA K309C profile (Figure 3). We first thought that it corresponds to a dimer of the mPsaA K309C whose formation had been favored due to a greater exposure of the cysteine at the C-terminus. However, mass spectrometry experiments ruled out this hypothesis. Effectiveness of the conjugation was checked by gel electrophoresis which uniformly showed that spots are shifted toward higher molecular weight, compatible with the attachment of a single tetrasaccharide (Figure 4A). These results were confirmed by MALDI mass spectrometry experiments which indicate that parent mutant mPsaA proteins were incremented by 896–906 mass unit (calculated +901 Da) within the error range mass measurements (Figure 4B). In the end homogenous 1:1 carbohydrate antigen/carrier protein K237C, K242C, K247C, K309C conjugates have been obtained in 55, 36, 44, and 30% yield, respectively, with a purity superior to 90%.


[image: Figure 3]
FIGURE 3. Comparison of size exclusion chromatography profile of Pn14TS-mPsaA K247C (red trace) and Pn14TS-mPsaA K309C (Black trace) conjugates. Column HiLoad 15/600 Superdex™ 75 pg (GE Healthcare) column and PBS 0.1 M, pH 7.3 as eluent.
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FIGURE 4. Analysis of bioconjugation efficiency by SDS PAGE and mass spectrometry. (A) Comparison of each mPsaA mutant before, mix of before and after, and after conjugation. Lanes 1–3: mPsaA K237C; Lanes 4–6: mPsaA K247C; Lanes 7–9: mPsaA K242C; Lanes 10–12: mPsaA K309C. Two micrograms protein sample/lane, 12% SDS-PAGE, 100 V, 2 h; (B) MALDI MS spectrum of mPsaA K309C (top spectrum) and Pn14TS-mPsaA K309C (bottom spectrum).




Humoral Response Evaluation

Groups of five C57/BL6 mice were immunized thrice at 2 weeks interval with each of the four conjugates and PBS as a negative control formulated in chitosan and Ribi as adjuvant. The antibody response against both mPsaA and capsular polysaccharide of S. pneumoniae serotype 14 (CP14), was then determined by ELISA assays 1 week after the second and third immunization (i.e., on Days 21 and 35). The IgG response raised against CP14 by the conjugates was very low and not significant compared to the negative control group (data not shown). This response was equally low when we used Pn14TS as the coating antigen indicating that the observed results were not due to a lack of recognition of CP14 by anti-Pn14TS Abs. Anti-CP14 IgM response was also determined after the second and the third immunizations. Low titers of anti-CP14 IgM Abs could be measured in the sera of mice for any of the tested formulations after the second immunization (Supplementary Figure 2A). Highest titers of anti-CP14 Abs seem to be induced by Pn14TS-mPsaA K247C conjugate in comparison with other conjugates and PBS. Pn14TS-mPsaA K309C gave rise to the weakest response comparable to that induced by PBS. However, these tendencies were not statistically significant. Anti-IgM responses further diminished after the boost although the expected IgM to IgG switch was not observed (Supplementary Figure 2B). In fact, we and other experienced in the past that Pn14Ts was able to efficiently mimic native CP14 (Safari et al., 2008; Kurbatova et al., 2017; Prasanna et al., 2019). However, as mentioned in the introduction, it is assumed that the level of the anti-carbohydrate antigen response depends on intricate related parameters such as carbohydrate antigen length, carbohydrate antigen:carrier (S/P) ratio and administered sugar dose (Pozsgay et al., 1999). For examples, significant humoral response has been previously observed against Pn14TS: this hapten being used at a S/P ratio of 4, at a 2.5 μg dose using adipic acid coupling chemistry and CRM197 as the carrier (Mawas et al., 2002); at a S/P ratio of 4.8 or 6, at a 2.5 μg dose, using squarate coupling chemistry and CRM197 as carrier protein (Mawas et al., 2002; Safari et al., 2008); at a S/P ratio of 11, at 1.25–10 μg dose, using squarate chemistry and BSA as carrier; at a S/P ratio of 5.4, at 3 μg dose using thio/maleimide coupling chemistry and PsaA as carrier protein. Testing of Pn14TS at a S/P of 1 is unprecedented. Absence of anti-CP14 IgG response might be circumvented upon increasing the length of the antigen. Effective response was nicely observed when a dodecasaccharide (corresponding to 3 × Pn14TS units), conjugated to CRM197 was used in a 1:1 carbohydrate antigen/carrier protein ratio (Safari et al., 2008). Increasing the administered dose could also been envisaged. A very low amount of carbohydrate antigens (0.5 μg/dose/mouse) was indeed used for immunizations. This value was chosen to keep the amount of injected mPsaA equal to 25 μg/dose/mouse and remaining coherent with our previous experiments (Prasanna et al., 2019). The adopted strategy was nevertheless applicable to the investigation of the anti-mPsaA response. IgM Ab response was absent in all tested sera in agreement with our previous findings (data not shown) (Prasanna et al., 2019). Contrasting with these results a significant response was observed in the secondary sera of mice immunized with the conjugates in comparison with the control group (P < 0.05) (Figure 5A). Level of anti-mPsaA IgG titers was further raised up to 1/8,000–1/64,000 for all sera after the third immunization. The highest titers were observed in sera of mice immunized with Pn14TS-mPsaA K242C and K309C. Noticeably, anti-mPsaA IgG Abs induced by the later conjugate was significantly higher than those induced by Pn14TS-mPsaA K237C or Pn14TS-mPsaA K247C (P < 0.05) but not Pn14TS-mPsaA K242C (Figure 5B). We have recently shown that mPsaA was highly immunogenic in mice while introduction of only five tetrasaccharide haptens by classic lysine random conjugation severely impaired its immunogenicity (Prasanna et al., 2019). Maintaining the protective properties of the mPsaA epitopes is of paramount importance if a dual role of both vaccine immunogen and carrier for carbohydrate antigens is envisaged. Dual anti-Group B Streptococcus glycoconjugate vaccines have been prepared using transglutaminase or tyrosine-directed conjugation technology. This coupling strategy was shown to preserve the antigenicity of the Streptococcus proteins used as the carriers (Nilo et al., 2014). Immunogenicity of the conjugates with defined connectivity was essentially comparable to that observed for conjugates obtained upon conjugation of surface-exposed lysine side-chains (Nilo et al., 2015a,b). In a different study, PGCT was applied to the controlled transfer of E. coli O157:H7 O-polysaccharide to the asparagine residue amino acid sequence (DQNAT)4 introduced at the C-terminus of the maltose-binding protein used as carrier protein model (Ma et al., 2018). The glycosylation had slight interference on the global anti-MBP response. However, for the first time it has been shown that the carbohydrate antigen decreased the response against the peptides containing or adjacent to the polysaccharide but not against peptide at distal site. Our results are in agreement with these data. Immunogenicity of mPsaA is globally conserved but finely tuned by the grafting of a single carbohydrate antigen. The highest anti-mPsaA response is observed when Pn14TS is introduced at position 309 of mPsaA i.e., in a peptide segment distant from the identified T-helper epitope and not when it is introduced at position 237, 242, or 247. This result makes sense if mPsaA B-cell epitopes and Pn14TS antigen compete for the assistance of the same T-helper epitopes. CRM197 remains the best carrier protein develop so far for use in humans. Structural alteration of the epitopes expressed by CRM197 during conjugation and detoxification processes have been proposed to explain its superiority as a carrier protein over diphtheria toxoid or tetanus toxoid (Pecetta et al., 2015). Beyond, if one cannot improve the response against one antigen at the detriment of the response against another equally important one then the strategy consisting in using a protein with dual role of antigen and carrier is questionable. Consistent with this assumption, the weakest anti-Pn14TS response was measured in sera of mice immunized with the Pn14TS-mPsaA K309C conjugate. However, further studies are required to confirm this tendency since the anti-CP14 titers were weak and limited to IgM Abs. In a study based on the use of group B streptococcal type III polysaccharide, it has been calculated that approximately eight repeat units of a polysaccharide branched to a T-helper peptide could be presented in complex with a MCHII molecule to a T-cell receptor (TCR) (Avci et al., 2011). We herein elected to work with a short tetrasaccharide antigen. It is conceivable that a TCR can recognize both our small carbohydrate antigen and part of the T-helper peptide sequence even though this is not yet demonstrated. Access to longer synthetic oligosaccharides is more demanding from the synthetic aspect and not necessarily associated with improved antigenicity (Safari et al., 2008). Also the use of purified CP will be accompanied by a loss of conjugate homogeneity while complexing its immune investigation. However, administration of a higher dose of sugar might improve the response against the Pn14TS and allow assessment of the variation of both anti-sugar and anti-protein responses. Alternatively, such study could be envisaged upon coupling not one but several carbohydrate antigen at controlled positions. Further work is also needed to assess the protective properties of the Abs and to investigate in detail the B-cell response, in particular which part of the protein is targeted by the humoral response.
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FIGURE 5. Titers of anti-mPsaA (coated on microtiter plates) IgG Abs of mice immunized with Pn14TS-mPsaA K237C, K242C, K247C, K309C, PBS 1 week after the 2nd (J21) (A) and the 3rd (J35) immunization (B). The serum samples data presented as geometric mean titer ± standard deviation of five mice per group. Statistical analysis was performed using one-way ANOVA with Tukey analysis for multiple comparisons. Statistical difference between the groups is *P < 0.05.





CONCLUSION

The development of technologies based on site-directed or site-specific conjugation for example relying on cysteine mutagenesis as exemplified in this study can lead to fully characterized glycoconjugate vaccines while ensuring higher batch-to-batch reproducibility. Moreover, it offers unique opportunity to study structure-immunogenicity relationship while unraveling molecular aspects of the immune response and giving rise to an optimized generation of glycoconjugate vaccines.



EXPERIMENTAL SECTION


Mutagenesis

Mutations K237C, K242C, K247C, and K309C have been performed by PCR amplification Phusion polymerase (Thermo Scienyific), followed by DpnI digestion using the following primers: K237C forward 5′-GCACCCCGGAGCAAATCTGCACCCTGGTGGAAAAGC, reverse 5′-GCTTTTCCACCAGGGTGCAGATTTGCTCCGGGGTGC; K242C forward 5′-CAAATCAAAACCCTGGTGGAATGCCTGCGTCAGACCAAAGTTCCG, reverse 5′-CGGAACTTTGGTCTGACGCAGGCATTCCACCAGGGTTTTGATTTG; K247C forward 5′- GAAAAGCTGCGTCAGACCTGCGTTCCGAGCCTGTTCGTG, reverse 5′-CACGAACAGGCTCGGAACGCAGGTCTGACGCAGCTTTTC; K309C forward 5′-GGAGGGTCTGGCGTGCTAAGGATCCGGC, reverse 5′-GCCGGATCCTTAGCACGCCAGACC CTCC. The plasmids obtained are then transformed into competent XL1 blue bacteria. For each mutation, extraction of the plasmid (Quiaprep®Miniprep from Quiagen) on three different clones is carried out according to manufacturer protocol, and insertion of the mutations checked by sequencing.



Mutant mPsaA Expression

The validated plasmids have been used to transform E. coli BL21 (DE3) strains for expression of the different mutants. The expression of mPsaA mutant proteins was performed according to the following protocol. Briefly, 250 mL of fresh TB medium with 100 μg/ml ampicillin were inoculated with 0.5 mL of overnight pre-culture and left to grow at 37°C, 180 rpm until they reach the exponential phase (approximately OD of 0.6/0.7 is reached) and at this point the HtTEV-mPsaA expression in the cultures were induced with IPTG (0.1 mM final concentration). The cultures were left to grow for another 16 h at 25°C and 180 rpm. The cells were harvested at 10,000 rpm. The pellet were re-suspended in 25 ml cold lysis buffer (50 mM NaH2PO4, 150 mM NaCl, pH 8.0 + 5 mM Imidazole + 1 mM PMSF) + 1 μg/mL DNAse, and 1 mg/mL of lysozyme incubated at 4°C under stirring during 30 min and were subjected to sonication (7 min, 50% amplitude, pulse of 5 s ON/OFF) while they were kept in ice, and the cell debris were removed by centrifugation (30 min, 13,000 rpm). The obtained supernatant was filtered (0.45 μm) and incubated with 0.5 ml of preconditioned Ni NTA beads for 1 h on rotating disk at 4°C, 12 rpm. Unbound fraction was collected, and the beads were washed with a lysis buffer containing 2–10 mM imidazole. The elution was performed with a lysis buffer containing 300 mM imidazole. The eluted fractions were subjected to SDS-PAGE to identify the fractions containing target protein. Later, the eluted fractions, containing the target protein (100 mg/L of culture), were pooled and dialyzed against water at 4°C.



Removal of Poly-6-Histidine Tag and Western Blot Analysis

The enzymatic cleavage of the histidine tag from mutants was performed using a 5:1 HtTEV-mPsaA/AcTEVTM protease ratio in the reaction buffer (50 mM Tris-HCl (pH 7.6), 1 mM EDTA, 1 mM DTT), for 16 h at 20°C, without stirring. The crude reaction mixtures were then dialyzed against water and incubated with the Ni NTA beads for the separation of the cleaved mPsaA mutants from the histidine tag, parent mPsaA mutants if not entirely digested and the tagged TEV protease. The eluate was collected and was subjected to SDS-PAGE and western blot analyses to confirm the removal of the histidine tag and assess their purity.

For the western blot, the vertical SDS-PAGE was carried out using 12% acrylamide gels with the loadings of the reaction mixture and tagged mPsaA mutants as controls using the Bio-rad system. The proteins were transferred to a nitrocellulose membrane at 150 mA for 90 min. For the antibody probing, the nitrocellulose membrane was initially blocked with TBS containing 5% skim milk and 0.1% tween 20 for 1 h at RT. A primary antibody to mouse anti-poly histidine (Sigma H1029, diluted 1:1,000), was applied to the membrane and incubated for 16 h at RT with agitation. The membranes were washed thrice with PBS containing 0.1% tween 20 and incubated with secondary antibody (Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 680) for 1 h at RT on a shaker. Membranes were subjected to a final wash with PBS, and the detection was performed using an Odyssey CLx scanner (LI-COR) at 700 nm.



2-(N-3-maleimidopropanoyl)ethyl(β−d−galactopyranosyl)−(1 → 4)−(β−d−galactopyranosyl)−(1 → 6)−[(β−d−galactopyranosyl)−(1 → 4)]−2−deoxy−2−acetamido−β-d-glucopyranoside 2

To a solution of 2-amino-ethyl (β−D−galactopyranosyl)−(1 → 4)−(β−D−galactopyranosyl)−(1 → 6)−[(β−D−galactopyranosyl)−(1 → 4)]−2−deoxy−2−acetamido−β-D-glucopyranoside 1 (17.5 mg, 0.023 mmol, 1 equiv) in DMF were successively added 3-maleimido-propionic acid succinimidyl ester (9 mg, 1.45 equiv) and DIEA (8.30 μL, 2 equiv) at RT. The reaction mixture was stirred at RT overnight, diluted in water and freeze-dried. The crude residue was purified by RP-HPLC to provide 2 (12.2 mg, 58% yield); Rf 0.39 (nBuOH/EtOH/H2O 5:5:3); 1H NMR (400 MHz, D2O): δ 6.85 (s, 2H), 4.52 (d, J = 8.2 Hz, 1H), 4.51 (d, J = 7.8 Hz, 2H), 4.43 (d, J = 7.8 Hz, 1H), 4.26 (dd, J = 1.9, 11.7 Hz, 1H), 3.99–3.88 (m, 4H), 3.84–3.62 (m, 20H), 3.60–3.55 (m, 1H), 3.54–3.48 (m, 2H), 3.36 (ddd, J = 2.5, 7.8, 9.8 Hz, 1H), 3.28 (t, J = 4.1 Hz, 2H), 2.48 (t, J = 7.0 Hz 2H), 2.00 (s, 3H); 13C NMR (100 MHz, D2O): δ 174.7, 173.5, 172.6, 134.5, 103.0, 102.8, 102.5, 101.2, 78.5, 77.9, 75.4, 75.3, 74.7, 74.3, 73.5, 72.7, 72.6, 72.6, 72.4, 71.0, 71.0, 68.9, 68.6, 68.2, 67.4, 61.1, 61.0, 60.2, 55.1, 39.3, 34.7, 34.5, 22.3; HR-ESI-MS: m/z Calcd for C35H55N3O24[M+Na]+ 924.3073, found 924.3088.



Glycoconjugate Syntheses

mPsaA mutants proteins are rehydrated with ultrapure water to reconstitute 50 mM phosphate buffer. The pH are tested and adjusted to pH 8 with NaOH 0.1 M if necessary. mPsaA solutions are then treated with DTT (1.6 mg/mg of protein). Solutions are mixed first by flush and next let in rotary shaker at room temperature for 15 min. DTT is eliminated with desalting column (Zeba Spin, 7 MWCO) prior equilibrated with degassed pH 7 PBS buffer using swing centrifuge. Protein contents are quantified using Nanodrop spectrophotometer at 280 nm prior their conjugation. To a solution of mPsaA mutants (4.8–7.2 mg) in degassed 40 mM PBS, pH 7.0 (1.8–2.4 mg/mL), was added 2 (5 equiv) dissolved in water (1 mg/mL), and the resulting mixture stirred overnight and then purified by gel filtration using a HiLoad 15/600 Superdex™ 75 pg (GE Healthcare) column and 0.1 M PBS, pH 7.3 as eluent at 0.8 ml/min. Collected fractions were concentrated by centrifugal concentrators (cut-off 3 MWCO) (Vivaspin; 1 h 7,000 g 4°C) and then freeze-dried to give the corresponding conjugates which were analyzed for identity and purity by gel electrophoresis and mass spectrometry.



Immunizations

The conjugates (40 μl of a 5 mg/ml solution in PBS), were first formulated with a mixture of chitosan/poloxamer/TPP (1:1:1) (6 mL) under stirring (600 rpm) for 30 min. The particles were concentrated by centrifugation at 12000 RCF for 12 min at 15°C, using 10 μL of glycerol bed. After the centrifugation, the pellet in the bottom is carefully collected and re-suspended in PBS (50 μL). The Groups of 5 male C57/BL6JRj (5 week old) mice were injected sub-cutaneously (s.c.) with PBS, Pn14TS-mPsaA K237C, Pn14TS-mPsaA K242C, Pn14TS-mPsaA K247C, or Pn14TS-mPsaA K309C (25 μg protein/dose-−0.5 μg tetrasaccharide/dose) diluted with 50 μL of RIBI in PBS. The mice were immunized at day 0, 14, and 28. The sera were collected on days 21 and 35. Sera were stored at −80°C.



Measurement of Humoral Response

The Ab responses induced upon immunizations were assessed 1 week after the second and the third injections by ELISA. mPsaA and capsular polysaccharide serotype 14 (CP14) (Alliance Bio Expertise), were used as coated antigens to define the anti-mPsaA or anti-CP14 Ab titers. mPsaA (0.1 μg/well) in 10 mM PBS, pH 7.3 (100 μL/well), was coated on 96 wells microtiter plates Nunc Maxisorp (ThermoFisher Scientific) plates overnight at 4°C. CP14 (1 μg/well) was coated for 48 h at 4°C in 10 mM PBS, pH 7.3 (100 μL/well). Plates were then washed with PBS 0.05% Tween 20 (3 × 200 μL), saturated using PBS containing 10% skimmed milk at 37°C for 2 h, then washed using PBS Tween 20 (PBST, 50 mM Tris, 150 mM NaCl, 0,1% Tween 20) (3 × 200 μL). Series of dilution of sera in PBS containing 10% skimmed milk (100 μL/well), were incubated at 37°C for 2 h. Plates were then washed with PBST (3 × 200 μL) and then incubated with goat anti-mouse IgG(H+L)-horse radish peroxidase-labeled conjugate (CliniSciences) used as secondary Ab at a dilution of 1/6,000, for 1 h at 37°C and further washed with PBST (5 × 200 μL). The enzyme substrate, o-phenylenediamine dihydrochloride (100 μL at 0.4 mg mL−1) in 0.1 M sodium citrate (pH 5.2), containing 0.02% hydrogen peroxide, was added to each well and the plate incubated for 20 min at RT in the dark. The reaction was terminated by adding 3 M HCl (1,000 μL per well), and the A492 was read in an Infinite M1000 spectrophotometer (TECAN). The Ab titer was defined as the dilution of immune serum that gave an OD (405 nm) at least twice that observed with pre-immune serum.
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Within the plasma membrane environment, glycoconjugate-receptor interactions play an important role in the regulation of cell-cell interactions. We have investigated the mechanism and activity of the human neuraminidase (NEU) isoenzyme, NEU3, on T cell adhesion receptors. The enzyme is known to prefer glycolipid substrates, and we confirmed that exogenous enzyme altered the glycolipid composition of cells. NEU3 was able to modify the sialic acid content of purified LFA-1 in vitro. Enzymatic activity of NEU3 resulted in re-organization of LFA-1 into large clusters on the membrane. This change was facilitated by an increase in the lateral mobility of LFA-1 upon NEU3 treatment. Changes to the lateral mobility of LFA-1 were specific for NEU3 activity, and we observed no significant change in diffusion when cells were treated with a bacterial NEU (NanI). Furthermore, we found that NEU3 treatment of cells increased surface expression levels of LFA-1. We observed that NEU3-treated cells had suppressed LFA-1 adhesion to an ICAM-1 coated surface using an in vitro static adhesion assay. These results establish that NEU3 can modulate glycoconjugate composition and contribute to the regulation of integrin activity. We propose that NEU3 should be investigated to determine its role on LFA-1 within the inflammatory cascade.

Keywords: integrin, adhesion, glycolipid, glycosyl hydrolase, inflammation


INTRODUCTION

The process of leukocyte rolling, extravasation, and homing to sites of inflammation is critical to cellular immunity, and is known as the leukocyte adhesion cascade (Ley et al., 2007). Along each step of this process different cell adhesion molecules and their ligands mediate recognition between leukocytes and endothelial cells. The initial attachment of the leukocyte to the endothelial wall, usually referred to as rolling, is mediated by selectins and their carbohydrate ligands (e.g., sialyl Lewis-X; CD15s) (Varki, 1994). Later steps of the process must arrest the cell (firm adhesion) to allow for transmigration. These later steps of the process are largely mediated by integrin receptors and their ligands. Integrins are a major class of adhesion receptors and an important therapeutic target (Hynes, 2002; Cox et al., 2010; Desgrosellier and Cheresh, 2010). The first integrin in the inflammatory cascade is LFA-1 (known as the αLβ2 integrin; or CD11a, CD18), a transmembrane glycoprotein which binds to ICAM-1 (inter-cellular adhesion molecule-1; CD54) and conveys an outside-in intracellular signal to the leukocyte (Hogg et al., 2004). These and subsequent integrin-mediated processes, including interactions of the very-late antigens (VLA-4, the α4β1 integrin or VLA-5, the α5β1 integrin), allow cells to migrate to the site of inflammation (Hogg et al., 2003; Simmons, 2005; Cox et al., 2010). Thus, processes which modulate leukocyte integrin function are of potential interest for the development of anti-adhesive and anti-inflammatory therapeutics (Hogg et al., 2003; Simmons, 2005; Cox et al., 2010).

Cell surface glycoconjugates are critical components of the plasma membrane. Sialic acid-containing glycolipids, known as gangliosides, play important structural and functional roles. Sialic acid (also known as neuraminic acid, or Neu5Ac) has long been recognized to participate in the regulation of immune cell function. The sialic acid content of lymphocyte receptors is known to be altered as part of cell development (Bi and Baum, 2009), infection (Galvan et al., 1998), and activation (Hernandez et al., 2007). The enzymes that remove sialic acid, known as neuraminidases (NEU; also called sialidases), increase trans-endothelial migration (Sakarya et al., 2004), reduce expression of CD15s (Gadhoum and Sackstein, 2008), and expose integrin activation epitopes (Feng et al., 2011). Early reports dubbed increases in B cell antigen sensitivity a “neuraminidase effect,” (Cowing and Chapdelaine, 1983) and recent evidence has ascribed this phenomenon to sialic acid acting as a negative regulator of immune cell interactions (Bagriacik and Miller, 1999). The prominent role of sialic acid in adhesion suggests that changes which affect sialoglycoconjugates (SGC) may be critical to regulation of cell-cell interactions.

Catabolic remodeling of glycoconjugates is likely to be more rapid than biosynthetic processes (Parker and Kohler, 2010). Membrane-associated glycosyl hydrolase (GH) enzymes could play a role in signaling pathways through processing of glycolipids or glycoproteins. This hypothesis is consistent with the increased turnover of terminal glycan residues (e.g., neuraminic acid and fucose) relative to core glycan residues (Tauber et al., 1983), and the rapid loss of sialylated antigens on neutrophils (Gadhoum and Sackstein, 2008). The family of human neuraminidases (hNEU) have been shown to participate in a variety of signaling pathways and pathologies including inflammation, adhesion, tumorigenesis, and cancer metastasis (Miyagi, 2010; Miyagi and Yamaguchi, 2012). However, the role of specific hNEU isoenzymes has not been well-defined within inflammation.

The NEU3 isoenzyme is known as a plasma-membrane-associated GH which has a strong preference for glycolipid targets (Monti et al., 2000; Kopitz et al., 2001; Papini et al., 2004; Seyrantepe et al., 2004; Zanchetti et al., 2007). Interestingly, NEU3 has been shown to modulate β1 integrin activity (Tringali et al., 2012). Additionally, the enzymatic activity of NEU3 is modulated by signaling events such as protein kinase C stimulation in immune cells (Wang et al., 2004). The specificity of NEU3 for glycolipids, and its localization to membrane microdomains (Wang Y. et al., 2002), suggests a central role for the enzyme in cellular signaling (Kopitz et al., 2001). The glycolipid GM3 is a key component of lipid rafts, as well as a substrate for NEU3 (Sandbhor et al., 2011). Our group has been interested in the function of NEU3 in regulating membrane organization. We wanted to investigate the effects of NEU3 on integrin-mediated leukocyte adhesion through its regulation of SGC. Glycolipid interactions with integrins have been examined by a number of groups (Pande, 2000). Lactosyl ceramide (LacCer) has been shown to activate β1 integrins (Sharma et al., 2005; Chatterjee and Pandey, 2008). The activation of LFA-1 in neutrophils has been found to require LacCer-enriched domains (Chatterjee and Pandey, 2008). Imaging studies have found that LFA-1 on monocytes is associated with raft markers (Cambi et al., 2006); and activation of cells allows LFA-1 nanodomains to assemble into larger clusters with GPI-associated proteins (van Zanten et al., 2009). Taken together, these reports suggest an important role for glycolipids in the regulation of integrin organization and function on lymphocytes.

In this study, we investigated the role of the human NEU3 isoenzyme in regulating LFA-1 adhesion in a T cell model (Jurkat) and peripheral blood mononuclear cells (PBMC). We found that exogenous enzyme altered the glycolipid composition of cells, as well as the organization of LFA-1 in the membrane. By measuring the lateral mobility of LFA-1, we provide mechanistic insight into the altered distribution of LFA-1. We observed that NEU3 activity significantly increased LFA-1 lateral mobility and endocytosis, and blocked LFA-1–ICAM-1 adhesion. We also found that NEU3 treatment did not block all adhesion pathways, as homotypic aggregation of cells was increased. Together, our results suggest that NEU3 may have a role in the regulation of lymphocyte integrins critical to the inflammatory cascade.



RESULTS


NEU3 Treatment Reduced Sialylated-Glycolipids in Cells

To gain insight into gross changes in the composition of membrane glycosphinolipids (GSL), we first employed high-performance thin layer chromatography (HPTLC). Jurkat T cells were treated with conditions expected to alter integrin function, and GSL were extracted and analyzed by HPTLC (Muthing, 1996). We observed only minor variations in sialo- and asialo-forms of gangliosides which were difficult to quantitate (data not shown). To provide more quantitative insights we implemented an LC-MS-FLD analysis of gangliosides based on previous reports (Neville et al., 2004; Albrecht et al., 2016). We detected glycolipids extracted from Jurkat cells including LacCer, GM1, GM2, GM3, and GD1a (Figure 1A and Figure S7). We focused on changes to the ratio of LacCer to GM3 since GM3 is a well-known substrate for NEU3. This analysis showed no significant changes on treatment with phorbol 12-myristate 13-acetate (PMA; a protein kinase C activator), and minor, but not significant, changes with cytochalasin D (cytoD; a cytoskeletal disruptor) (van Kooyk and Figdor, 2000). Human cell types typically express multiple isoforms of NEU (Miyagi and Yamaguchi, 2012). In order to probe the role of a single NEU isoenzyme in cells, we treated cells with recombinant NEU3 enzyme and a bacterial NEU from Clostridium perfringens (NanI) (Peter et al., 1995; Albohy et al., 2010). We found that treatment with NanI had no detectable effect on glycolipid composition; however, NEU3 showed a significant increase in asialo forms of GM3 (Figure 1B). This result suggested that NanI did not substantially alter ganglioside composition, while NEU3 showed more specific activity for glycolipid substrates (Ha et al., 2004; Sandbhor et al., 2011). We concluded that treatment of cells with NEU3 resulted in an altered composition of membrane glycolipids, which included reduction in GM3 and an increase in LacCer.


[image: Figure 1]
FIGURE 1. Analysis of the change of cell membrane GSLs. GSLs were extracted from treated or control cells and analyzed by LC-MS. (A) Glycolipids extracted from Jurkat cells were digested with endoglycoceramidase, labeled and resolved by LC-MS-FLD. The major glycolipids observed were LacCer, GM3, GM2, GM1, and GD1a. (B) LC-MS-FLD analysis was performed on four replicate samples (N = 4) for Jurkat cells treated as indicated. The ratio of LacCer to GM3 was calculated using the peak areas for each condition and normalized to the respective control. Data were compared to the indicated control using a student t-test to determine p-values; ***p ≤ 0.005; ns, not significant.




NEU3 Treatment Altered the Glycosylation of LFA-1

We used lectin blotting to detect changes in the glycosylation state of LFA-1 after NEU treatment (Figure 2 and Figures S4–S6). We selected the Sambucus nigra agglutinin (SNA), peanut agglutinin (PNA), and Maackia amurensis agglutinin (MAA) for this analysis. The PNA lectin binds terminal galactose residues, while SNA and MAA bind to terminal sialic acid residues (Freeze, 2001). We observed that treatment of purified LFA-1 with NEU3 and NanI resulted in a significant decrease in SNA and MAA staining for LFA-1, consistent with loss of sialic acid. Treatment with either NEU enzyme gave a corresponding increase in PNA staining, suggesting a corresponding increase in terminal galactose residues after loss of sialic acid. These results were consistent for both the α- and β-chains of LFA-1. Together, these data are consistent with desialylation of the LFA-1 complex, leading to an increased amount of exposed galactose sites in the presence of NEU3 or NanI activity.


[image: Figure 2]
FIGURE 2. Lectin blotting of LFA-1 shows sensitivity of LFA-1 to NEU treatment. Purified LFA-1 was treated with NEU3 and NanI for 3 h at 37°C. The protein was then blotted and probed with biotinylated lectins. Lectins (A) MAA, (B) SNA, and (C) PNA were used. MAA and SNA recognize terminal sialic acid residues, while PNA recognizes terminal galactose residues. Chemiluminescent blots were developed and analyzed for changes in band intensities, and a representative image from two experiments are shown at the top of each panel (see Supporting Information). Data are shown as the mean ± SEM and were compared to the appropriate control using t-test to determine p-values; *p ≤ 0.05; **p ≤ 0.01.




Fluorescence Imaging of LFA-1

We next sought to determine if NEU3 treatment of cells would result in changes to the localization of LFA-1. Cells were imaged by total internal reflection fluorescence (TIRF) microscopy, limiting visualization to portions of the cell in close apposition to the glass surface. Cells were stained with a Cy5-conjugated anti-LFA-1 antibody (clone TS2/4) and a FITC-conjugated Cholera Toxin subunit B (CTB-FITC) to visualize gangliosides (Blank et al., 2007). Untreated cells showed relatively diffuse LFA-1 microclusters, while CTB gave diffuse staining and large patches with partial LFA-1–CTB colocalization (Figure 3A). Treatment of cells with NEU3 resulted in more punctate CTB staining and more diffuse LFA-1 microclusters. In contrast, NanI treatment resulted in larger co-localized regions of LFA-1 and CTB staining. A portion of the localized aggregates appeared at cell-cell contacts. Treatment of cells with PMA resulted in larger and more distinct microclusters of LFA-1 and minimal CTB colocalization (Figure 3B). Treatment of cells with cytoD disrupted CTB-positive aggregates and reduced co-localization with LFA-1 microclusters. LFA-1 is known to form nanoclusters on resting and activated cells, and the membrane domains in which LFA-1 is found tend to be heterogeneous (Marwali et al., 2003; Cambi et al., 2006). We also note that CTB staining may include reactivity to glycoprotein antigens, and therefore imaging results with this stain should be interpreted with caution. Previous reports have suggested that GM1 is the major CTB reactive glycoconjugate in Jurkat cells (Wands et al., 2015).
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FIGURE 3. TIRF imaging of LFA-1 on treated cells. Jurkat cells were fixed after treatment with (A) buffer (control), NEU3, or NanI; and (B) DMSO, PMA, or cytoD. The fixed cells were then labeled with Cholera toxin subunit B (CTB-FITC) to label gangliosides and a TS2/4-Cy5 conjugate to label LFA-1. Cells were imaged by DIC and TIRF. Merged FITC and Cy5 images are shown in the last column with yellow indicating co-localization. Scale Bar = 5 μm.


To quantitate changes in LFA-1 cluster size, we analyzed TIRF images of individual cells (N = 15) from each condition by determining the amount of LFA-1 found in clusters. Images were processed in ImageJ to identify clusters and to determine the total area per cell found within them (Figure 4 and Table S2) (Schneider et al., 2012). The distribution of total cluster area per cell is shown in Figure 4A. Clear increases in cluster size were observed for cytoD, NEU3, and NanI treatments. Treatment with NanI showed the largest increase in cluster area (consistent with Figure 3). Our observation that NEU3 has similar effects to cytoD in both lateral mobility and clustering indicated that enzyme activity influenced cytoskeletal regulation of the receptor (Cairo et al., 2006; Cairo and Golan, 2008).


[image: Figure 4]
FIGURE 4. Changes in LFA-1 clustering after neuraminidase treatment. The amount of clustered LFA-1 on individual cells was determined using TIRF imaging. Cells were labeled with a TS2/4-Cy5 antibody conjugate, and 15 individual cells were compared for each condition. (A) Clusters that were larger than 4 pixel2 were measured using ImageJ, and the average area was tabulated for each cell. Data are plotted using a beanplot, with solid lines representing the mean of each population (Kampstra, 2008). (B) Representative TIRF images for individual cells are shown from each condition. A mask was generated from the TIRF image using a threshold for quantitation. Data were compared to the appropriate control using a t-test to determine p-values; *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. Scale bar = 5 μm.




Lateral Mobility of LFA-1 Was Altered by NEU3 Treatment

We next examined the lateral mobility of LFA-1 on Jurkat T cells using single-particle tracking (SPT) methods (Saxton and Jacobson, 1997; Jaqaman et al., 2008; Alenghat and Golan, 2013). Cells were labeled with Cy5-conjugated anti-LFA-1 (clone TS2/4) at low enough concentrations to achieve sparse labeling of the receptors as observed by TIRF. Videos were recorded and analyzed to determine trajectories of LFA-1 on live cells (10 s, 10 FPS). This strategy allowed us to obtain many trajectories rapidly; however, due to photobleaching, trajectories recorded in this experiment tend to be shorter than those obtained from tracking of polystyrene beads or quantum dots. Trajectories were analyzed with u-Track and processed with custom scripts in MATlab (Cairo et al., 2006; Jaqaman et al., 2008). Data were pooled from multiple cells for each condition and are summarized in Table 1. All diffusion measurements were calculated as microdiffusion coefficients (Dmicro) due to the short duration of the trajectories (Qian et al., 1991). Our observations were in general agreement with SPT studies of fusion-protein labeled LFA-1 (Ishibashi et al., 2015). In previous SPT observations of LFA-1 at high time resolution the diffusion coefficients were found to have a non-normal distribution (Cairo et al., 2006). We found this to also be the case in our SPT data set, as the measured diffusion coefficients spanned up to four decades. Therefore, we proceeded to analyze these data as normal and lognormal distributions (Table S1 and Figure S1). Comparisons of the linear and logarithmic means found that LFA-1 on cytoD- and NEU3-treated cells exhibited significantly increased diffusion. Beanplots showing the distribution of diffusion coefficients are shown in Figure 5, and illustrate the shifts in LFA-1 diffusion in logarithmic scale (Kampstra, 2008). Further analysis of these data as cumulative distribution functions (CDF) illustrate the clear increase in LFA-1 diffusion upon NEU3 treatment. Our measurements were in general agreement with previous studies of LFA-1 lateral mobility using other methods (Gaborski et al., 2013). These data allowed us to conclude that NEU3 had a significant positive effect on the lateral mobility of LFA-1. Interestingly, the bacterial neuraminidase, NanI, had no significant effect on LFA-1 mobility in this experiment. These data support a specific role for NEU3 enzyme activity in the regulation of integrin mobility.


Table 1. Diffusion of LFA-1 determined using SPT.
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FIGURE 5. LFA-1 diffusion is altered by NEU treatment. The lateral mobility of LFA-1 on Jurkat was determined using SPT. (A) A beanplot of each population is shown with the logarithmic median of diffusion coefficients indicated by a solid line for each population (same data as in Table 1) (Kampstra, 2008). Each population is shown with a density estimate and horizontal lines indicate individual diffusion coefficient measurements. (B) A cumulative frequency distribution is shown for the control, PMA, and cytoD conditions. (C) A cumulative frequency distribution is shown for the buffer, NEU3, and NanI conditions. Diffusion coefficients are given as log(D), where D is in units of × 10−10 [cm2s−1] or × 10−2 [μm2s−1]. Data were compared to the appropriate control using a t-test to determine p-values; **p ≤ 0.01; ****p ≤ 0.0001.




LFA-1–ICAM-1 Adhesion Was Blocked by NEU3

To determine if NEU3 had a functional effect on LFA-1–mediated adhesion we employed a flow cytometry-based assay, similar to previous reports (See Experimental Procedures section) (Crucian et al., 2006). Fluorescent polystyrene beads were coated with recombinant ICAM-1, and cell–bead conjugates were detected by flow cytometry. Binding to beads was normalized to ICAM-1 coated beads as a positive control and bovine serum albumin (BSA) coated beads as a negative control. We found that PMA treatment of Jurkat cells increased adhesion as expected (Figure 6A). To test the role of native neuraminidase enzymes, we treated the cells with a general neuraminidase inhibitor, 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (DANA). DANA is known to inhibit multiple human NEU isoenzymes (Cairo, 2014; Richards et al., 2018), and we observed a significant increase in LFA-1 adhesion after DANA treatment in the absence and presence of PMA. This result was consistent with a role for native NEU activity that negatively regulates LFA-1–ICAM-1 adhesion. Treatment of cells with purified NEU3 or NanI resulted in a dramatic block of LFA-1–ICAM-1 adhesion (Figure 6B). Experiments with a NEU3(Y370F) mutant confirmed that the effect of NEU3 was due to its enzymatic activity (Figure S2) (Albohy et al., 2010). Furthermore, to resolve the likely substrate of each enzyme we performed additional controls. Control experiments with ICAM-1 beads pre-treated with either NEU3 or NanI found that NEU3 treatment had no effect on ICAM-1–LFA-1 adhesion; while treatment of the same beads with NanI resulted in a large decrease in adhesion. Thus, we concluded that the two enzymes inhibited adhesion through modification of different substrates: Treatment with NanI blocked adhesion as a result of desialylation of the ICAM-1 ligand, while NEU3 blocked adhesion through enzymatic modification of a cell-surface target.
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FIGURE 6. Adhesion of T cells is altered by Neu treatment. (A) Adhesion of Jurkat cells to ICAM-1 was determined using flow cytometry and fluorescent beads (1 μm) under the indicated conditions. Control samples were treated with DMSO (0.05 %), PMA, or DANA for 30 min. (B) Adhesion of Jurkat cells to ICAM-1 was determined using flow cytometry and fluorescent beads; samples were treated with buffer or enzyme for 3 h, followed by incubation with buffer, PMA, or DANA (100 μM) for 30 min. All cytometry data were normalized to the appropriate control after background subtraction (BSA coated beads). (C) Isolated PBMC were treated as indicated and adhesion to ICAM-1 coated beads was determined by flow cytometry. Data shown are from at least three healthy donors for each condition. Values shown in (A–C) are the average of N = 6–12 replicates, error is the standard error of the mean. (D) Homotypic aggregation of Jurkat cells was determined using microscopy. Cells were incubated under the indicated conditions for 3 h. Aggregation was determined by imaging to determine the total number of cells and the number of cells found within aggregates. Aggregation is expressed as the percentage of cells in all samples found within an aggregate (N = 24, from two separate experiments), and error is shown as the standard error of the mean. (E) Changes in the endocytosis of β2-integrin (N = 4) and (F) β1-integrin (N = 2) in Jurkat cells after treatment with NanI or NEU3 (30 min at 37°C). Error bars are shown as standard error of the mean, all data were compared to the indicated control using a t-test; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.005; ****p ≤ 0.0001.


We further confirmed our observations beyond model cells by testing the effect NEU3 on ICAM-1 adhesion in PBMC (Figure 6C). Treatment of PBMC with NEU3 or NanI enzymes resulted in a significant decrease in ICAM-1 adhesion. Notably, NEU3 treatment of Jurkat and PBMC cells partially suppressed PMA-activated adhesion suggesting a regulatory role for the enzyme late in the activation pathway.



NEU3 Enhanced Homotypic Aggregation

Once we had concluded that NEU3 could act as a negative regulator of β2-integrin mediated adhesion, we investigated the effect of NEU3 on an alternative cell adhesion process—homotypic aggregation. The homotypic aggregation of T cells is generally considered to be mediated by multiple receptors (Kansas and Tedder, 1991; Andrew et al., 1994; Cho et al., 2001) including LFA-1 (Rothlein and Springer, 1986) and VLA-4 (Bednarczyk and McIntyre, 1990; Campanero et al., 1990). We determined the number of cells involved in aggregates using microscopy (Figure 6D and Figure S3). Cells were treated with NEU3 or NanI, both of which resulted in significantly increased aggregation. Previous results have found that NEU3 increased fibronectin–β1 integrin cell migration in epithelial cells, and the effect was not due to desialylation of fibronectin (Jia et al., 2016). Homotypic aggregation of neutrophils has been reported to be increased by treatment with NanI (Cross and Wright, 1991). We concluded that while NEU3 disrupted LFA-1–ICAM-1 interactions (vide infra), desialylation of cell surface targets by NEU3 or NanI could also stimulate other adhesion mechanisms. These two results indicate that sialic acid can be either activating or inhibitory in adhesion, likely due to the specific target SGC involved.



NEU3 Altered Endocytosis of β1 and β2 Integrins

Previous studies have supported a role for glycolipids in the regulation of integrin endocytosis (Sharma et al., 2005). Our examination of the effect of NEU3 on integrin adhesion suggested differential regulation of these two adhesion receptors. Perturbation of the balance of exo- and endocytosis of integrins is well-known as a mechanism to regulate adhesion (Caswell and Norman, 2006; Pellinen and Ivaska, 2006). We used biotin labeling of cell-surface proteins to interrogate changes in endocytosis of β2 and β1 integrins in Jurkat after exposure to NEU enzymes. We observed a significant increase in endocytosis of the β2 integrin after NEU3 treatment, but NanI appeared to have no significant effect (Figure 6E). In contrast, the β1 integrin showed a large increase in endocytosis after both NEU3 and NanI treatment (Figure 6F). We note that these analyses are based on densitometry of multiple western blots and are best interpreted qualitatively.



Neuraminidases Altered Expression of LFA-1 Epitopes

Our observation that NEU3 activity blocked LFA-1 adhesion could be the result of multiple mechanisms. To gain some insight into the process, we measured changes in known surface epitopes of LFA-1. The MEM148 epitope is found in the membrane proximal domain of CD18, and is an activation-dependent epitope of LFA-1 (Drbal et al., 2001). The TS1/22 antibody binds to the LFA-1 α-chain, and is both adhesion blocking and conformationally independent (Kuwano et al., 2010). To detect changes in epitope expression after treatment with NEU, we used flow cytometry (Figure 7). The TS1/22 epitope showed a large increase in expression on both cell types after NEU3 treatment, while NanI had no detectable effect on this epitope. Treatment of cells with NEU3 showed a significant increase in the MEM148 activation epitope on Jurkat, but not on PBMC. NanI treatment resulted in a decrease in the MEM148 epitope on both cell types. These data are consistent with increased LFA-1 total expression levels upon NEU3 treatment, with minor changes to the MEM148 activation epitope. Increased LFA-1 expression may be a result of delivery of LFA-1 to the surface from intracellular stores (Miller et al., 1987). We note that previous reports have observed increased expression of the MEM148 epitope and increased surface-localized LFA-1 on neutrophils after NanI treatment (Feng et al., 2011).
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FIGURE 7. Alteration of LFA-1 epitopes by neuraminidase treatment. Jurkat T cells (A,C) or PBMC (B,D) were treated with the indicated conditions. Treated cells were labeled with primary antibodies (TS1/22 or MEM148), followed by an AF647-conjugated secondary antibody. Cells were fixed with 1% PFA, analyzed by flow cytometry, and normalized to control (buffer) treatment. Data shown are the mean of three replicates for each sample and error is shown as the standard error of mean. Data were compared to the appropriate control using a t-test to determine p-values; *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001.





DISCUSSION

Our data demonstrated that the human NEU3 enzyme can act as a negative regulator of LFA-1–ICAM-1 mediated adhesion in lymphocytes. We confirmed that treatment of cells with exogenous NEU3 produced a reduction of sialylated glycolipids (e.g., GM3) on cells and reduced sialylation of the LFA-1 glycoprotein in vitro. NEU3 has been previously shown to prefer glycolipid substrates over glycoproteins, due to its requirement for substrates with a hydrophobic aglycone (Ha et al., 2004; Sandbhor et al., 2011). Treatment of cells with NEU3 or NanI (which lacks activity for gangliosides) (Peter et al., 1995), produced increased LFA-1 clustering as observed by fluorescence microscopy. Quantitative analysis of single-cell images confirmed that LFA-1 clustering was increased in NEU-treated cells. Analysis of the lateral mobility of LFA-1 found that NEU3 treatment resulted in an increase in integrin diffusion. Importantly, substantial effects on lateral mobility were only observed after NEU3 treatment, consistent with a role for gangliosides in regulating integrin diffusion (Sharma et al., 2005). NEU activity had a significant influence on LFA-1–ICAM-1 adhesion, and we concluded that NEU3 blocked LFA-1 adhesion through desialylation of a cell-surface target (e.g., glycolipids or glycoproteins). Control experiments confirmed that the NEU3 anti-adhesive effect was not a result of changes to ICAM-1 glycosylation, as was the case for NanI. Furthermore, we confirmed that NEU3 activity was distinct from NanI in that NEU3 induced an increase in surface expression of LFA-1. We observed that NEU3 activity increased endocytosis of both β1 and β2 integrins while NanI only affected the β1 integrin, suggesting a role for glycolipids in regulating the balance of exo- and endocytosis of adhesion receptors. We note that our experiments have focused on exogenous NEU3, which is a limitation of our study. However, the observation that treatment with an inhibitor of native NEU activity (DANA) blocks LFA-1-mediated adhesion is consistent with a role for native NEU. Together, our results implicate NEU3 as a potential regulator of β2-integrin mediated adhesion.

LFA-1 activity is governed by the interplay of avidity and affinity regulation; and these factors correspond to receptor clustering and conformational change, respectively (van Kooyk and Figdor, 2000; Carman and Springer, 2003; Kim et al., 2004). A quantitative analysis of single-cell images obtained by TIRF microscopy confirmed that a larger proportion of LFA-1 was found in clusters on NEU–treated cells. In accord with this observation, we found that the lateral mobility of LFA-1 on NEU–treated cells was increased, providing a mechanism for the change in integrin organization (Cairo and Golan, 2008). LFA-1 has been observed to cluster in microdomains (Scheiermann et al., 2010) with tightly regulated lateral mobility (Bakker et al., 2012). The size of LFA-1 clusters has been estimated over a wide range between 50 and 200 nm (Cambi et al., 2006; van Zanten et al., 2009; Rajani et al., 2011). Our observations using TIRF microscopy are limited by diffraction, and therefore changes observed for cluster size (Figure 4) were likely due to co-localization of multiple microclusters. The lateral mobility of LFA-1 has been found to be dependent on conformational state and stimulation of the cell (Cairo et al., 2006; Alenghat and Golan, 2013). Furthermore, LFA-1 mobility is linked to the ability of the cell to form a stable adhesion (Ishibashi et al., 2015).

The two NEU enzymes studied here had distinct effects on LFA-1. We observed that NEU3 activity induced an LFA-1 activation epitope on Jurkat, but had no effect on PBMC (Drbal et al., 2001). Treatment of cells with NanI showed a uniform decrease in the MEM148 activation epitope. Glycosylation of integrins is known to influence both conformation and function (Bellis, 2004; Gu and Taniguchi, 2004; Liu et al., 2008), and our lectin blots confirm that these enzymes modify glycosylation of LFA-1. While NanI activity also resulted in a blockade of LFA-1–ICAM-1 interactions, this effect can be ascribed to modification of the ICAM-1 ligand, rather than targets on the lymphocyte. These observations may be specific to cell type, as NEU activity directed at LFA-1 is reported to enhance adhesion of neutrophils (Feng et al., 2011). In addition to conformational changes of integrins, desialylation may alter inter-molecular interactions which depend on the revealed galactoside epitopes generated by NEU activity (Zhuo et al., 2008; Yang et al., 2017).

Signaling mechanisms known to negatively regulate LFA-1 include the protein tyrosine phosphatase receptor type γ (Mirenda et al., 2015), and the Lyn kinase (Nakata et al., 2006; Malik et al., 2008). Notably, Lyn activity suppresses LFA-1–ICAM-1 adhesion, but enhances cell migration. Lyn activity is known to be regulated by glycolipid composition of the outer leaflet (Sonnino et al., 2010). Furthermore, Lyn is known to be found at the leading edge of migrating cells (He et al., 2011), as is NEU3 and consistent with our imaging in Figure 3 (Yamaguchi et al., 2006). We note that Lyn-mediated activation of alternative adhesion mechanisms is consistent with our homotypic aggregation results (Figure 6). Future investigations will need to address a link between Lyn and NEU3 as it pertains to LFA-1 down-regulation. While our data suggest NEU3 is a negative regulator of LFA-1 adhesion, we also observed an increase in homotypic aggregation in NEU3-treated cells. Homotypic aggregation of lymphocytes is mediated by receptors including the αLβ2 (Rothlein and Springer, 1986), α4β1, and α5β1 integrins (Caixia et al., 1991). The activity of NEU3 on simple gangliosides (e.g., GM3) would generate neutral glycosphingolipids, which are known to be activators of homotypic aggregation in hematopoietic cells (Yamaji et al., 1997). Furthermore, changes in membrane cholesterol or GM1 are known to disrupt LFA-1 adhesion, and our results may suggest that changes to other glycolipid components of microdomains have a similar effect (Marwali et al., 2003). Increased NEU3 activity may alter the concentration of additional degradation products of GSL. Ceramide is known to increase surface expression of β2 integrin, and to block β2-integrin–dependent adhesion while preserving homotypic aggregation (Feldhaus et al., 2002).

How do NEU enzymes affect LFA-1 function? First, the mechanisms of action of each NEU enzyme used in this study have important differences. The substrate profile of each enzyme is different, with NanI acting on glycoproteins while NEU3 uses glycolipids as its favored substrates (Peter et al., 1995; Wang Y. et al., 2001). Thus, NanI treatment is likely to alter glycoprotein substrates, while NEU3 modifies both glycolipids and LFA-1. Changes to glycoprotein epitopes of LFA-1 may block adhesive interactions (Ardman et al., 1992) or induce engagement of new protein-glycan interactions (Wang X.Q. et al., 2002; Rossi et al., 2006; Rabinovich et al., 2007). Galectins are secreted lectins that bind to β-galactoside epitopes, which are often revealed by NEU activity (Rabinovich and Toscano, 2009). Galectin-1 can inhibit leukocyte adhesion (He and Baum, 2006; Norling et al., 2008), while Galectin-3 can promote neutrophil adhesion (Kuwabara and Liu, 1996). Previous work has found that native NEU activity in neutrophils positively regulates LFA-1 adhesion, which may implicate other isoenzymes, such as NEU1, for this activity (Feng et al., 2011). NEU3 activity altered lipid composition and could therefore influence membrane microdomain recruitment, function, or trafficking of integrins (Gopalakrishna et al., 2004; Ledeen and Wu, 2007; Nakayama et al., 2008). It is possible that direct integrin-glycolipid interactions are responsible for the reorganization of LFA-1 observed here, as β1-integrins are known to bind directly to gangliosides (Wang X. et al., 2001). Indeed, changes in membrane glycolipid composition have been shown to affect the recruitment of integrins and Src kinases to membrane microdomains (Kazui et al., 2000). Ectoenzymes are emerging as important regulators of leukocyte migration (Salmi and Jalkanen, 2005). NEU3 has been established as a plasma membrane-associated enzyme (Zanchetti et al., 2007), and our work here confirms that its activity can negatively regulate leukocyte adhesion.

The data presented here provide evidence that the human NEU3 enzyme can act as a negative regulator of LFA-1–ICAM-1 adhesion. However, it is important to emphasize that the enzyme also activates other cell-adhesion mechanisms (Figure 6D). The enzyme alters glycolipid composition, which likely leads to a shift in clustering and increased endocytosis of LFA-1. This mechanism of LFA-1 regulation was able to substantially block PMA-activated adhesion of leukocytes, and may present a novel target for pharmacological intervention in inflammation (Cairo, 2014). Although blocking of NEU3 would result in positive regulation of LFA-1, inhibition may also block the downstream adhesion mechanisms which are activated by NEU3. Future work should address the specific adhesion mechanisms which NEU3 may positively regulate, and the role of NEU3 within the inflammatory cascade (Ley et al., 2007).



EXPERIMENTAL PROCEDURES


Cell Culture

Jurkat cells (clone E6.1) were grown in RPMI 1640 medium with 10% fetal bovine serum (FBS) at 37°C under 5% CO2 to ~1.5 × 106 cells mL−1. Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich. Oakville, Ontario, Canada) and cytochalasin D (cytoD) (ENZO Life Sciences. Farmingdale, NY, USA) were dissolved in dimethyl sulfoxide (DMSO) as stock solutions (Sigma-Aldrich. Oakville, Ontario, Canada). Human neuraminidase 3 (NEU3) and NanI (Sigma-Aldrich. Oakville, Ontario, Canada) were stored in the same NEU3 buffer (0.2 M NaCl, 10% glycerol, 10 mM maltose, 20 mM MOPS pH 7.2). NEU3 was produced as a recombinant MBP fusion as previously reported (Albohy et al., 2010).

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood samples of healthy donors following a protocol approved by the Health Research Ethics Board of the University of Alberta (Pro00016491). Briefly, cells were centrifuged over a ficoll gradient, transferred to a culture flask, and incubated overnight at 37°C with 5% CO2 in RPMI medium (10% FBS and 1% penicillin-streptomycin).

Cell treatments were performed using the conditions indicated below. A suspension of 1 × 106 cells was taken from the culture flask and washed three times with buffer. In all washing steps, the cells were spun at 1,200 rpm for 2 min in a desktop centrifuge. For PMA and cytoD conditions, cells were re-suspended in 1 mL of buffer (PBS) with DMSO (0.05% final concentration) or the same buffer with DMSO containing PMA (200 ng mL−1) or cytoD (2.5 μg mL−1). The samples were then incubated at 37°C under 5% CO2 for 30 min. For enzyme treatments, cells were re-suspended in PBS alone, NEU3 enzyme (0.01875 U), or NanI enzyme (0.01875 U). One unit of enzyme activity was defined as, 1 U = 1 μmol 4MU-NANA substrate cleavage min−1, this calibration was done at pH 4.5. Enzyme samples were then incubated at 37°C under 5% CO2 for 3 h. After incubation all treated cells were then washed 3 times with PBS before further labeling, analysis, or extraction steps.



High-Performance Thin Layer Chromatography (HPTLC)

For high-performance thin layer chromatography (HPTLC) experiments, phosphate buffered saline (PBS) was used as washing buffer. All treatments were done with 1 × 107 cells in a 10 mL volume. After treatment, the cells were centrifuged to a pellet and re-suspended in 60 μL water, and sonicated for 30 s. Cells were extracted with a mixture of chloroform and methanol (1:1, 400 μL × 3) and agitated for 10 min. The sample was centrifuged (10,000 rpm for 10 min), and the supernatant was transferred to a glass bottle, dried under a flow of N2, and stored at −20°C. Before analysis, the cell extract was dissolved in a chloroform and methanol solution (1:1, 200 μL) and applied to a HPTLC plate (Sigma-Aldrich) using a glass micropipette. Chromatography was performed with acetic acid, n-butanol, and 0.25% CaCl2 (1:2:1) as the eluent followed by staining with orcinol (0.5 g orcinol, 200 mL 8% H2SO4 in ethanol).



Extraction and Purification of Gangliosides

Ganglioside extraction and purification was performed following previous reports (Neville et al., 2004). Briefly, a lysate of 1 × 106 Jurkat T cells was diluted with ice cold water (4 mL g−1 based on weight of sample). After homogenization, methanol was added to make the final ratio of methanol:water 8:3. Chloroform was added after vigorous mixing of this suspension to make the chloroform:methanol:water mixture to the ratio 4:8:3 (v/v/v). This mixture was vortexed and centrifuged at 1,500 RPM for 15 min. The supernatant was carefully recovered, volume measured, then diluted with 0.173 volumes of water. After mixing, the suspension was centrifuged again. The upper phase was recovered and transferred to a fresh tube, purified on a SepPak C18 cartridge (Waters Corporation, Milford, MA, USA), evaporated to dryness under a stream of nitrogen, and re-dissolved in methanol.



LC-MS Analysis of Gangliosides

Expression and purification of EGCase was performed following previous reports with a pET30 vector (Albrecht et al., 2016). Samples of extracted GSLs were dissolved in a 50 mM sodium acetate buffer (pH 5.2) containing 1 mg mL−1 sodium cholate and incubated for 18 h at 30°C with 0.086U EGCase. One unit of EGCase I was defined as the amount of enzyme that hydrolyzes 1 μmol of GM3 per minute at 30°C. Released glycans were labeled with a mixture containing 30 mg anthranilic acid, 20 mg boric acid, 40 mg sodium acetate, and 45 mg sodium cyanoborohydride at 80°C for 45 min.

Labeled glycans were analyzed using an Agilent 1200 SL HPLC system and a normal-phase column (Accucore-150-Amide-HILIC, 2.6 μm, 2.1 × 150 mm, Thermo Fisher). Dried samples were re-solubilized in water:DMF:acetonitrile in the ratio 1:1:2 and 15 μL was injected. The fluorescence detector was set to monitor at 320 nm excitation and 420 nm emission, and all chromatography was performed at 40°C. Mass spectra were acquired in negative mode using an Agilent 6220 Accurate-Mass TOF HPLC/MS system with a dual spray electrospray ionization source along with a secondary reference sprayer for a reference mass solution. Data analysis was performed using the Agilent MassHunter Qualitative Analysis software package version B.07.01.



Single-Particle Tracking of Integrin Receptors

In single particle tracking and TIRF imaging experiments the washing buffer was HBSSB (1% BSA, Hank's Balanced Salt Solution). TS2/4 mAb was purified from HB244 cell line (American Type Culture Collection, ATCC). A Cy5-antibody conjugate was generated using an NHS ester of Cy5 (GE Healthcare, Buckinghamshire, UK) using the manufacturer's protocol. The dye:antibody ratio was measured at 3.7 dye per antibody after purification. A final concentration of 30 ng mL−1 of labeled protein was added into a sample of 1 × 106 treated cells. Cells were washed 3 times with HBSSB buffer after labeling at 37°C for 15 min. Labeled cells were re-suspended in 1 mL HBSSB and transferred to a 24-well cell culture plate containing a coverglass which was previously treated with 10 μg mL−1 of poly-L-lysine. The plate was spun at 400 g for 7 min, and the well was washed 3 times with HBSSB to remove unattached cells. The coverglass was transferred onto a microscopy slide and sealed with Cytoseal 60 (Thermo Fisher Scientific, Waltham, MA). All tracking data were acquired within 30 min of sealing. Tracking videos were taken on a NIKON Ti TIRF microscopy with 638 nm laser excitation and a 690 ± 40 nm filter with a 60 × TIRF objective (NA 1.49) with an additional 1.5 × magnifier (providing a final resolution of 252 nm pixel−1). Videos were acquired at 10 FPS for 10 s and analyzed with u-track (Jaqaman et al., 2008) in Matlab (2012b). Trajectories with fewer than 20 steps were discarded. The intensity of the trajectories was used to exclude the top and bottom 5 % of trajectories from the analysis. The data were processed using custom scripts in MATlab (Cairo et al., 2006).



Total Internal Reflection Fluorescence Microscope (TIRF) Imaging and Cluster Analysis

Cells were treated identically to those used for SPT, followed by fixation with 1% paraformaldehyde (PFA) in PBS at 4°C for 60 min. The fixed cells were washed with PBS twice, and 2 × 105 fixed cells from each treatment were re-suspended in 200 μL PBS. The cells were labeled with Cholera toxin B FITC (CTB-FITC, 5 μg mL−1; Sigma-Aldrich, Oakville, Ontario, Canada) and TS2/4-Cy5 (500 ng mL−1) at room temperature for 10 min. Labeled cells were washed twice with PBS, re-suspended in 1 mL PBS, and transferred to a 24-well cell culture plate containing a coverglass (poly-L-Lysine treated). The plate was spun at 400 g for 7 min, and the well was washed 3 times with PBS. The coverglass was transferred to a microscope slide and sealed with Cytoseal 60, followed by imaging using TIRF. More than three independent labeling samples were imaged for each treatment.

TIRF imaging for cluster analysis was performed using an identical protocol as described above, with a lower concentration of the TS2/4-Cy5 conjugate (80 ng mL−1). Fifteen cells were chosen for analysis based on DIC (the cells were apparently healthy and round) and staining (TIRF image showed TS2/4 labeling on the whole cell). Images of individual cells were processed in ImageJ by applying a threshold to identify labeled pixels and processed using the analyze particle function to measure clusters larger than 4 pixel2 (0.07 mm2).



ICAM-1 Adhesion Assay

To prepare ICAM-1–bead complexes purified ICAM-1 protein (5 μg, R&D systems, Minneapolis, MN, USA) was incubated with 25 μL of a 2% solution of 1 μm microbeads (yellow-green sulfate microspheres; Life Technologies, Burlington, ON, Canada) in a final volume of 100 μL (in 50 mM PBS, pH 8.3) for 8 h at 4°C. After incubation, a solution of PBS (50 mM) containing 2% BSA (100 μL) was added and the suspension of beads and was incubated overnight at 4°C. The beads were stored at 4°C and used within 24 h.

Jurkat T cells or PBMC were treated as above with PBS as the washing buffer. Treatment with DANA was at 100 μM. Treated cell samples contained 3 × 106 cells in 1 mL PBS, and were labeled with 10 μL of ICAM-1 or control beads followed by incubation at 37°C for 15 min. The labeled cells were washed with PBS three times and resuspended in 1 mL of PBS followed by analysis on an Accuri C6 flow cytometer.



Homotypic Aggregation of Jurkat Cells

Jurkat cells were washed with PBS three times and re-suspended in PBS at a concentration of 2 × 105 cells mL−1. Cells were transferred to solutions with the following conditions: buffer alone, NEU3 (0.01875 U), or NanI (0.01875 U). All samples had a final concentration of 10% NEU3 storage buffer and 0.6% binding buffer (100 mM CAPS, 0.15M NaCl, 1 mM calcium chloride, pH 11.0). All samples were stained with 1 μg mL−1 Calcein AM (Life Technologies, Burlington, ON, Canada). Samples were transferred to a 96-well- plate (200 μL per well). The plate was incubated at 37°C for 3 h. Fluorescent images were taken with a NIKON Ti microscope using a 20x objective and a FITC filter set. Four images were taken for each well to provide 24 images for each condition. The images were analyzed with CellProfiler (Version 2.1.1) (Carpenter et al., 2006; Bray et al., 2015). The total number of the cells in each image, and the number of single cells (cells not in any clusters) were counted in CellProfiler. The amount of aggregation was calculated as (total number of cells – numbers of single cells)/total number of cells. Results were confirmed using at least two independent repeats.



Integrin Endocytosis

Samples of sulfo-NHS-SS-Biotin and streptavidin-resin were obtained from Thermofisher, USA. Glutathione (GSH) was purchased from Sigma-Aldrich. Antibodies for β1 integrin (clone EP1041Y), β2 integrin (clone EP1286Y), HRP-conjugated goat anti-rabbit secondary antibody (ab6721) were obtained from Abcam, USA.

Biotin-based endocytosis assays were performed as previously described with slight modifications (Cihil and Swiatecka-Urban, 2013). Jurkat T cells were grown in 10% FBS-containing medium T-75 flasks (Corning, USA). Cells were collected by centrifugation at 300 g for 2 min and 2 × 106 cells were placed in separate Eppendorf tubes. Samples were placed on ice and washed once with cold PBS, and then labeled with 0.8 mg mL−1 of sulfo-NHS-SS-biotin for 60 min at 4°C. Cells were then centrifuged again and unbound biotin was washed away with cold medium. Cells were then resuspended in prewarmed medium with or without treatment and biotin-labeled surface proteins were allowed to internalize at 37°C for 30 min. Enzyme treatments were performed in PBS buffer (pH 7.0) with 0.02 U of NEU3 or NanI. Cold medium was immediately added, and samples were put over ice. Any remaining biotin at the cell surface was removed with GSH buffer (75 mM sodium chloride, 1 mM magnesium chloride, 0.1 mM calcium chloride, 50 mM GSH, and 80 mM sodium hydroxide) for 30 min at 4°C, followed by multiple washes with cold PBS. The cells were pelleted and treated with lysis buffer [150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0 and phosphatase and protease inhibitor cocktails (Roche, USA)] at 4°C for 30 min. The lysate was clarified by ultra-centrifugation at 18,000 × g for 10 min. Supernatants were collected, and a BCA assay was used to calibrate protein concentrations. Equal amounts of protein were incubated with streptavidin-resin with agitation at 4°C overnight. The resin was washed once with lysis buffer and boiled with 2x Laemmeli sample buffer containing 100 mM DTT. Endocytosed biotinylated β1 and β2 integrins were measured by separate western blots for the respective β-chains.



LFA-1 Antibody Binding

MEM148 antibody was purchased from AbD Serotec (Raleigh, NC, USA); TS1/22 antibody was purchased from Fisher Scientific Ottawa, ON, Canada. A sample of cells (Jurkat or PBMC, 1 × 106) were treated with NEU3 (0.01875 U) or NanI (0.01875 U) for 3 h, or PMA (200 ng mL−1) for 30 min. Incubations were done at 37°C at 5% CO2, followed by washing with PBS, centrifugation, and re-suspension in PBS buffer (900 μL). Cells were then divided into aliquots and labeled with TS1/22 or MEM148 antibodies for 30 min. Cells were then washed three times with PBS and re-suspended with PBS with AF-647–conjugated secondary antibody at 1:1000 dilution for 10 min. Cells were again washed three times and fixed with 1 % PFA for 10 min before analyzing using an Accuri C6 flow cytometer.



Lectin Blotting of LFA-1

Purified LFA-1 (R&D systems, USA; 50 μg) was biotinylated with sulfo-NHS-SS-biotin and immobilized on Neutravidin resin (600 μL) overnight at pH 7. The suspension was then washed three times with PBS buffer (pH 7.0). The immobilized LFA-1 was then treated with NEU3 (0.01875 U) or NanI (0.01875 U) and the mixture was incubated for 3 h at 37°C. The resin was washed three times to remove contaminating proteins, followed by incubation at 95°C for 10 min in the presence of DTT (100 mM) to release LFA-1 from the resin. Buffer exchange was done to remove excess DTT, and a BCA assay was carried out to determine the protein concentration of each sample. Equal amounts of the protein were then loaded on an SDS-PAGE gel, transferred to a nitrocellulose membrane, and detected using biotinylated peanut agglutinin (PNA), M. amurensis agglutinin (MAA), or S. nigra (SNA) lectins (Bio-World, Ohio, USA) at 1:500 dilution. Lectins were imaged with streptavidin-HRP (1:200 dilution) and band intensity was analyzed using ImageJ.
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Invariant natural killer T (iNKT) cells, which are activated by T cell receptor (TCR)-dependent recognition of lipid-based antigens presented by the CD1d molecule, have been shown to participate in the pathogenesis of many diseases, including asthma and liver injury. Previous studies have shown the inhibition of iNKT cell activation using lipid antagonists can attenuate iNKT cell-induced disease pathogenesis. Hence, the development of iNKT cell-targeted glycolipids can facilitate the discovery of new therapeutics. In this study, we synthesized and evaluated α-lactosylceramide (α-LacCer), an α-galactosylceramide (α-GalCer) analog with lactose substitution for the galactose head and a shortened acyl chain in the ceramide tail, toward iNKT cell activation. We demonstrated that α-LacCer was a weak inducer for both mouse and human iNKT cell activation and cytokine production, and the iNKT induction by α-LacCer was CD1d-dependent. However, when co-administered with α-GalCer, α-LacCer inhibited α-GalCer-induced IL-4 and IFN-γ production from iNKT cells. Consequently, α-LacCer also ameliorated both α-GalCer and GSL-1-induced airway hyperreactivity and α-GalCer-induced neutrophilia when co-administered in vivo. Furthermore, we were able to inhibit the increases of ConA-induced AST, ALT and IFN-γ serum levels through α-LacCer pre-treatment, suggesting α-LacCer could protect against ConA-induced liver injury. Mechanistically, we discerned that α-LacCer suppressed α-GalCer-stimulated cytokine production through competing for CD1d binding. Since iNKT cells play a critical role in the development of AHR and liver injury, the inhibition of iNKT cell activation by α-LacCer present a possible new approach in treating iNKT cell-mediated diseases.
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INTRODUCTION

Invariant natural killer T (iNKT) cells are a rare subset of T cells that possess properties of both conventional T and natural killer (NK) cells (Wu and Van Kaer, 2011; Cameron et al., 2015). Unlike conventional T cells, iNKT cells express a highly restricted T cell receptor (TCR)-α chain (Vα14/Jα18 in mice and Vα24/Jα18 in humans) and a moderately diverse TCR-β chain (Vβ2, Vβ7, and Vβ8 in mice and Vβ11 in humans; Carreno et al., 2016). iNKT cells are activated through invariant TCR by the recognition of lipid-based antigens presented by the MHC class I-like CD1d molecule found on antigen presenting cells (Laurent et al., 2014; Cameron et al., 2015). Activated iNKT cells produce large quantities of cytokines including the Th2 cytokine IL-4 and the Th1 cytokine IFN-γ, which can enhance the function of other immune cells such as NK, B and T cells (Carnaud et al., 1999; Kitamura et al., 2000; Brigl et al., 2003). Therefore, iNKT cells play a key role in bridging the innate and adaptive immunity.

Due to their restricted TCR rearrangements, all iNKT cells share the ability to recognize glycolipids with their sugar head attached in an α-anomeric configuration to the polar head group of a lipid (Kjer-Nielsen et al., 2006). α-galactosylceramide (α-GalCer), also known as KRN7000, is the prototypical glycolipid of this type and has the capability to activate all iNKT cells with a mixed Th1 and Th2 response when presented by CD1d molecule (Kawano et al., 1997; Zhang et al., 2008). α-Glucuronosylceramide (GSL-1), a glycolipid extracted from Sphingomonas bacteria, represents another CD1d ligand with α-linked glucuronic acid and a mixture of at least three different sphingosine bases (Perola et al., 2002; Kinjo et al., 2005). Similar to α-GalCer, GSL-1 is also a potent stimulator of iNKT cells, primarily by engaging the TCR expressed by these cells (Perola et al., 2002; Kinjo et al., 2005; Long et al., 2007). Consequently, both α-GalCer and GSL-1 are commonly used to study the function of iNKT cells or iNKT cell-related diseases.

iNKT cells have been implicated in a number of immune-related diseases due to their multi-functional responses. Activated iNKT cells can enhance tumor immunity (Kawano et al., 1999; Aspeslagh et al., 2013) as well as suppress autoimmune disease (Singh et al., 2001). However, they are also associated with the disruption of mucosal homeostasis in the intestines and airways (Nau et al., 2014) and contribute to allergic airway inflammation in various allergen models, including ovalbumin (OVA) and house dust mite (HDM) extract, through Th2-biased cytokine responses (Akbari et al., 2003; Lisbonne et al., 2003; Wingender et al., 2011). Furthermore, both α-GalCer and GSL-1 have been shown to induce airway hyperreactivity (AHR) through iNKT cell activation as glycolipid-induced AHR was abolished in iNKT cell-deficient CD1d−/− (human CD1d analog) and Jα18−/− mice (Meyer et al., 2006). Additionally, iNKT cells also contribute to concavalin A (ConA)-induced hepatitis by inducing liver injury (Kaneko et al., 2000; Takeda et al., 2000). Given their pathogenic roles, the development of lipid antagonist that limit the activation of pathogenic iNKT cells may be of therapeutic relevance.

In this paper, we examined the effects of α-lactosylceramide (α-LacCer), an α-GalCer analog with a lactose head instead of galactose head and a shortened acyl chain in the ceramide tail, on iNKT cells. We found that α-LacCer weakly induced mouse and human iNKT cell activation in a CD1d-dependent manner. However, when co-treated with α-GalCer, α-LacCer suppressed the iNKT cell-activating properties of α-GalCer in terms of IL-4 and IFN-γ production. The therapeutic application of α-LacCer was evaluated in vivo, in which this glycolipid effectively attenuated α-GalCer- and GSL-1-induced AHR and Con-A-mediated liver injury. Lastly, our results in the plate-bound CD1d binding assay suggested the inhibitory function of α-LacCer was mediated by competitive CD1d binding.



MATERIALS AND METHODS


Mice

Eight- to ten-week-old C57BL/6 and BALB/c female mice were purchased from National Laboratory Animal Center (Taipei, Taiwan). CD1d−/− (human CD1d analog) mice (Stock No: 002962) were purchased from The Jackson Laboratory (Maine, USA). All animals were housed under specific pathogen-free conditions. This study (13-03-525) was carried out in accordance with the recommendations and guidelines of Academia Sinica Institutional Animal Care and Use Committee (IACUC), and all protocols were approved by the IACUC.



Reagents

α-GalCer (KRN7000) was purchased from Funakoshi (Tokyo, Japan). RPMI 1640, DMEM, newborn calf serum (NBCS), and red blood cell (RBC) lysis buffer were purchased from Gibco™ (Waltham, MA, USA). Fetal bovine serum (FBS) was purchased from Biological Industries (Beit-Haemek, Israel). Recombinant mouse IL-2 and GM-CSF were purchased from BioLegend (San Diego, CA, USA). Recombinant mouse IL-15, human IL-4, and GM-CSF were purchased from PeproTech (Rocky Hill, NJ, USA). Recombinant human IL-2 was purchased from eBioscience (San Diego, CA, USA).



In vitro Stimulation of Mouse Vα14+T Hybridomas, Splenocytes, and iNKT Cells

Vα14+T hybridomas (NK1.2), A20 and A20-CD1d cells, which were maintained in cRPMI medium, were kindly provided by Dr. Mitchell Kronenberg (La Jolla Institute, CA). For mouse Vα14+T hybridoma stimulation, NK1.2 cells (105) were co-cultured with A20 or A20-CD1d cells (5 × 104) and stimulated with glycolipid. Splenic iNKT cells were expanded with α-GalCer, and CD1d tetramer+ TCRβ+ cells were sorted by FACSAria (BD Bioscience, San Jose, CA, USA) with a purity of >95%, and sorted iNKT cells were cultured with IL-2 and IL-15 and rested for 24 h before use. For mouse iNKT cell stimulation, sorted mouse iNKT cells (105) were co-cultured with irradiated GM-CSF-treated bone marrow-derived dendritic cells (3 × 104) and before stimulation with glycolipids. Mouse splenocytes (106) were isolated from fresh mouse spleen via mechanical dissociation before stimulation with glycolipids. Neutralization of CD1d was performed with 0.5 μg/well of anti-CD1d antibody (1B1, eBioscience).



In vitro Culture of Human PBMCs and iNKT Cells

Human peripheral blood mononuclear cells (PBMCs) from healthy volunteers were collected from whole blood through gradient-centrifugation with Histopaque-1077 (Sigma-Aldrich). Human iNKT cells were isolated from PBMCs as described previously (Kim et al., 2011). This study (AS-IRB-BM-15054 v.1) was carried out in accordance with the recommendations and guidelines of Academia Sinica Institutional Review Board on Biomedical Science Research (IRB-BM) with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the IRB-BM. 0.5 μg/well of anti-CD1b antibody (SN13, BioLegend) and anti-CD1d antibody (51.1, BioLegend) were used for blocking CD1b and CD1d, respectively.



Measurement of Airway Hyperreactivity in Mice

BALB/c mice were intranasally (i.n.) administered with 1 μg of α-GalCer or 10 μg of GSL-1 in the presence or absence of 1 μg α-LacCer for 24 h. Mice were anesthetized with 100 mg/kg in body weight of pentobarbital (Sigma-Aldrich), tracheotomized and mechanically ventilated via the FinePointe RC system (Buxco Research Systems, Wilmington, NC, USA). AHR was assessed by measuring the lung resistance and dynamic compliance in response to increasing doses of aerosolized methacholine (1.25–40 mg/mL, Sigma-Aldrich).



Collection and Analysis of BALF From Mice

Upon exposure of trachea, the airway was lavaged twice with 1 ml of PBS supplemented with 2% FCS. BALF was pooled, and cells were pelleted by centrifugation and fixed onto slides. The slides were stained with Diff-Quik solution (Polysciences Inc.), and differential cell count was performed.



Murine Lung Cell Isolation

The whole lungs were flushed by PBS injection (supplemented with 2% FCS) through the right ventricle and minced prior to incubation in 3 ml DMEM medium with 0.1% (v/v) DNase I (Worthington Biochemicals) and 1.6 mg/mL collagenase IV (Worthington Biochemicals) for 40 min at 37°C. Tissues were filtered through a 100 μm mesh to obtain single cell suspensions. Red blood cells were removed by incubating in ACK lysing buffer (GIBCO) for 5 min at 25°C. Single cell suspensions were suspended in the appropriate buffer for further processing.



Flow Cytometry

Single cell suspensions were stained with fixable viability dye eFluor® 780 (eBioscience) for 30 min at 4°C, and Fc receptors were blocked with anti-CD16/32 (BioLegend) blocking antibody prior to surface staining with antibodies. Antibodies for surface staining used are listed, mouse: CD45 (30-F11, BioLegend), TCR β (H57-597, BioLegend), CD69 (H1.2F3, eBioscience), CD1d tetramer (NIH); human: CD45 (HI30, eBioscience), TCRα/β (IP26, BioLegend), CD69 (FN50, BioLegend), Vα24 (6B11, BD Bioscience). For intracellular staining, single cell suspensions were stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich), 1 μg/mL ionomycin (Sigma-Aldrich) and 1 μg/mL Golgi stop A (BD Biosciences) for 4 h. After surface staining, cells were fixed and permeabilized with Cytofix/Cytoperm solution (BD biosciences) and further stained intracellularly with human IFNγ (B27, BioLegend) and human IL-4 (MP4-25D2, BioLegend). For Ki67 staining, cells were fixed and permeabilized with Cytofix/Cytoperm solution (eBioscience), and further stained with Ki67 (SolA15, eBioscience). Data were acquired using LSR II (BD Biosciences) and analyzed using the FlowJo software (BD Biosciences).



Murine ConA-Induced Liver Injury Model

BALB/c or CD1−/− mice were injected intravenously (i.v.) with 25 mg/kg ConA (Sigma-Aldrich) for 24 h. In α-LacCer protection experiments, BALB/c mice were pre-treated with 5 μg/ml α-LacCer (i.p.) for 24 h prior to ConA treatment. Serum was collected at 0, 6, and 24 h for aspartate aminotransferase (AST) and alanine aminotransferase (ALT) detection, and livers were harvested at 24 h post-injection for H&E staining.



Plate-Bound CD1d Binding Assay

96-well strepavidin plates (Thermo scientific) were incubated with 0.5 μg of mouse CD1 or human CD1d monomer protein per well in PBS for 24 h in dark at room temperature. Plate was washed with PBS twice, and indicated glycolipids were loaded and incubated overnight under 37°C. After 24 h, the plate was washed twice, and 105 iNKT cells were added and cultured for 48 h. The supernatant was harvested, and the levels of IFN-γ and IL-4 were detected by ELISA.



ELISA

Cytokines (mouse IL-2, IL-4, and IFNγ; human IFNγ and IL-4) in culture supernatant, lung lysate, serum, or BALF of mice were analyzed with ELISA kits from Biolegend, with the exception of mouse IL-13 (eBioscience). For the determination of cytokine concentrations in vivo, lungs were flushed and minced thoroughly prior to sonication with Bioruptor® Plus sonicator (Diagenode) in RIPA buffer. Lung protein lysate was obtained via centrifugation. To determine cytokine concentrations in the serum, blood samples collected from mice were incubated at room temperature to allow coagulation and the collection of sera.



Statistics

Data were analyzed with the GraphPad Prism software (GraphPad Prism software, San Diego, CA, USA). Statistical analysis was determined using the Student's two-tailed t-test and the two-way analysis of variance (ANOVA).




RESULTS


α-LacCer Activates NK1.2 Hybridoma and Mouse iNKT Cells in a CD1d-Dependent Manner

The synthetic protocol of α-LacCer, a new α-GalCer analog with lactose substitution at the galactose head (Hsieh et al., 2014), is shown in Supplementary Figure 1, where a trimethylsilyl protected ceramide was reacted with an activated lactosyl iodide to give the alpha-lactoside in 61% purified yield. Deprotection of the acetate protecting groups quantitatively afforded the desired material for this study. The structures of α-GalCer and α-LacCer are shown in Figure 1A, respectively.
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FIGURE 1. α-LacCer activates NK1.2 hybridoma and mouse iNKT cells in a CD1d-dependent manner. (A) The structures of α-galactosyl ceramide (α-GalCer) and its analogs, α-lactosyl ceramide (α-LacCer). (B) Vα14+ T hybridoma cells (NK1.2) were co-cultured with A20-CD1d cells in the presence of α-GalCer (100, 1,000 ng/ml) or α-LacCer (10, 100, 1,000 ng/ml) for 48 h. The level of IL-2 in the supernatant was measured (n = 3–4). (C,D) Sorted mouse iNKT cells in co-culture with irradiated BMDCs were stimulated with α-GalCer (100 ng/ml) or α-LacCer (10, 100, 1,000 ng/ml) for 48 h, and the levels of IFN-γ (C) and IL-4 (D) in the supernatant were measured (n = 3). (E,F) Sorted mouse iNKT cells in co-culture with irradiated CD1d−/− or WT BMDCs were stimulated with α-GalCer (100 ng/ml) or α-LacCer (100 ng/ml) for 48 h. The levels of IFN-γ (E) and IL-4 (F) in the supernatant were measured (n = 3). Data are representative of three independent experiments and presented as means ± s.e.m. [*P < 0.05, **P < 0.01, and ***P < 0.001; Student's t-test (B–F)].


We first assessed their immune-stimulating activities in both Vα14+T hybridoma cells (NK1.2) and primary mouse iNKT cells. In comparison to α-GalCer, α-LacCer induced a lower level of IL-2 production by NK1.2 cells (Figure 1B). Similarly, the levels of IFN-γ (Figure 1C) and IL-4 (Figure 1D) produced by α-LacCer-treated iNKT cells co-cultured with DCs were lower than cells treated with α-GalCer. Moreover, mouse iNKT cells failed to produce IFN-γ (Figure 1E) and IL-4 (Figure 1F) in response to both glycolipids when co-cultured with CD1d−/− DCs, suggesting both α-GalCer and α-LacCer induce mouse iNKT cell activation in a CD1d-dependent manner.



α-LacCer Suppresses α-GalCer-Induced Cytokine Production in vitro and in vivo

Since α-LacCer has been shown as a CD1d ligand weakly inducing iNKT cell activation, we theorized α-LacCer might be a good candidate to suppress iNKT cell activation by competing for CD1d-binding. To prove this hypothesis, we co-treated splenocytes with α-GalCer and α-LacCer. We observed that α-LacCer co-treatment reduced α-GalCer-induced IFN-γ (Figure 2A) and IL-4 (Figure 2B) production by mouse splenocytes. Additionally, α-LacCer inhibited α-GalCer-induced IL-2 production by NK1.2 hybridomas (Figure 2C), as well as IFN-γ (Figure 2D) and IL-4 (Figure 2E) production by mouse iNKT cells co-cultured with DCs. To further determine the inhibitory characteristic of α-LacCer, we performed a functional assay using NK1.2 hybridomas and measured the IC50 as 2.917 μg/ml against α-GalCer (Figure 2F).
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FIGURE 2. α-LacCer suppresses α-GalCer-induced cytokine production in vitro. (A,B) Splenocytes from BALB/c mice were stimulated with 100 ng/ml α-GalCer in the presence or absence of α-LacCer (5 or 20 μg/ml) for 48 h. The levels of IFN-γ (A) and IL-4 (B) in the supernatant were measured (n = 3). (C,D) Sorted mouse iNKT cells were co-cultured with irradiated BMDCs and stimulated with α-GalCer (100 ng/ml) in the presence or absence of α-LacCer (5 or 20 μg/ml) for 48 h. The levels of IFN-γ (C) and IL-4 (D) in the supernatant were measured (n = 3). (E) NK1.2 cells in co-culture with A20-CD1d cells were stimulated with 100 ng/ml α-GalCer in the presence or absence of α-LacCer (100, 1,000, or 10,000 ng/ml) for 48 h. The level of IL-2 in supernatants was measured (n = 3). (F) NK1.2 cells in co-culture with A20-CD1d cells were stimulated with 100 ng/ml α-GalCer in the presence of incremental levels of α-LacCer (0.1–100 μg/ml) for 48 h. The level of IL-2 in supernatants was measured (n = 4), and GraphPad Prism was utilized for calculating the IC50. Data are representative of three independent experiments and presented as means ± s.e.m. [n.s., not significant; **P < 0.01 and ***P < 0.001; Student's t-test (A–F)].


To determine the inhibitory effect of α-LacCer in vivo, BALB/c mice were injected intraperitoneally with 1 μg α-GalCer in the presence or absence of 1 μg α-LacCer. We found that α-LacCer co-treatment reduced α-GalCer-induced lung iNKT cell activation (Figure 3A) and proliferation (Figure 3B), as determined by the expressions of CD69 and Ki67, respectively. Furthermore, mice receiving α-GalCer and α-LacCer showed lower levels of lung IFN-γ and IL-4 comparing to α-GalCer-treated mice (Figure 3C). Taken together, these data indicate that α-LacCer suppress α-GalCer-induced iNKT activation, proliferation and cytokine production in vitro and in vivo.
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FIGURE 3. α-GalCer-induced iNKT cell activation and proliferation are suppressed by α-LacCer in vivo. BALB/c mice were injected intraperitoneally with 1 μg of α-GalCer and α-LacCer, and the lungs were harvested 3 days post-injection. (A) Flow cytometry analysis of CD69 and Ki67 expressions in iNKT cells (CD45+TCRβ+CD1d tetramer+ cells). (B) Absolute numbers of total, CD69+, and Ki67+ iNKT cells calculated from the flow cytometry data (n = 3). (C) IFN-γ and IL-4 levels in the lung lysates were measured by ELISA (n = 3). Data are representative of three independent experiments and presented as means ± s.e.m. [**P < 0.01 and ***P < 0.001, Student's t-test (B,C)].




α-LacCer Inhibits α-GalCer-Induced Lung iNKT Cell Activation and Airway Hyperreactivity (AHR)

Previous studies have shown that activation of lung iNKT cells by α-GalCer mediated the development of AHR and airway inflammation (Meyer et al., 2006; Wingender et al., 2011). Thus, we wondered whether α-LacCer could suppress α-GalCer-induced AHR. We treated mice intranasally with α-GalCer in the presence or absence of α-LacCer for 24 h. We found α-LacCer co-treatment attenuated α-GalCer-induced AHR (Figure 4A) and neutrophil infiltration in the bronchoalveolar lavage fluid (BALF) (Figure 4B). Accordingly, α-GalCer-induced IL-4 and IL-13 production were significantly inhibited by α-LacCer (Figure 4C). Similar suppression was observed in the GSL-1-induced AHR model (Figure 4D), further highlighting the therapeutic potential of α-LacCer for the treatment of asthma.


[image: Figure 4]
FIGURE 4. α-LacCer suppresses α-GalCer and GSL-1-induced airway hyperreactivity. BALB/c mice were treated intranasally with 1 μg α-GalCer (A–C) or 10 μg GSL-1 (D) in the presence or absence of 1 μg α-LacCer for 24 h. (A,D) Changes in lung resistance (RL) in response to increasing doses of methacholine [n = 6–8/group in (A); n = 3–5/group in (D)]. (B) The numbers of macrophage (Mac), neutrophil (Neu), eosinophil (Eos), and lymphocyte (Lym) in the BALF (n = 7–8). (C) The levels of IL-4 and IL-13 in the lungs assessed using ELISA (n = 4). Data are representative of three independent experiments and presented as means ± s.e.m. [*P < 0.05, **P < 0.01, and ***P < 0.001; Two-way ANOVA (A,D) and Student's t-test (B,C)].




α-LacCer Protects Against ConA-Induced Liver Injury

iNKT cells have been shown to participate in ConA-induced liver damage (Mattner, 2013). Hence, we examined whether α-LacCer could protect against iNKT cell-mediated liver damage. In accordance to a previous study (Takeda et al., 2000), ConA induced liver damage in WT, but not iNKT cell-deficient CD1d−/− mice (Figures 5A,B). Likewise, serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were markedly lower in ConA-treated CD1d−/− mice compared to their WT counterpart (Figure 5C), implying that ConA-induced hepatitis was iNKT cell-dependent.


[image: Figure 5]
FIGURE 5. α-LacCer protects against ConA-induced liver injury. (A–C) ConA was injected intravenously (25 mg/kg) into BALB/c (n = 3) or CD1d−/− mice (n = 3). Sera were collected at 0, 6, and 24 h post-injection, and mice were sacrificed at 24 h post-injection. (A) H&E stained liver sections (Scale bar = 500 μm). (B) Percentage of liver damage area. (C) Serum levels of ALT and AST. (D–G) BALB/c mice were first pre-treated intraperitoneally with α-LacCer (5 μg/ml) for 24 h and followed by ConA (25 mg/kg; i.v.) administration. Sera and livers were harvested 24 h post-ConA treatment. (D) H&E stained liver sections (Scale bar = 200 μm). (E) Percentage of liver damage area (n = 3). (F) Serum levels of AST and ALT (n = 4). (G) The serum IFN-γ level measured by ELISA (n = 4). Data are representative of three independent experiments and are presented as means ± s.e.m. [*P < 0.05, **P < 0.01, and ***P < 0.001; Student's t-test (B,C,E–G)].


We next examined whether the pre-treatment with α-LacCer could protect against ConA-induced liver damage. α-LacCer was injected intraperitoneally 24 h before ConA injection, and the extent of liver damage was measured. We found that α-LacCer pre-treatment significantly reduced the percentage of liver damage area (Figures 5D,E). Similarly, ConA-induced AST, ALT (Figure 5F), and IFN-γ (Figure 5G) production in sera were suppressed by α-LacCer. These data demonstrated the protective effect of α-LacCer against ConA-induced liver injury.



α-LacCer Suppresses α-GalCer-Induced Activation and Cytokine Production by Human iNKT Cells

To examine the possible effects of α-LacCer in human, human iNKT cells were isolated and co-cultured with irradiated DCs with α-GalCer or α-LacCer in the presence or absence of anti-human CD1b or anti-human CD1d antibody. Human iNKT cells showed little to no induction of IFN-γ and IL-4 when treated with α-LacCer comparing to α-GalCer (Figure 6A). Additionally, the induction was CD1d-dependent as blocking CD1d, but not CD1b, impaired cytokine production induced by α-GalCer. α-LacCer also failed to induce iNKT cell proliferation (Ki67+ cells) and activation (CD69+ cells) in terms of percentage (Figure 6B) and frequency (Figure 6C). Furthermore, α-LacCer co-treatment significantly suppressed α-GalCer-induced IFN-γ secretion from human PBMC (Figure 6D) and human iNKT cells (Figure 6E). Overall, these data indicated that α-LacCer effectively inhibited both human and mouse iNKT cell activation and cytokine production.
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FIGURE 6. α-LacCer suppresses α-GalCer-induced cytokine production by human iNKT cells in vitro. (A) Sorted human iNKT cells were stimulated with α-GalCer and α-LacCer (1 μg/ml) in the absence or presence of anti-CD1b or anti-CD1d antibody for 72 h. The levels of IFN-γ and IL-4 in the supernatant were analyzed (n = 3–6). (B,C) Human PBMCs were cultured with 1 μg/ml α-GalCer and α-LacCer for 7 days. (B) FACS analysis of CD69, IFN-γ, and IL-4 expressions in human iNKT cells (CD45+tetra-CD1d+TCRβ+). (C) Absolute numbers of total and CD69+ iNKT cells. (D) Human PBMCs were stimulated with α-GalCer (100 ng/ml) in the presence or absence of α-LacCer (1 μg/ml) for 3 days. The level of IFN-γ was analyzed (n = 3). (E) Human iNKT cells were cultured with irradiated DCs pre-treated with 100 ng/ml α-GalCer in the absence or presence of 1 μg/ml α-LacCer for 3 days. The levels of IFN-γ and IL-4 were analyzed (n = 3–5). Data are representative of three independent experiments and presented as means ± s.e.m. [n.s., not significant; *P < 0.05, **P < 0.01, and ***P < 0.001; Student's t-test (A,C–E)].




α-LacCer Suppresses α-GalCer-Stimulated Cytokine Production by iNKT Cells by Competing for CD1d Binding

Since α-LacCer could be docked into both mouse CD1-iNKT TCR and human CD1d-iNKT TCR complexes (Data not shown), we hypothesized that the suppressive effect exhibited by α-LacCer toward α-GalCer might be due to the competitive binding to CD1d. We examined this hypothesis by performing the cell-free plate-bound CD1d assay. We pre-loaded mouse CD1d and human CD1d-coated plates with α-GalCer or α-LacCer, followed by a second loading with α-LacCer or α-GalCer, respectively. Pre-loading with α-LacCer reduced α-GalCer-induced IFN-γ (Figure 7A) and IL-4 (Figure 7B) production in mouse iNKT cells. Similar results were obtained with human iNKT cells (Figures 7C,D). In short, our results suggested that α-LacCer suppressed α-GalCer-stimulated cytokine production by mouse and human iNKT cells by competing for CD1d binding.


[image: Figure 7]
FIGURE 7. α-LacCer suppresses α-GalCer-stimulated cytokine production by competing for CD1d binding. (A,B) Sorted mouse iNKT cells were cultured in the CD1-coated plate pre-loaded with 100 ng/ml α-GalCer or 1 μg/ml α-LacCer with or without the second loading of α-GalCer or α-LacCer for 48 h. The levels of IFN-γ (A) and IL-4 (B) in the culture supernatant were assessed (n = 3). (C,D) Sorted human iNKT cells were cultured in the CD1d-coated plate pre-loaded with α-LacCer (1 or 10 μg/ml) with the second loading of α-GalCer (100 ng/ml) for 48 h. The levels of IFN-γ (C) and IL-4 (D) in the supernatant were assessed (n = 3–6). Data are representative of three independent experiments and are presented as means ± s.e.m. [*P < 0.05, **P < 0.01, and ***P < 0.001; Student's t-test (A–D)].





DISUCSSION

In this study, we demonstrated that α-LacCer is a weak activator of mouse and human iNKT cells comparing to α-GalCer. Yet, when co-administered with α-GalCer in vitro, α-LacCer suppressed α-GalCer-induced mouse and human iNKT cell activation and cytokine production. Through a NK1.2 hybridoma-based functional assay, we measured the IC50 of α-LacCer as 2.917 μg/ml against α-GalCer. When co-administered with α-GalCer or GSL-1 in vivo, α-LacCer suppressed AHR development by both glycolipids, as well as α-GalCer-induced neutrophilic inflammation by inhibiting lung iNKT cell activation and cytokine production. Furthermore, α-LacCer protected against ConA-induced liver injury in a CD1d-dependent manner. Lastly, pre-loaded α-LacCer inhibited α-GalCer-stimulated IL-4 and IFN-γ production by iNKT cells in the plate-bound CD1d binding assay, suggesting the inhibitory effect of α-LacCer is due to its competition for CD1d binding. Results from this study highlighted the potential therapeutic utility of α-LacCer for the treatment of iNKT cell-associated diseases.

iNKT cells are associated with various allergic and non-allergic diseases. For instance, iNKT cells contribute to the induction of pathology in mucosal tissues of the airways and the gastrointestinal tract and drive allergic inflammatory reactions through the production of Th2 cytokines, as well as the recruitment and degranulation of mast cells and eosinophils (Nau et al., 2014). iNKT cells also contribute to lupus development by augmenting Th1-biased immune responses and autoantibody secretion (Zeng et al., 2003). Additionally, collagen-induced arthritis (CIA) is associated with iNKT cells because CIA can be ameliorated by blocking the interaction between CD1d and iNKT cells using anti-CD1d neutralizing antibody (Chiba et al., 2005). Furthermore, α-GalCer treatment in mice often leads to detrimental side effects, resulting in disease exacerbation rather than protection (Wu and Van Kaer, 2009). Hence, the pathogenic roles of activated iNKT cells in various diseases justify the need to develop new and improved therapeutic approaches targeting these cells.

Several lipids have been shown to suppress iNKT cell activation, but none have been developed pharmacologically. For instance, An et al. revealed that GSL-Bf717, a bacterial glycol sphingolipids extracted from Bacteroides fragilis, did not activate iNKT but could inhibit iNKT hybridoma activation when treated together with α-GalCer (An et al., 2014). In another study, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N[methoxy(polyethyleneglycol)-350 (DPPE-PEG350) was developed and reported to be effective in inhibiting iNKT cell activation and attenuating the development of allergen-induced AHR (Lombardi et al., 2010) and atherosclerosis (Li et al., 2016). Furthermore, a non-lipid based antagonist, Griffonia simplicifolia-derived isolectin B4 (IB4), has been shown to inhibit the sphingolipid isoglobotrihexosylceramide (iGb3)-induced iNKT cell stimulation by binding to the terminal Gal α1,3 Gal of iGb3, thus preventing its recognition by mouse Vα14 and human Vα24 iNKT cells (Keusch et al., 2000; Zhou et al., 2004). Hence, our findings add to the growing list of iNKT cell antagonists that can be exploited for therapeutic purposes. Mechanistically, the inhibitory function of α-LacCer on α-GalCer activity seems to involve the competitive binding of CD1d. However, this does not mean α-LacCer prevents the activation of iNKT through the inhibition of CD1d function. Rather, α-LacCer could still induce iNKT activation through CD1d while it is occupying the binding site, but at a much weaker level comparing to α-GalCer. This speculation is supported by the in vitro data showing that α-LacCer could activate iNKT in a CD1d-dependent manner, but with a much lower intensity in comparison to α-GalCer. However, the exact mechanism may require further investigation to reveal.

A similar glycolipid with lactose head, also called α-LacCer, was previously synthesized and found to activate both human and mouse iNKT cells as effectively as α-GalCer in terms of inducing IL-4, but not IFN-γ production (Zhang et al., 2008). This Th2-biased glycolipid exhibited both antitumor and anti-autoimmune disease effects, with greater potency than α-GalCer in ameliorating the latter disease. Contrary to this, the α-LacCer synthesized for our study is a weak iNKT cell activator when compared with the prototypical α-GalCer, as evidenced by the lower IFN-γ and IL-4 production, as well as the lack of iNKT cell expansion and activation when administered in vivo. The difference in potency is likely due to the different acyl chain length. The reported α-LacCer retains the 26-carbon long acyl chain found in the prototypical α-GalCer, whereas the α-LacCer synthesized in our study is 8 carbons shorter (C18). Truncation of the acyl chain has previously been shown to reduce the binding stability of glycolipids to CD1d without affecting TCR affinity (McCarthy et al., 2007). While this may explain the weaker activating property of our α-LacCer, it does not justify the observation that α-LacCer can effectively suppress α-GalCer-induced iNKT cell activation and the downstream effects through competitive CD1d binding. Hence, the difference in the activation potency between the reported α-LacCer and ours may be caused by other factors, and additional studies will be required to unravel the mechanisms involved.

We observed that α-LacCer effectively suppressed ConA-induced liver injury. Although it has been suggested that ConA-induced liver injury is CD1d-independent (Zeissig et al., 2017), a recent study reported that CD1d-mediated activation of iNKT cells is required for further activation of these cells in response to ConA (Wei et al., 2016). In their study, the authors demonstrated the importance of gut bacteria-derived glycolipids in driving hepatic iNKT cell activation. When comparing to specific pathogen-free mice, germ-free mice had lower levels of gut bacteria-derived glycolipids and were resistant to ConA-induced liver injury. Based on this finding, we postulate that α-LacCer may reduce ConA-induced liver damage by preventing the initial iNKT cell activation.

In summary, the data indicate that even though α-LacCer failed to potently activate iNKT cells, it did effectively suppress the iNKT cell-activating properties of α-GalCer both in vitro and in vivo. Moreover, α-LacCer attenuated α-GalCer, and GSL-1-induced AHR and ConA-triggered liver injury. As determined by the plate-bound CD1d binding assay, the pre-loading of α-LacCer prior to α-GalCer treatment attenuated the stimulatory properties of α-GalCer, suggesting that α-LacCer competed with α-GalCer for CD1d binding. In conclusion, this study characterized the biological function of α-LacCer highlighting the use of this glycolipid for the clinical treatment of iNKT cell-associated diseases.
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Galectins (formerly known as “S-type lectins”) are a subfamily of soluble proteins that typically bind β-galactoside carbohydrates with high specificity. They are present in many forms of life, from nematodes and fungi to animals, where they perform a wide range of functions. Particularly in humans, different types of galectins have been described differing not only in their tissue expression but also in their cellular location, oligomerization, fold architecture and carbohydrate-binding affinity. This distinct yet sometimes overlapping distributions and physicochemical attributes make them responsible for a wide variety of both intra- and extracellular functions, including tremendous importance in immunity and disease. In this review, we aim to provide a general description of galectins most important structural features, with a special focus on the molecular determinants of their carbohydrate-recognition ability. For that purpose, we structurally compare the human galectins, in light of recent mutagenesis studies and novel X-ray structures. We also offer a detailed description on how to use the solvent structure surrounding the protein as a tool to get better predictions of galectin-carbohydrate complexes, with a potential application to the rational design of glycomimetic inhibitory compounds. Finally, using Gal-1 and Gal-3 as paramount examples, we review a series of recent advances in the development of engineered galectins and galectin inhibitors, aiming to dissect the structure-activity relationship through the description of their interaction at the molecular level.
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GALECTINS IN CELLULAR BIOLOGY

Deciphering the complex structure of the sweet pattern elegantly disposed over different cell surfaces requires a wide variety of biomolecules specifically designed to interact with each particular moiety. Understanding the structure, dynamics, and recognition mechanism of the proteins responsible for this role is therefore of fundamental relevance to gain a deeper understanding of the underlying biological processes involved and develop potential therapeutic interventions. Galectins are one of the main groups of carbohydrate recognition proteins, and in humans, they are involved in a variety of physiological processes, many of which are directly linked with immunity and disease.

Galectins arose lately as novel actors in the modulation of physio-pathological processes. They have been implicated in many biological activities, ranging from functional early developmental processes, vascularization programs, cell migration, and regulation of immune system cells to either pro- or anti-inflammatory resolutions (Liu and Rabinovich, 2010; Di Lella et al., 2011; Thiemann and Baum, 2016). Galectins are deeply involved in pathogen recognition and killing, and in facilitating entry of microbial pathogens and parasites into the host (Vasta, 2009; Yang et al., 2011; Baum et al., 2014; Lujan et al., 2018). During infection, they are the subtle intermediators that decipher glycan-containing information about the host immune cells and microbial structures, and therefore modulate a diversity of signaling events that lead to cellular proliferation, survival, chemotaxis, trafficking, cytokine secretion, and cell-cell communication.

Extracellularly, most galectins act as soluble cell surface pattern recognition receptors, by these means regulating cell-cell communication (Arthur et al., 2015b). Their lectin activity, specifically directed toward β-galactoside moieties, is either coupled with a dimerization equilibrium, in tandem multi carbohydrate binding domain structure, or other oligomerization strategies, that prompt the formation of very complex supramolecular structures, often described as lattices (Sacchettini et al., 2001). In summary, the mechanism through which galectin extracellular functions are accomplished relies both on their carbohydrate-binding specificity, as well as on their lattice formation capabilities which are tightly related to galectin structure.



GALECTIN STRUCTURE

As described originally by Hirabayashi and Kasai (1993), galectins can be classified according to their domain organization in three groups: (i) the prototype galectins, which display a single Carbohydrate Recognition Domain (CRD) per polypeptide and usually form dimers, represented in humans by Gal-1,−2,−7,−10,−13, and−14; (ii) tandem repeat-type galectins, displaying two CRDs in tandem, represented by Gal-4,−8,−9, and−12; and finally the (iii) chimera-type galectins, where the CRD is fused to another non-lectin domain, represented by Gal-3 (Liu and Rabinovich, 2010; Di Lella et al., 2011; Thiemann and Baum, 2016). On the other hand, phylogenetic analysis based on sequence and intron/exon positions revealed two monophyletic groups referred to as F3 and F4 CRD types (Houzelstein et al., 2004). Interestingly, all tandem repeat-type galectins are composed of one CRD of each type.

Galectin's CRD (Figure 1) can be described as an about ~130–140 residue domain which folds as a two antiparallel β-sheet sandwich that adopts a closing hand shape. The backhand is formed by strands F1 to FX (which form the F-sheet), while the palm consists of strands S1 to SY (the S-sheet). In all galectins, the carbohydrate-binding site (CBS) is located in a groove in the S-sheet side of the sandwich, and the β-galactoside recognition core motif is mediated by sheets S4, S5, and S6.


[image: Figure 1]
FIGURE 1. Structure of a Galectin. (A) Gal-1 dimer. (B) Detail of the Gal-1 monomer differentiating the “S-sheet” (strands S1–S6) in yellow, and the “F-sheet” (strands F1–F5) in red. All cysteine side chains drawn as Balls and sticks.


Comparative sequence and structural analysis, shows some interesting trends of galectin structural divergence. The first thing to notice is that despite having a low (~30% average) sequence identity, the CRD fold structure is highly conserved: the maximum backbone Root Mean Square Deviation (RMSD) between all human galectins is below 2.2 Å, with the main differences observed in specific loop regions (Figure 2A). The structure also seems to follow sequence evolution, with all galectins from the same CRD type (F3/F4) clustering together in the RMSD tree (Figure 2B), and close sequence pairs (i.e., Gal-1/Gal-2 or Gal-10/Gal-13) displaying very similar structures. A particular interesting observation concerns tandem type galectins, since they always combine two domains which are both sequence and structural divergent. Finally, it is worth mentioning that the C-terminal domain of Gal-12 seems to be the most divergent galectin domain, sharing <20% sequence identity to any other galectin, and whose structure is currently unknown.


[image: Figure 2]
FIGURE 2. (A) Structural alignment of all available human Galectin CRDs X-ray structures. Blue-colored regions correspond to the lowest RMSD values and red to the highest values. Gal-1 structure used as reference. Each loop is named after the two β-strands it connects. (B) Backbone RMSD-based tree (left) and amino acid sequence identity tree (right) of the X-ray structures.




LINKING OLIGOMERIC STRUCTURE TO FUNCTION

Going back to the oligomeric structure, it is important to note that prototype galectins form dimers of two CRDs back to back and that both states seem to exist in a dynamical equilibrium, which has been shown, at least in Gal-1, to affect ligand binding kinetics and affinity (Di Lella et al., 2010; Nesmelova et al., 2010; Romero et al., 2016). A clear example of the oligomeric state affecting immune function is that only dimeric Gal-1, but not its permanent monomeric mutant form, is able to induce phosphatidylserine exposure and enhance phagocytic recognition of leukocytes (Dias-Baruffi et al., 2003).

Tandem repeat-type galectins, as their name evidence, display two CRDs covalently connected in tandem by a hinge region, thus no dynamical equilibrium is possible. This constitutive bivalency of tandem repeat-type galectins has been proposed as an explanation of why and how they induce cell signaling at lower concentrations than those of proto-type galectins. Supporting this idea, many independent studies have shown dissimilar potencies of different galectins upon triggering particular cellular responses. For example, when looking at T lymphocytes and neutrophils signaling, tandem repeat-type Gal-4,−8, and−9 are more potent than the chimera-type Gal-3, the latter being more potent than the proto-type Gal-1 (Sturm et al., 2004; Levy et al., 2006; Stowell et al., 2007). Supporting key role of (supra) domain structure, the orientation, rotational flexibility, and spacing of the CRDs in tandem repeat-type galectins has been shown to modulate its lattice forming capabilities (Rabinovich et al., 2007). The above described structural mechanisms of lattice formation, impacts directly in galectin-based protein engineering strategies for therapeutic purposes, as exemplified by a covalently linked form of the Gal-1 dimer (i.e., an engineered tandem repeat type Gal-1), which was found to be a potent pro-apoptotic agent on mouse thymocytes as well as mature T lymphocytes at lower concentrations compared to the wild-type (Bättig et al., 2004).

Concerning Gal-3, its unique type of possible oligomeric states deserves particular attention. Gal-3 is monovalent in the absence of ligands, but can oligomerize through its N-terminal non-lectin domain upon ligand recognition by its lectin C-terminal galectin CRD (Ahmad et al., 2004). This oligomerization, and further lattice formation process, leads to cross-linking of glycoprotein receptors on the cell surface, which is an essential event for the majority of Gal-3 extracellular functions, such as cell adhesion and T cell activation (Yang et al., 2008).

While the macromolecular structure of organized clustered assemblies could be evidenced by electron microscopy of homogeneous and heterogeneous lectin-carbohydrate cross-linked complexes in other lectins (Dam et al., 2017), only blobs in EMs of precipitates of Gal-3 with bivalent pentasaccharides has been observed (Ahmad et al., 2004). The functional activity of a pro- or anti-inflammatory galectin could be explained in terms of the quaternary structure -the organization of these supramolecular assemblies. While Gal-1, displaying anti-inflammatory features, remains a dimer in cross-linked complexes with a bivalent oligosaccharide, Gal-3, a pro-inflammatory lectin, is predominantly a monomer in solution, converting into a pentamer in the presence of a precipitating multivalent carbohydrate. Additionally, and due to its dimeric equilibrium, Gal-1 can form one-dimensional and homogeneous lattices, while Gal-3 forms heterogeneous cross-linked complexes with multivalent carbohydrates (Ahmad et al., 2004).



GALECTIN CARBOHYDRATE RECOGNITION

Galectins' CBS is formed by the residues within the groove comprising the S-sheet. From a general point of view, binding of carbohydrates involves at least two major interactions: hydrophilic, through an extensive complementary hydrogen-bond network, and hydrophobic, through CH-π interactions between the sugar and aromatic amino acid sidechains in the CRD. An in-depth binding affinity analysis of a large oligosaccharide library covering a diverse set of mammals, fungi, nematode and Porifera galectins has been carried by Hirabayashi et al. (2002).

In galectins, the minimum binding determinant, usually a Lactose or N-acetyl-lactosamine disaccharide, binds to the far side of the CBS (strands S4–S6), although there are several reported complex structures with larger saccharides. Using one of the largest available as reference -the Gal-9N hexasaccharide complex (PDB id: 2zhm)- in order to facilitate the analysis the whole CBS can be divided into six different “monosaccharide binding subsites,” which we will refer to as sites Y, Z, A, B, C, and D. Comparative analysis of the protein residues related to each subsite in several human galectins (Figure 3A) show that while there are highly conserved topological positions, others seem to allow the presence of many types of amino acids. Most conserved residues give shape to subsites C and D (Figure 3B). Particularly, “subsite C” deserves a detailed structural description, since it is the one that comes into most intimate contact with the β-galactoside moiety, hence could be the most implicated in galectins' characteristic specificity. It essentially consists of a pocket-shaped region formed by three conserved positions along the S4 strand, His at 4-S4, Asn at 6-S4, and Arg at 8-S4, plus a conserved Trp at position 2-S6 (Figure 3C). The three polar residues of S4 are implicated in accommodating the axial C4-OH -the distinctive feature of galactoside epimers- through multiple hydrogen-bonding interactions, while the Trp interacts with the opposite face of the sugar through its CH-π cloud.


[image: Figure 3]
FIGURE 3. Amino Acid composition of human galectins' CBS based on a topological analysis (Gal-12C excluded). (A) Probability graph for each topological position. Each residue is colored by its physicochemical properties. The protein topology naming corresponds to the piece of secondary structure under study, preceded by a number which indicates the relative position of each particular residue in that piece of secondary structure (e.g., “5-S2” corresponds to the position no. “5” of the “S2” β-strand). (B) Tridimensional representation of the Gal-9N, with the main residues of the CBS surface, highlighted as yellow (most conserved) or purple (least conserved). Hexasaccharide molecule is depicted with red lines and its monosaccharide units named with letters Z-Y-A-B-C-D. (C) Residue comparison along S4-S6 β-strands. (D) Individual contribution per monosaccharide to the total Binding Energy, calculated with the General Born method (Guardia et al., 2011). “Reprinted (adapted) with permission from Guardia et al. (2011). Copyright (2011) American Chemical Society”.


Computational calculation of each individual site-monosaccharide interaction energy by the Generalized Born (GB) method also showed some interesting trends (Guardia et al., 2011). As it can be observed in Figure 3D, sites that contribute most to the binding affinity are subsites C and D. Particularly, subsite C showed a high contribution of Van Der Waals interactions to the total energy, that can be explained by the pocket-like shape of the site. On the other hand, subsite D showed mainly electrostatic contributions, due to the presence of a conserved negatively-charged Asp at position 5-S6, and a less well-conserved positively-charged residue at position 7-S6. Most of these characteristics are in agreement with a broader analysis made by our group for a larger and more diverse set of lectins, which show that even if some lectins are able to accommodate large oligosaccharides, most lectins typically recognize a core of one or two monosaccharide units, and usually no more than 2–3 OH groups per monosaccharide are in contact with the protein, with a total average of 4-OH groups being responsible for ligand recognition (Modenutti et al., 2015).

Despite being commonly considered as galectins for exhibiting the characteristic jelly roll-like CRD, from a ligand-binding perspective there are special cases to underscore that arguably deserve to be included in this classification. One is the C-terminal domain of the human hematopoietic stem cell precursor, commonly called GRP for “galectin-related protein,” which has no apparent ability to bind carbohydrates (Zhou et al., 2008). Figure 3C shows that these could be due to the fact it lacks 4 out of the 6 most conserved residues, the previously described His, Asn, Arg, and Trp of subsite C. A second special case is Gal-13 (also known as Placenta Protein 13), which has proven to be unable to bind lactose by both crystallographic and biochemical analysis. However, the Gal-13 R53H-H57R double mutant (PDB id: 6a62) was proven to recover the lactose-binding capabilities (Su et al., 2018a), thus suggesting that it possibly changed its binding capacity due to a few recent evolutionary steps. The structural explanation behind this clever work of re-engineering lays in the fact that in Gal-13 position 53 corresponds to the key His and position 57 to the Arg of subsite C, which as mentioned above are necessary for hydrogen bonding the axial C4-OH. Finally, the most controversial case is possibly that of Gal-10, which has shown little affinity toward β-galactosides, yet its structure has been co-crystallized with mannose (PDB id: 1qkq) (Swaminathan et al., 1999). A close inspection of the structure immediately reveals that the mannose ring is distorted from its classical low-energy chair conformation and that it is not completely buried into the CBS, thus making it difficult to think of mannose as its endogenous ligand.

The difference in Gal-10 behavior seems to concern domain organization, as recently demonstrated by Su et al., who showed that Gal-10 dimerizes in a different way to other prototype lectins, that is, through the S-sheet face of the CRD; in this novel dimerization mode, the F2S3 loop residue Glu 33 from one monomer partially occludes the CBS of the other and vice versa, hence preventing the binding of lactose (Su et al., 2018b). However, when this Glu is mutated to Ala, dimerization equilibria is altered and now the monomeric Gal-10 E33A can bind lactose. This idea is strongly supported by the recently solved crystal structure of the Gal-10 E33A mutant in complex with lactose (PDB id: 6a1t), and by hemagglutination inhibition experiments. Also, the CBS involvement in Gal-10 dimerization is further backed up by the mutation of the conserved C subsite Trp to Ala; Gal-10 W72A mutant is indeed a monomer, hence confirming the participation of Trp 72 in dimerization. Gal-10 W72A agglutination capabilities are enhanced with respect to wild-type, as well as its ability of binding to lactose-modified sepharose-6B beads in solid-phase assays (Su et al., 2019). This raises the question as to whether the conserved C subsite Trp regulates lactose binding negatively, and more shallow binding sites such as that of Gal-10 W72A could rather increase affinity.



THE ROLE OF WATER IN GALECTIN CARBOHYDRATE RECOGNITION

Water molecules play an important role in protein structure and function. During the ligand-binding process, the water molecules from the corresponding binding site must be displaced to make room from the incoming ligand, which is also partially solvated. Several works have shown that this solvent reorganization process has an important contribution to the binding free energy (Lazaridis, 1998; Abel et al., 2008). Most importantly, the hydrophilic nature of both the carbohydrate ligands and the galectins CBS makes this contribution a key element in the recognition process and the resulting affinity. From a structural point of view, and as a result of the specific interactions between the CBS surface and the water solvent, water molecules tend to occupy specific positions and orientations (i.e., they are highly ordered), resulting in a well-defined solvent structure. This ordered solvent structure can be revealed for example by the presence of crystallographic waters (Figure 4A), or as will be described below, using Molecular Dynamics simulations, yielding the so-called “Water Sites” (WS). Previous analysis from our group for a large dataset of lectin-carbohydrate complexes showed that up to 80% of all observed ligand -OH groups that interact with their receptors are, when the ligand is absent, occupied by a WS. On the other hand, of all WS found in the CBS of lectins, about 40% tend to be replaced by ligand-OH groups (Modenutti et al., 2015). Figure 4A shows how these WS are precisely located and perfectly describe the binding mode of β-galactosides in galectins.


[image: Figure 4]
FIGURE 4. Solvent structure of several human galectins. (A) Apo X-rays superimposition showing highly ordered crystallographic water molecules in the CBS. Color code is cyan for Gal-1 (1w6n-B), magenta for Gal-3 (3zsm-A), green for Gal-7 (4gal-A), orange for Gal-8N (3apb-B), and yellow for Gal-9C (3nv1-A). (B) Detail of Gal-1 (1w6o-A) in complex with lactose, showing the main polar residues and the Hydrogen bond network (dotted lines) established with the ligand. (C) Superimposition of A and B, showing that a clear displacement of water molecules is needed for binding to proceed.


Looking at the sugar ligand, it is evident as the name “carbohydrate” suggests, that they can be structurally/chemically described as “hydrated carbons,” and upon binding their -OH groups perform the same interactions with the protein as those performed by the WS (Figures 4B,C, 5B). In other words, the WS structure mimics the ligand -OH framework that interacts with the protein and therefore can be an excellent predictor for recognition and affinity.


[image: Figure 5]
FIGURE 5. Solvent structure determination by Molecular Dynamics of Gal-7 CBS (PDB id: 1bkz). Water molecules from many snapshots along the simulation trajectory are superimposed and shown as small cyan dots (Hydrogens atoms omitted for clarity). (A) Water Sites 1–5 are depicted as transparent yellow circles. (B) N-acetyl-lactosamine coordinates of “PDB id: 5gal” superimposed into the previous image, highlighting all the oxygen atoms that displace a Water Site.




MOLECULAR SIMULATION METHODS AS STRUCTURAL BIOLOGY TOOLS FOR STUDYING GALECTINS AND CARBOHYDRATES

Molecular simulation methods, mainly classical force field-based Molecular Dynamics simulations and Molecular Docking, have been extensively used to study carbohydrates, lectins, and their complexes. In particular, explicit water simulations allow a detailed description of the solvent structure in the Lectin CBS in terms of WS (Gauto et al., 2009). A WS corresponds to a definite region in the space adjacent to the protein surface, where the probability of finding a water molecule is significantly higher than that observed in the bulk solvent. It has been proven that there is a correlation between the WS and the crystallographic waters (Modenutti et al., 2015) and can be structurally and thermodynamically characterized in the context of the Inhomogeneous Fluid Solvation Theory (Lazaridis, 1998). Several methods are available for WS determination, like WaterMap (Abel et al., 2008), WATsite (Hu and Lill, 2014), GIST (Nguyen et al., 2012), and WATclust (López et al., 2015), to cite a few.

In WATclust, for example, WS is detected through clustering of explicit water molecules, through a graphic interface implemented in the commonly spread Visual Molecular Dynamics software (Humphrey et al., 1996). Briefly, to detect WS, the program should be fed with a collection of trajectory snapshots (~500–1,000, which usually cover 5–20 ns) derived from the corresponding simulation of the desired protein embedded in a large explicit water box. The snapshots are superimposed using a local RMSD-based structural alignment, in which the residues selected for the alignment should reflect the region of interest, usually the CBS. Subsequently, the number of snapshots harboring a water oxygen atom in a previously defined space region (with an arbitrary spherical volume of 1 Å3) are determined, and those regions with a high population (>10–50% of the total number of snapshots) are selected as candidate WS (Figure 5A).

Once identified, for each candidate WS two important parameters are computed, namely: (i) The “Water Finding Probability” (WFP), defined as the probability of finding a water molecule in the 1 Å3 volume and normalized with respect to the probability of the bulk water; (ii) The “R90”, which corresponds to the radius in which 90% of the water molecules can be found. This parameter gives a notion of the WS dispersion, and thus its translational entropy; candidate water clusters whose WFP is below 2–5 are usually discarded, and the remaining are considered the true WS. As will be described below, the WS predictive capacity leads us to develop a WS-biased docking methodology which significantly improves the quality of structure predictions both in terms of accuracy and specificity.



WATER SITES AS PREDICTORS OF GALECTIN-CARBOHYDRATE BINDING

Molecular Docking methods, such as the widely used Autodock (Forli et al., 2016), aim to determine the structure of a protein-ligand complex and the corresponding affinity (i.e., the Binding free energy'), starting from the structure of the protein receptor and the ligand separately. Therefore, they are commonly utilized to determine the precise complex structure of a known binding protein-ligand pair (usually referred as “pose prediction”), or to predict the structure and affinity of a series of potential ligands for a given receptor (referred to as “virtual screening”) (Arcon et al., 2019a). Docking methods usually consist of a conformational search algorithm coupled to an energy scoring function that estimates the Binding Free Energy (Morris et al., 1998). Scoring functions are usually developed and calibrated for rigid hydrophobic drug-like compounds stored in deep hydrophobic pockets of their respective receptors, hence, they typically perform poorly when trying to dock polar ligands such as carbohydrates that bind to lectins' shallow and solvent-exposed CBSs.

Based on our previous finding that WS tend to mimic the carbohydrate -OH groups in the resulting lectin-sugar complexes, we hypothesized this information could be used to improve carbohydrate docking performance. The idea, which we called the “Solvent-Site Bias Docking Method” (SSBDM) was implemented in Autodock 4 (Arcon et al., 2019b), and it basically adds a correction term to the Autodock energy scoring function to bias the ligand oxygen atoms toward replacing the WS coordinates, as described by Equation (1):

[image: image]

Here, ΔG0 corresponds to the original Autodock 4 scoring function Binding Energy, WFPi is the water-finding probability of the “ith” WS. XWS, YWS, and ZWS are the corresponding WS cartesian coordinates, and R90 is the WS dispersion factor.

This way, in the SSBDM each WS provides a favorable interaction energy between the center of the WS position and any oxygen atom of the ligand, with a magnitude that is proportional to the “Ln(WFP)” and an amplitude related to the WS dispersion “R90.” In other words, those poses of the carbohydrate that maximize superposition of the -OH groups to where the WS with highest WFP were located are favored in terms of Binding Energy.

The SSBDM has proven to be an efficient structure predictor for many protein-carbohydrate complexes, including some galectins (Gauto et al., 2013). An example of the method increase in performance is shown in Figure 6. Docking calculations typically return a set of probable ligand poses, ranked by their Binding Energy and sometimes reporting the pose “population” (understood as the percentage of times that the corresponding pose was found). Figure 6 shows a classic “Population vs. Binding Energy” plot for 100 Docking runs of N-acetyl-lactosamine to Gal-1, where each dot corresponds to a different ligand pose. Highlighted in red is the “correct pose” (i.e., that with a 0.6 Å heavy-atom RMSD with respect to the N-acetyl-lactosamine in the reference complex, PDB id: 1y1u). Figure 6A shows that for conventional docking the correct pose is indistinguishable from other poses with similar values of energy and/or population. Figure 6B, on the other hand, illustrates how the SSBDM increases the predictive power of Docking, since it enriches the correct pose both in terms of energy and population, making it now easily distinguishable from false positives.


[image: Figure 6]
FIGURE 6. Docking calculations of N-acetyl-lactosamine disaccharide to Gal-1 structure (PDB id: 1y1u). Results are presented as “Population vs. Binding Energy,” and a picture of the Best energy-ranked result for each docking method. (A) Conventional Autodock Docking Method. (B) Solvent-site Bias Docking Method (SSBDM). The values next to the dots represent the ligand heavy atom RMSD between the predicted ligand pose and the reference X-ray pose. The red dot indicates the location of the most accurate result.


Currently, as of 2019, the SSBDM has been officially integrated into the AutoDock suite as an easy-to-use script, by the name of “AutoDock Bias” (Arcon et al., 2019a).

Nevertheless, the pose prediction of larger saccharides (i.e., beyond the trisaccharide level) is still a challenging task and requires additional patches. Common docking calculations often decrease their success rate when dealing with large ligands that have several active torsions, especially when these torsions result in a large conformational space, as in the case of short oligosaccharides. To address this problem, Nivedha et al. successfully implemented an ad hoc potential function for Autodock Vina scoring function, which energetically penalizes those conformations that fall too far from the glycosidic dihedral angles minima, significantly optimizing the performance for large carbohydrates. This method is called “Vina-Carb”(Nivedha et al., 2014, 2016), and as shown in Table 1, it was proven successful for the prediction of many galectin-oligosaccharide complexes. Noteworthy examples are the case of the sialyllactose trisaccharide docking to both Gal-8N and Gal-9C receptor structures. Even more strikingly, it was able to give an accurate prediction of the N-acetyl-lactosemine hexasaccharide pose in Gal-9N (RMSD 1.90 Å). Yet strangely, Vina Carb performed poorly (RMSD > 3) for the two disaccharide complexes listed. This could be indicating that for small saccharides the Carb energy functions are still not enough for a guaranteed success, and might support the idea that a combination of techniques -torsional penalties and the incorporation of the solvent structure- is probably the best strategy.


Table 1. Docking results of carbohydrates of different sizes onto their respective Galectin receptors, using Autodock Vina Carb.
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Molecular Docking methods enable the investigator to access an atomistic-detailed comprehension of the protein-carbohydrate interaction and thus provide a state of the art tool for the rational design of glycomimetic binders. Furthermore, it would be interesting to know the aftermath of applying such methods to predictively discern binders from non-binders in glycan-array experiments. Currently, an important line of work in this direction is being developed in our lab.



GALECTINS AS THERAPEUTIC AGENTS AND DRUG TARGETS

The identification of critical regions in galectin's structure that determine their biophysical properties and interactions with the microenvironment can be exploited in the design of novel proteins with particular features. Furthermore, understanding their unique structural features is the key to overcoming the difficulties in designing specific glycomimetic ligands for therapeutic purposes. Two of the most studied galectins to date in this respect are Gal-1 and Gal-3, being in the bullseye of the scientific community as well as the pharmaceutical industry, they both serve as examples of the paramount importance of galectins and their ligands in immunology related Translational Medicine (St-Pierre et al., 2012; Téllez-Sanz et al., 2013).



GALECTIN-1 AND PROTEIN-ENGINEERING

The high levels of expression of Gal-1 in the thymus, lymph nodes, as well as in immune cells such as T cells and activated macrophages, suggested from the very beginning a key role in immune response regulation. Early evidence for the potential of Gal-1 therapeutic applications came from several experiments with rodent models (Levi et al., 1983; Offner et al., 1990; Santucci et al., 2003), as well as from evidence of low expression levels of Gal-1 and increased anti-Gal-1 antibodies in human patients with diverse forms of arthritis (Harjacek et al., 2001; Xibillé-Friedmann et al., 2013). In order to utilize Gal-1 as a therapeutic agent, first difficulties to overcome were those related to its varying functionality and efficiency due to its different physicochemical states, namely the oxidized vs. reduced forms, and monomer-dimer equilibrium (Blanchard et al., 2016).

A distinctive characteristic of some galectins is the requirement of a reducing environment for carbohydrate-binding activity. The rationale behind this property is based on the presence of a variable number of cysteine residues. Gal-1 for example, contains 6 cysteines in its 135 residue monomer (Figure 1B), and many studies have established a critical interplay between Gal-1 ligand binding activity and cysteine redox state (Stowell et al., 2009; Guardia et al., 2014; Arthur et al., 2015a). This characteristic should not go unnoticed given the sensitivity of Gal-1 to oxidative inactivation and its functional role in inflammatory microenvironments, where there is a high propensity toward oxidation. Sensitivity of Gal-1 to oxidation was cleverly addressed by Nishi et. al., with the generation of a cysteine-less Gal-1 mutant. This “perpetually reduced” mutant showed enhanced stability over the wild-type, while retaining its hemagglutination and inhibition of cell-growth capabilities intact (Nishi et al., 2008). On the other hand, an “oxidized” form of Gal-1 with a disulfide bond between Cys16-Cys88 has been patented for nerve regeneration treatments (Horie et al., 2005). This oxidized variant is to be further covalently bound to soluble polymers such as polyethylene glycol, to enhance both stability and solubility. A detailed analysis of the involvement of every cysteine residue revealed a different correlation on their importance for disulfide bond formation and further lectin activity inactivation (Guardia et al., 2014).

Regarding the dimerization state, wild type Gal-1 and several dimer-interface mutants with notably higher dimerization constants were patented for inflammatory modulation applications, in which the dimer were to be used to kill activated neutrophils (anti-inflammatory effect), while the monomeric stable mutants were to be used to block the neutrophils apoptosis (pro-inflammatory effect) (Cummings and Cho, 1999). These dimer-interface mutants include single mutations (such as C2S or V5D), as well as a multisite mutant called “N-Gal-1” (bearing C2S, L4Q, V5D, and A6S mutations) (Cho and Cummings, 1996). In the opposite direction, in an effort to increase the relatively low in vivo potency of monomeric forms, a rational design of a series of covalently-linked Gal-1 dimers have been engineered. Following the pioneer “two-glycine covalent linker” (Bättig et al., 2004), various linkers of different lengths and flexibilities were explored, such as the 14 residue long random coil linker of Gal-9 (Bi et al., 2008), the 34 residue long helix linker from bacterial ribosomal L9 protein (Earl et al., 2011), and a 33 residue long flexible linker of Gal-8 (Vértesy et al., 2015). Each of these linker variants led to both increased hemagglutination and increased T-cell apoptosis promotion. The rationale behind the improved potency could presumably be the formation of more stable supramolecular structures (Baum, 2011).

Last but not least, Dimitroff et al. engineered a chimera protein of murine Gal-1 and the Fc region of human Immunoglobulin G1, which showed similar levels of activity as the native Gal-1 but stronger stability. This peculiar protein product showed pro-inflammatory toward activated leukocytes of rheumatoid arthritis patients and bears a patent for the treatment of immune disorders (Dimitroff et al., 2013). In summary, it is clear that a deep understanding of structural and physicochemical characteristics of Gal-1 in the context of its biological function, has been a key issue for the development of therapeutic approaches.



GALECTIN 3 AND DRUG-DESIGN

Several studies have demonstrated Gal-3 involvement in tumorigenesis, malignant form transformation, and metastasis (Radosavljevic et al., 2012). Gal-3 helps tumor cells them to escape immune surveillance by blocking both the afferent arm (T cell proliferation) and efferent arm (T cell attack) of the immune system response. A summary of both Gal-3 intratumoral and extracellular functions is schematized in Figure 7. As a result, inhibition of Gal-3 is strongly considered as a way of helping to restore the immune system's ability to fight cancer.


[image: Figure 7]
FIGURE 7. Scheme of Gal-3 most important cellular functions in tumoral environments (Green arrows mean activation and bordeaux lines mean inhibition).


Most popular inhibitors of Gal-3 fall into one of three categories: Firstly, the peptide-derived inhibitors, perhaps headed by the sixteen amino acid long peptide “G3-C12,” obtained from phage display (Zou et al., 2005); Secondly, The carbohydrate-derived multivalent inhibitors, represented mostly by the pectin derivatives, examples of which are the citrus-pectin derived “GBC-590” and “GCS-100” (both by Safescience, Inc.), or the galactomannan “GM-CT-01” (Davanat™) and galactoarabino-rhamnogalacturonan “GR-MD-02” (both by Galectin Therapeutics, former Pro-Pharmaceuticals, Inc.). Inhibitors from these two categories are already undergoing phase II clinical trials, and have been extensively described by Blanchard et al. (2014).

The third category and perhaps the most relevant to describe in detail under the structural scope of this review is comprised by the carbohydrate-derived monovalent inhibitors. They originally consisted of either galactose, lactose or N-acetyllactosamine scaffolds, in which their free -OH groups were to be modified with diverse chemical substituents. This fragment-based approach of drug design soon established the so-called “thio-digalactoside” (TDG) scaffold” and its derivatives as some of the most prominent small-molecule inhibitors of Gal-3 (Cumpstey et al., 2005), given the extra resistance to both chemical and enzymatic hydrolysis conferred by a sulfur bond. Among these compounds, we can cite the C2-symmetric “TD139” (by Galecto Biotech) or its asymmetrical derivative “TAZTDG” by Hsieh et al. (2016).

Modifications of TDG scaffold as a strategy to increase the binding affinity and, at the same time, improve specificity is supported under the premise that the different galectins present variations in their protein sequences at subsites Z, Y, A, and B. Taking as an example the case of TD139, this antagonist has been co-crystallized with Gal-1 (PDB id: 4y24), Gal-3 (PDB id: 5h9p) and Gal-7 (PDB id: 5h9q). Although the ligand exhibits similar binding modes for Gal-1 and Gal-3, a remarkably different conformation is observed in the Gal-7 complex (Figure 8A), involving a disfavourable rotation of one of its 4-fluorophenyl substituents, prompted by the presence of a His residue at position 3 of the S3 strand (near the subsite B), in contrast to the less bulky Val occupying this same position in Gal-1 or the Ala in Gal-3. This difference in the structure offers a simple albeit elegant explanation to the several orders of magnitude in their ITC-determined dissociation constants (Gal-7 Kd = 38 μM, Gal-3 Kd = 0.068 μM) (Chan et al., 2018).


[image: Figure 8]
FIGURE 8. Galectins in complex with carbohydrate-derived monovalent inhibitors. (A) Thiodigalactoside “TD139” superimposed complexes of Gal-3 (magenta, PDB id: 5h9p) and Gal-7 (green, PDB id: 5h9q) (B) Taloside inhibitors superimposed complexes. Gal-1 and methyl 2-O-acetyl-3-O-toluoyl-beta-D-talopyranoside (cyan, PDB id: 3T2T), Gal-3 and methyl 3-deoxy-2-O-toluoyl-3-N-toluoyl-beta-D-talopyranoside (magenta, PDB id: 3T1M).


Another promising carbohydrate scaffold that is able to bind in the galectins subsite C is the taloside. Talose is the C2 epimer of galactose, featuring an axial C2-OH group (as opposed to the equatorial of galactose) (Collins et al., 2012). This enables the incorporation of axial substituents at this position which, depending on their shape, can interact with the surface of strands S4 and S5, as well as with the S4–S5 loop. This particular loop (as previously shown in Figure 2A) has both variable amino acid composition and length across the several lectins, and has been proven to have a wide flexibility as evidenced by Molecular Dynamics simulations (Guardia et al., 2011). Each particular loop structural difference and dynamical behavior could be rationally exploited in favor of improving ligand specificity. Examples that support this idea are shown in Figure 8B, where it can be clearly shown that Gal-3 is able to accommodate larger C2 substituents than Gal-1, due to its shorter S4–S5 loop.

As a final remark, we would like to emphasize that, while peptide and multivalent carbohydrate-derived inhibitors show very promising results in experiments and clinical trials, their weak spot lies in the fact that their structural mechanisms of binding are unknown. On the contrary, this is the small-molecule monovalent inhibitors strongest feature, since their development involves a rational understanding of both the ligand and the target physicochemical characteristics. An in depth description of carbohydrate-derived monovalent inhibitors for Gal-3 has been thoroughly reviewed by St-Pierre et al. (2012) and Téllez-Sanz et al. (2013).



CONCLUSIONS

When looking at galectins overall fold, it is clear that the conserved scaffold of the CRD allows for a subtle shaping of each CBS, which are expected to result in different affinities for different carbohydrate ligands, yielding a possibly unique selectivity which combined with particular domain architecture and environmental modulation (i.e., redox state, level of expression) produces a potential variety of biological responses. A comparative analysis on CBS amino acid composition across several human galectins reveals conserved positions that strongly correlate with having important roles in binding, especially regarding the binding pocket of the β-galactoside moiety. This pocket is formed by conserved residues His, Asn, Arg and Trp, which apparently cannot be freely mutated without producing serious consequences to ligand affinity.

Water molecules play an important role in lectin-carbohydrate recognition. The identification of Water Sites allows for an accurate description of the solvent structure surrounding the CBS, information which in turn can be craftily taken advantage of by incorporating it to Docking schemes, enhancing their predictive power. Carbohydrate dihedral angle energy penalties might also be of great aid when dealing with complex oligosaccharides. Molecular Docking for prediction of protein-ligand complexes is becoming an essential tool in structural biology.

All the above mentioned roles played by galectins in cell communication, proliferation, and migration, plus their active participation in immunological processes, make clear that galectins are directly involved in many diseases, such as cancer development and progression, HIV and microbial infections, autoimmune disorders, allergies, cardiovascular diseases, and the list continues. In this context, Gal-1 and Gal-3 have particularly withdrawn the attention of the scientific and pharmaceutical community, given their ubiquity and their direct relation to disease. They have been subject not only of protein engineering studies with therapeutic purposes, but also as extensive drug-design protocols.
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Glycans and glycan binding proteins (GBPs or lectins) are essential components in almost every aspect of immunology. Investigations of the interactions between glycans and GBPs have greatly advanced our understanding of the molecular basis of these fundamental immunological processes. In order to better study the glycan-GBP interactions, microscope glass slide-based glycan microarrays were conceived and proved to be an incredibly useful and successful tool. A variety of methods have been developed to better present the glycans so that they mimic natural presentations. Breakthroughs in chemical biology approaches have also made available glycans with sophisticated structures that were considered practically impossible just a few decade ago. Glycan microarrays provide a wealth of valuable information in immunological studies. They allow for discovery of detailed glycan binding preferences or novel binding epitopes of known endogenous immune receptors, which can potentially lead to the discovery of natural ligands that carry the glycans. Glycan microarrays also serve as a platform to discover new GBPs that are vital to the process of infection and invasion by microorganisms. This review summarizes the construction strategies and the immunological applications of glycan microarrays, particularly focused on those with the most comprehensive sets of glycan structures. We also review new methods and technologies that have evolved. We believe that glycan microarrays will continue to benefit the growing research community with various interests in the field of immunology.
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INTRODUCTION

Immunology as a field is continuously evolving and expanding. With thousands of publications every year, it fundamentally impacts many aspects of biomedical sciences and has led to fascinating breakthroughs in a large number of biomedical areas, including primary immunodeficiencies, immunometabolism, neuroimmunology, mucosal immunology, cancer immunotherapy, and vaccine development. It is becoming increasingly clear that major components of our immune system include glycoproteins and recognition of glycans by glycan-binding proteins (GBPs) or lectins (Rabinovich et al., 2012; Colomb et al., 2019; Läubli and Varki, 2019; Pascoal et al., 2019; Taylor and Drickamer, 2019). These components are involved in all aspects of cellular recognition and signaling, both biological and pathological. Glycans are essential modulators in both innate and adaptive immune systems. They are binding ligands for innate immune receptors, such as selectins, galectins, and Siglecs, many of which are targets for cancer immunotherapy (RodrÍguez et al., 2018). Glycans are also indirectly involved in the protein-protein interactions by contributing to protein conformations and oligomerization. Immune checkpoint molecules PD-1 (Okada et al., 2017) and PD-L1 (Li et al., 2018; Lee et al., 2019) are both heavily glycosylated, and the glycans are required for their normal interactions and subsequent suppression of T cell activities. In addition, human glycans are receptors of surface proteins of pathogens, such as bacteria, fungi and viruses that are involved in virtually all types of infectious disease processes (Li et al., 2017; Byrd-Leotis et al., 2019b).

Identifying the interactions between glycans and GBPs is, therefore, key to understanding the molecular mechanisms of these immunological events. There is a need for facile methods to study such interactions in a miniaturized and high throughput manner. A major breakthrough in this effort was the development of printed glycan microarrays (Fukui et al., 2002; Wang et al., 2002; Blixt et al., 2004; Geissner et al., 2019), which enable simultaneous binding analyses of GBPs to hundreds of glycan structures. The public availability of the glycan microarrays built by the Consortium for Functional Glycomics (www.functionalglycomics.org, CFG) facilitated the analyses of many GBPs in various aspects of immunology. With the technology developments at the National Center for Functional Glycomics (NCFG), these key immunological players have been re-examined with a larger variety of glycan sequences. This review introduces glycan microarray technologies from a historical point of view, summarizes the recent developments in the chemical and chemoenzymatic methods and new glycan microarrays with the focus on the CFG and NCFG approaches. We highlight the biological applications of glycan microarrays in immunology studies, and discuss current challenges and future perspectives of this technology.



HISTORICAL ASPECTS OF BINDING ASSAYS TO PROBE GLYCAN-GBP INTERACTIONS

Early efforts in the investigation of glycan-GBP interactions involved indirect methods such as hemagglutination inhibition and inhibition of precipitation assays. In these assays, free monosaccharides or oligosaccharides were tested as inhibitors against the binding between glycan-bearing substances, such as red blood cells or glycoprotein-containing extracts, and GBPs such as plant lectins and antisera. These methods led to the discovery of major blood group A, B, O (H) epitopes by Morgan and Watkins, and Kabat and colleagues between the 1950's and 1970's (Watkins, 2001). They have been adapted to different fields of biological research and are still widely used nowadays. For instance, hemagglutination inhibition assay is routinely used to determine the titer of antibodies against influenza viruses in human serum.

Solid phase direct binding assays were developed thereafter, in which GBPs were directly radio-labeled and the binding assays were performed on thin-layer chromatography (TLC). Breakthrough discoveries in this stage include the identification of GM1 as the ligand for cholera toxin (Magnani et al., 1980), the pancreatic cancer-associated biomarker CA19-9 (Magnani et al., 1982) and stage-specific embryonic antigens (Gooi et al., 1981; Kannagi et al., 1982, 1983). This method was superseded by EL‘-based binding assays in which secondary proteins were enzyme-conjugated or fluorescently labeled. Glycans or glycopeptides labeled with biotin can be immobilized to wells of a microtiter plate pre-coated with streptavidin and directly assayed (Blixt et al., 2003; Alvarez and Blixt, 2006). This assay format enabled the comparison of the binding activities of dozens of glycans at the same time and is the prototype of glycan microarrays. The results revealed many features on the binding specificities of P- and L-selectin with PSGL-1 glycopeptide (Leppänen et al., 2002, 2003), and of galectin-1 (Leppänen et al., 2005).

One drawback of prior methods is that they required relatively large quantities of GBPs and often milligram levels of glycans. Due to their structural heterogeneity and complexity, the glycans cannot be easily acquired either by isolation and purification from natural sources, or by synthetic routes using chemical synthesis or chemoenzymatic synthesis. Moreover, the diversity of the glycan structures with sufficient amounts available for study is not comparable to the diversity of glycans in nature. It is estimated that the human glycome contains ~3,000 glycan species or more on glycoproteins and glycolipids, and ~4,000 theoretical pentasaccharide sequences on GAGs (Cummings, 2009) but only a small proportion of these sequences are currently available for bioactivity studies. Both of these factors highlight the demand for a microarray platform with structurally diverse glycans and minimal sample consumption, thus marks the era of glycan microarray.

Since their invention, glycan microarrays have become an essential tool in glycobiology, with increasing number and diversity of glycans and extremely small amounts of glycan consumption (Li and Feizi, 2018; Cummings, 2019). In particular, the glycan microarrays provided by NCFG and CFG not only revealed the fine binding specificities of known GBPs, they also helped in identification of novel GBPs and their novel biological activities through collaborative projects with investigators all over the world, which, altogether led to hundreds of published papers. The arrays have also served as a screening tool to provide investigators with leads to follow in subsequent assays that delve deeper into binding interactions between glycans and their immune protein of interest.



CHEMISTRY ASPECTS OF GLYCAN MICROARRAYS

The key step to creating glycan microarrays is to establish proper methods to immobilize the glycans onto the solid phase, via either non-covalent or covalent approaches. There have been extensive reviews discussing the available chemical methods for glycan immobilization (Fukui et al., 2002; Rillahan and Paulson, 2011; Park et al., 2013; Palma et al., 2014; Song et al., 2014, 2015).

The strategy taken by the CFG and NCFG to generate glycan microarrays is covalent attachment, which requires glycans to be covalently derivatized with a specific bi-functional chemical group that can subsequently be used to covalently react with a functionalized solid surface. Although glycans produced by de novo chemical or chemo-enzymatic synthesis are usually provided with a reactive handle to allow subsequent immobilization, free reducing glycans, such as milk oligosaccharides or natural glycans released enzymatically, need proper derivatization to enable quantification and attachment. The ability to label glycans from natural sources is of particular importance, as it allows the field to overcome the limitations of synthetic routes and vastly expand the repertoire of glycans that could be incorporated into the microarray platform. Due to the wide availability of N-hydroxysuccinimide (NHS) ester- or epoxy-derivatized glass slides, much effort has been devoted to the development of amine-containing bi-functional linkers, which can be coupled to the reducing end of the glycan and contains a reactive amine group to covalently attach to solid supports.


Development of Fluorescent Bi-Functional Linker

Initially, the commercially available 2,6-diaminopyridine (DAP) (Xia et al., 2005) was used to generate glycan-DAP conjugates (GDAPs) that are fluorescent and contain a primary aryl amine for immobilization (Figure 1). A wide variety of glycans were successfully converted to GDAPs which were reactive to NHS-activated surface, maleimide-activated protein, carboxylated microspheres and NHS-biotin, demonstrating the general utility of DAP for glycan labeling and glycan microarray construction. However, these DAP derivatives showed higher immobilization efficiency on epoxy slides compared to NHS-activated glass (Song et al., 2008). The low reactivity of the aromatic amine of DAP and the weak fluorescence restricted the utility of GDAPs.
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FIGURE 1. Bifunctional fluorescent glycan linkers developed in the Cummings Lab.


Song et al. therefore developed another bifunctional fluorescent linker, 2-amino-N-(2-amino-ethyl)-benzamide (AEAB, Figure 1) (Song et al., 2009). AEAB selectively reacts with free reducing glycans through its aryl amine to form glycan-AEAB conjugates (GAEABs). The remaining primary alkyl amine is suitable for efficient immobilization on epoxy or NHS slides, and therefore makes it a great linker for glycan microarray construction. Moreover, due to its high fluorescence sensitivity and conjugation yield, AEAB is ideal for development of natural glycan microarrays or shotgun glycomics, whereby all types of glycans could be isolated from natural sources and be fluorescently-tagged, purified by multi-dimensional chromatography, quantified and eventually printed on glass slides to create natural glycan microarrays. With this approach, we developed a variety of sequence-defined and shotgun glycan microarrays, including a human milk glycan array, a microbial glycan microarray (MGM), sequence-defined and shotgun Schistosome glycan arrays, a pig lung N-glycan array and more recently, a sequence-defined NCFG array, a lectin QA/QC array and a human lung shotgun N-glycan array (Byrd-Leotis et al., 2019b).

It should be noted that another approach using 2-aminobenzamide (2-AB) and 2-aminobenzoic acid (2-AA) has also been developed, whereby glycans reductively labeled with 2-AB can be isolated by chromatography and then directly covalently coupled to epoxy-activated glass slides via secondary amine chemistry to generate 2-AB or 2-AA-glycan microarrays (de Boer et al., 2007; van Diepen et al., 2015). These approaches may be considered equivalent to the use of AEAB and DAP.

A major drawback of using DAP, AEAB, 2-AA, and 2-AB is that their conjugation reaction relies on reductive amination which, although highly efficient, opens the sugar ring at the reducing end monosaccharide (Figure 1). This destroys the reducing end integrity of the glycan (Prasanphanich et al., 2015) and potentially results in non-natural presentation of glycans on the array. This would affect the binding affinities of smaller glycans, and particularly those with modifications in the core region, such as core Fuc on N-glycans (Prasanphanich et al., 2015). We, therefore, have been developing new strategies to overcome this weakness while retain the merits mentioned above.



New Strategies to Display Sequence-Defined and Natural Glycans
 
F-MAPA

N-alkyl oxime can react with hemiacetal of reducing glycans and form intact closed-ring reducing end, thereby preserving the integrity of glycans. We have developed a reversible fluorescent linker F-MAPA, which contains an N-alkyl oxime active motif and an Fmoc protected alkyl amine (Wei et al., 2019). F-MAPA can efficiently derivatize reducing glycans via N-alkyl oxime mediated ligation and preserve the structure integrity (Figure 2). Fmoc serves as a transient fluorophore for monitoring and quantification, as well as a hydrophobic tag for glycan enrichment, separation and purification via C-18 solid phase extraction (SPE). Fmoc also can be easily removed to generate an active alkyl amine, enabling further manipulation and application of glycans for multiple purposes (e.g., glycan microarray, neoglycoprotein synthesis, etc.).
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FIGURE 2. A reversible fluorescent linker F-MAPA recently developed in the Cummings Lab. The linker enables highly efficient conjugation of glycans with their reducing end preserved. The Fmoc group in the F-MAPA linker renders strong fluorescence and hydrophobicity, both of which facilitates the purification. The Fmoc (fluorenylmethyloxycarbonyl) can be easily removed to support further manipulation and applications such as glycan microarrays and neoglycoprotein synthesis. The F-MAPA can also be cleaved upon treatment of N-chlorosuccinimide (NCS) to regenerate free reducing glycans. This figure is reprinted (adapted) with permission from Wei et al. (2019) Copyright 2019 American Chemical Society.


F-MAPA is more versatile than ordinary bi-functional linkers. It can be facilely cleaved under mild conditions, such as treatment by N-chlorosuccinimide (NCS) to regenerate free reducing glycans, which particularly facilitates glycomics and functional glycomics. This “catch and release” approach provided by F-MAPA enables selective enrichment of free reducing glycans from complex biological samples, which can be followed by mass spectrometry (MS)-based structural analysis upon release of the linker, and parallel microarray binding analysis upon release of Fmoc. Moreover, the successful recycling of the reaction system and synthesis of neoglycoprotein indicate that F-MAPA has great potential for industrial application in the synthesis of neoglycoprotein therapeutics and vaccines. The facile and scalable synthesis, high conjugation efficiency and operational simplicity of the derivatization reaction make the linker highly accessible to general research laboratories, thereby enabling general accessibility of glycan microarrays to the research community.



Fmoc-Labeled Asparagine

Because of the key consideration to preserve as much as possible the natural linkage of a glycan to its aglycone, e.g., amino acid, another approach we recently developed was the chemoenzymatic synthesis using a naturally occurring amino acid as the linker (Gao et al., 2019). Due to the structural complexity and heterogeneity, de novo chemical synthesis or isolation from natural sources had been intimidating for N-glycan production. Although chemoenzymatic synthesis has provided an alternative route, many of the methods rely on sophisticated chemical synthesis to produce the core structures to start with. These suffered from low yield and efficiency due to the usage of non-mammalian glycosyltransferases and poor substrates in which the aglycone potentially interferes with the reactivity. Moreover, evidence has shown that the linkers also play a role in microarray binding experiments (Padler-Karavani et al., 2012; Tessier et al., 2013; Grant et al., 2014).

As the natural N-glycan carrier, asparagine (Asn) guarantees the beta-configuration of the N-glycans, thus at least partially retains the natural presentation of N-glycans within context of N-glycopeptides. Asn-linked biantennary N-glycan core is abundant in chicken egg yolk. Fmoc can be selectively installed on the primary amine of the asparagine residue. Similar to F-MAPA, it renders strong fluorescence, adequate hydrophobicity and can be easily removed. The Asn-linked N-glycans have also been shown to be great substrates for enzymatic reactions. They are often quantitatively converted to products with the presence of mammalian glycosyltransferases.

Using this approach, we successfully synthesized a library of 32 multiantennary Asn-linked N-glycans and prepared the Asn-linked N-glycan array (designated N-glycan array). All of them are naturally occurring complex N-glycan structures found in human and other mammals. We will discuss the application of this glycan microarray in detail in the next section.




Future Directions in Linker Development

The Asn-linked chemoenzymatic approach holds great promise in expansion to more asymmetric complex N-glycan structures. In combination with specifically designed sugar donors, it is now possible to generate asymmetric multiantennary N-glycans without specially synthesized core structures in the initial steps, and thus can significantly reduce the difficulty in total chemical synthesis of N-glycans (Liu et al., 2019). We envisage that there will soon be N-glycan arrays with extremely complex structures available for function assays.

Versatile as it is, the F-MAPA does not contain a fluorophore on the backbone but rather, relies on the Fmoc protecting group attached to the primary amine. Thus, an extra step to remove Fmoc is needed prior to any further treatments. This also applies to the natural amino acid linker Asn. Therefore, it would be ideal to develop new linkers with fluorophores that do not require these additional steps.

One obstacle in studying glycan-GBP interaction is the potentially low affinity of some GBPs for certain types of glycans. In the natural state, the glycan-GBP interaction often occurs in a multivalent fashion, accomplished by clustered presentation of ligands and/or carbohydrate recognition domains. Many labs have, thus, developed natural protein or synthetic polymers to generate glycan microarrays (Maierhofer et al., 2007; Jayaraman, 2009; Huang et al., 2015; Mende et al., 2019). It would be beneficial to have easily accessible and facile technologies to generate linker-bearing scaffolds to achieve higher binding avidity in the future.




APPLICATION OF GLYCAN MICROARRAYS IN IMMUNOLOGY

With the above-mentioned chemical methods in position, we have generated glycan microarrays that encompass various types of glycan structures to facilitate the biological studies both from our group at the NCFG and through the use of the CFG glycan microarray by investigators world-wide. We summarize below a few with highlights on their applications in addressing key aspects of immunological studies.


Natural Ligands for Endogenous Immune Receptors

The innate immune system recognizes pathogens and self-antigens by endogenous receptors expressed on the surface of or secreted by immune cells. A large variety of these receptors have been identified, including Siglecs, galectins and C-type lectins. Typically, they recognize the pathogen-associated and damage-associated molecular patterns (PAMPs and DAMPs, respectively), as well as self-associated molecular patterns (SAMPs) and many of these interactions involve binding to carbohydrates. Due to their myriad of functions in anti-microbial defense and immune homeostasis, understanding of the fine binding specificities of these receptors is critical in our understanding of how the innate immune system responds selectively in the context of infections, autoimmunity and cancer.


Siglecs

Siglecs are a family of sialic acid-binding lectins that are mostly located on the surface of hematopoietic cells. They are involved in cell signaling and adhesion, and are particularly important in immune cell regulation (Bornhofft et al., 2018). There are 14 different Siglecs in the human genome. The detailed binding specificity of these Siglecs was mainly investigated in 2000's (Blixt et al., 2003; Campanero-Rhodes et al., 2006; Crocker et al., 2007) and early 2010's (Macauley et al., 2014) when only a limited number and diversity of glycans were available. Particularly, their binding preferences to sialic acid linkage in the context of N-glycans were not fully characterized due to a lack of paired multiantennary complex-type N-glycans. Therefore, we sought to take a systematic chemoenzymatic approach for N-glycan synthesis and address the specificities by microarray analyses.

We synthesized an array of Asn-linked isomeric multiantennary N-glycans with varying terminal non-reducing sialic acid, galactose, and N-acetylglucosamine residues, as well as core fucose (Figure 3). Using this microarray, and together with the sequence-defined glycan array from CFG, we investigated 11 human Siglecs, Siglec-1 to Siglec-11, and a rat-derived Siglec-4, all in human Fc chimera form, with particular focus on their binding to multiantennary N-glycans. As the affinity of Siglec-ligand interaction is generally thought to be low, we also performed the binding assays with Siglecs precomplexed with the secondary antibodies to increase the binding avidity.
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FIGURE 3. Summary of the binding results of human Siglecs-1, -2, -9, -10, galectin-1 (Gal-1), and galectin-3 (Gal-3) on N-glycan microarray. (A) Binding RFUs of Siglecs tested at 50 μg/ml without precomplex with the secondary antibody, or at 20 μg/ml with precomplex to sixteen sialylated N-glycans on the microarray. (B) Binding RFUs of galectins tested at 5 or 50 μg/ml to all complex N-glycans on the array. Each colored bubble represents the binding signal elicited by one N-glycan. (C) Correlation of the overall binding results between samples on the N-glycan microarray. The Siglec-1 and 9, Siglec-2 and 10, Galectin-1 and -3 are segregated into three different groups, suggesting similar binding patterns found within each group. The key represents the correlation coefficiency between two samples. (D) Relative binding intensities of the Siglecs and galectins. The RFUs of the top binder of each protein was set 100% (colored in yellow). Color reflects the relative binding intensity relative to the strongest signal within the results of each protein. The N-glycans were grouped according to the structural features listed on right: GlcNAc, Gal, α2,3-Neu5Ac, and α2,6-Neu5Ac, without or with core Fuc. Within each subgroup, the glycans were listed according to the branching patterns in the order of biantennary, 224-triantennary, 226-triantennary and tetraantennary as shown at the bottom. The data was processed and presented by the GLAD toolkit (https://www.glycotoolkit.com/Tools/GLAD/) developed in house (Mehta and Cummings, 2019). precom, precomplex; RFU, relative fluorescent units; GLAD, GLycan Array Dashboard.


Of the twelve Siglecs tested, only four showed binding to the N-glycan array (Figure 3A). Siglec-1 and-9 preferentially recognized glycans containing the determinant NeuAcα2-3Galβ1-4GlcNAc-, irrespective of the presence of core fucosylation (Figure 3D). The binding was independent of the branching patterns, but there was a clear trend that glycans with more α2,3-linked NeuAc elicited stronger signals. The binding of the two Siglecs without precomplex was comparable to or higher than with precomplex, suggesting that the affinities of Siglec-1 and-9 are high (Figure 3A). In contrast to Siglec-1 and-9, we observed that Siglec-2 and-10 both preferentially bound N-glycans terminating in α2,6-linked sialic acid, although some weak binding of Siglec-10 was detected to N-glycans with α2,3-linked sialic acid (Figures 3C,D). Preincubation with the secondary antibody significantly increased the binding intensity of Siglec-10, suggesting multivalency may be important to this protein (Figure 3A). This was also reflected by the observation that glycans containing higher numbers of branches (and thus more binding epitopes) elicited higher binding signals. Interestingly, no binding was detected with the other Siglecs on the N-glycan array, indicating their lack of recognition of N-glycans in these formats.

Collectively, our data indicates that sialylated, multiantennary N-glycans are potential endogenous receptors for Siglecs-1,-2,-9, and -10. These results shed lights on the biological functions of these Siglecs considering the potential high density of these natural N-glycan ligands on the cell surface.

In order to compare our results to those previously published, we tested the Siglecs on the CFG glycan microarray, one of the most comprehensive glycan microarray screening platforms. This array provides a great tool for researchers to determine if their protein of interest has glycan binding capabilities. The most current version of the CFG slides contains 585 unique, diverse mammalian-type glycans that are either synthetically made or chemoenzymatically modified. The glycans have amino linkers, of which there are twenty distinct structures, which are covalently attached to NHS-activated glass microscope slides. This array consists of a number of different classes of glycans that are common epitopes observed in biological interactions, among which there are 114 N-linked glycans with 28 sialylated species (summarized in Table 1).


Table 1. All of the sialylated N-glycans on the CFG array; α2,3- and α2,6-linked sialic acids are colored in blue and red, respectively.

[image: Table 1]

Moderate to strong binding was observed with human Siglec-3,-6,-8,-9,-10, and -11, as well as the rat Siglec-4. The others human Siglecs including-1,-2,-4,-5, and -7 showed weak or no binding. Siglecs-8 and-9 showed binding toward α2,3-sialylic acid-containing sulfated glycans (Figure 4). Siglec-8 binding was extremely strong and exclusive to Neu5Acα2-3(6S)Galβ1-4GlcNAc-. This was in accordance with the data obtained with lipid-linked glycan arrays showing that the α2,3-linked sialic acid, and the 6-sulfation on the Gal, but not on the GlcNAc, is critical (Campanero-Rhodes et al., 2006), although the exact same sequence had not been available on that array. Consistent with the previous data (Campanero-Rhodes et al., 2006; Macauley et al., 2014), the top binder of Siglec-9 was 6-sulfo-sLeX (Neu5Acα2-3Galβ1-4(Fucα1-3)(6S)GlcNAc-). This protein also exhibited strong binding to α2,3-sialic acid-containing glycans that lack either sulfate or fucose, suggesting that sulfation and fucosylation may not be essential. Similar to our data on the N-glycan array, Siglec-10 showed binding to both α2,3- and α2,6-sialylated glycans, in particular, the N-glycolyl form, Neu5Gc. However, Siglec-10 binding to N-glycans on the CFG glycan microarray, albeit weak, showed preference to the α2,6-sialylated probes (Figure 4).
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FIGURE 4. Major sialylated binding motifs bound by human and rat Siglecs on the CFG array. These results were compared to the previous report summarized by the Macauley et al. (2014) and the comments were listed in the table.


Despite the weak binding intensities, Siglec-2 showed binding to the α2,6-sialic acid-containing glycans, with or without sulfation (Neu5Acα2-6Galβ1-4(6S)GlcNAc- and Neu5Gcα2-6Galβ1-4GlcNAc-, Figure 4), which suggests the possibility that Siglec-2 can indeed bind similar structures presented on N-glycans.

We also observed novel specificities that have not been reported previously. Siglec-3 bound strongly to Neu5Acα2-3(6S)Galβ1-4GlcNAc- (Figure 4), which is different from the previously reported Neu5Acα2-6Galβ1-4GlcNAc-. It has been known that the human and mouse Siglec-4 bind the α2,3-sialylated core 1 (Neu5Acα2-3Galβ1-3GalNAc-). Our data suggest that both the human and rat Siglec-4 in fact bound Neu5Acα2-3Galβ1-3(6S)GalNAc- and Neu5Acα2-6(Neu5Acα2-3Galβ1-3)GalNAc- stronger (Figure 4), suggesting the requirement of the negatively charged group on the core GalNAc. In addition, Siglec-4 from both human and rat bound the α2,8-sialic acid terminating glycan, which has not been observed previously.

Notably, none of the N-glycans on the CFG glycan microarray were among the highest binders. This may be due to multiple factors. First, most of the multi-sialylated highly branched N-glycans (i.e., tri- and tetraantennary) on the CFG array contain a bisecting GlcNAc (Table 1), a key structural feature that may alter glycan conformation and prevent glycan recognition. Second, the synthetic 2-amino-methyl N,O-hydroxyethyl linker which was used to immobilize all of these tri- and tetraantennary fully sialylated N-glycans may cause suboptimal presentation of the binding determinants, in comparison to the Asn-linked N-glycans on new N-glycan array.



Galectins

Galectins are another key family of GBPs implicated in virtually all aspects of the immune system (Brinchmann et al., 2018; Elola et al., 2018; Robinson et al., 2019). Galectins are expressed in many cell types including those of squamous epithelia, gastrointestinal tract, adipocytes, immune cells, and even erythrocytes (Thiemann and Baum, 2016). They share a common carbohydrate recognition domain (CRD) composed of two extended antiparallel β-sheets that fold into a β-sandwich structure forming the binding pocket. While certain amino acids within the CRDs are highly conserved (termed common carbohydrate-binding cassette) supporting the interaction with galactose, the variations outside of the binding cassette determine the fine specificities of different galectins. Knowledge of the fine binding preference of galectins can help identify the glycoproteins bearing these structures which in turn, facilitate the design of reagents that could specifically promote or prevent galectin binding activity.

We and others previously profiled in detail the binding specificities of many galectins to various Gal-containing glycans ranging from small monosaccharides to poly-LacNAc-containing glycoconjugates, with or without modifications of sialic acid, sulfation and blood group antigens (Hirabayashi et al., 2002; Leppänen et al., 2005; Stowell et al., 2008, 2010; Song et al., 2009; Horlacher et al., 2010). As evidence showed that some galectins can accommodate sialic acid (Leppänen et al., 2005; Stowell et al., 2008) and the N-glycan preferences of these galectins were not clear, we analyzed galectin-1 and -3 as examples on the newly generated N-glycan array.

Both of the galectins showed binding at 50 μg/mL (but not 5 μg/mL) to all of the LacNAc (Galβ1-4GlcNAc)-containing glycans, with or without core fucose (Figures 3B,D). Not surprisingly, the tetra-antennary N-glycans with four LacNAc sequences were most strongly bound. This observation, together with the absence of binding at lower protein concentration (Figure 3B), is reflective of the multivalent interactions of the two galectins with their glycan ligands. Our result clearly showed the tolerance of the two galectins to α2,3- but not to α2,6-linked sialic acid (Figure 3D), which has been reported in previous microarray studies using small glycan epitopes (Stowell et al., 2008) and cell-based assays (Patnaik et al., 2006; Stowell et al., 2008).

Moreover, our result identified the branching preference of galectin-1 and -3: the 2,2,4-form triantennary structures were always more strongly bound than the 2,2,6-isomeric triantennary counterparts; in galectin-3, the binding to 2,2,6-form triantennary structures was completely diminished (Figure 3D). This is a novel discovery in itself as MGAT5, the glycosyltransferase that initiates the β1,6-linked GlcNAc branch, was previously found to support the galectin-3 binding (Demetriou et al., 2001) on T-cells. Our results indicated that the expression of the 2,2,6-form triantennary N-glycan does not necessarily lead to the generation of the galectin-3 ligand. It is worth testing if the poly-LacNAc extension on either the 6- or the 4-linked arms affects galectin-3 binding.

It has been known that the human milk glycans (HMGs) are not significantly digested in the infant GI tract (Gnoth et al., 2000; Chaturvedi et al., 2001), besides lactose, which is typically digested prior to entering the small intestine. Thus, due to spatial correlation, HMGs can encounter and interact with galectins that are highly expressed locally. To explore these potential interactions, we took advantage of two glycan microarrays generated in house. One is a human milk shotgun glycan microarray containing 247 natural glycans purified from human milk, termed the HM-SGM array (Yu et al., 2014); the other is an array with defined, simple HMG structures, termed the HMG microarray. These arrays provide a unique collection of type 1 backbone (Galβ1-3GlcNAc)-containing glycans, which were underrepresented on other non-HMG glycan microarrays. All of the tested recombinant galectins, galectin-1,-3,-4,-7,-8, and -9, except for galectin-2, showed unique binding profiles on the HM-SGM array (Table 2). The majority of the binding signals were toward neutral glycan fractions or sialylated glycans with a non-sialylated branch (Table 2). These results were also corroborated by the HMG microarray and by isothermal titration microcalorimetry and hapten inhibition assays (Noll et al., 2016). This study extended these earlier observations and also identified more complex HMGs as additional targets of specific galectins.


Table 2. Major binding motifs bound by human galectins on the HMG array. Modified from Table II of Noll et al. (2016).

[image: Table 2]

Collectively, these data highlighted the distinct binding specificities of galectins against the human milk metaglycome (Cummings and Pierce, 2014). This may at least partially account for the fact that each galectin has more or less unique physiological activities.

In summary, glycan microarray-based technology is not only useful for comparing binding patterns of different GBPs to deduce their specificities, it also supports the identification and characterization of novel carbohydrate ligands of the endogenous immune receptors. This information sheds light on the identification of the corresponding glycoprotein counterreceptors, and the functional intervention of these interactions.




Discovery of Natural Glycan Ligands Involved in Infection and Microorganism Invasion

One major goal in the area of Functional Glycomics has been to identify naturally occurring host ligands for various microorganisms, which could help to understand their pathogenicity and infectivity. The CFG glycan array and other array platforms, such as the lipid-linked glycan array, have been used to study the glycan interactions with microorganisms such as bacteria and influenza viruses, as well as components of microorganisms that are important in various pathways of attachment and virulence, such as toxins, adhesins, and agglutinins (Childs et al., 2009; Liu et al., 2010; Petrova et al., 2016; Littler et al., 2017; Sun et al., 2018a; Yang et al., 2018). The glycan arrays, with both defined glycan structures as well as natural, undefined structures, have allowed for a deeper view of what glycan structures and classes play a role in the binding of relevant components or whole organisms.

As described above for galectins, the human milk glycan array has also been a critical tool for understanding microbial interactions, especially rotaviruses and influenza virus (Yu et al., 2012, 2014; Ashline et al., 2014; Hu et al., 2015; Sun et al., 2018a,b). We separated the soluble milk glycans into 247 different targets for printing on the array, which was one of the first instances of capturing all of the compounds of a “soluble glycome” for binding interaction purposes. Rotavirus VP domains were tested for their ability to bind, since rotaviruses are a main cause of gastrointestinal illness in infants and children. Interestingly, different VP proteins tested all bound to unique glycan structure subsets, many of which are believed to be non-metabolizable in the GI tract, leading to the hypothesis that these soluble glycans act as decoy receptors and prevent the rotavirus from attaching to the GI tract. These studies, in which the glycan arrays were a key tool, have been important to understanding the transmission and tropism of these viruses and the role that glycans play in the infection process.

Another example of the glycan array platform as a biochemical tool for ligand discovery has been the work with pig and human lung tissue for the main goal of searching for glycan ligands of influenza viruses. Sequence-defined glycan arrays have been utilized to assign the receptor-binding specificities of pandemic influenza viruses (H1N1) (Childs et al., 2009; Liu et al., 2010). Our initial studies focused on generating a “shotgun” or natural glycan microarray of the glycan materials isolated directly from pig lung tissue (Byrd-Leotis et al., 2014). This was the proof-of-concept that the tissue could be processed in such a way that the glycans could be isolated and printed for functional assays. Several 2,3- and 2,6-sialylated biantennary N-glycans were identified to be positively bound by influenza strains, which was an exciting development for studying endogenous glycan ligands. This led to the broad screening of various strains of influenza viruses, including these H3N2 strains that have progressively undergone “antigenic drift” in their head domains (Byrd-Leotis et al., 2019a) Surprisingly, the H3N2 drift strains almost completely lost their capacity in binding of canonical sialylated N-glycans on the sequence-defined N-glycan array (Byrd-Leotis et al., 2019a). Moreover, the discoveries with the pig lung glycan array opened the door to later studies with actual human lung tissue to search for endogenous receptors for influenza viruses (Byrd-Leotis et al., 2019b). Interestingly, it was discovered that many of the influenza viruses tested not only bound to sialylated structures, but also to phosphorylated glycans present in human lung tissue (Byrd-Leotis et al., 2019b). This novel finding will lead to brand new lines of study into viral pathogenesis and treatment options.

A complementary avenue to the “natural arrays” from human and other mammalian host tissues, is the generation of natural arrays from the microorganisms themselves. This strategy is important for being able to profile the innate and adaptive immune response toward the glycan-containing components of the organism. Our studies with Schistosoma mansoni and the human response to this parasitic infection led us to generate a natural shotgun N-glycan microarray from the schistosome egg glycoproteins (Mickum et al., 2016). The schistosome eggs, which were isolated from infected mice, were treated with PNGase F and A to isolate as many N-glycans as possible, separated and printed to create the arrays. These arrays, in conjunction with a defined schistosome-related glycan array (Luyai et al., 2014) were then interrogated with antibodies and sera from infected mammals. Both defined and shotgun arrays helped to define the FLDNF epitope (Fucα1-3GalNAcβ1-4(Fucα1-3)GlcNAc-), which was the target of a monoclonal antibody F2D2 derived from an infected mouse. Further, the arrays showed that the profile of the F2D2 antibody overlapped in distinct areas with infected rhesus monkeys and humans, leading to the presumption that the FLDNF glycan is a major antigenic target during schistosomiasis infections. The defined and shotgun array studies were complementary and informative, and helped to guide additional assays to characterize the immune response toward S. mansoni infection.



Characterization of Natural Human Anti-glycome

The characterization of the human anti-glycome has benefited from both broad and specific glycan microarrays. The CFG microarray has been extensively utilized in studying the binding of GBPs including pathogenic toxins, intact viruses such as influenza and bacteria like Escherichia coli, various immune molecules including lectins and anti-carbohydrate antibodies (Blixt et al., 2004; Stowell et al., 2008; Hickey et al., 2010; Gulati et al., 2013; Jobling, 2016; Jones et al., 2016; Collins et al., 2017). As each array is conducted and data is collected, the results are published onto the CFG website, which is open to the public. This database is an invaluable resource for the glycobiology community, as it can inform researchers on which data has already been collected and point researchers in the right direction for additional experiments. Another useful resource produced by the CFG to screen mammalian GBPs is the Microbial Glycan Microarray (MGM). The most recent version of the array consists of 313 glycan targets from the polysaccharide material derived from different bacterial strains such as E. coli, Proteus mirabilis, Pseudomonas aeruginosa, Providencia alcalifaciens, Providencia rustigianii, Providencia stuartii, Shigella boydii, and Shigella dysenteriae (Bunker et al., 2017). These bacterial strains were largely provided by Dr. Yuri Knirel's group at the ND Zelinsky Institute of Organic Chemistry in Moscow, Russia. The bacterial polysaccharides presented on this array are coupled to NHS-activated glass microscope slides. Another microbe-focused glycan array has recently been developed by Seeberger group (Geissner et al., 2019). Complementary to the natural glycan approach, this new glycan array was generated by combining a variety of synthetic strategies. Together with the large collection of accumulated glycans from previous studies, the Max Planck Society (MPS) glycan library now contains more than 300 unique structures, making it one of the largest collections of microbial glycans. All of these microarray platforms have provided a unique resource to decipher the roles that certain proteins and antibodies (Bunker et al., 2017) may be playing in innate and adaptive immune detection of microbial carbohydrates.

Considering that the compounds for both of the CFG and MGM microarrays are limited in their quantity and accessibility, other defined arrays have been made using several classes of synthetic glycans such as α-glucans, β-glucans, xyloglucans, chitins, lacto-, globo-, and sialyl-series, gangliosides, blood groups A/B/O, Forssman and P antigen, Lewis antigen, Galα1-3R/Galili antigens, HNK1/GlcA, isoglobo, asialo-ganglio series, N-glycans and O-glycans. Many of these glycans have been shown to have biological relevance, and can be used for larger scale screenings. The NCFG has developed many of these arrays that are accessible to the public and is anticipated to serve as a key screening tool that is complementary to the CFG glycan array.

Each of these glycan microarrays has been used to characterize the specificity of human anti-glycan antibodies. Pooled IgG from healthy donors and IVIG (von Gunten et al., 2009; Schneider et al., 2015) have been profiled on a variety of different microarray platforms and have revealed a large diversity of anti-glycan antibody repertoires, including antibodies specific for cellulose and monosaccharides (Schwarz et al., 2003). Individual serum has been tested from healthy individuals (Muthana and Gildersleeve, 2016) as well as in HIV positive individuals (Scheepers et al., 2017) from the array platforms generated by Gildersleeve's group (see discussion in section Other Approaches in Glycan Microarray Generation). We have also surveyed the anti-carbohydrate antibody repertoire (ACAR) of 105 healthy donors, ranging from 20 to 60+ years old on the NCFGv1 array (Luetscher et al. in review). We discovered that the antibody profiles found within these individuals are relatively unique, with each individual displaying their own anti-carbohydrate signature. Additionally, we found that there are several glycan antigens that are highly immunogenic, with most individuals containing antibodies, which recognize the Forssman antigen, chitins and β-glucans. While it is difficult to compare certain aspects of the results of our study with Muthana and Gildersleeve (2016), as the glycan presentation and array platforms are not directly comparable, there were several common patterns of recognition by antibodies in both populations assayed. The NCFGv1 array has also been used to screen a cohort of Ugandan individuals with chronic exposure to Mycobacterium tuberculosis (Mtb), however these individuals never progress to active disease or result in a positive Mtb test. These resistant individuals were profiled for their anti-glycan antibody response, and compared to individuals with active and latent Mtb infections. The results of the NCFGv1 antibody profile from these distinct cohorts were indistinguishable, meaning that the resisters did not possess an anti-glycan antibody response that differed from active and latent patients. However, the data in its entirety has suggested that individuals resistant to Mtb infection have a unique and distinctive adaptive immune profile against Mtb specifically, although their deficiency in antibody response to carbohydrate antigens was eliminated by our results from the NCFGv1 array (Lu et al., 2019).

Understanding the repertoires of anti-glycan antibodies detected by glycan microarray analysis is important, and can be used to identify immunogens for glycoconjugate vaccines. This has been demonstrated by the development of glycan-based vaccines toward Clostridium difficile (Martin et al., 2013a,b), in which fragments of surface glycan PS-I were chemically synthesized and examined by microarray analyses with patient samples to identify the minimal antigenic epitopes. These candidates were coupled to carriers and yielded potent antigenic response in a mouse model.



Plant Lectins and Antibodies as Essential Tools for Probing Sequence-Specific Glycans

Plant lectins and anti-glycan antibodies are essential tools in biological studies. The binding profiles of common plant lectins, which are naturally occurring GBPs, are very well-studied and they are vital for researchers identifying and characterizing specific glycan epitopes. Therefore, lectins are often used as sequence-specific controls in microarray assays.

Targeted glycan arrays have allowed for discovery of new information on the binding profiles of these already well-characterized lectins. For example, plant lectins have been utilized in detecting N-glycans based on what is currently known about their binding profiles. However, information on the exact relationship between the lectins and N-glycan variants is limited due to a lack of a variety of these structures on arrays. Using the new 32 N-Glycan Array created by Gao et al. (2019), each individual lectin was seen to have preferences for different N-glycan structures. Wheat germ agglutinin (WGA) and Lens culinaris agglutinin (LCA) bound the biantennary and 2,2,6- triantennary forms but not to the 2,2,4-counterparts or tetra-antennary N-glycans, which suggests that these lectins prefer branching; among the N-glycan backbone-binding lectins, only LCA, Pisum sativum agglutinin (PSA), and Concanavalin A (ConA) can accommodate both the α2,3- and α2,6-linked sialic acid. Other lectins, such as WGA, Phaseolus vulgaris erythroagglutinin (E-PHA), Phaseolus vulgaris leukoagglutinin (L-PHA), and Datura stramonium agglutinin (DSA) can only accommodate the α2,3-sialic acid (Gao et al., 2019). This level of detailed information was not previously known. Demonstrating these kinds of observable differences between binding to branched, core, and other modified glycans validates the necessity of expanding the repertoire of glycans available. With access to a number of slightly modified and varied structures, we can uncover new binding capabilities of lectins and expand upon the knowledge available about the lectin binding motifs.

As noted above, anti-glycan antibodies can be characterized on the array platforms, and many have been studied over the years on the CFG glycan array (Agrawal-Gamse et al., 2011; Zipser et al., 2012; Noble et al., 2013; Falkowska et al., 2014; Chua et al., 2015; Mickum et al., 2016; Tati et al., 2017; Nkurunungi et al., 2019), such as characterization of a new Lewis x antibody (Mandalasi et al., 2013) and multiple iterations of an anti-Tn antigen antibody (Chaturvedi et al., 2008; Tati et al., 2017). While antibody specificities are not the main focus of this review, it is clear from past work that the glycan microarrays have been and will continue to be very useful tools for their characterization, especially as the glycans and the types of linkers diversify.



Glycan Array as a Platform for Developing Lamprey-Derived Smart Anti-glycan Reagents (SAGRs)

While glycan microarrays have been an essential tool for determining the specificity of a particular GBP, recently we have developed an alternative use of the technology to isolate and enrich for anti-glycan monoclonal antibodies. We have recently reported that the sea lamprey, Petromyzon marinus, generates a broad repertoire of anti-glycan antibodies in response to immunization with a variety of cell lines and biological tissues (McKitrick et al., in review). In contrast to the gnathostomes which produce antibodies made of immunoglobulin domains, the agnathans or jawless vertebrates, utilize a class of proteins constructed with leucine rich repeat motifs called Variable Lymphocyte Receptors (VLRs) as antigen receptors (Pancer et al., 2004; Alder et al., 2005, 2008; Boehm et al., 2018). These single-chain antibodies are produced and secreted by the VLRB lymphocyte lineage, and several groups have discovered and characterized monoclonal VLRB proteins that are specific for distinct carbohydrate structures (Han et al., 2008; Hong et al., 2013; Luo et al., 2013; Collins et al., 2017).

In order to utilize the VLRB proteins as traditional reagents in a laboratory setting, one must identify and enrich for VLRBs of a defined specificity and subsequently express them in a soluble form. To accomplish this, we as well as others have expressed the repertoire of VLRB proteins in a yeast surface display (YSD) platform (Xu et al., 2011; Velásquez et al., 2017; McKitrick et al., in review). We have then developed the methodology to incubate the VLRB expressing YSD library onto the glycan microarrays, where the VLRB antibodies will bind to the arrays in an antigen specific manner. The bound yeast colonies can then be transferred to solid media via replica plating, where monoclonals can be sequenced and screened individually for specificity (McKitrick et al., in review; McKitrick et al., accepted). Clones of interest are then expressed as a VLRB-Fc chimeric soluble protein, which we are calling Smart Anti-Glycan Reagents (SAGRs), and can be used for most routine research applications such as ELISA, western blotting etc. Thus, by combining YSD and glycan microarray technology, we have developed a high throughput methodology for the isolation and enrichment of glycan-specific reagents, which will greatly enhance the field of glycobiology.




OTHER APPROACHES IN GLYCAN MICROARRAY GENERATION


Diversity of Glycan Microarray Platforms

In addition to the widely used amine-based coupling method, other covalent attachment approaches have also been explored. One of the arrays that encompasses a large number of glycans is from the Gildersleeve group at NIH, in which glycans were covalently linked to a carrier protein bovine serum albumin (BSA) in the form of neoglycoproteins (Manimala et al., 2006). These glycoconjugates can be directly printed onto epoxy slides. The key feature of this array platform is multivalent presentation, which is similar to how natural glycans are found on glycoproteins. With a total of 60 amines, BSA has 54 that are expected to be solvent exposed (Oyelaran et al., 2009) and are fairly evenly distributed on the protein surface. The density of glycans on BSA can be controlled to some extent so that it becomes a multivalent scaffold to present glycans in a clustered or multivalent format to achieve high binding avidity. Thus, a neoglycoprotein-based glycan microarray has been developed and used in multiple studies, including the characterization of lectins (Luo et al., 2013) and monoclonal antibodies (Gildersleeve and Wright, 2016; Trabbic et al., 2019). In a recent screening of anti-glycan antibodies in the sera of pancreatic cancer patients, a glycan microarray containing 407 glyco-epitopes was generated and probed with sera from patients immunized with a whole cell vaccine. Antibody response was detected against many glycans including tumor-associated glycans, blood group antigen and α-Gal epitope (Xia et al., 2016). The anti-α-Gal antibodies, in particular, were inversely correlated with the overall survival rate and thus could be used as a potential biomarker to evaluate the immune responses to the vaccine.

In addition to the covalent methods, non-covalent attachment methods have also been developed and become the foundation of another comprehensive glycan microarray platform. Feizi and colleagues attached glycans to phospholipid carriers via reductive amination or oxime ligation (Tang et al., 1985; Chai et al., 2003; Liu et al., 2007; Li and Feizi, 2018). The products, neoglycolipids (NGLs) have hydrophobic lipid tails which facilitate immobilization on hydrophobic surfaces such as nitrocellulose through non-covalent hydrophobic interaction. This binding was so strong that the NGLs cannot be washed away by aqueous solution in microarray assays. Moreover, NGLs can be conveniently incorporated into liposomes supporting a clustered presentation. These NGL-carrying liposomes also enable microarray printing in aqueous solutions rather than in volatile solvents.

Since the generation of the first NGL-based glycan microarray (Fukui et al., 2002), the number and diversity of glycans in the libraries have been steadily growing (Palma et al., 2006; Gao et al., 2014; Li et al., 2017). Now there are more than 800 probes in their sequence-defined glycan microarray, making it one of the world largest resources (Li and Feizi, 2018). One of the recent applications of the NGL-based glycan microarray is the “Beam Search” which is an activity-chasing approach. In this effort, a minor O-glycan component from mucin-type glycoproteins was pinpointed and characterized as the binding ligand for rotaviruses (Li et al., 2017).



New Concepts and Approaches in Glycan Microarray
 
Luminex/Multiplex Assays

As mentioned above, the glass slide-based glycan microarrays enable screening of GBPs against hundreds of structurally diverse glycans with minimal sample consumption. However, the traditional form of glycan microarrays on microscope glass slides is inconvenient in simultaneous analyses of multiple GBPs. Under different settings, one can probably investigate dozens (typically < 32) of samples in parallel. As a screening method, the glass slide-printed microarrays do not allow for analyses of large numbers (hundreds) of samples in a high-throughput manner. Recently, She et al. developed a multiplex glycan bead array platform based on the Luminex technology (Purohit et al., 2018). Each Luminex bead contains a unique fluorescent label among 500 labels that can be distinguished by the instrument. The binding assays can be easily performed in microwell plates, meaning the platform has the potential to simultaneous analyze 384 samples against up to 500 glycans in a single assay. The assembled bead array contained over 100 covalently attached glycans and was used in the studies of plant lectins, anti-glycan antibodies and human sera. Given the high-throughput and the prevalence of the Luminex instrument, this method could be adopted in clinical settings and benefit larger research and clinical community.



DNA-Coded Arrays

Several DNA-based glycan arrays have been generated (Chevolot et al., 2014; Yan et al., 2019). For example, Song et al. developed a DNA-coded glycan microarray platform by attaching glycans with DNA sequences and adopting next-generation sequencing (NGS) as the decoding method (Yan et al., 2019). Each glycan was tagged with a unique, defined oligonucleotide sequence. A library of DNA-coded glycans were mixed in a single vial, incubated with a biologically relevant GBP, then “pull down” bound glycans by microsphere beads immobilized with secondary antibody. For cells or intact microorganisms, bound glycans were “pulled down” by direct centrifugation. The DNA codes on bound glycans were sequenced by NGS, and the copy numbers of DNA codes represent relative binding intensities of the corresponding glycan structures. This microarray platform allows high throughput assays and the solution-phase binding assay is directly applicable to identifying glycan binding to intact cells (Yan et al., 2019).



Cell-Based Arrays

A cell-based platform has been reported in characterization of the structure of glycan ligands (Nonaka et al., 2014). A similar but more powerful and comprehensive approach was taken by Clausen and Yang's groups at the Copenhagen Center for Glycomics, where they developed a methodology to display the glycans on the surface of HEK293 or CHO cells. The overall approach has been to develop a panel of cell lines, genetically engineer to express a substantial portion of the human glycome (Narimatsu et al., 2019) and glycosaminoglycan or GAGome (Chen et al., 2018). Using a rather elegant combination of CRISPR/Cas9 knock-in and knock-outs of human glycosyltransferases (Narimatsu et al., 2018), the authors were able to drive the expression of unique glycan structures onto the cell surface glycoproteins. These panels of cell lines were then used to investigate the binding specificity of Siglecs, influenza viruses and Streptococcus adhesion proteins by flow cytometry. There are several advantages to using this approach, of particular note is the glycans on the cell surface are presented in the context of a fully folded protein, which is closest to their most native confirmation. In addition, upon identification of the binding profile of a given GBP, the full sequence of glycosyltransferases that are required to build the structure interacting with the GBP is also known, which provides a level of information that may not be given by the printed glycan microarrays. The authors have also developed the technology to secrete the glycans into the culture media, using the amino derivative XylNap,2-(6-((3-aminopropyl)oxy)-naphthyl)β-d-xylopyranoside (XylNapNH2) (Chen et al., 2018). Ultimately, the glycans are amine functionalized, and can be used for direct immobilization onto a microarray surface.





CONCLUSIONS

As a robust high-throughput and high-content screening platform, glycan microarray represents a unique tool to define protein-glycan interactions in immunological studies. Glycan microarrays require minute amount of glycans that can be assayed with low background and high specificity. They enable functional screening and comparison in binding specificity of GBPs including antibodies, proteins, and viruses. Glycan microarrays provide information on both positively and negatively bound glycan structures which is particularly informative when placed in the relevant biological context.

Under current parameters, glycan microarray analyses cannot provide solutions to all scientific demands. For instance, this platform is not suitable for quantitative studies such as determining the binding constants. Several technical details are also yet to be addressed, and array robustness is related to the number and diversity of the printed compounds. The printing efficiency is generally low due to the efficiency in the underlying chemical reaction. The density and the presentation have also been shown to have a variable impact on the glycan interactions, and there may be cases where in-solution assays are more appropriate. Nonetheless, we and other groups have made many biologically important observations and advancements through glycan microarray interaction studies.

The glycan microarrays represent a hypothesis-generating discovery tool that can be effectively used to screen many types of immune proteins against hundreds of glycans simultaneously and provide leads to further experiments into these interactions. Sequence-defined and Shotgun microarrays are well complemented from distinct aspects of biological research: shotgun glycan arrays capture natural glycans that cannot be synthesized for defined arrays, sequence-defined glycan arrays corroborate the discovery made by shotgun glycan arrays. Therefore, they serve as a first-line screening that can guide further experimentation. An enormous amount of information can be gained from the array binding experiments themselves, especially if multiple types of arrays are utilized in a comparative fashion. They can also be coupled with creative steps such as enzyme treatments of the glycans, hapten inhibition, titration curves, and mutant proteins to obtain next-level binding characteristics. With increased sensitivity and throughput and the development of new formats including beads-based, cell-based and DNA-coded, glycan microarrays are now playing more and more important roles in discovering new GBPs and defining their essential functions in the host and microbiome interactome and in the immune system.
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A Synthetic Tetramer of Galectin-1 and Galectin-3 Amplifies Pro-apoptotic Signaling by Integrating the Activity of Both Galectins
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Galectin-1 (G1) and galectin-3 (G3) are carbohydrate-binding proteins that can signal apoptosis in T cells. We recently reported that a synthetic tetramer with two G1 and two G3 domains (“G1/G3 Zipper”) induces Jurkat T cell death more potently than G1. The pro-apoptotic signaling pathway of G1/G3 Zipper was not elucidated, but we hypothesized based on prior work that the G1 domains acted as the signaling units, while the G3 domains served as anchors that increase glycan-binding affinity. To test this, here we studied the involvement of different cell membrane glycoproteins and intracellular mediators in pro-apoptotic signaling via G1/G3 Zipper, G1, and G3. G1/G3 Zipper induced Jurkat T cell death more potently than G1 and G3 alone or in combination. G1/G3 Zipper, G1, and G3 increased caspase-8 activity, yet only G1 and G3 depended on it to induce cell death. G3 increased caspase-3 activity more than G1/G3 Zipper and G1, while all three galectin variants required it to induce cell death. JNK activation had similar roles downstream of G1/G3 Zipper, G1, and G3, whereas ERK had differing roles. CD45 was essential for G1 activity, and was involved in signaling via G1/G3 Zipper and G3. CD7 inhibited G1/G3 Zipper activity at low galectin concentrations but not at high galectin concentrations. In contrast, CD7 was necessary for G1 and G3 signaling at low galectin concentration but antagonistic at high galectin concentrations. Collectively, these observations suggest that G1/G3 Zipper amplifies pro-apoptotic signaling through the integrated activity of both the G1 and G3 domains.
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INTRODUCTION

Galectins are a family of soluble carbohydrate-binding proteins that regulate cell phenotype and function in development and disease (Cummings et al., 2015). For example, galectins are integral to fetal-maternal tolerance, mediators of cell-cell and cell-matrix adhesion, prevent the onset and progression of various autoimmune diseases, activate pro-inflammatory responses during osteoarthritis, can enhance or inhibit pathogen entry into host cells, and confer immune privilege to various tissues as well as tumors (Rabinovich et al., 1999; Hughes, 2001; Santucci et al., 2003; St-Pierre et al., 2011; Than et al., 2012; Li et al., 2013; Baum et al., 2014; Hu et al., 2017). Galectin-1 (G1) and galectin-3 (G3) are expressed by many immune cells and receive considerable attention in the context of immunity (Rabinovich and Toscano, 2009; Thiemann and Baum, 2016). They can act on various cell types, including monocytes, macrophages, neutrophils, dendritic cells, and T cells to regulate cell adhesion, migration, proliferation, cytokine secretion, or death (Elola et al., 2005; Vasta et al., 2012; Chung et al., 2013). Among immune cells, the activity of G1 and G3 on T cells has been studied most extensively. Notably, G1 and G3 demonstrate similar biological activities toward T cells in some contexts, yet divergent activity in others. For example, both G1 and G3 can induce T cell apoptosis (Stillman et al., 2006), whereas only G3 has been shown to induce T cell secretion of interleukin-2 (Hsu et al., 1996). Further, G1 can stimulate antigen-specific T cell responses, whereas G3 failed to stimulate these responses (Tribulatti et al., 2012). Moreover, G3 induced activated human T cell death, whereas G1 did not, instead promoting immunosuppressive interleukin-10 production and suppressing interferon-γ secretion (Stowell et al., 2008b). Thus, understanding the pathways by which G1 and G3 evoke changes in immune cell behavior, as well as any interplay between them, presents opportunities to regulate innate and adaptive immune responses.

Both G1 and G3 activate apoptosis of T cells by crosslinking glycoproteins displayed on the plasma membrane, yet evidence suggests that they may signal through distinct intracellular pathways. For example, early reports suggested that G1 induces apoptosis in a caspase- and cytochrome c-independent manner through nuclear translocation of endonuclease G (Hahn et al., 2004). More recently, it has been shown that G1 can induce Jurkat T cell death due to activation of c-Jun N-terminal kinase (JNK) which, in turn, activates c-Jun and AP-1 (Brandt et al., 2010). G1 has also been reported to sensitize resting human T cells to Fas-mediated cell death (Matarrese et al., 2005), as well as induce Fas-dependent apoptosis of Jurkat T cells via activation of caspase-8 and caspase-3 (Brandt et al., 2008). The pathways through which extracellular G3 induces apoptosis are less understood at present. Early reports demonstrated that extracellular G3 signals apoptosis via cytochrome c-release and caspase-3 activation independent of caspase-8 activation (Fukumori et al., 2003), with more recent data suggesting that G3 activates caspase-9 upstream of caspase-3 through phosphorylation of extracellular signal-regulated kinase (ERK) (Xue et al., 2017).

Differences in the pro-apoptotic signaling pathways activated by extracellular G1 and G3 may arise because they recognize different cell surface glycoproteins by way of their selectivity for different oligosaccharide ligands (Stowell et al., 2008a). Among glycoprotein receptors implicated in T cell death (e.g., CD7, CD29, CD43, CD45, and CD71) (Brown et al., 1996; Lesage et al., 1997; Lesnikov et al., 2001; Arencibia et al., 2002), apoptosis induced by G1 has been suggested to depend on CD7 but not CD45 (Pace et al., 1999, 2000; Walzel et al., 1999; Stillman et al., 2006), whereas other studies have identified a role for CD45 in G1 pro-apoptotic signaling (Nguyen et al., 2001). In contrast, apoptosis via extracellular G3 has been suggested to depend on CD45 but not CD43, whereas conflicting roles of CD7 and CD29 have been reported (Fukumori et al., 2003; Stillman et al., 2006). Further, CD71 was observed to cluster on dying cells treated with G3, whereas G1 cannot bind CD71 (Stillman et al., 2006).

Combination therapies that engage different receptors or pathways can be used to regulate T cell responses by amplifying apoptosis and/or modulating activation (Strauss et al., 2002; Reddy et al., 2012). Intriguingly, the combination of native G1 and G3 was neither additive nor synergistic for activating T cell apoptosis despite engaging different receptors and distinct pathways (Stillman et al., 2006). Consistent with this, we previously reported that a fusion protein consisting of G1 linked to the N-terminus of G3 (i.e., “G1/G3”) failed to induce Jurkat T cell apoptosis; however, a synthetic tetramer developed by engineering G1/G3 to self-assemble (i.e., “G1/G3 Zipper”) induced apoptosis at a significantly lower concentration than G1 alone (Fettis et al., 2019). We hypothesized that the G1 domains acted as the signaling units, while the G3 domains served as anchors that increase the apparent glycan-binding affinity (Figure 1, left). This was based on two previous observations. First, G1 fixed in a homodimeric configuration has increased pro-apoptotic signaling activity when compared to native G1, regardless of whether the dimeric structure is established by a peptide linker, α-helical coiled-coil, Fc fusion, or synthetic polymer (van der Leij et al., 2007; Cedeno-Laurent et al., 2010; Earl et al., 2011; Farhadi and Hudalla, 2016; Fettis and Hudalla, 2018). Second, a synthetic homotrimer of G3 lacked signaling activity when compared to native G3 (Farhadi et al., 2018), likely because its carbohydrate-recognition domain valency was insufficient to activate intracellular signaling pathways to a measurable extent.
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FIGURE 1. Proposed models of G1/G3 Zipper pro-apoptotic signaling activity. In one model, G3 binding to membrane glycoproteins anchors G1 at the cell surface, where G1 acts as the only signaling domain (Left). In an alternative model, both G1 and G3 act as signaling domains to amplify apoptosis (Right).


Here, we sought to determine whether the G1 domains of G1/G3 Zipper act as signaling units while G3 domains serve as anchors (Figure 1, left), or if both galectin domains of G1/G3 Zipper act as signaling units (Figure 1, right). To this end, we studied the involvement of different cell membrane receptors and intracellular mediators in pro-apoptotic signaling via G1/G3 Zipper, G1, and G3. In particular, we evaluated the role of caspase activity (e.g., caspase-8 and caspase-3), as well as ERK and JNK activation. Additionally, we used CD7- and CD45-deficient T cell lines to assess G1/G3 Zipper-, G1-, and G3-induced transmembrane signal transduction.



MATERIALS AND METHODS


Protein Expression and Purification

All proteins in this study were expressed from recombinant DNA in Origami™ B(DE3) Competent E. coli (70837-4, Novagen) and purified according to established protocols (Fettis et al., 2019). Protein sequences of G1, which has been mutated to lack surface cysteines, G3, and G1/G3 Zipper have been published elsewhere (Restuccia et al., 2018; Fettis et al., 2019). After purification, molecular weight and purity of each protein were determined via denaturing gel electrophoresis and Coomassie staining. Molar concentration of each purified protein was determined using the Pierce™ 660 nm Protein Assay Reagent (22660, ThermoFisher). Finally, endotoxin content was reduced to <1 EU/mL via Triton X-114 cloud-point precipitation and then confirmed using the Pierce™ Chromogenic Endotoxin Quantitation kit (A39552, ThermoFisher), according to manufacturer instructions.



Cell Death Assays

Protocols for flow cytometric analysis of apoptosis were adapted from previously reported methods (Pace et al., 2003). Jurkat E6-1 (ATCC® TIB-152™), HuT 78 (ATCC® TIB-161™), and J45.01 (ATCC® CRL-1990™) T cells were expanded in complete media (RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 1% penicillin–streptomycin, 200 mM L-glutamine, 1% HEPES buffer) at 37°C, 5% CO2. For all apoptosis experiments, 100 μL of cells were aliquoted at 200,000 cells into round-bottom 12 × 75 mm culture test tubes (14-956-3D, ThermoFisher) and incubated with 100 μL of sterile 1x PBS (Hyclone™ SH30256) alone (i.e., untreated), G1, G3, G1 + G3, or G1/G3 Zipper in sterile 1x PBS (final galectin concentration depending on assay) in the presence or absence of 100 μM caspase-8 inhibitor Z-IETD-FMK (FMK007, R&D Systems), caspase-3/7 inhibitor I (218826, MilliporeSigma), ERK inhibitor U0126 (662005, MilliporeSigma), or JNK inhibitor II SP600125 (420119, MilliporeSigma) for 4 or 24 h at 37°C, 5% CO2. Note, inhibitors were dissolved in American Chemical Society grade dimethyl sulfoxide (DMSO) and an equivalent amount of DMSO (1 μL or 0.5% final concentration) was added to all groups not receiving inhibitors as vehicle control. Further, cells received inhibitor alone as control to calculate a final percentage of cell death after data were collected. Positive single stain controls for flow cytometric analysis were produced by treating cells with 1 μM (S)-(+)-Camptothecin (C9911, MilliporeSigma) for 4 or 24 h at 37°C, 5% CO2. After incubation, half the volume of cells treated with (S)-(+)-Camptothecin was heated to 56°C for 5 min and then cooled on ice for 5 min before being recombined with the other half of (S)-(+)-Camptothecin-treated cells. All cells were treated with 1 mL of ice-cold 100 mM lactose in sterile 1x PBS, then pelleted via centrifugation (500 × g for 5 min at 4°C) and resuspended in 1 mL of ice-cold sterile 1x PBS. Cells were then stained with 1 μL (1:1,000 dye:PBS volume ratio) of LIVE/DEAD® Near-IR dye (excitation λ = 633 nm and emission λ = 750 nm) on ice for 30 min while protected from light, according to protocols from a LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (L34975, ThermoFisher). After staining, cells were washed with 1 mL of ice-cold 1x PBS via centrifugation and the supernatant was carefully discarded. Cells were then resuspended in 100 μL of 1x Annexin V Binding Buffer (556454, BD Biosciences) with 5 μL BV421 Annexin V (563973, BD Biosciences) to stain for phosphatidylserine exposure, and then mixed gently followed by 15 min incubation at room temperature in the dark, according to manufacturer protocols. Finally, 200 μL of 1x Annexin V Binding Buffer was further added to the cells before flow cytometric data was acquired on a BD FACSCelesta™ flow cytometer equipped with BD FACSDiva™ software, a violet laser (405 nm) for BV421 detection (excitation λ = 407 nm and emission λ = 421 nm), and a red laser (640 nm) for LIVE/DEAD® detection (excitation λ = 650 nm and emission λ = 785 nm). Data were analyzed and graphed as scatter plots using BD FlowJo™ software (version 10.0.7). Percentage of cell death was then calculated as follows: [(% annexin V− and LIVE/DEAD®− cells in untreated group)—(% annexin V− and LIVE/DEAD®− cells in treated group)]/(% annexin V− and LIVE/DEAD®− cells in untreated group). Values less than zero were reported as zero. Percentages of cell death that were positive after treatment with inhibitor alone (Supplementary Figure 2) were, respectively, subtracted from protein plus inhibitor treated groups to yield a final percentage of galectin-induced cell death in experimental groups.



Caspase Activity

Jurkat T cells were expanded in complete media as described above. Jurkat T cells were aliquoted (500,000 cells/well) into sterile, clear, tissue culture treated 6-well microplates. Cells were then incubated with 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper for 24 h at 37 °C, 5% CO2. Cells were washed with sterile 1x PBS prior to measuring caspase activity with the following commercially available assay kits: FLICE/Caspase-8 Colorimetric Assay Kit (K113100, ThermoFisher) and EnzCheck® Caspase-3 Assay Kit #1 (E13183, ThermoFisher). Note, the substrate Z-DEVD-AMC in the EnzCheck® Caspase-3 Assay Kit #1 can also be activated by caspase-7. Herein, we refer to any measured activity as “caspase-3 activity” in accordance with the manufacturer's naming convention. For caspase-8 activity measurements, groups of cells were pooled together at 1.5 * 106 cells per replicate.



Statistical Analysis

All experimental and control groups had N = 3, and the data were reported as mean ± standard deviation. Data were analyzed for statistically significant differences using one-way ANOVA with Tukey's post hoc (p < 0.05) in GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA).




RESULTS


G1/G3 Zipper Induces Jurkat T Cell Death More Potently Than G1 and G3 Alone or in Combination

Jurkat T cell apoptosis induced by G1 and G3 is associated with early exposure of phosphatidylserine on the outer leaflet of the plasma membrane, followed by late membrane permeability (Pace et al., 1999, 2003; Stowell et al., 2008b). Here, we used a combination of annexin V staining of phosphatidylserine and a membrane-impermeable DNA-binding dye (LIVE/DEAD®, Invitrogen) to quantify Jurkat T cell death induced by G1/G3 Zipper, G1, or G3 as a function of galectin concentration and time. Note, cells were treated with as low as 0.5 μM G1/G3 Zipper in all experiments based on a prior report showing that high concentration of this protein led to loss of cell integrity (Fettis et al., 2019), whereas cells were treated with as high as 5 μM G1 or G3 based on the reported effective dose of these proteins (Restuccia et al., 2015, 2018; Farhadi et al., 2018; Fettis and Hudalla, 2018; Fettis et al., 2019). For each concentration of galectin (0.5, 1, 2.5, and 5 μM) tested, G1/G3 Zipper induced significantly more cell death by 24 h than an equimolar combination of G1 and G3 (Figure 2A). At 4 h, 0.5 μM G1/G3 Zipper induced significantly more cell death than either 5 μM G1 or 5 μM G3 alone (Figure 2B). By 24 h, 5 μM G1 and 5 μM G3 induced a comparable extent of Jurkat T cell death as 0.5 μM G1/G3 Zipper (Figure 2B).
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FIGURE 2. Quantification of Jurkat T cell death via G1/G3 Zipper, G1, G3, or G1 + G3. (A) Percentage of dead Jurkat T cells treated with 0.5–5 μM of G1 + G3 (equimolar ratio) or G1/G3 Zipper for 24 h relative to untreated cells. (B) Percentage of dead Jurkat T cells treated with 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper for 4 or 24 h relative to untreated cells. For (A), #indicates significant differences between G1 + G3 and G1/G3 Zipper at each concentration tested and denotes p < 0.0001. For (B), *indicates significant differences between time; #indicates significant differences relative to G1/G3 Zipper at t = 4 h; “ns” indicates no significant difference relative to G1/G3 Zipper at t = 24 h; two symbols denote p < 0.01 and four symbols denote p < 0.0001. All data shown are N = 3, mean ± standard deviation, and tested for statistically significant differences using one-way ANOVA with Tukey's post-hoc.




G1/G3 Zipper, G1, and G3 Differentially Activate Caspase-8 and Caspase-3

We characterized caspase-8 activity induced by G1/G3 Zipper, G1, or G3 by quantifying Jurkat T cell cleavage of the caspase-8 substrate, IETD-p-nitroanilide. At 24 h, cells treated with 5 μM G3 and 0.5 μM G1/G3 Zipper demonstrated comparable caspase-8 activity, whereas cells treated with 5 μM G1 demonstrated significantly weaker caspase-8 activity (Figure 3A).
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FIGURE 3. Characterization of the role of caspase-8, caspase-3, ERK, and JNK activation in Jurkat T cell apoptosis induced by G1/G3 Zipper, G1, or G3. (A) Quantification of caspase-8 activity and (B) quantification of caspase-3 activity in Jurkat T cells treated with 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper for 24 h relative to untreated cells. Percentage of dead Jurkat T cells (relative to untreated cells) following treatment with 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper for 24 h in the presence of (C) caspase-8 inhibitor (Z-IETD-FMK), (D) caspase-3 inhibitor I, (E) ERK inhibitor (U0126), or (F) JNK inhibitor II (SP600125). For comparison, the red dashed lines in (C–F) indicate the percentage of dead Jurkat T cells following treatment with 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper for 24 h, respectively, from Figure 2B. For (A,B), * indicates significant differences between groups; one symbol denotes p < 0.05, three symbols denote p < 0.001; statistically significant differences were determined using one-way ANOVA with Tukey's post-hoc. All data shown are N = 3, mean ± standard deviation.


We characterized caspase-3 activity induced by G1/G3 Zipper, G1, or G3 by quantifying Jurkat T cell cleavage of the substrate, Z-DEVD-AMC. At 4 h, cells treated with 0.5 μM G1/G3 Zipper, 5 μM G1, or 5 μM G3 demonstrated no measurable caspase-3 activity relative to untreated cells (Supplementary Figure 1). At 24 h, cells treated with 5 μM G3 demonstrated high caspase-3 activity. In contrast, cells treated with 0.5 μM G1/G3 Zipper demonstrated moderate caspase-3 activity, while cells treated with 5 μM G1 had low caspase-3 activity (Figure 3B).



The Intracellular Mediators Involved in G1/G3 Zipper Pro-apoptotic Signaling Differ Relative to G1 and G3

We first evaluated the involvement of caspase-8 in Jurkat T cell death induced by G1/G3 Zipper, G1, or G3 using the caspase-8 inhibitor, Z-IETD-FMK. Inhibiting caspase-8 significantly reduced the activity of 5 μM G1 over 4 and 24 h (Figure 3C, Supplementary Figure 3). Inhibiting caspase-8 diminished the activity of 5 μM G3 over 24 h (Figure 3C), albeit to a lesser extent than G1, yet had only a weak effect on G3 over 4 h (Supplementary Figure 3). In contrast, inhibiting caspase-8 had no significant effect on 0.5 μM G1/G3 Zipper activity over 4 or 24 h (Figure 3C, Supplementary Figure 3).

Next, we evaluated the involvement of caspase-3 in Jurkat T cell death induced by G1/G3 Zipper, G1, or G3 using a commercially available caspase-3 inhibitor. Inhibiting caspase-3 significantly decreased the extent of cell death induced by 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper over 24 h (Figure 3D). Notably, the caspase-3 inhibitor decreased the activity of G1/G3 Zipper, G1, and G3 to a similar extent. In contrast, inhibiting caspase-3 decreased the activity of G1/G3 Zipper over 4 h, yet had no effect on G1 or G3 (Supplementary Figure 3).

We characterized the role of ERK in Jurkat T cell death induced by G1/G3 Zipper, G1, or G3 using the ERK inhibitor, U0126. Inhibiting ERK increased the extent of cell death induced by G1/G3 Zipper, G1, or G3 over 4 h (Supplementary Figure 3). Over 24 h, inhibiting ERK also increased the pro-apoptotic activity of 0.5 μM G1/G3 Zipper (Figure 3E). In contrast, inhibiting ERK decreased the activity of 5 μM G1 over 24 h, but had no significant effect on the activity of 5 μM G3 (Figure 3E).

We characterized the role of JNK activation in Jurkat T cell death induced by G1/G3 Zipper, G1, or G3 using the ATP-competitive JNK inhibitor, SP600125 (“JNK inhibitor”). Inhibiting JNK activation significantly increased the extent of cell death induced by G3 and weakly increased the extent of cell death induced by G1/G3 Zipper over 4 h, whereas it had no effect on G1 activity over 4 h (Supplementary Figure 3). In contrast, inhibiting JNK activation decreased the extent of cell death induced by 5 μM G1, 5 μM G3, or 0.5 μM G1/G3 Zipper over 24 h (Figure 3F). Notably, inhibiting JNK decreased the pro-apoptotic activity of G3 over 24 h more than the activity of G1/G3 Zipper and G1, which were inhibited to a similar extent.

Collectively, these data suggest that the intracellular mediators that signal apoptosis downstream of G1/G3 Zipper, G1, and G3 differ relative to each other, as well as with time. In particular, caspase-8 was required to signal apoptosis via G1 over 4 h, while ERK activation was inhibitory. Caspase-3 and JNK activation played no role in G1 signaling at this time point. In contrast, over 24 h, caspase-8, caspase-3, ERK, and JNK all contributed to Jurkat T cell death via G1. Over 24 h, both JNK activation and ERK were inhibitory downstream of G3, whereas caspase-8 and caspase-3 were not involved. In contrast, caspase-8, caspase-3, and JNK contributed to pro-apoptotic signaling via G3 over 24 h, whereas ERK was not involved. Caspase-8 was never involved in pro-apoptotic signaling downstream of G1/G3 Zipper, whereas caspase-3 was involved at both early and late time points. Further, inhibiting ERK always amplified pro-apoptotic signaling downstream of G1/G3 Zipper, whereas JNK activation inhibited apoptosis induced by G1/G3 Zipper early but amplified it late.



G1/G3 Zipper-Induced Cell Death Is Mediated by CD45 and Hindered by CD7

We treated Jurkat (CD7+, CD45+), HuT 78 (CD7−, CD45+), and J45.01 (CD7+, CD45−) T cells with a range of G1/G3 Zipper, G1, or G3 concentrations to characterize the role of the cell surface glycoprotein receptors CD7 and CD45 in galectin-induced cell death. At 5 μM, G1 induced significantly less death of HuT 78 and J45.01 T cells than Jurkat T cells (Figure 4A). The extent of HuT 78 T cell death increased with G1 concentration (Figure 4A, gray bars), reaching a maximum that was slightly higher, although not significantly greater, than the extent of Jurkat T cell death induced by G1. In contrast, G1 only weakly induced J45.01 cell death at the concentrations tested (Figure 4A, black bars).
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FIGURE 4. Comparison of Jurkat, HuT 78, and J45.01 T cell death via G1/G3 Zipper, G1, or G3. Percentage of dead cells following treatment of Jurkat, HuT 78, or J45.01 T cells with (A) 5–20 μM G1, (B) 5–20 μM G3, or (C) 0.5–5 μM G1/G3 Zipper for 24 h relative to untreated cells. For (A–C), * indicates significant differences relative to Jurkat T cells; “ns” indicates no significant difference between cells. In all panels, one symbol denotes p < 0.05, two symbols denote p < 0.01, and three symbols denote p < 0.001. All data shown are N = 3, mean ± standard deviation, and tested for statistically significant differences using one-way ANOVA with Tukey's post-hoc.


At 5 μM, G3 induced significantly less death of HuT 78 and J45.01 T cells than Jurkat T cells (Figure 4B), similar to G1. The extent of HuT 78 T cell death increased with G3 concentration (Figure 4B, gray bars), reaching a maximum that was slightly higher, although not significantly greater, than the extent of Jurkat T cell death induced by G3, similar to G1. In contrast to G1, the extent of J45.01 T cell death also increased with G3 concentration (Figure 4B, black bars), reaching a maximum that was comparable to the extent of Jurkat T cell death induced by G3.

At low concentrations, G1/G3 Zipper induced significantly more death of HuT 78 T cells than Jurkat T cells (Figure 4C, gray bars), similar to G1 and G3 at high concentration. At 0.5 μM, G1/G3 Zipper induced significantly less J45.01 T cell death than Jurkat T cell death, whereas the extent of J45.01 T cell and Jurkat T cell death at all other G1/G3 Zipper concentrations were similar.

Collectively, these data suggest that G1/G3 Zipper, G1, and G3 require CD45 to signal apoptosis. These data also suggest that CD7 antagonizes G1/G3 Zipper signaling at low galectin concentration, and may also inhibit G1 and G3 signaling at high galectin concentrations, whereas it is necessary for G1 and G3 signaling at low galectin concentrations.




DISCUSSION

Here we report a comparison of the pro-apoptotic signaling pathways activated by a synthetic G1/G3 tetramer referred to as G1/G3 Zipper, G1, and G3. Collectively, the data demonstrate that each protein differentially employs CD45, CD7, caspase-8, caspase-3, ERK, and JNK to induce apoptosis. In particular, G1/G3 Zipper, G1, and G3 all depend on caspase-3 to induce apoptosis. However, G3 induces significantly greater caspase-3 activity than G1/G3 Zipper or G1. Further, caspase-3 inhibition has a similar effect on G1/G3 Zipper and G1 activity, which is greater than the effect on G3 activity. Taken together, these observations suggest that G1/G3 Zipper behaves more like G1 than G3, in agreement with our initial hypothesis.

With regard to caspase-8, however, G1/G3 Zipper differs from both G1 and G3. For example, while G1/G3 Zipper, G1, and G3 all activate caspase-8, G1/G3 Zipper does not depend on it to induce apoptosis. In contrast, G1 depends on caspase-8 at both early and late time points, whereas G3 depends on it only at a later time point.

The role of JNK activation in G1/G3 Zipper signaling is more similar to its role in G3 signaling than G1 signaling. In particular, inhibition of JNK activation weakly increased the activity of G1/G3 Zipper at an early time point, but weakly decreased it at a late time point. In contrast, JNK inhibition strongly potentiated G3 activity at an early time point and significantly decreased it at a late time point, whereas JNK inhibition only decreased G1 activity at a late time point. This latter observation was consistent with a previous report which demonstrated that G1 induces Jurkat T cell death via activation of JNK and, in turn, c-Jun and AP-1 (Brandt et al., 2010). These observations suggest that G1/G3 Zipper does not induce apoptosis exclusively through G1-related pathways, which contrasts with our hypothesis. Instead, these data suggest that the G3 domains of G1/G3 Zipper are active as extracellular signals, but that their activity is diminished when compared to the native protein, which may be due to differences in carbohydrate-recognition domain valency.

Unexpectedly, ERK activation has contrasting roles in G1/G3 Zipper, G1, and G3 signaling. In particular, inhibiting ERK increased G1 activity early but diminished it at a later time point, increased G3 activity early but had no effect later, and increased G1/G3 Zipper activity at both early and late time points. These observations suggest that pro-apoptotic signaling via G1/G3 Zipper is not simply an additive combination of the signaling pathways activated by G1 and G3, but instead may involve an alternative pathway that integrates aspects of the pathways activated by both galectins.

Differences in the pro-apoptotic signaling pathways activated by G1/G3 Zipper, G1, and G3 may stem from differences in the role of the membrane glycoproteins CD7 and CD45 as signal transducers. For example, high CD45 expression was required for G1 activity under all conditions tested, whereas the activity of G1/G3 Zipper and G3 toward CD45 low cells increased with their concentration. Toward CD7 low cells, the activity of both G1 and G3 increased with their concentration, but was weakened relative to their activity toward CD7 high cells at low galectin concentration. In contrast, low CD7 expression enhanced G1/G3 Zipper activity at low concentrations, whereas it had no effect at high G1/G3 Zipper concentrations. Collectively, these data suggest that CD7 is not directly involved as a signal transducer of G1/G3 Zipper, but instead may act as an antagonist, whereas it is involved in both G1 and G3 signaling, as suggested in prior reports (Pace et al., 1999, 2000; Fukumori et al., 2003; Stillman et al., 2006). Note that any differences in the role of CD7 in galectin signaling observed here and reported elsewhere may be due to differences in protein concentration, culture time, or cell type which often vary across studies. Further, these data suggest that G1/G3 Zipper signals at least in part through CD45, which could be mediated by either the G1 or G3 domain, as both have been implicated in G1 and G3 signaling previously (Nguyen et al., 2001; Stillman et al., 2006). However, the observation that G1/G3 Zipper induces considerable death of CD45 low cells at all concentrations tested suggests that other membrane glycoproteins likely also act as signal transducers or binding partners. Future research efforts will work to identify membrane glycoproteins that are recognized by G1/G3 Zipper, as well as those that act as transducers of pro-apoptotic signals.

Both caspase-8 and JNK activation can induce changes in metabolic activity that lead to pro-apoptotic signaling (Li et al., 1998; Dhanasekaran and Reddy, 2017). We previously reported that G1/G3 Zipper decreased NADH content of Jurkat T cells to a greater extent than both native G1 and a polymer-stabilized G1 homodimer, as measured by conversion of resazurin to resorufin with the CellTiter-Blue® cell viability assay (Promega) (Fettis et al., 2019). Here we observed that both caspase-8 and JNK activation are involved in pro-apoptotic signaling via G1. In contrast, pro-apoptotic signaling via G1/G3 Zipper depends on JNK activation but not caspase-8 activity. The observation that G1/G3 Zipper induced higher caspase-8 activity than G1 suggests that the increased metabolic dysfunction induced by G1/G3 Zipper relative to G1 reported previously is due to caspase-8. But why is caspase-8 a bystander in pro-apoptotic signaling downstream of G1/G3 Zipper but not G1? The answer may lie in the observed disparity in the role of ERK downstream of G1/G3 Zipper and G1. JNK and/or caspase-8 acting on mitochondria can lead to activation of caspase-9 that amplifies cell death by increasing caspase-3 activity (Li et al., 1998; Dhanasekaran and Reddy, 2008). Consistent with this, we observed higher caspase-3 activity in cells treated with G1/G3 Zipper relative to cells treated with G1. Further, phosphorylation via ERK inhibits caspase-9 (Allan et al., 2003), and here inhibiting ERK activity increased the extent of cell death induced by G1/G3 Zipper. Collectively, these observations suggest a role for caspase-9 downstream of mitochondrial dysfunction as a contributor to G1/G3 Zipper pro-apoptotic signaling. Future work will take a closer look at the interplay between JNK activation, mitochondrial function, ERK activity, and caspase−8,−9, and−3 in pro-apoptotic signaling induced by G1/G3 Zipper.



CONCLUSIONS

G1/G3 Zipper, a synthetic engineered tetramer with two G1 and two G3 domains, induces apoptosis to a greater extent than G1 and G3 alone or in combination. The results reported here suggest that G1/G3 Zipper signals apoptosis through a pathway that depends on caspase-3 and JNK, like G1 and G3, but is independent of caspase-8 activity and is amplified by ERK inhibition, which contrasts with G1 and G3. G1/G3 Zipper signaling is mediated in part by CD45, similar to G1 and G3, but inhibited by CD7, which contrasts with G1 and G3. Collectively, these observations call into question our prior mechanistic hypothesis which suggested that G1 acts as the signal while G3 acts as an anchor. Instead, G1/G3 Zipper amplifies pro-apoptotic signaling by integrating the activities of both G1 and G3. Although we have not yet elucidated the particular intracellular signals through which G1/G3 Zipper induces apoptosis in exhaustive detail, we have begun to understand the roles of common pro-apoptotic signaling molecules in this pathway. Further, we have identified key differences between an engineered galectin variant and the native proteins from which it was created. Finally, we demonstrated that co-integrating galectins into a single construct can enhance their signaling activity. Increasing understanding of the interplay between G1 and G3 assembled into non-native architectures may provide new opportunities to therapeutically regulate innate and adaptive immunity.
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N-glycosylation of membrane receptors is important for a wide variety of cellular processes. In the immune system, loss or alteration of receptor glycosylation can affect pathogen recognition, cell-cell interaction, and activation as well as migration. This is not only due to aberrant folding of the receptor, but also to altered lateral mobility or aggregation capacity. Despite increasing evidence of their biological relevance, glycosylation-dependent mechanisms of receptor regulation are hard to dissect at the molecular level. This is due to the intrinsic complexity of the glycosylation process and high diversity of glycan structures combined with the technical limitations of the current experimental tools. It is still challenging to precisely determine the localization and site-occupancy of glycosylation sites, glycan micro- and macro-heterogeneity at the individual receptor level as well as the biological function and specific interactome of receptor glycoforms. In addition, the tools available to manipulate N-glycans of a specific receptor are limited. Significant progress has however been made thanks to innovative approaches such as glycoproteomics, metabolic engineering, or chemoenzymatic labeling. By discussing examples of immune receptors involved in pathogen recognition, migration, antigen presentation, and cell signaling, this Mini Review will focus on the biological importance of N-glycosylation for receptor functions and highlight the technical challenges for examination and manipulation of receptor N-glycans.
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INTRODUCTION

Protein glycosylation, the enzymatic addition of glycans to amino acid side chains, is the most common post-translational modification. It is exerted by an intricate set of enzymes that prunes and grafts the carbohydrate moieties on proteins traveling the endoplasmic reticulum (ER)—Golgi apparatus secretory route toward the cell surface (Ohtsubo and Marth, 2006).

Glycans are composed of different monosaccharides, that can be covalently bound via alpha or beta linkages, rendering a wide range of glycan structures. Competition and dynamics of glycosylation enzymes lead to varying glycan structures not only on different proteins but also within the same protein, a phenomenon called glycan microheterogeneity. Also, one protein can have multiple glycosylation sites that may be partially occupied, reflecting variations in enzymes, substrate, and protein acceptor fluxes (Zacchi and Schulz, 2016), resulting in glycan macroheterogeneity. Glycan heterogeneity occurs among different tissues (Medzihradszky et al., 2015), biomarks developmental and activation stages (Clark and Baum, 2012), and correlates to aging and disease processes (Kristic et al., 2014; Reily et al., 2019).

Two major types of protein glycosylation are discerned: N-glycosylation, the addition of glycan chains on the amide nitrogen of asparagine residues in the ER, and O-glycosylation, the addition of glycan chains to the oxygen atom of serine/threonine residues in the Golgi. For many membrane proteins, removal of N-glycosylation sites leads to intracellular retention, degradation, and reduced membrane expression (Barbosa et al., 1987; Fischer et al., 2017). Moreover, after arrival on the cell surface, the stability and functionality of glycoproteins remain dependent on their glycosylation pattern (Dennis et al., 2009a,b; Skropeta, 2009). This partly relates to the existence of membrane-associated β-galactoside-binding lectins, known as galectins, which bind and crosslink different glycoproteins (Nabi et al., 2015). Since galectins have multiple binding sites and form multimers, they enable the formation of galectin lattices: an intricate network of glycoproteins and glycan-binding proteins, which shapes and regulates cell surface subdomains of clustered macromolecules and ultimately influences cell functions (Lajoie et al., 2009).

Aberrant protein glycosylation impacts viability and functionality of cells and organisms. This is underlined by the Congenital Disorders of Glycosylation, where defects in the synthesis or processing of glycans affect glycoprotein activities and cause a large variety of systemic symptoms (Peanne et al., 2018). Furthermore, Mkhikian et al. demonstrated that in multiple sclerosis environmental factors and genetic variants of immune receptors and glycosylation enzymes collectively dysregulate the N-glycosylation pathway (Mkhikian et al., 2011). Finally, malignant transformation is notoriously associated with altered glycosylation (Marsico et al., 2018). Despite its clear biomedical relevance, addressing the involvement of glycosylation in protein activity is challenging due to the complexity of the glycosylation process and the relatively limited experimental tools available.

Recent reviews highlight the importance of protein-glycan interactions in immunity (Marth and Grewal, 2008; Van Kooyk and Rabinovich, 2008; Zhou et al., 2018). In this review, we highlight key examples of how N-glycosylation of membrane immune receptors influences receptor properties, such as lateral interactions with neighboring molecules, clustering and diffusion behavior, all modulating receptor function (Figure 1). We also discuss tools and approaches for detection and manipulation of membrane receptor glycosylation, emphasizing current challenges and opportunities (Table 1).
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FIGURE 1. Properties of membrane receptors influenced by N-glycans. The presence or absence of N-glycans on receptor molecules can modulate receptor function by affecting not only folding but also ligand binding, conformation, clustering, and lateral mobility. Glycan-crosslinking proteins, such as galectins, can influence these properties.



Table 1. Overview of the techniques to study membrane receptor glycosylation: applications and limitations.
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MEMBRANE IMMUNE RECEPTOR GLYCOSYLATION: BEYOND PROTEIN FOLDING


Pathogen Recognition

Many membrane receptors involved in pathogen-recognition are glycosylated and their glycans can influence their function. For example, Dendritic Cell Immunoreceptor (DCIR) has one N-glycosylation site inside its carbohydrate-recognition domain. Removing or truncating this glycan increases the affinity for DCIR-binding ligands, but the underlying mechanism is still undefined (Bloem et al., 2013). For other pathogen recognition receptors, more information on N-glycosylation impact is available and will be discussed.

DC-SIGN is a homo-tetramer expressed by human macrophages and dendritic cells (Geijtenbeek et al., 2000) and organizes in nanoclusters at the cell membrane, which are specifically important for binding of virus-size particles (Cambi et al., 2004). Mutagenesis of its single N-glycosylation site (N80A) does not alter the expression levels and overall binding capacity nor nanocluster formation. However, unlike the wild-type receptor, the DC-SIGN-N80A mutant exhibits clathrin-independent internalization of virus particles and reduced adhesion strengthening when binding Candida albicans (Torreno-Pina et al., 2014; Te Riet et al., 2017). This could be explained by DC-SIGN-N80A inability to laterally interact with actin-anchored transmembrane glycoproteins like CD44. Wildtype DC-SIGN diffusion pattern—but not that of DC-SIGN-N80A—indeed overlaps with that of CD44, being restricted to membrane areas of high clathrin density (Torreno-Pina et al., 2014). This interaction is possibly regulated by galectins since proteomic studies show colocalization of DC-SIGN, CD44, and Galectin-9 at the phagosome (Buschow et al., 2012), and lactose addition, which competes with binding of extracellular galectins to N-glycan chains, prevents adhesion strengthening during DC-SIGN-pathogen binding (Te Riet et al., 2017).

The pathogen-recognition receptor Dectin-1, which binds fungal β-glucan, is also shown to be dependent on galectin interactions. A N-glycan-dependent close association of Dectin-1 with Galectin-3 is demonstrated on murine macrophage membranes, which is required for the proinflammatory response to pathogenic fungi (Esteban et al., 2011; Leclaire et al., 2018). Removal of Dectin-1 N-glycans lowers surface expression levels, negatively influencing ligand-binding and the collaboration with Toll-like Receptor 2 (TLR2; Kato et al., 2006).

Interactions of TLR2 and TLR4 with Galectin-3 are also documented. Macrophages differently sense pathogenic and non-pathogenic fungi thanks to a TLR2-Galectin-3 association induced by ligands specifically present on the pathogen's surface (Jouault et al., 2006). Galectin-3-dependent TLR4 activation contributes to sustained microglia activation, prolonging the inflammatory response in neuroinflammatory diseases (Esteban et al., 2011; Burguillos et al., 2015). TLR4 has 9 N-linked glycosylation sites and is part of the lipopolysaccharide (LPS) receptor complex together with the glycoproteins CD14 and MD-2. The N-linked glycans of both MD-2 and TLR4 are essential in maintaining the functional integrity of the LPS receptor (Da Silva Correia and Ulevitch, 2002).



Antigen Presentation

Not only antigen recognition and uptake but also antigen presentation is influenced by N-glycosylation. All major histocompatibility (MHC) glycoprotein family members contain evolutionary highly conserved putative sites for N-glycosylation, suggesting functional relevance (Ryan and Cobb, 2012). Indeed, removal of N-glycans from MHCIa molecules by mutagenesis of glycosylation sites significantly increases protein misfolding thus decreasing surface expression levels (Barbosa et al., 1987). Additionally, the MHC-I glycan chains are critical for its association with calreticulin, which is required to form a stable MHCI-antigenic peptide loading complex that is necessary to elicit a T cell response (Van Der Burg et al., 1996; Wearsch et al., 2011; Zhang et al., 2011).

Removal of the complex N-glycans on MHCII molecules, using inhibitors catanospermine and kifunensine or by knockout of the glycosyltransferase gene MGAT2, reduces binding and presentation of glycoantigens, but not of peptide antigens, and reduces T cell activation (Ryan et al., 2011). Authors speculate that the MHCII peptide-binding groove requires N-glycans on its protein backbone to be sufficiently large for capturing glycoantigens, suggesting direct MHCII N-glycan involvement in glycoantigen binding (Ryan et al., 2011). MHCII N-glycosylation seems to be very different depending on the type of antigen-presenting cell, which could fine-tune the information exchange with T cells (Ryan and Cobb, 2012).



Immune Signaling

Signaling immune receptors on B and T lymphocytes are also glycosylation-dependent. The receptor of the proinflammatory cytokine IFNγ (IFNγR) is composed of two IFNγR1 and two IFNγR2 subunits. In several children suffering from hypersensitivity to non-tuberculous mycobacterial infections, a homozygous T168N mutation is present in the IFNγR2 extracellular domain, creating an additional N-glycosylation site (Vogt et al., 2005; Moncada-Velez et al., 2013). This additional N-glycan negatively affects folding leading to slightly decreased IFNγR expression levels (Moncada-Velez et al., 2013). In contrast to wild-type IFNγR2, which is localized in lipid nanodomains, T168N mutants that do reach the cell surface are confined by the cortical actin meshwork (Blouin et al., 2016). Upon IFNγ binding, the wild-type receptor undergoes a conformational change resulting in JAK activation. However, the actin meshwork prevents IFNγR2-T168N to change conformation thus blocking IFNγ signaling. In line, galectin depletion rescues the T168N phenotype and galectin addition to wild-type IFNγR2 impaired IFNγ signaling (Blouin et al., 2016). These studies show that not only glycan loss or truncation can lead to receptor malfunction but that also additional receptor glycosylation sites may lead to disease.

Glycan-galectin interactions are important for many more receptors, including the T cell receptor (TCR). T cells from mice deficient in the glycosyltransferase GnT-V show a lack of complex branching N-glycans, which reduces Galectin-3 binding and enhances TCR clustering, resulting in autoimmunity (Demetriou et al., 2001; Chen et al., 2007). On B cells, BCR signaling is influenced by Galectin-9 dependent N-glycan mediated lateral interactions between the BCR and CD22, an ITIM bearing member of the sialic acid-binding immunoglobulin-like lectin (Siglec) family (Wasim et al., 2019). CD22 is heavily glycosylated and forms homo-oligomers by binding glycans of neighboring CD22 molecules in cis on the B cell membrane (Han et al., 2005). CD22 function as inhibitor of BCR signaling is hampered by removing five of its 12 glycosylation sites (Wasim et al., 2019). These glycans on CD22 may be bound by Galectin-9 and crosslinked with the BCR, thus explaining the inhibitory function of CD22 and Galectin-9 on BCR signaling (Cao et al., 2018; Wasim et al., 2019).



Adhesion and Migration

Dynamic leukocyte-leukocyte and leukocyte-matrix interactions shape immunity and depend on many different adhesion receptors, including cadherins, selectins, and integrins. Integrins form a big family of heavily glycosylated transmembrane α/β heterodimeric proteins (Marsico et al., 2018). Although most integrin glycosylation studies focus on cancer cells or fibroblasts, integrin-mediated adhesion and migration is also key to elicit effective immune responses. Adhesion of the fibronectin-binding integrin α5β1 during myeloid differentiation into macrophages, e.g., is regulated via phorbol myristate acetate (PMA)-induced reduction of sialyltransferase ST6GAL1 activity, which causes β1-integrin hyposialylation and increased fibronectin binding (Semel et al., 2002). In fact, complex integrin glycosylation is required for heterodimerization, clustering, activation as well as lateral interactions with other membrane proteins (Zheng et al., 1994; Guo et al., 2002; Isaji et al., 2006, 2009; Hou et al., 2016). Leukocyte-specific β2-integrins are also highly glycosylated (Miller and Springer, 1987), and interactions between αLβ2 and galectins on human monocytes and dendritic cells are revealed by proteomics (Eich et al., 2016). However, information on glycan-mediated functional consequences is lacking. The β2-integrin ligands ICAM-1 and JAM-A on the endothelium carry N-glycans that are only marginally important for protein transport to the membrane but strongly influence protein conformation, dimerization, and binding to αLβ2 (Jimenez et al., 2005; Scott et al., 2015). Recently, two distinct N-glycoforms of ICAM-1 have been detected on activated endothelial cells: a complex, highly abundant N-glycoform and a less abundant oligomannose glycoform. These differ in their signaling capacity and dynamic interactions with the cortical actin cytoskeleton, possibly modulating distinct aspects of the inflammatory response (Scott et al., 2013).

Considering the importance of integrins and their ligands in many aspects of immune cell function, their glycan micro- and macroheterogeneity could be additional regulatory mechanisms of immune cell functions for which further investigation is warranted.




QUANTITATIVE AND QUALITATIVE MEASUREMENT OF RECEPTOR GLYCOSYLATION: CHASING A MOVING TARGET

To determine functional differences of receptor glycoforms, one needs methodologies (Table 1) that determine localization and site-occupancy of glycosylation sites, structure of glycan chains, glycan micro- and macroheterogeneity and glycoform-specific localization and interactome at the cell membrane. Ideally, these methodologies should also be able to capture the dynamic changes in these parameters.

First insights into the glycosylation status of immune receptors can be obtained by size-separating proteins using SDS-PAGE and immuno-detection of the protein of interest, before and after treatment with glycan-cleaving enzymes (Freeze and Kranz, 2010). Glycan removal reduces the molecular weight and results in a mobility shift of the protein. To obtain information about glycan composition, the so-called lectin blotting can be used on the intact glycoproteins (Sato, 2014). Recombinant lectins can also be used to label glycans present on the membrane of intact cells for detection by flow cytometry or microscopy (Bull et al., 2015), but their multimeric nature and relatively weak binding strength (Debray et al., 1981) may complicate data interpretation. Antibodies against glycan antigens are limited due to glycan low immunogenicity and high structural similarity (Tommasone et al., 2019). Another way to label membrane-exposed glycan structures on intact cells or in cell lysates is chemoenzymatic labeling, which exploits engineered recombinant glycosyltranferases that add monosaccharide analogs, suitable for click chemistry reactions, to specific structures in glycan chains (Lopez Aguilar et al., 2017). Although these techniques enable labeling of specific glycan structures, several limitations should be considered. It is plausible that glycocalyx thickness influences binding of lectins or access of glycosyltranferases and this can complicate data interpretation when variations in the glycocalyx composition are expected, such as between cell types, different metabolic states or in disease. Furthermore, staining and labeling methods provide ensemble measurements, thus lacking information about glycan microheterogeneity, and do not focus on a particular receptor of interest.

A solution may come from the combined use of a receptor-specific antibody and a glycan-specific probe, both adapted to serve in the so-called in situ proximity ligation assay (PLA) (Soderberg et al., 2006). The resulting co-detection of protein and glycosylation on the cell surface (Conze et al., 2010) has been successfully employed to demonstrate increased Sialyl Lewis X glycosylation of the RON receptor tyrosine kinase in cells overexpressing α2,3-sialyltransferase (Mereiter et al., 2016) and to reveal aberrant glycan modification of E-cadherin in human gastric carcinoma cells (Carvalho et al., 2016). However, since the distance between the two detected entities can be up to 40 nm, signals represent close proximity but may not reflect intramolecular co-occurrence (Alsemarz et al., 2018).

A technique that shows great potential for studying spatiotemporal organization of receptor glycoforms is the cis-membrane Förster resonance energy transfer (FRET)-based method for protein-specific imaging of cell surface glycans (Lin et al., 2014). This method introduces a FRET acceptor onto a specific monosaccharide of protein glycans, by metabolic labeling, and additionally a FRET donor onto the receptor of interest. FRET signals therefore solely originate from the labeled monosaccharide-containing protein of interest. Currently sialic acids and GalNAc residues can be labeled on membrane receptors in this way (Lin et al., 2014; Yuan et al., 2018) but future expansion of the monosaccharide toolbox will hopefully allow metabolic labeling of any sugar moiety on the glycoprotein of interest.

The techniques discussed above are of great value to detect glycoforms on the membrane, but do not provide detailed structural information about the glycan chains. To obtain this information, mass spectrometry can be used in a glycomics or glycoproteomics approach (Lauc and Wuhrer, 2017; Yang et al., 2017; Narimatsu H. et al., 2018). Although glycomics provides detailed structural information about the glycan chain without protein information and is therefore not suitable to study glycan position on receptors. For this, glycoproteomics is the preferred approach. Tryptic digestion of immunopurified glycoprotein receptors is required to generate glycosylated peptides for analysis by liquid chromatography-mass spectrometry (LC-MS). MS-based glycopeptide analysis is challenging since ionization efficiencies are much lower as compared to non-glycosylated peptides. In addition, the existence of multiple glycoforms of the same peptide reduces the abundance of the individual glycopeptide isoforms. Therefore, glycopeptides are commonly first enriched, e.g., via solid-phase extraction on polar cartridges. Recent advances further improve analytical sensitivity for glycopeptides (Narimatsu H. et al., 2018). Fragmentation of glycopeptides by tandem mass spectrometry (MS/MS) yields information on the glycan and peptide sequence to provide site-specific information on glycan heterogeneity (Stavenhagen et al., 2017).

A combination of labeling techniques to detect specific glycoforms and structural analysis of glycan composition and site-occupancy would greatly benefit our understanding of membrane receptor glycosylation.



STRATEGIES FOR MANIPULATION OF MEMBRANE RECEPTOR GLYCOSYLATION

To study the function of glycan chains on membrane receptors, tools are needed to manipulate glycan site-occupancy and composition in a well-controlled manner. Thus far, the tools are rather generic. Metabolic glycosylation inhibitors, e.g., can block transport of proteins from the Golgi to the ER or interfere with the synthesis of nucleotide sugars, which are the building block of the lipid-linked oligosaccharide. Naturally, occurring glycan chain elongation inhibitors (e.g., plant alkaloids) block glycosylation enzymes and glycoside primers that mimic the natural glycosyltranferase substrates can divert glycan chain synthesis from the endogenous substrate (Wojtowicz et al., 2012; Esko et al., 2017).

The most widely used glycosylation inhibitor is the antibiotic tunicamycin, that inhibits GlcNAc phosphotransferase responsible for the initial steps in N-glycosylation, causing protein misfolding (Foufelle and Fromenty, 2016). Other inhibitors interfere with the enzyme oligosaccharyltransferase that is responsible for the transfer of the lipid-linked oligosaccharide to the protein (Lopez-Sambrooks et al., 2016; Rinis et al., 2018). Also, the development of specific glycosyltransferase inhibitors is pursued (Tedaldi and Wagner, 2014). Inhibitors, however, can have additional effects on general cellular functions, inducing ER stress and general toxicity, limiting their application.

Another way to manipulate protein glycosylation is through genetic means. The role of α1,3-fucosyltransferases and α(2,3)sialyltransferases on leukocyte rolling, e.g., was studied using shRNA-mediated knock-down (Buffone et al., 2013; Mondal et al., 2015). CRISPR/Cas9-mediated gene editing allowed the simultaneous determination of N-glycan, O-glycan and glycosphingolipid contributions to leukocyte rolling and adhesion (Stolfa et al., 2016). Recently, a gRNA library for CRISPR/Cas9 knockout of 186 glycosyltransferases has been validated in HEK293T cells (Narimatsu Y. et al., 2018), and its application to immune cell biology is an exciting opportunity.

The most specific way to manipulate the glycan content of a given receptor remains site-directed mutagenesis. The substitute amino acid should be carefully chosen, since it may affect protein structure independently from the loss/gain of the glycosylation site (Bordo and Argos, 1991). Moreover, expression of the mutant in presence of the endogenous protein should be avoided. This can be achieved by exploiting CRISPR/Cas9-triggered homology-directed repair in cells to introduce the glycosite mutation in the immune-receptor gene. Unfortunately, this technique allows only the loss or gain of complete glycans and not their editing. Further development of tools for targeted modification of receptor glycosylation and for dedicated assessment of glycan structure and site-occupancy is required.



OUTLOOK

Pioneering studies combining super-resolution microscopy with bioorthogonal chemistry have recently provided the first nanoscale images of membrane glycans and measurements of glycocalyx height differences (Letschert et al., 2014; Mockl et al., 2019). Since each methodology for glycan quantification and editing has limitations, smart combinations of techniques may be the way forward to reveal novel aspects of membrane glycan biology.



AUTHOR CONTRIBUTIONS

AC and PH designed and wrote the review with input from WH and DL for conceiving, writing, and editing the manuscript.



FUNDING

PH was supported by an intramural Ph.D. fellowship from the Radboud University Medical Center.



ACKNOWLEDGMENTS

We apologize to all those authors whose work could not be cited due to space limitations.



REFERENCES

 Alsemarz, A., Lasko, P., and Fagotto, F. (2018). Limited significance of the in situ proximity ligation assay. bioRxiv [Preprint] 411355. doi: 10.1101/411355

 Barbosa, J. A., Santos-Aguado, J., Mentzer, S. J., Strominger, J. L., Burakoff, S. J., and Biro, P. A. (1987). Site-directed mutagenesis of class I HLA genes. role of glycosylation in surface expression and functional recognition. J. Exp. Med. 166, 1329–1350. doi: 10.1084/jem.166.5.1329

 Bloem, K., Vuist, I. M., Van Der Plas, A. J., Knippels, L. M., Garssen, J., Garcia-Vallejo, J. J., et al. (2013). Ligand binding and signaling of dendritic cell immunoreceptor (DCIR) is modulated by the glycosylation of the carbohydrate recognition domain. PLoS ONE 8:e66266. doi: 10.1371/journal.pone.0066266

 Blouin, C. M., Hamon, Y., Gonnord, P., Boularan, C., Kagan, J., Viaris De Lesegno, C., et al. (2016). Glycosylation-dependent IFN-gammaR partitioning in lipid and actin nanodomains is critical for JAK activation. Cell 166, 920–934. doi: 10.1016/j.cell.2016.07.003

 Bordo, D., and Argos, P. (1991). Suggestions for safe residue substitutions in site-directed mutagenesis. J. Mol. Biol. 217, 721–729. doi: 10.1016/0022-2836(91)90528-E

 Buffone, A. Jr., Mondal, N., Gupta, R., McHugh, K. P., Lau, J. T., and Neelamegham, S. (2013). Silencing α1,3-fucosyltransferases in human leukocytes reveals a role for FUT9 enzyme during E-selectin-mediated cell adhesion. J. Biol. Chem. 288, 1620–1633. doi: 10.1074/jbc.M112.400929

 Bull, C., Boltje, T. J., Van Dinther, E. A., Peters, T., De Graaf, A. M., Leusen, J. H., et al. (2015). Targeted delivery of a sialic acid-blocking glycomimetic to cancer cells inhibits metastatic spread. ACS Nano 9, 733–745. doi: 10.1021/nn5061964

 Burguillos, M. A., Svensson, M., Schulte, T., Boza-Serrano, A., Garcia-Quintanilla, A., Kavanagh, E., et al. (2015). Microglia-secreted galectin-3 acts as a toll-like receptor 4 ligand and contributes to microglial activation. Cell Rep. 10, 1626–1638. doi: 10.1016/j.celrep.2015.02.012

 Buschow, S. I., Lasonder, E., Szklarczyk, R., Oud, M. M., De Vries, I. J., and Figdor, C. G. (2012). Unraveling the human dendritic cell phagosome proteome by organellar enrichment ranking. J. Proteomics 75, 1547–1562. doi: 10.1016/j.jprot.2011.11.024

 Cambi, A., De Lange, F., Van Maarseveen, N. M., Nijhuis, M., Joosten, B., Van Dijk, E. M., et al. (2004). Microdomains of the C-type lectin DC-SIGN are portals for virus entry into dendritic cells. J. Cell Biol. 164, 145–155. doi: 10.1083/jcb.200306112

 Cao, A., Alluqmani, N., Buhari, F. H. M., Wasim, L., Smith, L. K., Quaile, A. T., et al. (2018). Galectin-9 binds IgM-BCR to regulate B cell signaling. Nat. Commun. 9:3288. doi: 10.1038/s41467-018-05771-8

 Cao, J., Guo, S., Arai, K., Lo, E. H., and Ning, M. (2013). Studying extracellular signaling utilizing a glycoproteomic approach: lectin blot surveys, a first and important step. Methods Mol. Biol. 1013, 227–233. doi: 10.1007/978-1-62703-426-5_15

 Carvalho, S., Catarino, T. A., Dias, A. M., Kato, M., Almeida, A., Hessling, B., et al. (2016). Preventing E-cadherin aberrant N-glycosylation at Asn-554 improves its critical function in gastric cancer. Oncogene 35, 1619–1631. doi: 10.1038/onc.2015.225

 Chen, I. J., Chen, H. L., and Demetriou, M. (2007). Lateral compartmentalization of T cell receptor versus CD45 by galectin-N-glycan binding and microfilaments coordinate basal and activation signaling. J. Biol. Chem. 282, 35361–35372. doi: 10.1074/jbc.M706923200

 Clark, M. C., and Baum, L. G. (2012). T cells modulate glycans on CD43 and CD45 during development and activation, signal regulation, and survival. Ann. N.Y. Acad. Sci. 1253, 58–67. doi: 10.1111/j.1749-6632.2011.06304.x

 Conze, T., Carvalho, A. S., Landegren, U., Almeida, R., Reis, C. A., David, L., et al. (2010). MUC2 mucin is a major carrier of the cancer-associated sialyl-Tn antigen in intestinal metaplasia and gastric carcinomas. Glycobiology 20, 199–206. doi: 10.1093/glycob/cwp161

 Da Silva Correia, J., and Ulevitch, R. J. (2002). MD-2 and TLR4 N-linked glycosylations are important for a functional lipopolysaccharide receptor. J. Biol. Chem. 277, 1845–1854. doi: 10.1074/jbc.M109910200

 Debray, H., Decout, D., Strecker, G., Spik, G., and Montreuil, J. (1981). Specificity of twelve lectins towards oligosaccharides and glycopeptides related to N-glycosylproteins. Eur. J. Biochem. 117, 41–55. doi: 10.1111/j.1432-1033.1981.tb06300.x

 Demetriou, M., Granovsky, M., Quaggin, S., and Dennis, J. W. (2001). Negative regulation of T-cell activation and autoimmunity by Mgat5 N-glycosylation. Nature 409, 733–739. doi: 10.1038/35055582

 Dennis, J. W., Lau, K. S., Demetriou, M., and Nabi, I. R. (2009a). Adaptive regulation at the cell surface by N-glycosylation. Traffic 10, 1569–1578. doi: 10.1111/j.1600-0854.2009.00981.x

 Dennis, J. W., Nabi, I. R., and Demetriou, M. (2009b). Metabolism, cell surface organization, and disease. Cell 139, 1229–1241. doi: 10.1016/j.cell.2009.12.008

 Eich, C., Lasonder, E., Cruz, L. J., Reinieren-Beeren, I., Cambi, A., Figdor, C. G., et al. (2016). Proteome based construction of the lymphocyte function-associated antigen 1 (LFA-1) interactome in human dendritic cells. PLoS ONE 11:e0149637. doi: 10.1371/journal.pone.0149637

 Esko, J. D., Bertozzi, C., and Schnaar, R. L. (2017). “Chemical tools for inhibiting glycosylation,” in Essentials of Glycobiology, eds A. Varki, R. D. Cummings, J. D. Esko, H. H. Freeze, P. Stanley, C. R. Bertozzi, G. W. Hart, and M. E. Etzler (New York, NY: Cold Spring Harbor Laboratory Press).

 Esteban, A., Popp, M. W., Vyas, V. K., Strijbis, K., Ploegh, H. L., and Fink, G. R. (2011). Fungal recognition is mediated by the association of dectin-1 and galectin-3 in macrophages. Proc. Natl. Acad. Sci. U.S.A. 108, 14270–14275. doi: 10.1073/pnas.1111415108

 Fischer, M., Muller, J. P., Spies-Weisshart, B., Grafe, C., Kurzai, O., Hunniger, K., et al. (2017). Isoform localization of dectin-1 regulates the signaling quality of anti-fungal immunity. Eur. J. Immunol. 47, 848–859. doi: 10.1002/eji.201646849

 Foufelle, F., and Fromenty, B. (2016). Role of endoplasmic reticulum stress in drug-induced toxicity. Pharmacol. Res. Perspect. 4:e00211. doi: 10.1002/prp2.211

 Freeze, H. H., and Kranz, C. (2010). Endoglycosidase and glycoamidase release of N-linked glycans. Curr. Protoc. Mol. Biol. 8:13A. doi: 10.1002/0471142727.mb1713as89

 Geijtenbeek, T. B., Torensma, R., Van Vliet, S. J., Van Duijnhoven, G. C., Adema, G. J., Van Kooyk, Y., et al. (2000). Identification of DC-SIGN, a novel dendritic cell-specific ICAM-3 receptor that supports primary immune responses. Cell 100, 575–585. doi: 10.1016/S0092-8674(00)80693-5

 Guo, H. B., Lee, I., Kamar, M., Akiyama, S. K., and Pierce, M. (2002). Aberrant N-glycosylation of beta1 integrin causes reduced alpha5beta1 integrin clustering and stimulates cell migration. Cancer Res. 62, 6837–6845.

 Han, S., Collins, B. E., Bengtson, P., and Paulson, J. C. (2005). Homomultimeric complexes of CD22 in B cells revealed by protein-glycan cross-linking. Nat. Chem. Biol. 1, 93–97. doi: 10.1038/nchembio713

 Hou, S., Hang, Q., Isaji, T., Lu, J., Fukuda, T., and Gu, J. (2016). Importance of membrane-proximal N-glycosylation on integrin β1 in its activation and complex formation. FASEB J. 30, 4120–4131. doi: 10.1096/fj.201600665R

 Isaji, T., Sato, Y., Fukuda, T., and Gu, J. (2009). N-glycosylation of the I-like domain of β1 integrin is essential for β1 integrin expression and biological function: identification of the minimal N-glycosylation requirement for α5β1. J. Biol. Chem. 284, 12207–12216. doi: 10.1074/jbc.M807920200

 Isaji, T., Sato, Y., Zhao, Y., Miyoshi, E., Wada, Y., Taniguchi, N., et al. (2006). N-glycosylation of the beta-propeller domain of the integrin alpha5 subunit is essential for alpha5beta1 heterodimerization, expression on the cell surface, and its biological function. J. Biol. Chem. 281, 33258–33267. doi: 10.1074/jbc.M607771200

 Jimenez, D., Roda-Navarro, P., Springer, T. A., and Casasnovas, J. M. (2005). Contribution of N-linked glycans to the conformation and function of intercellular adhesion molecules (ICAMs). J. Biol. Chem. 280, 5854–5861. doi: 10.1074/jbc.M412104200

 Jouault, T., El Abed-El Behi, M., Martinez-Esparza, M., Breuilh, L., Trinel, P. A., Chamaillard, M., et al. (2006). Specific recognition of Candida albicans by macrophages requires galectin-3 to discriminate Saccharomyces cerevisiae and needs association with TLR2 for signaling. J. Immunol. 177, 4679–4687. doi: 10.4049/jimmunol.177.7.4679

 Kato, Y., Adachi, Y., and Ohno, N. (2006). Contribution of N-linked oligosaccharides to the expression and functions of beta-glucan receptor, dectin-1. Biol. Pharm. Bull. 29, 1580–1586. doi: 10.1248/bpb.29.1580

 Kristic, J., Vuckovic, F., Menni, C., Klaric, L., Keser, T., Beceheli, I., et al. (2014). Glycans are a novel biomarker of chronological and biological ages. J. Gerontol. A Biol. Sci. Med. Sci. 69, 779–789. doi: 10.1093/gerona/glt190

 Lajoie, P., Goetz, J. G., Dennis, J. W., and Nabi, I. R. (2009). Lattices, rafts, and scaffolds: domain regulation of receptor signaling at the plasma membrane. J. Cell Biol. 185, 381–385. doi: 10.1083/jcb.200811059

 Lauc, G., and Wuhrer, M. (2017). High-Throughput Glycomics and Glycoproteomics: Methods and Protocols. New York, NY: Humana Press. doi: 10.1007/978-1-4939-6493-2

 Leclaire, C., Lecointe, K., Gunning, P. A., Tribolo, S., Kavanaugh, D. W., Wittmann, A., et al. (2018). Molecular basis for intestinal mucin recognition by galectin-3 and C-type lectins. FASEB J. 32, 3301–3320. doi: 10.1096/fj.201700619R

 Letschert, S., Gohler, A., Franke, C., Bertleff-Zieschang, N., Memmel, E., Doose, S., et al. (2014). Super-resolution imaging of plasma membrane glycans. Angew. Chem. Int. Ed. Engl. 53, 10921–10924. doi: 10.1002/anie.201406045

 Lin, W., Du, Y., Zhu, Y., and Chen, X. (2014). A cis-membrane FRET-based method for protein-specific imaging of cell-surface glycans. J. Am. Chem. Soc. 136, 679–687. doi: 10.1021/ja410086d

 Lopez Aguilar, A., Briard, J. G., Yang, L., Ovryn, B., Macauley, M. S., and Wu, P. (2017). Tools for studying glycans: recent advances in chemoenzymatic glycan labeling. ACS Chem. Biol. 12, 611–621. doi: 10.1021/acschembio.6b01089

 Lopez-Sambrooks, C., Shrimal, S., Khodier, C., Flaherty, D. P., Rinis, N., Charest, J. C., et al. (2016). Oligosaccharyltransferase inhibition induces senescence in RTK-driven tumor cells. Nat. Chem. Biol. 12, 1023–1030. doi: 10.1038/nchembio.2194

 Marsico, G., Russo, L., Quondamatteo, F., and Pandit, A. (2018). Glycosylation and integrin regulation in cancer. Trends Cancer 4, 537–552. doi: 10.1016/j.trecan.2018.05.009

 Marth, J. D., and Grewal, P. K. (2008). Mammalian glycosylation in immunity. Nat. Rev. Immunol. 8, 874–887. doi: 10.1038/nri2417

 Medzihradszky, K. F., Kaasik, K., and Chalkley, R. J. (2015). Tissue-specific glycosylation at the glycopeptide level. Mol. Cell Proteomics 14, 2103–2110. doi: 10.1074/mcp.M115.050393

 Mereiter, S., Magalhaes, A., Adamczyk, B., Jin, C., Almeida, A., Drici, L., et al. (2016). Glycomic analysis of gastric carcinoma cells discloses glycans as modulators of RON receptor tyrosine kinase activation in cancer. Biochim. Biophys. Acta 1860, 1795–1808. doi: 10.1016/j.bbagen.2015.12.016

 Miller, L. J., and Springer, T. A. (1987). Biosynthesis and glycosylation of p150,95 and related leukocyte adhesion proteins. J. Immunol. 139, 842–847.

 Mkhikian, H., Grigorian, A., Li, C. F., Chen, H. L., Newton, B., Zhou, R. W., et al. (2011). Genetics and the environment converge to dysregulate N-glycosylation in multiple sclerosis. Nat. Commun. 2:334. doi: 10.1038/ncomms1333

 Mockl, L., Pedram, K., Roy, A. R., Krishnan, V., Gustavsson, A. K., Dorigo, O., et al. (2019). Quantitative super-resolution microscopy of the mammalian glycocalyx. Dev. Cell 50, 57–72.e56. doi: 10.1016/j.devcel.2019.04.035

 Moncada-Velez, M., Martinez-Barricarte, R., Bogunovic, D., Kong, X. F., Blancas-Galicia, L., Tirpan, C., et al. (2013). Partial IFN-γR2 deficiency is due to protein misfolding and can be rescued by inhibitors of glycosylation. Blood 122, 2390–2401. doi: 10.1182/blood-2013-01-480814

 Mondal, N., Buffone, A. Jr., Stolfa, G., Antonopoulos, A., Lau, J. T., Haslam, S. M., et al. (2015). ST3Gal-4 is the primary sialyltransferase regulating the synthesis of E-, P-, and L-selectin ligands on human myeloid leukocytes. Blood 125, 687–696. doi: 10.1182/blood-2014-07-588590

 Nabi, I. R., Shankar, J., and Dennis, J. W. (2015). The galectin lattice at a glance. J. Cell Sci. 128, 2213–2219. doi: 10.1242/jcs.151159

 Narimatsu, H., Kaji, H., Vakhrushev, S. Y., Clausen, H., Zhang, H., Noro, E., et al. (2018). Current technologies for complex glycoproteomics and their applications to biology/disease-driven glycoproteomics. J. Proteome Res. 17, 4097–4112. doi: 10.1021/acs.jproteome.8b00515

 Narimatsu, Y., Joshi, H. J., Yang, Z., Gomes, C., Chen, Y. H., Lorenzetti, F. C., et al. (2018). A validated gRNA library for CRISPR/Cas9 targeting of the human glycosyltransferase genome. Glycobiology 28, 295–305. doi: 10.1093/glycob/cwx101

 Ohtsubo, K., and Marth, J. D. (2006). Glycosylation in cellular mechanisms of health and disease. Cell 126, 855–867. doi: 10.1016/j.cell.2006.08.019

 Peanne, R., De Lonlay, P., Foulquier, F., Kornak, U., Lefeber, D. J., Morava, E., et al. (2018). Congenital disorders of glycosylation (CDG): quo vadis? Eur. J. Med. Genet. 61, 643–663. doi: 10.1016/j.ejmg.2017.10.012

 Reily, C., Stewart, T. J., Renfrow, M. B., and Novak, J. (2019). Glycosylation in health and disease. Nat. Rev. Nephrol. 15, 346–366. doi: 10.1038/s41581-019-0129-4

 Rinis, N., Golden, J. E., Marceau, C. D., Carette, J. E., Van Zandt, M. C., Gilmore, R., et al. (2018). Editing N-glycan site occupancy with small-molecule oligosaccharyltransferase inhibitors. Cell Chem. Biol. 25, 1231–1241 e1234. doi: 10.1016/j.chembiol.2018.07.005

 Ryan, S. O., Bonomo, J. A., Zhao, F., and Cobb, B. A. (2011). MHCII glycosylation modulates Bacteroides fragilis carbohydrate antigen presentation. J. Exp. Med. 208, 1041–1053. doi: 10.1084/jem.20100508

 Ryan, S. O., and Cobb, B. A. (2012). Roles for major histocompatibility complex glycosylation in immune function. Semin. Immunopathol. 34, 425–441. doi: 10.1007/s00281-012-0309-9

 Sato, T. (2014). Lectin-probed western blot analysis. Methods Mol. Biol. 1200, 93–100. doi: 10.1007/978-1-4939-1292-6_8

 Scott, D. W., Dunn, T. S., Ballestas, M. E., Litovsky, S. H., and Patel, R. P. (2013). Identification of a high-mannose ICAM-1 glycoform: effects of ICAM-1 hypoglycosylation on monocyte adhesion and outside in signaling. Am. J. Physiol. Cell Physiol. 305, C228–C237. doi: 10.1152/ajpcell.00116.2013

 Scott, D. W., Tolbert, C. E., Graham, D. M., Wittchen, E., Bear, J. E., and Burridge, K. (2015). N-glycosylation controls the function of junctional adhesion molecule-A. Mol. Biol. Cell 26, 3205–3214. doi: 10.1091/mbc.e14-12-1604

 Semel, A. C., Seales, E. C., Singhal, A., Eklund, E. A., Colley, K. J., and Bellis, S. L. (2002). Hyposialylation of integrins stimulates the activity of myeloid fibronectin receptors. J. Biol. Chem. 277, 32830–32836. doi: 10.1074/jbc.M202493200

 Skropeta, D. (2009). The effect of individual N-glycans on enzyme activity. Bioorg. Med. Chem. 17, 2645–2653. doi: 10.1016/j.bmc.2009.02.037

 Soderberg, O., Gullberg, M., Jarvius, M., Ridderstrale, K., Leuchowius, K. J., Jarvius, J., et al. (2006). Direct observation of individual endogenous protein complexes in situ by proximity ligation. Nat. Methods 3, 995–1000. doi: 10.1038/nmeth947

 Stavenhagen, K., Hinneburg, H., Kolarich, D., and Wuhrer, M. (2017). Site-specific N- and O-glycopeptide analysis using an integrated C18-PGC-LC-ESI-QTOF-MS/MS approach. Methods Mol. Biol. 1503, 109–119. doi: 10.1007/978-1-4939-6493-2_9

 Stolfa, G., Mondal, N., Zhu, Y., Yu, X., Buffone, A. Jr., and Neelamegham, S. (2016). Using CRISPR-Cas9 to quantify the contributions of O-glycans, N-glycans and glycosphingolipids to human leukocyte-endothelium adhesion. Sci. Rep. 6:30392. doi: 10.1038/srep30392

 Te Riet, J., Joosten, B., Reinieren-Beeren, I., Figdor, C. G., and Cambi, A. (2017). N-glycan mediated adhesion strengthening during pathogen-receptor binding revealed by cell-cell force spectroscopy. Sci. Rep. 7:6713. doi: 10.1038/s41598-017-07220-w

 Tedaldi, L., and Wagner, G. K. (2014). Beyond substrate analogues: new inhibitor chemotypes for glycosyltransferases. Med. Chem. Comm. 5, 1106–1125. doi: 10.1039/C4MD00086B

 Tommasone, S., Allabush, F., Tagger, Y. K., Norman, J., Kopf, M., Tucker, J. H. R., et al. (2019). The challenges of glycan recognition with natural and artificial receptors. Chem. Soc. Rev. 48, 5488–5505. doi: 10.1039/C8CS00768C

 Torreno-Pina, J. A., Castro, B. M., Manzo, C., Buschow, S. I., Cambi, A., and Garcia-Parajo, M. F. (2014). Enhanced receptor-clathrin interactions induced by N-glycan-mediated membrane micropatterning. Proc. Natl. Acad. Sci. U.S.A. 111, 11037–11042. doi: 10.1073/pnas.1402041111

 Van Der Burg, S. H., Visseren, M. J., Brandt, R. M., Kast, W. M., and Melief, C. J. (1996). Immunogenicity of peptides bound to MHC class I molecules depends on the MHC-peptide complex stability. J. Immunol. 156, 3308–3314.

 Van Kooyk, Y., and Rabinovich, G. A. (2008). Protein-glycan interactions in the control of innate and adaptive immune responses. Nat. Immunol. 9, 593–601. doi: 10.1038/ni.f.203

 Vogt, G., Chapgier, A., Yang, K., Chuzhanova, N., Feinberg, J., Fieschi, C., et al. (2005). Gains of glycosylation comprise an unexpectedly large group of pathogenic mutations. Nat. Genet. 37, 692–700. doi: 10.1038/ng1581

 Wasim, L., Buhari, F. H. M., Yoganathan, M., Sicard, T., Ereno-Orbea, J., Julien, J. P., et al. (2019). N-linked glycosylation regulates CD22 organization and function. Front. Immunol. 10:699. doi: 10.3389/fimmu.2019.00699

 Wearsch, P. A., Peaper, D. R., and Cresswell, P. (2011). Essential glycan-dependent interactions optimize MHC class I peptide loading. Proc. Natl. Acad. Sci. U.S.A. 108, 4950–4955. doi: 10.1073/pnas.1102524108

 Weber, A. N., Morse, M. A., and Gay, N. J. (2004). Four N-linked glycosylation sites in human toll-like receptor 2 cooperate to direct efficient biosynthesis and secretion. J. Biol. Chem. 279, 34589–34594. doi: 10.1074/jbc.M403830200

 Wojtowicz, K., Szaflarski, W., Januchowski, R., Zawierucha, P., Nowicki, M., and Zabel, M. (2012). Inhibitors of N-glycosylation as a potential tool for analysis of the mechanism of action and cellular localisation of glycoprotein P. Acta Biochim. Pol. 59, 445–450. doi: 10.18388/abp.2012_2076

 Yang, Y., Franc, V., and Heck, A. J. R. (2017). Glycoproteomics: a balance between high-throughput and in-depth analysis. Trends Biotechnol. 35, 598–609. doi: 10.1016/j.tibtech.2017.04.010

 Yuan, B., Chen, Y., Sun, Y., Guo, Q., Huang, J., Liu, J., et al. (2018). Enhanced imaging of specific cell-surface glycosylation based on multi-FRET. Anal. Chem. 90, 6131–6137. doi: 10.1021/acs.analchem.8b00424

 Zacchi, L. F., and Schulz, B. L. (2016). N-glycoprotein macroheterogeneity: biological implications and proteomic characterization. Glycoconj. J. 33, 359–376. doi: 10.1007/s10719-015-9641-3

 Zhang, W., Wearsch, P. A., Zhu, Y., Leonhardt, R. M., and Cresswell, P. (2011). A role for UDP-glucose glycoprotein glucosyltransferase in expression and quality control of MHC class I molecules. Proc. Natl. Acad. Sci. U.S.A. 108, 4956–4961. doi: 10.1073/pnas.1102527108

 Zheng, M., Fang, H., and Hakomori, S. (1994). Functional role of N-glycosylation in alpha 5 beta 1 integrin receptor. De-N-glycosylation induces dissociation or altered association of alpha 5 and beta 1 subunits and concomitant loss of fibronectin binding activity. J. Biol. Chem. 269, 12325–12331.

 Zhou, J. Y., Oswald, D. M., Oliva, K. D., Kreisman, L. S. C., and Cobb, B. A. (2018). The glycoscience of immunity. Trends Immunol. 39, 523–535. doi: 10.1016/j.it.2018.04.004

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 de Haas, Hendriks, Lefeber and Cambi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 25 February 2020
doi: 10.3389/fchem.2020.00098






[image: image2]

Biochemical Characterization of Oyster and Clam Galectins: Selective Recognition of Carbohydrate Ligands on Host Hemocytes and Perkinsus Parasites

Gerardo R. Vasta1*, Chiguang Feng1, Satoshi Tasumi1†, Kelsey Abernathy1, Mario A. Bianchet2, Iain B. H. Wilson3, Katharina Paschinger3, Lai-Xi Wang4, Muddasar Iqbal1, Anita Ghosh2, Mohammed N. Amin4, Brina Smith1,5, Sean Brown1,6 and Aren Vista1,6


1Department of Microbiology and Immunology, University of Maryland School of Medicine, Institute of Marine and Environmental Technology, Baltimore, MD, United States

2Departments of Neurology, and Biophysics and Biophysical Chemistry, The Johns Hopkins University School of Medicine, Baltimore, MD, United States

3Department für Chemie, Universität für Bodenkultur, Vienna, Austria

4Department of Chemistry and Biochemistry, University of Maryland, College Park, MD, United States

5Coppin State University, Baltimore, MD, United States

6University of Maryland Baltimore County, Baltimore, MD, United States

Edited by:
Matthew S. Macauley, University of Alberta, Canada

Reviewed by:
Vered Padler-Karavani, Tel Aviv University, Israel
 Sean Stowell, Emory University, United States
 Jessica Kramer, The University of Utah, United States

*Correspondence: Gerardo R. Vasta, gvasta@som.umaryland.edu

†Present address: Satoshi Tasumi, Fisheries Laboratory, Graduate School of Agricultural and Life Sciences, The University of Tokyo, Shizuoka, Japan

Specialty section: This article was submitted to Chemical Biology, a section of the journal Frontiers in Chemistry

Received: 01 October 2019
 Accepted: 31 January 2020
 Published: 25 February 2020

Citation: Vasta GR, Feng C, Tasumi S, Abernathy K, Bianchet MA, Wilson IBH, Paschinger K, Wang L-X, Iqbal M, Ghosh A, Amin MN, Smith B, Brown S and Vista A (2020) Biochemical Characterization of Oyster and Clam Galectins: Selective Recognition of Carbohydrate Ligands on Host Hemocytes and Perkinsus Parasites. Front. Chem. 8:98. doi: 10.3389/fchem.2020.00098



Both vertebrates and invertebrates display active innate immune mechanisms for defense against microbial infection, including diversified repertoires of soluble and cell-associated lectins that can effect recognition and binding to potential pathogens, and trigger downstream effector pathways that clear them from the host internal milieu. Galectins are widely distributed and highly conserved lectins that have key regulatory effects on both innate and adaptive immune responses. In addition, galectins can bind to exogenous (“non-self”) carbohydrates on the surface of bacteria, enveloped viruses, parasites, and fungi, and function as recognition receptors and effector factors in innate immunity. Like most invertebrates, eastern oysters (Crassostrea virginica) and softshell clams (Mya arenaria) can effectively respond to most immune challenges through soluble and hemocyte-associated lectins. The protozoan parasite Perkinsus marinus, however, can infect eastern oysters and cause “Dermo” disease, which is highly detrimental to both natural and farmed oyster populations. The sympatric Perkinsus chesapeaki, initially isolated from infected M. arenaria clams, can also be present in oysters, and there is little evidence of pathogenicity in either clams or oysters. In this review, we discuss selected observations from our studies on the mechanisms of Perkinsus recognition that are mediated by galectin-carbohydrate interactions. We identified in the oyster two galectins that we designated CvGal1 and CvGal2, which strongly recognize P. marinus trophozoites. In the clam we also identified galectin sequences, and focused on one (that we named MaGal1) that also recognizes Perkinsus species. Here we describe the biochemical characterization of CvGal1, CvGal2, and MaGal1 with focus on the detailed study of the carbohydrate specificity, and the glycosylated moieties on the surfaces of the oyster hemocytes and the two Perkinsus species (P. marinus and P. chesapeaki). Our goal is to gain further understanding of the biochemical basis for the interactions that lead to recognition and opsonization of the Perkinsus trophozoites by the bivalve hemocytes. These basic studies on the biology of host-parasite interactions may contribute to the development of novel intervention strategies for parasitic diseases of biomedical interest.
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INTRODUCTION

In both invertebrates and vertebrates, the immediate recognition of surface moieties on the surface of potential pathogens and parasites or their soluble extracellular products is a critical step for a successful innate immune response (Janeway and Medzhitov, 2002). Among these, bacterial lipopolysaccharides and exopolysaccharides, viral envelope glycoproteins, and surface carbohydrate structures from eukaryotic parasites encode complex information that is “decoded” by the host's soluble or membrane-associated carbohydrate-binding proteins (lectins) (Laine, 1997). Upon recognition and binding to exogenous carbohydrate moieties, lectins can activate signaling pathways and initiate downstream events that include agglutination, immobilization, and opsonization, and activation of effector pathways, such as prophenoloxidase and complement, that can promote killing and clearance of the potential pathogen or parasite (Vasta and Ahmed, 2008). Therefore, lectins are key recognition and effector factors of innate immune responses (Vasta et al., 2007). Most lectins are oligomeric associations of peptide subunits that can be covalently or non-covalently bound, and are characterized by the presence of one or more carbohydrate recognition domains (CRDs) (Vasta et al., 2007; Vasta and Ahmed, 2008)1. Initially based on canonical amino acid sequence motifs in their CRD, and most recently on their structural fold, lectins are currently classified in distinct major families, such as galectins (formerly S-type lectins), C-, P-, X-, and I-types, and others (Vasta et al., 2007; Vasta and Ahmed, 2008)1. In addition to a unique sequence motif in their CRD and their structural fold, galectins are characterized by their binding preference for β-galactosides, wide taxonomic distribution (Leffler et al., 2004; Vasta and Ahmed, 2008), and functional diversification (Leffler et al., 2004; Vasta, 2009; Rabinovich and Croci, 2012; Vasta et al., 2012). By binding to endogenous (“self”) glycans, galectins mediate developmental processes (Leffler et al., 2004; Vasta and Ahmed, 2008), and regulate immune responses (Rabinovich and Croci, 2012). Galectins also bind exogenous (“non-self”) glycans on the surface of viruses, bacteria, and parasites, and participate in innate immunity (Vasta, 2009; Vasta et al., 2012).

Like most invertebrates, eastern oysters (Crassostrea virginica) and softshell clams (Mya arenaria) lack the typical adaptive immune responses of vertebrates mediated by immunoglobulins, B and T cells, and rely upon innate immune responses for defense against infection (Janeway and Medzhitov, 2002). This comprises both cellular and humoral defense responses initiated by multiple cell-associated and soluble receptors, including galectins that can recognize the infectious challenge and lead to effector functions, such as opsonization and phagocytosis by hemolymph cells (hemocytes). Thus, invertebrates, including oysters and softshell clams can effectively respond to most immune challenges through soluble and hemocyte-associated recognition and effector factors (Vasta et al., 1982, 1984, 2004a; Kennedy et al., 1996; Dame et al., 2002). The eukaryotic parasite Perkinsus marinus, however, successfully infects the oyster and causes “Dermo” disease along the east and Gulf coasts of the USA, resulting in mass mortalities with serious consequences for both natural and farmed shellfisheries, and the water quality of coastal environments (Andrews, 1996; Kennedy et al., 1996; Perkins, 1996; Harvell et al., 1999; Dame et al., 2002; Caceres-Martinez et al., 2012). Transmission of the parasite from infected oysters is thought to occur through the release of P. marinus trophozoites, which are filtered by the healthy oysters together with the phytoplankton (Figure 1A). Trophozoites released into the water column can mature into hypnospores that release numerous flagellated zoospores, but their potential infective capacity is not fully understood (Figure 1B). Once in contact with the mucosal surfaces, trophozoites are phagocytosed by hemocytes (Figure 1C), survive intracellular killing, and proliferate, causing systemic infection and death of the oyster (Chu, 1996; Bushek et al., 2002; Ford et al., 2002). The sympatric Perkinsus chesapeaki, initially isolated from infected M. arenaria clams, can also be present in oysters, but there is little evidence of pathogenicity for either bivalve species. The detailed mechanisms of parasite recognition and entry, and the determinants of host preference and pathogenicity of Perkinsus species remain to be fully understood (Reece et al., 2008).


[image: Figure 1]
FIGURE 1. Electron micrographs of Perkinsus sp. (A) Mature trophozoites of Perkinsus sp. isolated from the Baltic clam, Macoma balthica. Scale bar = 2 μm. A, cortical alveoli expansion; Mt, mitochondria; N, nucleus; Nu, nucleolus; P, vacuoplast precursors; Va, vacuole; W, wall; Mi, rectilinear micronemes; F, flagellum; C; conoid. Scale bar = 1 μm. (B) Longitudinal section of mature zoospores of Perkinsus sp. isolated from Macoma balthica. Insert shows detail of anterior end of another zoospore. (C) Phagocytosis of Perkinsus marinus by eastern oyster (Crassostrea virginica) hemocytes in a scanning electron micrograph [Adapted from Harvell et al. (1999) with permission from the American Association for the Advancement of Science].


In this review, we discuss selected observations from our studies aimed at gaining further insight into the molecular basis of recognition and opsonization of Perkinsus trophozoites by the bivalve hemocytes. During our initial studies on the oyster and the clam, we examined the possibility that recognition of Perkinsus parasites by their phagocytic hemocytes could be mediated by protein-carbohydrate interactions. Our results revealed complex lectin repertoires in both bivalve species, among which we identified novel galectins. We then used biochemical, molecular, glycomic, and structural approaches to address the carbohydrate specificity of the oyster and clam galectins, and the identification of glycosylated moieties on the surfaces of the hemocytes and the Perkinsus parasites that may be responsible for the host-parasite interactions.



IDENTIFICATION AND RECOMBINANT EXPRESSION OF OYSTER AND CLAM GALECTINS: INTERACTIONS WITH SYMPATRIC PERKINSUS SPECIES

Mining public genomic and EST databases from the oyster C. virginica revealed the presence of multiple galactosyl-binding lectins. Their sequences indicated that these belong either to the C-type lectin or galectin families. Based on their domain organization, galectins from vertebrate species are currently classified as “proto”, “chimera,” and “tandem-repeat” types, each endowed with unique molecular structure, biochemical properties, and taxonomic distribution (Hirabayashi and Kasai, 1993). Proto type galectins contain one CRD per subunit, and are usually homodimers of non-covalently-linked subunits. Chimera type galectins comprise a C-terminal CRD and an proline-rich N-terminal domain that participates in subunit oligomerization. In the tandem-repeat galectins, two CRDs are joined by a linker peptide. Surprisingly, the oyster sequence identified as a galectin, revealed the presence of four tandemly arrayed CRDs, which represents a novel feature for a member of the galectin family, and poses interesting questions about its structural and functional aspects. The oyster galectin, which we designated as CvGal1 (C. virginica galectin 1), contained most residues responsible for recognition of galactosyl moieties in the four CRDs and therefore, was considered as a potential receptor for P. marinus trophozoites (Tasumi and Vasta, 2007; Feng et al., 2013). To test this possibility, we examined the presence of galectin transcripts in oyster hemocytes and selected tissues (gills, gut, muscle, and mantle) by RT-PCR (Tasumi and Vasta, 2007). The results clearly indicated that both CvGal1 is expressed in all tissues tested and based on the similar intensity of the amplicons, it seemed likely that the signals observed in the tissues tested originated from the hemocytes that infiltrate these tissues. Further, it is noteworthy that hemocytes, gills, gut, and mantle, which are cells and tissues that are in direct contact with the external environment, have all been proposed as portals for P. marinus infection (Chu, 1996; Bushek et al., 2002; Ford et al., 2002; Reece et al., 2008).

To gain further understanding of the oyster's galectin repertoire and the recognition and effector function(s) of its members, we screened the oyster cDNA library to search for proteins that may display the galectin canonical sequence motif. This search identified a second novel galectin which we named CvGal2 (C. virginica galectin 2), that was also expressed mostly in the oyster hemocytes, and displayed four tandemly arrayed similar but yet distinct CRDs (Feng et al., 2015). It is noteworthy that the preliminary sequence alignment of CvGal1 CRDs with those of bovine, zebrafish and C. elegans galectins showed that two amino acid residues (His52 and Asp54, based on the mammalian numbering), that interact with the nitrogen of the N-acetyl group of the sugar, are missing in all four CvGal1 CRDs (Figure 2A). The oyster galectin CvGal2 also displays short forms of loop 4 in its four CRDs (Feng et al., 2015). The missing tetrapeptide includes His52 and Asp54 (based on the mammalian numbering; Liao et al., 1994; Figure 2B), which interact with the N-acetyllactosamine ligand. Although all four CRDs of the oyster galectins CvGal1 and CvGal2 have very similar primary structure, as in the case of the C. elegans galectin LEC-6 (formerly, N16; Tasumi and Vasta, 2007; Feng et al., 2015), the shorter loop 4 and the lack of His52 and Asp54 confers a different carbohydrate specificity (Liao et al., 1994; Ahmed et al., 2002; Tasumi and Vasta, 2007; Feng et al., 2013, 2015).
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FIGURE 2. Galectins in bivalves. (A) Alignment of bovine galectin−1, zebrafish Drgal1−L2, C. elegans LEC−6 (formerly N16), and CRD1 to −4 of CvGal1. (B) Homology modeling of CvGal1 CRDs. Bovine galectin−1, CRD−1,−2,−3, and−4 are shown in white, blue, yellow, red, and green, respectively. Numbering of amino acid residues is based on bovine galectin−1. Loop 4 of the CvGal1 CRDs (arrow b) is shorter than the loop 4 of BaGal1 (arrow a). (C) Coomassie stain of recombinant CvGal1, CvGal2, and MaGal1 containing either four or two CRDs. Arrows indicate the expected molecular weight of the proteins. (D) Schematic illustration of four CRDs of CvGal1 and CvGal2 and two CRDs of MaGal1 [Adapted from Tasumi and Vasta (2007) with permission from the American Association of Immunologists].


Subsequently, we carried out an RNAseq-based transcriptomic analysis of tissues from the softshell clam M. arenaria (a bivalve species sympatric with the eastern oyster C. virginica in Chesapeake Bay), and identified a galectin-encoding sequence with two tandemly arrayed CRDs, which we designated MaGal1. The two CRDs of MaGal1 also display a short loop 4, and like the oyster galectins CvGal1 and CvGal2, the MaGal1 transcript is mostly expressed in hemocytes (Tasumi and Vasta, 2007; Feng et al., 2013, 2015; Vasta et al., 2015).

The identification of galectins in oyster and clam hemocytes, the phagocytic cells that are the primary defense mechanism in these filter-feeding bivalves, supported our hypothesis that they may function as Perkinsus receptors, and we proceeded to develop tools to enable structural and functional studies on these proteins, with focus on their potential role(s) in parasite recognition and host entry. For this, we started by elucidating the full cDNA and gene sequences, and expressed the recombinant proteins (Tasumi and Vasta, 2007; Feng et al., 2013, 2015). The electrophoretic mobilities of the recombinant proteins rCvGal1, rCvGal2, and rMaGal1 are shown in Figure 2C. The relative electrophoretic mobility of rCvGal1 and rCvGal2, and rMaGal1 confirmed the molecular mass and CRD organization expected from the transcripts' sequences, illustrated in Figure 2D. The recognition properties of rCvGal1, rCvGal2, and rMaGal1 for the two sympatric Perkinsus species of interest, P. marinus and P. chesapeaki, are shown in Figure 3. Most interesting was the observation that while CvGal1 and CvGal2 strongly recognize P. marinus, the recognition of P. chesapeaki is very weak (Figures 3A,B). In contrast, MaGal1 strongly recognizes P. chesapeaki (Figure 3C), suggesting that host preference of the parasite for either bivalve host may be related to galectin-mediated recognition and entry into the hemocyte.
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FIGURE 3. Selective binding of CvGals and MaGal to Perkinsus parasites. (A,B) Perkinsus marinus (Pm) or P. chesapeaki (Pc) were incubated with recombinant CvGal1 (A) and CvGal2 (B) with or without 0.1 M lactose. The galectin binding was detected with galectin-specific antibodies followed by Fitc-conjugated anti-rabbit secondary antibody incubated, and analyzed in C6 cytometer. (C) P. chesapeaki was incubated with purified MaGal1 (12 or 2 μg) with (+Lac) or without (–) 0.1 M lactose and the bound galectin was pelleted along with the parasites by centrifugation. The bound galectin was eluted and run in SDS-PAGE along with the unbound galectin remaining in supernatant, and subjected to Coomassie staining. The intensities of both fractions from each samples were quantified (NIH Image J) and % bound was calculated as bound/(bound + unbound) [Adapted from Feng et al. (2015) with permission from the American Chemical Society].


Based on these results we characterized the oyster and clam galectins in their molecular, structural, and carbohydrate-binding properties, and proceeded to identify and characterize their carbohydrate ligands on the surface of their hemocytes and the Perkinsus trophozoites. Accomplishment of these goals would contribute further understanding of the potential roles of bivalve galectins as soluble and hemocyte-associated receptors for Perkinsus parasites. These studies will be discussed in the following sections, and mostly illustrated with results obtained on CvGal1 (Tasumi and Vasta, 2007; Feng et al., 2013; Kurz et al., 2013).



BIOCHEMICAL CHARACTERIZATION OF OYSTER AND CLAM GALECTINS

The initial characterization of the carbohydrate specificity of CvGal1 using a panel of mono-, oligo-, and polysaccharides, and glycoproteins revealed that CvGal1 has a preference for GalNAc relative to Gal or LacNAc, which are typically recognized by most galectins (Tasumi and Vasta, 2007). Furthermore, the glycoproteins porcine stomach mucin (PSM), asialofetuin, thyroglobulin, lactoferrin, and laminin behaved as strong inhibitors, whereby PSM is a complex mixture of glycans, rich in blood group ABH moieties. To elucidate the fine specificity of CvGal1, the binding of recombinant CvGal1 to a glycan microarray was analyzed at the Core H, Consortium for Functional Glycomics, Emory University, Atlanta. The study confirmed the preliminary results by revealing that CvGal1 preferentially binds to carbohydrates containing non-reducing terminal GalNAc (Tasumi and Vasta, 2007). The strongest binders in the glycan microarray were complex bi-antennary oligosaccharides carrying blood group A type 2 moieties, followed by the type 1 structures and, with less affinity, similar type-2 B oligosaccharides (Figure 4A; Feng et al., 2013).
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FIGURE 4. Binding ligand analysis through glycan array and homology modeling. (A) Six best glycans ranked by their affinity for CvGal1 in glycan array analysis. The negative percentages are the evaluation of the % change in the fluorescent signal (Fj – Fi)/Fi × 100%). (B) Model of the four CRDs of CvGal1: Chain A in orange, chain B in cyan, chain C in magenta and chain D in yellow. (C) Overlay between the modeled CvGal1 CRDs and BaGal1: Loop 4 of the CvGal1 CRDs (chain colors as in A above) is shorter than the loop 4 of BaGal1 (in gray), allowing bulkier structure next to the N-acetylglucosamine residue. (D) A2 blood oligosaccharide docked at the binding pocket of the CvGal1 model of the first CRD, using the observed common N-acetyllactosamine disaccharide bound to the template. CvGal1-binding site is shown as semi-transparent solvent-accessible surface colored by its vacuum electrostatic potential (positive in blue to negative in red). The schematic model of the protein is visible across the surface showing the interacting residues in a stick representation. H-bonds recognizing hydroxyl groups of the A2 oligosaccharide are displayed as dashed lines with their distances (in Å) between heavy atoms indicated [Adapted from Feng et al. (2013) with permission from the American Society for Biochemistry and Molecular Biology].


In contrast with rCvGal1, the glycan array binding profile of rCvGal2 showed that it recognizes with high affinity carbohydrates displaying either blood group A or B type 2 moieties (Feng et al., 2015). Thus, like CvGal1, CvGal2 also prefers type-2 backbone structures Galβ1-4GlcNAc in LacNAc and Gal, and a Fuc linked in α1-2 to the subterminal Gal. Unlike most galectins described to date, which recognize oligosaccharides exhibiting galactosyl units at the non-reducing end, such as N-acetyllactosamine moieties (Leffler et al., 2004; Vasta and Ahmed, 2008), our studies revealed that the oyster galectins CvGal1 and CvGal2 preferentially bind to ABH blood groups (Tasumi and Vasta, 2007; Feng et al., 2013, 2015). Unlike CvGal1 and CvGal2, however, a glycan microarray analysis of MaGal1, confirmed the preliminary solid phase assays that suggested preference for galactosyl moieties, and showed that MaGal1 preferentially recognizes Galα1-3Galβ1-4GlcNAcβ1-2Manα1-6(Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ-R and other bi-antennary structures with non-reducing terminal Galα1-3Galβ1-4GlcNAc, followed by those with terminal Galα/β1-4Galβ1-4GlcNAc (Vasta et al., 2015).

To elucidate the structural basis for the binding specificity of CvGal1 and CvGal2 we modeled their structure using the toad Bufo arenarum galectin-1 (BaGal1) as template (Bianchet et al., 2000) and analyzed the interactions of the CRDs with the preferred carbohydrate ligands for both oyster galectins identified in the solid phase assays and glycan array analysis (Figures 4B–D). The structures of the four CRDs of CvGal1 overlap very closely with each other (Figure 4B) and with BaGal1 (Figure 4C). Only minor differences among the four CRDs, mostly located in loops 3, 4, and 5, were predicted by the CvGal1 model (Figure 4B). Alignment of the CvGal1 CRDs with BaGal1 showed that amino acid residues that are involved participate in the recognition of the Galβ(1-4)GlcNAc by BaGal1 are mostly conserved in all four CvGal1 CRDs (Feng et al., 2013). In BaGal1 these residues establish interactions with the galactoside moieties as follows (Figures 4C,D): [1] (Arg49, His45, Asn47)−4-OH of Gal, [2](Arg49, Glu72)—[3-OH in core 1, or 4-OH in core 2 galactosides] of GlcNAc, [3](Asn62, Glu72)-−5-OH of Gal, and [4] Trp69–ring of Gal. The modeling alignment also revealed differences in the secondary structure elements of CvGal1's CRDs with respect to the BaGal1 template, such as the short loop 4 (the sequence between strands 4 and 5) (Figure 4C), as discussed above (Figures 2A,B). In BaGal1 and other vertebrate proto-type galectins only loop 4 participates in the recognition of the galactose moiety, whereby a histidine residue (His53) makes an apolar contact with the C2 and O2 atoms of the Gal moiety of the core 2 galactoside. This histidine residue is absent in the short loop 4 of all CvGal1 CRDs (Feng et al., 2013).

To rationalize the recognition of ABH blood group oligosaccharides by CvGal1, the type 2 blood group A oligosaccharide (A2) was docked into the first CvGal1 CRD as guided by the N-acetyllactosamine bound to BaGal1 (Feng et al., 2013) (Figure 4D). The space generated by the shortening of loop 4 enabled fitting the 2'-fucosyl moiety common to both the A and B blood group tetrasaccharides, with its 6-methyl group placed on top of the arginine that coordinates the axial 4- and equatorial 3-OH groups of the first and second moieties of the core galactoside, respectively (Figure 4D). Thus, the glutamate at the tip of loop 4 holds this conserved arginine in position. Distances from Glu37, in the 1st CRD, Asn199 in the 2nd CRD; and Glu449 and Glu474, in the 4th CRD to the fucose 4-OH group could support water-mediated bridges, although no direct interaction of polar group from the protein with any fucose hydroxyls could be established (Feng et al., 2013). Similarly, the CvGal2 structural model enabled a visual interpretation of the glycan array results, in particular the preferential binding to ABH blood group bi-antennary structures, and the recognition of sulfated moieties and Forssman antigens (Feng et al., 2015). In contrast with CvGal1, the glycan array analysis revealed that CvGal2 recognizes oligosaccharides displaying both blood group A and B moieties. Like in CvGal1 (Feng et al., 2013) and CGL2 (Walser et al., 2004), the longer loop 3 and shorter loop 4 in CvGal2 as compared to the typical proto type galectins (Bianchet et al., 2000; Feng et al., 2013) supports the structural basis for a preference for blood group oligosaccharides. In blood group A, the methyl-group of the N-acetyl moiety in the non-reducing GalNAc is coordinated by residues from a pocket formed on the N-terminus, similar to that observed in the CGL2-A2 antigen complex (Walser et al., 2004). As for CvGal1, the shorter loop 4 enables accommodating simultaneously the 2'-fucosyl group and the α(1-3)Gal[NAc] of A and B moieties. This feature results in an apparent higher affinity relative to that of the vertebrate prototype galectins that possess the typical long loop 4 (Liao et al., 1994; Vasta et al., 2015). It is noteworthy that in all four CvGal2 CRDs (A-D, or 1-4) sequence variations at key positions are suggestive of differences in their fine specificity for glycans displaying ABH moieties (Feng et al., 2015).

The experimental validation of the CvGal1 and CvGal2 models, was carried out by first comparatively assessing by ELISA the binding of the recombinant galectins to neoglycoproteins displaying either a monosaccharide (GalNAc), a blood group A trisaccharide [GalNAcα3(Fucα2)Gal], or a type 2 tetrasaccharide [GalNAcα3(Fucα2)Galβ3GlcNAc] conjugated to BSA (Feng et al., 2013). The results showed that CvGal1 strongly bound to the blood group A tetrasaccharide, while the trisaccharide-BSA and GalNAc-BSA were not recognized (Figure 5A). A similar study using an anti-A monoclonal antibody showed that it equally recognized both the blood group A tri- and tetrasaccharides, but displayed negligible binding to GalNAc-BSA. A quantitative analysis of binding affinity by SPR revealed that rCvGal1 binds to the neoglycoprotein with conjugated blood group A type 2 tetrasaccharide with a KD value of 1.5 μM (Figure 5B), while no binding was observed to blood group A trisaccharide-BSA (Figure 5C), or neoglycoproteins displaying GalNAc, Gal or GlcNAc (results not shown) (Feng et al., 2013). A similar analysis showed that in contrast with CvGal1, CvGal2 recognized both the blood group A tetra- and the trisaccharide-BSA (Figure 5D; Feng et al., 2015). SPR analysis confirmed that CvGal2 recognized both blood group A tetra- and trisaccharide-BSA, but displayed higher affinity for the tetrasaccharide than the trisaccharide (4.8 and 60 nM, respectively) (Figures 5E,F). Further SPR assessment of CvGal2 binding affinity with various blood group ABH oligosaccharides showed that it binds to type 1, 2, and 3/4 of blood group A tetrasaccharides (KD = 2.5–21 μM) (Feng et al., 2015). In conclusion, although CvGal1 and CvGal2 are structurally similar, their fine specificities for ABH blood group oligosaccharides are both quali- and quantitatively different. Ongoing studies in our lab are aimed at expressing the recombinant individual CRDs from both CvGal1 and CvGal2 to enable the identification of potential differences in binding specificity among them.
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FIGURE 5. Binding of recombinant CvGal1 and CvGal2 to blood group A antigen. (A,D) blood group A tetrasaccharide-BSA (A Tetra-BSA), blood group A trisaccharide-BSA (A Tri-BSA), or N-acetylgalactosamine-BSA (GalNAc-BSA) were added at the concentrations indicated (serial dilution starting from 10 μg/ml, 100 μl/well) into 96-well plates and the binding of 0.2 μg/ml of rCvGal1 (A) or rCvGal2 (D) was assessed by ELISA. Data show optical density at 450 nm (OD450nm) in triplicates with standard error (SEM). (B,C,E,F) Blood group A tetrasaccharide-BSA (A Tetra-BSA) or blood group A trisaccharide-BSA (A Tri-BSA) were immobilized up to 1,000 response units on CM5 chips, and the binding of rCvGal1 (B,C) or rCvGal2 (E,F) was assessed by SPR with either lectin being injected as analyte. The SPR sensorgrams were recorded with 2-fold serial dilutions of the analyte starting from 100 μg/ml. Negligible responses were observed on sensorgrams for the GalNAc-BSA (data not shown) [Adapted from Feng et al. (2013) with permission from the American Society for Biochemistry and Molecular Biology].




IDENTIFICATION OF GALECTIN LIGANDS ON THE HEMOCYTE AND PARASITE SURFACE

As discussed above, analysis of CvGal1 expression suggested that it takes place in the hemocytes (Tasumi and Vasta, 2007; Feng et al., 2013). We experimentally assessed the subcellular localization of the CvGal1 protein, by raising an antiserum against rCvGal1, and validating the specificity of the purified anti-rCvGal1 immunoglobulins by Western blot against a crude hemocyte extract, using rCvGal1 as control (Tasumi and Vasta, 2007). In agreement with the detection of the CvGal1 transcripts in hemocytes, the Western blot results revealed that the mature protein was also localized in the cytoplasm of the circulating hemocytes, suggesting that the gene is transcribed, translated, and the protein accumulates in the hemocyte. Because upon attachment and spreading on a foreign surface, the oyster hemocytes become motile and avidly phagocytic, we examined by blotting the presence of CvGal1 in plasma and hemocytes [circulating (unattached), and attached/spread]. Both the circulating and attached hemocytes showed a strong CvGal1 band, whereas the attached hemocytes secreted soluble CvGal1 into the extracellular space (Figure 6A). Next, we used immunofluorescence to assess the subcellular distribution of CvGal1 in unattached and attached hemocytes (Figure 6B). In the unattached hemocytes, CvGal1 was localized to the cytoplasm of approximately one third of the permeabilized hemocytes (+ Triton-X), but no signal was observed in the untreated cells (– Triton-X). In contrast, in both permeabilized and untreated attached hemocytes, intense diffuse staining was observed approximately in the same proportion as in the unattached permeabilized cells (Tasumi and Vasta, 2007). Based on their subcellular morphology under phase contrast microscopy, these cells were identified as granulocytes (Kennedy et al., 1996; Terahara et al., 2006). Unlike the CvGal1 localization in circulating hemocytes, the high concentration of CvGal1 detected on the plasma membrane of the untreated attached hemocytes, particularly on the surface of filopodia (Figure 6B), suggest that upon attachment and spreading, the cytoplasmic CvGal1 is secreted to the extracellular space and binds to the hemocyte surface glycans. Galectins are secreted by an unconventional mechanism not yet fully elucidated, as they lack the signal peptide typical of secreted proteins (Hughes, 1999). Therefore, galectins are not exported via the typical secretory pathway but through a mechanism that resembles vesicle exocytosis (Hughes, 1999). CvGal1, which also lacks a signal peptide, may be no exception to this observation, and may be secreted by the non-classical mechanism common to other galectins (Tasumi and Vasta, 2007). We also examined the possibility that the CvGal1 released by the attached granulocytes binds to the external surface of circulating hemocytes by binding to surface moieties. For this, we tested by immunofluorescence the potential binding of rCvGal1 to unattached hemocytes (Tasumi and Vasta, 2007). Intense staining was observed in virtually 100% of the cells examined, indicating that CvGal1 can strongly bind to both attached and unattached hemocytes subpopulations, including hyalinocytes. These observations suggest that the CvGal1 secreted by the attached granulocytes binds to carbohydrate moieties on the cell surface and upon saturation, the secreted galectin remains in plasma as a soluble protein (Tasumi and Vasta, 2007). Similar observations were made with CvGal2 (Feng et al., 2015).
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FIGURE 6. Binding of CvGal1 and CvGal2 to oyster hemocytes. (A) Upon hemocyte attachment and spreading, CvGal1 is translocated to the periphery and secreted. Western blotting of unattached hemocytes, plasma, attached-spread hemocytes, and supernatant. (B) Immunofluorescence staining with anti-CvGal1 and DAPI staining of attached-spread hemocytes with (+) or without (–) Triton X treatment, showing the presence of CvGal1 in the cytoplasm, and on the external surface of the hemocyte plasma membrane, respectively. Scale bar, 10 μm. (C) Binding of rCvGal1 (100 μg/ml) to hemocytes in the presence of PSM (0–300 μg/ml), whereby the control (Ctrl) is sample without exogenous rCvGal1 and inhibitor. (D) Binding of rCvGal1 to unattached hemocytes with α-N-acetylgalactosaminidase treatment (GalNAc'ase) or no treatment (Untreated) were measured by flow cytometry, whereby a sample without rCvGal1 was the control (Ctrl). Data show mean fluorescence intensity (MFI) ± S.E. of each sample. (E) Fixed hemocytes were stained with dilutions of anti-blood group A antibody (red, 1:2000; blue, 1:500; yellow, 1:100) or buffer only (black) in flow cytometry analysis. (F) Fixed cells were preincubated with anti-blood group A antibody (1:100), and the binding of rCvGal1 (100 μg/ml) was measured by flow cytofluorometry; the control (Ctrl) was recorded in the absence of rCvGal1. *Indicates significant difference (p < 0.05) between samples from One-Way ANOVA analysis [Adapted from Tasumi and Vasta (2007) and Feng et al. (2013) with permission from the American Association of Immunologists and the American Society for Biochemistry and Molecular Biology].


Based on our studies on the specificity of CvGal1 and CvGal2 for ABH blood group moieties described above, we addressed the question about the identity of the carbohydrate moieties on the hemocyte surface that are recognized by the oyster galectins (Feng et al., 2013, 2015). For this, we used flow cytometry, to assess the binding of CvGal1 to fixed, non-permeabilized hemocytes and its inhibition by increasing concentrations of PSM, a mixture of glycoproteins rich in ABH moieties, using BSA as control (Feng et al., 2013). Strong binding of CvGal1 to the hemocyte surface was observed, and this interaction could be specifically prevented by pre-incubation of CvGal1 with PSM (300 μg/ml) (Figure 6C). Pre-treatment of the hemocytes with α-N-acetylgalactosaminidase also significantly prevented CvGal1 binding (Figure 6D), confirming that non-reducing terminal αGalNAc on the hemocyte surface is required for CvGal1 binding. Monoclonal anti-A antibodies strongly bound to the hemocyte surface (Figure 6E) revealing that exposed blood group A moieties are present, and that the αGalNAc detected may possibly be the terminal moiety on the hemocyte ligands recognized by CvGal1 (Tasumi and Vasta, 2007). In contrast, the anti-B antibodies failed to bind to the intact hemocytes. Furthermore, we observed partial inhibition of rCvGal1 binding to the intact hemocytes by anti-A monoclonal antibodies, and vice versa, that pre-treatment with anti-A antibodies could partially inhibit binding of CvGal1(Figure 6F), whereas the anti-B antibodies had no effect (Feng et al., 2013). Taken together, these observations suggested that blood group A moieties on the hemocyte surface are, at least in part, the ligands for CvGal1.

Next, we used affinity chromatography of the oyster hemocyte extracts on a rCvGal1-Affi-Gel 15 column to isolate the CvGal1 ligands, and selected bands from SDS-PAGE were subjected to proteomic analysis for the identification of these glycans (Feng et al., 2013). The mass spectrometry analysis identified multiple peptides that matched β-integrin, dominin, GAPDH, and HSP70 in the bands of the expected electrophoretic mobilities (Figure 7A; Feng et al., 2013). Dominin is a major plasma protein that houses a Cu/Zn superoxide-like domain, and is highly similar to cavortin, an iron binding-protein from the Pacific oyster (C. gigas) (Itoh et al., 2011). Iron is critical for P. marinus intracellular survival in oyster hemocytes (Schott and Vasta, 2003; Schott et al., 2003a; Fernández-Robledo et al., 2008; Alavi et al., 2009), and the iron transporters (Nramp; Robledo et al., 2004; Lin et al., 2011) in both the parasite and the oyster host are involved in their competition for available iron (Cellier et al., 2007). Another interesting ligand for CvGal1 identified on the hemocyte surface is β-integrin (Zhuo et al., 2008; Feng et al., 2013), and this was of particular interest as this transmembrane signaling glycoprotein is a key receptor in cell activation processes (Mayadas and Cullere, 2005; Lim and Hotchin, 2012). We have observed that the addition of PSM to attached and spread hemocytes, promotes activation and phagocytosis of P. marinus. It is possible that this results from clustering of hemocyte β-integrin-bound CvGal1 by the multivalent PSM, which acts as a three-component glycoprotein-CvGal1-β-integrin lattice that leads to cell activation.
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FIGURE 7. Binding ligands of CvGals on oyster hemocyte surface. (A) Isolation and identification of CvGal1 ligands from oyster hemocytes. Oyster hemocyte extracts were eluted from a rCvGal1-column (rCvGal1 cross-linked to Affi-Gel 15, BioRad) using 50 mM lactose, prior to analysis by SDS-PAGE. The Coomassie blue-stained protein bands (H1–H5) were excised from the gel and subjected to proteomic analysis as described (Feng et al., 2013). Peptide sequences were identified using Mascot software to search the NCBInr 167 database, processed in Scaffold and the proteins identified based on the identification of at least two peptides at 95% or greater confidence. (B) MS/MS analysis of oyster glycans carrying the histo-blood group A modification. a–c, N-glycans from selected NP-HPLC fractions (6.0, 5.7, and 7.7 g.u., respectively) were subject to MS/MS of their protonated forms in positive mode with the focus on the fragments in the range m/z 500–800, which are indicative of modification by the blood group A and methyl groups; for the glycan carrying both non-methylated and methylated forms of the blood group A, the differences of 14 Da between the sets of fragments are shown with dashed lines. The blue boxes emphasize the identified blood group A tetrasaccharide structure (for further details, see Feng et al., 2013 and Kurz et al., 2013).


A rigorous N-glycomic study on selected glycoproteins isolated on a CvGal1 column and identified by proteomic analysis, together with plasma and hemocyte glycoproteins, demonstrated the presence of blood group A oligosaccharide moieties on some hemocyte N-glycans (Kurz et al., 2013; Figure 7B). Frequent methylation and sulfation of the identified hemocyte glycans was observed, with the latter likely to confer a significant negative charge to the hemocyte glycocalyx (Kurz et al., 2013). These observations are consistent with the results of our CvGal1-ligand interaction model which revealed that methyl groups can be present at the 4-OH and 6-OH of the GalNAcα(1-3), without any negative effect on CvGal1 recognition by the protein (Feng et al., 2013). The results of the glycomic analysis are supported by identification of an α1,2-fucosyltransferase gene in the oyster genome, which is predicted to encode an enzyme that can transfer L-Fuc to Gal (Zhang et al., 2012).

We then carried out experiments to identify the nature of the glycan moieties recognized by CvGal1 and CvGal2 on the surface of the Perkinsus trophozoites. CvGal1 binds strongly and in a carbohydrate-specific manner to P. marinus trophozoites (Figure 8A; Tasumi and Vasta, 2007). The binding can be fully prevented by thiodigalactose (TDG), an effective galectin inhibitor, but not by glucose. Furthermore, pre-incubation of P. marinus trophozoites with either CvGal1 or CvGal2 enhances their adhesion to the hemocyte surface, whereas pre-treating the hemocytes with anti-CvGal1 or -CvGal2 antibodies significantly decreases adhesion, suggesting that both galectins can function either as opsonins or cell surface receptors for the parasite (Figure 8B; Feng et al., 2013). Based on the identification of blood group A oligosaccharides as the hemocyte surface ligands for the oyster galectins, we investigated the possibility that the CvGal1 ligands on the parasite surface were also ABH blood group moieties. Thus, we first assessed the binding of CvGal1 and its inhibition by PSM by flow cytometry. CvGal1 bound strongly to the trophozoites, and pre-incubation with PSM reduces the binding in a dose-dependent manner, similar to our observations with hemocytes (Figure 9A; Feng et al., 2013). Strikingly, however, we observed no binding of the anti-A or anti-B monoclonal antibodies to the P. marinus trophozoites (Figure 9B). This revealed that no blood group A or B moieties are exposed on the parasite surface, and suggested that the GalNAc or related sugars recognized by CvGal1 are linked to different glycan structures (Feng et al., 2013).
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FIGURE 8. CvGals mediate P. marinus trophozoites adhesion onto oyster hemocytes. (A) Carbohydrate -specific binding of rCvGal1 to P. marinus trophozoites in the presence and absence of thiodigalactose (inhibits rCvGal1 binding) or glucose (does not inhibit rCvGal1 binding) was analyzed by immunofluorescence staining. Scale bar, 10 μm. (B) Adhesion of P. marinus trophozoites to hemocytes was enhanced by addition of recombinant CvGal1 or CvGal2 (left) or inhibited by addition of anti-CvGal1 or anti-CvGal2 antibody (right). *Indicates significant difference (p < 0.05) from control sample [Adapted from Tasumi and Vasta (2007), and Feng et al. (2013) with permission from the American Association of Immunologists and the American Society for Biochemistry and Molecular Biology].
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FIGURE 9. Binding of rCvGal1 to P. marinus trophozoites. (A) Binding of rCvGal1 (100 μg/ml) to P. marinus trophozoites was measured by flow cytometry analysis. Data show mean fluorescence intensity (MFI) ± S.E. of each sample. The binding of rCvGal1 (100 μg/ml) to P. marinus trophozoites in the presence of PSM (0–100 μg/ml) is shown on the right hand panel of A. *Indicates significant difference (p < 0.05) from sample without PSM inhibition (0). Sample without exogenous rCvGal1 and inhibitor was shown (Ctrl). (B) anti-A or anti-B binding to P. marinus revealed the absence of exposed A and B blood group moieties. (C) P. marinus trophozoites were stained with fluorochrome-labeled lectins (red lines) or buffer alone (black lines) in flow cytometry analysis. Black circles indicate significant staining of SBA (soybean agglutinin) and PNA (peanut agglutinin) over background, and red circle indicates no significant staining of UEA (Ulex europaeus agglutinin) [Adapted from Feng et al. (2013) and Kurz et al. (2013) with permission from the American Society for Biochemistry and Molecular Biology].


To tentatively identify these carbohydrate moieties on the surface of P. marinus trophozoites we used labeled plant lectins to carry out a glycotyping analysis of the parasite surface (Figure 9C; Feng et al., 2013). We observed strong signals with ConA (concanavalin A; binding αMan, GlcNAc, and αGlc), SBA (α,βGalNAc and α,βGal), GNA (Galanthus nivalis agglutinin; α1-3 and α1-6 high mannose oligosaccharides), WGA (Wheat germ agglutinin; Neu5Ac or β4-linked terminal HexNAc), and PNA (Galβ1-3GalNAcα). UEA (Ulex europaeus agglutinin), showed no binding, indicating the absence of exposed Fucα1-2Gal moieties. This was supported by the absence of fucosyltransferase genes in the P. marinus genome (Caler et al., in preparation). In contrast, the binding of SBA and PNA to P. marinus trophozoites revealed the presence of exposed GalNAc and Gal moieties on the parasite surface. The absence of Fucα1-2Gal and lack of anti-A and anti-B antibody staining suggest that the strong binding of CvGal1 and CvGal2 to the parasite surface is based on the recognition of exposed GalNAc and Gal as components of carbohydrate moieties that may be topologically similar to A or B blood group oligosaccharides, but chemically different (Feng et al., 2013). Ongoing glycomic studies are aimed at the identification and structural characterization of the glycans that function as CvGal1, CvGal2 and MaGal1 ligands on Perkinsus trophozoites.



SUMMARY AND CONCLUSIONS

Among the various lectin families, galectins are evolutionarily conserved and taxonomically widely distributed lectins endowed with key regulatory and effector functions in multiple biological processes (Leffler et al., 2004; Vasta et al., 2007, 2012; Vasta and Ahmed, 2008; Vasta, 2009; Rabinovich and Croci, 2012)1. Within the marine environment, galectins seem to be ubiquitous among both invertebrates (reviewed in Vasta et al., 2004a, 2015; Vasta and Ahmed, 2008; Vasta, 2009; Wang and Wang, 2013) and vertebrates (reviewed in Vasta et al., 2004b, 2011; Shirai et al., 2006; Cummings et al., 2017). By the use of biochemical, molecular, glycomic, and structural approaches we identified and characterized the specificity of the oyster galectins CvGal1, CvGal2 and the clam galectin MaGal1, and have gained novel insights into the nature of their carbohydrate ligands on the surfaces of the oyster hemocyte and Perkinsus parasites (Tasumi and Vasta, 2007; Feng et al., 2013, 2015; Vasta et al., 2015). This work is ongoing in our lab and those of our collaborators, and we aim to achieve a detailed and comprehensive view of the protein-carbohydrate interactions and mechanisms that determine host preference, recognition, and entry of Perkinsus parasites into their bivalve hosts. We expect that the bivalve-Perkinsus system will constitute a useful model to address the role(s) of galectins in host defense against parasites, as well as their unique glycan adaptations for host colonization.

The binding profiles of the oyster galectins CvGal1 and CvGal2 in the glycan microarray revealed that they preferentially recognize ABH blood group oligosaccharides, whereas the clam galectin MaGal1 binds to oligosaccharides with terminal Gal. The modeling of the galectins's CRDs and docking of selected ABH oligosaccharides into their binding pockets, enabled a detailed visualization of the interactions that take place between the protein and the carbohydrate ligand. Most galectins typically recognize oligosaccharides exhibiting non-reducing terminal galactosyl moieties, particularly N-acetyllactosamine units (Di Lella et al., 2011). Selected galectins, however, may recognize non-reducing terminal GalNAc on surface carbohydrate moieties of parasites or microbial pathogens, such as the human galectin-3 that binds to glycans displaying GalNAcβ1–4GlcNAc from the parasite helminth Schistosoma mansoni (van den Berg et al., 2004). Other galectins described in taxa from fungi to mammals display specificity for ABH blood groups (Stowell et al., 2008a,b, 2010). For example, CGL2, a galectin from the mushroom Coprinus cinereus, can bind blood group A oligosaccharides (Cooper et al., 1997; Walser et al., 2004), while the mammalian galectins 2, 3, 4, and 8 can recognize both A and B oligosaccharides (Stowell et al., 2008a,b). The glycomic study carried out on selected hemocyte surface glycans recognized by CvGal1 rigorously demonstrated the presence of blood group A oligosaccharides (Kurz et al., 2013), thereby confirming results from biochemical approaches (Tasumi and Vasta, 2007; Feng et al., 2013).

As mentioned above, the oyster galectins CvGal1 and CvGal2 that have been secreted by the hemocytes upon recognition of a foreign surface or particle, can bind to the hemocyte surface, with some CvGal1 and CvGal2 remaining as soluble protein in extracellular space (Tasumi and Vasta, 2007). The strong recognition of P. marinus trophozoites, their enhanced adhesion to hemocytes by pre-incubation with CvGal1 and CvGal2, and the specific inhibition of adhesion and phagocytosis by anti-CvGal1 and anti-CvGal2 antibodies strongly suggest that host galectins can recognize and mediate uptake of phytoplankton, bacteria, and Perkinsus parasites either as cell surface receptors or as opsonins by cross-linking glycans on the parasite to those on the hemocyte (Tasumi and Vasta, 2007; Vasta, 2009; Figure 10). The internalized Perkinsus parasites use their powerful anti-oxidative machinery to inhibit the hemocyte's typical oxidative burst (Wright et al., 2002; Ahmed et al., 2003; Schott and Vasta, 2003; Schott et al., 2003a,b, 2019; Asojo et al., 2006), they survive and proliferate, and eventually lyse the infected hemocytes (Alavi et al., 2009). The parasite progeny released by the desintegrating hemocytes are phagocytosed by other attached hemocytes, or circulating cells that are activated by the binding of secreted CvGal1 or CvGal2 to their surface and recognition of the released parasites (Tasumi and Vasta, 2007; Feng et al., 2013, 2015; Vasta et al., 2015).


[image: Figure 10]
FIGURE 10. Schematic model of CvGals-mediated Perkinsus sp. infection. Yellow triangles represent the binding ligands on hemocytes (mainly ABH oligosaccharides on dominin) and blue triangles represent the chemically different binding ligands on Perkinsus sp. parasites.


Although CvGal1 or CvGal2 strongly recognize ABH blood group oligosaccharides on the surface of hemocyte surface, the carbohydrate moieties recognized on the Perkinsus surface may be topologically similar, albeit chemically different, as no A or B oligosaccharides could be detected by the specific monoclonal antibodies (Tasumi and Vasta, 2007; Feng et al., 2013, 2015; Kurz et al., 2013). Further, as the presence of exposed GalNAc and Gal moieties on the parasite surface was revealed by glycotyping analysis with labeled plant lectins, the lack of binding of the lectin UEA to the trophozoite surface, suggested that Fuc(α1–2)Gal moieties are absent (Figure 9). Additionally, the absence of fucosyltransferase genes in the Perkinsus genome support the lack of bona fide A or B oligosaccharides on the trophozoite surface. Based on this experimental evidence it is tempting to speculate that the Perkinsus parasite has co-evolved with the oyster host and adapted its glycocalyx to acquire effective mimicry of the “self” ligands recognized by CvGal1 on the hemocyte surface, and gained galectin-mediated entry into the oyster phagocytic hemocytes, survive the oxidative attack, and proliferate (Vasta, 2009; Figures 10, 11). ABH blood group oligosaccharides have been identified in most vertebrate species (Marionneau et al., 2001), as well as in some invertebrates and bacteria (Tasumi and Vasta, 2007; Stowell et al., 2010; Feng et al., 2013, 2015; Kurz et al., 2013). Their taxonomic distribution, however, has not been investigated in a comprehensive manner, and their biological role(s) and evolutionary aspects are subject of current discussion (Marionneau et al., 2001; Gagneux et al., 2017; Stanley and Cummings, 2017).


[image: Figure 11]
FIGURE 11. Recognition of Perkinsus marinus trophozoites by the oyster (Crassostrea virginica) galectin CvGals facilitates infection: CvGals displays four canonical galectin carbohydrate-recognition domains (CRDs), a domain organization that is unlike any of the known galectin types. CvGal is translocated to the periphery and secreted by attached hemocytes, and binds to the cell surface. P. marinus trophozoites (a) ingested by filter-feeding are recognized by CvGal on the surface of hemocytes that coat the gut tubules, phagocytosed (b) and transported through the gut epithelium (c,d) into the internal milieu. The parasite inhibits intracellular killing by the host hemocytes and proliferates (e), thereby causing systemic infection and eventually death of the host [Adapted from Vasta (2009) with permission from the Springer Nature].


In recent years, evidence has accumulated to support a role of galectins as carbohydrate-specific receptors that recognize surface carbohydrate moieties of viruses, bacteria and parasites, although in very few examples the identity of the recognized moieties has been rigorously identified (Vasta, 2009). Based on these observations, galectins are often considered to function as PRRs. However, the Janeway and Medzhitov model (Janeway and Medzhitov, 2002) for self/non-self recognition, proposes that PRRs recognize pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs), such as LPS or peptidoglycan, that are highly conserved and widely distributed among viruses, microbes, and parasites, but are absent from the host. Therefore, galectins do not fit a sensu stricto definition of PRRs as they can recognize endogenous (“self”) and exogenous (“non-self”) carbohydrate moieties with the same binding site. This apparent paradox reveals significant gaps in our understanding of galectin-carbohydrate binding equilibrium dynamics, the subcellular compartmentalization and secretion of galectins and their carbohydrate ligands, as well as structural and biophysical aspects of their recognition of multivalent glycans (Dam and Brewer, 2008; Vasta, 2009; Vasta et al., 2012). Although substantial progress has been achieved in the past few years, these aspects warrant further investigation.
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FOOTNOTES

1A genomics resource for animal lectins. Available online at: http://www.imperial.ac.uk/research/animallectins/
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Changes in the abundance of antennary fucosylated glycans in human total plasma N-glycome (TPNG) have been associated with several diseases ranging from diabetes to various forms of cancer. However, it is challenging to address this important part of the human glycome. Most commonly, time-consuming chromatographic separations are performed to differentially quantify core and antenna fucosylation. Obtaining sufficient resolution for larger, more complex glycans can be challenging. We introduce a matrix-assisted laser desorption/ionization—mass spectrometry (MALDI-MS) assay for the relative quantitation of antennary fucosylation in TPNG. N-linked glycans are released from plasma by PNGase F and further treated with a core fucosidase before performing a linkage-informative sialic acid derivatization. The core fucosylated glycans are thus depleted while the remaining antennary fucosylated glycans are quantitated. Simultaneous quantitation of α2,3-linked sialic acids and antennary fucosylation allows an estimation of the sialyl-Lewis x motif. The approach is feasible using either ultrahigh-resolution Fourier-transform ion cyclotron resonance mass spectrometry or time-of-flight mass spectrometry. The assay was used to investigate changes of antennary fucosylation as clinically relevant marker in 14 colorectal cancer patients. In accordance with a previous report, we found elevated levels of antennary fucosylation pre-surgery which decreased after tumor resection. The assay has the potential for revealing antennary fucosylation signatures in various conditions including diabetes and different types of cancer.

Keywords: antennary fucose, glycomics, sialyl-Lewis x, MALDI-MS, FT-ICR-MS, CE-MS, colorectal cancer, exoglycosidase


INTRODUCTION

Changes in the relative abundance of either core or antennary fucosylation have been associated with certain diseases or disease states (Blomme et al., 2009; Testa et al., 2015). Here, we focus on antennary fucosylation in human total plasma N-glycome (TPNG) as a clinically relevant disease marker. For instance, the abundance of antennary fucosylation in TPNG has been correlated with (1) certain cancers such as hepatocellular carcinoma (Benicky et al., 2014; Zhu et al., 2014), ovarian cancer (Saldova et al., 2007) and colorectal cancer (Holst et al., 2016; de Vroome et al., 2018; Doherty et al., 2018); (2) hepatocyte nuclear factor 1 homeobox A—maturity-onset diabetes of the young (HNF1A—MODY) (Thanabalasingham et al., 2013; Juszczak et al., 2019); (3) inflammatory conditions (Brinkman-van der Linden et al., 1998; Higai et al., 2005) and (4) with attention-deficit hyperactivity disorder in children (Pivac et al., 2011). These correlations have created a need for the development of assays for quantitation of antennary fucosylation in TPNG. Quantitation of changes in core fucosylated glycans will remain relevant as well, but can better covered by existing approaches.

The quantitation of antennary fucosylation in TPNG was also used for more specialized clinical purposes such as for prognosis or for differentiating between closely related diseases. For example, a lowered incidence of antennary fucosylation on triantennary glycans was shown to discriminate HNF1A-MODY patients from Type 1 and Type 2 diabetes (Thanabalasingham et al., 2013). Current genetic tests for diagnosing HNF1A-MODY are sometimes inconclusive, and there is a demand for additional diagnostic markers (Schober et al., 2009; Thanabalasingham and Owen, 2011; Hattersley and Patel, 2017). Plasma N-glycome antennary fucosylation has been reported to be regulated by HNF1A making it a proxy of HNF1A expression levels and functions (Lauc et al., 2010). Hence, quantitation of antennary fucosylation in TPNG has been found to be an HNF1A-MODY disease biomarker with potential for complementing genetic tests in disease diagnosis (Lauc et al., 2010; Thanabalasingham et al., 2013). For colorectal cancer, both better diagnosis and prediction of long-term survival are urgent clinical needs. Currently, long-term survival predictions are mostly based on tumor node metastasis classification which has low success rates (Cserni, 2003; de Vroome et al., 2018). This negatively affects the decision making on therapy given to the patients. Antennary fucosylation was shown to be associated with the recovery of colorectal cancer patients after tumor resection (de Vroome et al., 2018), and thus may have the potential for long-term survival prediction.

TPNG is a rich and convenient source of valuable associations with diseases and disease states. It reflects the loss of systemic or cellular homeostasis which may affect the regulation of glycosylation pathways (Nairn et al., 2008; Blomme et al., 2009; Lauc et al., 2010). Enabling a bird's-eye view, TPNG analysis is highly complementary to the target analysis of specific proteins. Quantitation of low abundant antennary fucosylated glycans in human TPNG is complicated by the structural diversity of its component glycans. This diversity is a combination of monosaccharide composition variants and linkage isomers (Royle et al., 2008; Stumpo and Reinhold, 2010). Composed of diantennary, triantennary and tetraantennary N-glycans, TPNG also features bisecting N-acetylglucosamine and glycans with N-acetyllactosamine repeats, and complexity is added by different levels of galactosylation, sialylation and fucosylation (Stumpo and Reinhold, 2010; Vreeker et al., 2018; Lageveen-Kammeijer et al., 2019). Fucosylation can be classified as either core or antennary (Figure 1). Core fucosylation is linked by an α(1-6) glycosidic bond to the reducing end N-acetylglucosamine. Antennary fucosylation in TPNG mainly features fucose residues that are linked by an α(1-3) glycosidic bond (Lewis x epitope) to antennary N-acetylglucosamine residues (Staudacher et al., 1999).
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FIGURE 1. Fucose epitopes on N-glycans in human plasma. [Blue square: N-acetylglucosamine, green circle: mannose, yellow circle: galactose, red triangle: fucose, pink diamond: N-acetylneuraminic acid (+45° α2,6-linked; −45° α2,3-linked). For compositions see Figure 6].


Methods for sample preparation and analysis of human TPNG have been developed on a number of analytical platforms. This includes liquid chromatography (LC)—fluorescence detection (FLD) (Royle et al., 2008; Knezevic et al., 2011; Pivac et al., 2011; Doherty et al., 2018), MALDI-MS (Reiding et al., 2014; Bladergroen et al., 2015; Vreeker et al., 2018), and capillary gel electrophoresis—laser-induced fluorescence (Ruhaak et al., 2010; Vanderschaeghe et al., 2010). Each method has its advantages and disadvantages when it comes to measuring antennary fucosylation. Capillary gel electrophoresis—laser-induced fluorescence (Vanderschaeghe et al., 2010) and LC-FLD (Pivac et al., 2011; Doherty et al., 2018) are able to resolve some antennary fucosylated glycans in TPNG along their chromatographic dimension. However, LC-FLD often requires extensive measurement time. Nonetheless, due to its high precision and robustness, one of the most attractive techniques for routine applications is LC-FLD. MALDI-MS is gaining popularity in biomarker analysis since it features short measurement time and high molecular resolution. This, combined with linkage-informative sialic acid derivatization, is the ideal basis for an high throughput TPNG glycomic assay in a research setting (Reiding et al., 2014; Bladergroen et al., 2015; Vreeker et al., 2018). However, due to identical mass, the differentiation between core fucosylation and antennary fucosylation in monofucosylated glycans of the same composition is not achieved by MALDI-MS. Therefore, additional experiments are needed such as tandem mass spectrometry (Chen and Flynn, 2007; Wuhrer et al., 2011; Lattova et al., 2019) or exoglycosidase treatment (Royle et al., 2008). Unfortunately, relative quantitation of fucose isomers by tandem MS is hindered by the vastly different efficiencies of the fragmentation pathways (Banazadeh et al., 2019; Lattova et al., 2019). Additionally, potential fucose rearrangement influences the ratios of diagnostic fragment ion(s), further interfering with the assessment of mixtures by tandem MS (Harvey et al., 2002; Chen and Flynn, 2007; Wuhrer et al., 2011). Alternatively, endoglycosidases can be used for glycomic assays (Benicky et al., 2014; Vanderschaeghe et al., 2018). For example, a combination of Endo F2 and Endo F3 has been used to quantify antennary fucosylation on diantennary and triantennary glycans on hemopexin and complement factor H in patients suffering from liver diseases (Benicky et al., 2014). However, until now, this approach has not been demonstrated on TPNG. Due to the narrow specificity of these endoglycosidases in contrast to the vast structural diversity of TPNG, such an approach may not be suitable for TPNG.

We developed an assay for the relative quantitation of antennary fucosylation in human TPNG by combining MALDI-MS and exoglycosidase approaches. It can be viewed as complementing the existing approach for TPNG measurement by MALDI-MS. The assay was applied to 14 colorectal cancer patient samples. Consistent antennary fucosylation changes pre vs. post tumor resection were detected which revealed the assays potential for addressing biomedical research questions.



MATERIALS AND METHODS


Reagents and Samples

Disodium hydrogen phosphate dihydrate, potassium dihydrogen phosphate, sodium chloride, 85% phosphoric acid, 30–33% (v/v%) ammonium hydroxide, nonidet P-40 substitute (NP-40), 1-hydroxybenzotriazole 97% (HOBt), ammonium acetate and super-DHB (9:1 mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) were purchased from Sigma Aldrich Chemie GmbH (Steinheim, Germany). 1-Ethyl-3-[3-(dimethylamino)-propyl]carbodiimide hydrochloride (EDC) was purchased from Fluorochem (Hadfield, UK). Analytical grade ethanol, analytical grade glacial acetic acid, sodium dodecyl sulfate (SDS), trifluoroacetic acid, and potassium hydroxide were purchased from Merck KGaA (Darmstadt, Germany). HPLC-grade acetonitrile was purchased from Biosolve (Valkenswaard, The Netherlands). Girard's Reagent P (GiRP) was purchased from TCI Development Co. Ltd. (Tokyo, Japan). 5× phosphate buffered saline solution (PBS; 175 mM; pH 7.3) was prepared by dissolving 285 g of disodium hydrogen phosphate dihydrate, 23.8 g of potassium dihydrogen phosphate and 425 g of sodium chloride in 10 L deionized water. The 5× acidic PBS was prepared by adding 68 μL of 85% phosphoric acid (14.7 M) to 9.93 mL of the 5× PBS. Recombinant Peptide N-glycosidase F (PNGase F) was obtained from Roche Diagnostics (Mannheim, Germany). The recombinant core fucosidase, commercially known as α1-2,4,6 Fucosidase O, was purchased from New England BioLabs (MA, USA). However, activity on the α1,4-linkage is reported as very low. Under the employed conditions, the enzyme did not noticeably act on antennary fucoses present in TPNG (see section Result and Discussion). Peptide Calibration Standard II was purchased from Bruker Daltonic (Bremen, Germany).

Human plasma standard (Visucon-F frozen normal control plasma, pooled from a minimum of 20 human donors, citrated and buffered in 0.02 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was purchased from Affinity Biologicals (Ancaster, Ontario, Canada).

The pre-operative vs. 45 days post-operative pairs of 14 colorectal cancer patient samples were collected as part of a biobank as was previously described (de Vroome et al., 2018). These serum samples were collected between October 2002 and March 2013 by the Leiden University Medical Center Surgical Oncology Biobank. This study was approved by the Medical Ethics Committee of the Leiden University Medical Center and was performed in accordance with the Code of Conduct of the Federation of Medical Scientific Societies in the Netherlands (http://www.federa.org/).



N-Glycan Release

PNGase F release of human TPNG was performed similarly as previously described (Vreeker et al., 2018). Briefly, 4 μL of plasma was added to 8 μL of 2% SDS in a polypropylene 96 well V-bottom plate (V-96 microwell, NUNC, Roskilde, Denmark). The plate was sealed (adhesive plate seals, Thermo Scientific, UK) and mildly shaken on a plate shaker for 5 min, before incubating at 60°C for 10 min. Additionally, 8 μL of the PNGase F releasing mixture (4 μL of 4% NP-40 solution, 4 μL of 5× acidic PBS and 0.4 μL of PNGase F) was then added to the plasma samples. The plate was sealed and mildly shaken on a plate shaker for 5 min before incubating overnight (15–18 h) at 37°C.



Depletion of Core Fucosylation

The overnight incubated plasma release mixture (5 μL) was diluted with 45 μL of 1× acidic PBS solution in a 96 well V-bottom plate (V-96 microwell, Grenier Bio-one, Germany). The plate was mildly shaken on a plate shaker for 5 min, before transferring 1–2 μL of core fucosidase mixture (0.65 μL deionized water, 0.75 μL of 4% NP-40 solution, 0.4 μL of 5× acidic PBS and 0.2 μL/0.4 Units of core fucosidase) in a 96 well V-bottom plate. After sealing of the plate, the samples were incubated overnight (15–18 h) at 37°C in an enclosed, humidified chamber to prevent evaporation.



Linkage Specific Sialic Acid Derivatization

Sialic acid derivatization was performed as previously described (Lageveen-Kammeijer et al., 2019), but with minor alterations. With this approach, the carboxylic acid groups of α(2,6)-linked sialic acids are ethyl esterified while the α(2,3)-linked sialic acids are amidated. Briefly, 60 μL of ethyl esterification reagent (solution of 0.25 M EDC and 0.25 M HOBt in ethanol) was added to the core defucosylated samples. The plate was sealed and incubated at 37°C for 30 min. Twelve microliters of 30–33% (v/v%) NH4OH solution were added to the wells and the sealed plate incubated for another 30 min at 37°C. Seventy-two microliters of acetonitrile was added to the wells, after which cotton hydrophilic interaction liquid chromatography (HILIC)—solid-phase extraction (SPE) microtip purification was performed immediately.



Cotton Hydrophilic Interaction Liquid Chromatography—Solid-Phase Extraction Microtip Purification

This purification step was performed as previously described (Selman et al., 2011) with minor modifications. The cotton HILIC-SPE microtips were prepared by inserting a cotton strand of length 3–4 mm into a 20 μL capacity microtip (Mettier-Toledo, Switzerland) and pushing it into place with a stream of pressurized air/nitrogen. Conditioning was performed by pipetting 5 times 20 μL of water, followed by an equilibration step of pipetting 3 times 20 μL of 85% acetonitrile. The derivatized samples were loaded onto the HILIC-SPE by pipetting 20 μL of it 20 times. Washing was performed with 3 times 20 μL of 85% acetonitrile containing 1% trifluoroacetic acid and 3 times 20 μL of 85% acetonitrile, consecutively. The glycans were eluted from the HILIC-SPE by repeatedly, 10 times, pipetting 4 μL of deionized water in a 96 well V-bottom plate (V-96 microwell, Grenier Bio-one, Germany). All steps were performed with a 12 channel multi-channel pipette.

Purified glycan samples (1 μL) were spotted on an MTP anchor chip 600/384 TF MALDI target plate (Bruker Daltonics, Bremen, Germany), followed by the addition of 1 μL of the MALDI matrix solution (50% acetonitrile solution of 2.5 mg/mL super-DHB and 0.1 mM sodium hydroxide). The solutions were mixed on the plate with a pipette. The spotted samples were allowed to air dry before performing MALDI- time-of-flight -MS (MALDI-TOF-MS) or MALDI- Fourier-transform ion cyclotron resonance -MS (MALDI-FT-ICR-MS) measurements.



MALDI-TOF-MS Analysis

The analysis was performed on an UltrafleXtreme Mass spectrometer in reflectron positive ion mode (Bruker Daltonics, Bremen, Germany) which was operated by FlexControl version 3.4 (Build 135). A Bruker Smartbeam-II laser was used for ionization at an irradiation frequency of 1 kHz using the “small” predefined laser shot pattern. Each sample spot was irradiated by 20,000 shots with 200 shots at each laser raster. Irradiation was performed randomly over the complete sample spot. Spectra were recorded within an m/z range of 900–5,000. Samples were measured in an automated manner using the AutoXecute function of FlexControl. Before each measurement, the instrument was calibrated with a peptide standard mix (Peptide Calibration Standard II, Bruker Daltonics).



MALDI-FT-ICR-MS Analysis

The analysis was performed in positive ion mode on a Bruker 15T solariX XR FT-ICR mass spectrometer equipped with a CombiSource and a ParaCell (Bruker Daltonics). The system was operated by ftmsControl version 2.2.0 (Build 150). A Bruker Smartbeam- II laser was used for ionization at an irradiation frequency of 500 Hz using the “medium” predefined laser shot pattern. Each sample spot was irradiated with a raster of 200 laser shots. Ten such scans were performed randomly over the complete sample spot. Spectra were acquired within an m/z-range 1,011–5,000 with 1 million data points (transient time 2.3069 s). Samples were measured in an automated manner using the AutoXecute function of ftmsControl.



Processing of MALDI-MS Data

The MALDI-TOF-MS spectra were internally calibrated using FlexAnalysis version 3.4 (Build 76; Bruker Daltonic). The glycan calibrants used were [H3N4 + Na]+ of m/z 1,339.476, [H5N4 + Na]+ of m/z 1,663.581, [H5N4E1 + Na]+ of m/z 1,982.708, [H5N4E2 + Na]+ of m/z 2,301.835, [H5N5E2 + Na]+ of m/z 2,504.914, [H6N5E2Am1 + Na]+ of m/z 2,957.078 and [H7N6E2Am2 + Na]+ of m/z 3,612.322. The.xy files generated by Flexanalysis were further processed with Massy Tools (Jansen et al., 2015). A second round of internal spectral calibration was performed with at least four calibrants in the low m/z range and at least three calibrants in the medium m/z range, having to pass signal to noise ratio (S/N) at least above 15. The m/z window for calibration, peak detection, and spectral data integration was taken at ± 0.45 Th. The background detection windows were set to 20 Th.

The MALDI-FT-ICR-MS spectra were acquired in serial mode. Thus, a single combined file was generated. This file was split into individual compound spectra and transformed into.xy files using DataAnalysis version 5 (Bruker Daltonics). Calibration of these spectra was performed in Massy Tools, for which at least four calibrants in the low m/z range and at least three calibrants in the medium m/z range, have to pass S/N at least above 50. The m/z window for calibration was taken at ± 0.10 Th. Peak detection and spectral data integration was performed using an extraction window depending on the defined glycans in the analyte list. This was done so as to exclude interferences in the spectra. The background detection windows were set at the value of 20 Th.

The calibrant list and analyte list for MALDI-TOF-MS spectra and MALDI-FT-ICR-MS spectra are shown in Supplementary Tables S1, S2, respectively. The table of all identified and quantitated glycans by MALDI-FT-ICR-MS and MALDI-TOF-MS, respectively, are shown in Supplementary Table S3. At least 85% of the theoretical isotopic distribution of each glycan analyte was integrated. The Massy tools output was used further for analyte curation, which was based on multiple criteria. These were S/N ≥ 9, isotopic pattern quality ≤ 0.25 and mass accuracy between ± 20 ppm (MALDI-TOF-MS) or ± 10 ppm (MALDI-FT-ICR-MS). Spectra for which the number of glycan analytes passing these criteria were <50% of the total number of defined glycans in the analyte list, were not considered for further processing as these spectra were deemed of low quality. The absolute area of the curated glycans was corrected to 100% of their respective isotopic distribution, before using them in total area normalization.

Derived traits, focusing on features rather than individual glycans, were calculated from the relative areas of the glycan compositions using an in-house prepared R script (Supplementary Table S4). Statistical significance of the differences between pre-operative vs. post-operative colorectal cancer patient samples was assessed by a Wilcoxon matched-pairs signed-rank test with α = 0.05. Multiple-testing correction was performed using a false discovery rate of 1% calculated with the Benjamini and Hochberg method. These statistical tests were performed in GraphPad Prism version 8.0.1. The box and whisker plots used for representing the features were made by an in-house prepared R script.



Method Optimization and Assay Performance

All optimization experiments of the assay were measured on the MALDI-TOF-MS (Supplementary Material “Assay optimization”). Data processing for these mentioned optimization experiments was done using the mass list of the negative control (fucosidase untreated TPNG) (Supplementary Table S2). Quantitation of residual core fucosylated glycans allowed the assessment of the completeness of the core defucosylation. Importantly, all identified antennary fucosylated glycans were also included in the mass list of the negative control (fucosidase untreated TPNG).

The intermediate precision of the antennary fucose assay for combined sample preparation and measurements on the MALDI-TOF-MS or MALDI-FT-ICR-MS were performed in three independent experiments on three different days within a period of 5 days. For each of these experiments, the assay was performed with nine replicates of glycan releases from a human plasma pool (Visucon-F, Affinity Biologicals). Data processing was performed as mentioned in the subsection “Processing of MALDI-TOF-MS/MALDI-FT-ICR-MS data”.



Capillary Electrophoresis—Electrospray Ionization—Mass Spectrometry

Identification of core fucosylated glycans, antennary fucosylated glycans, and composition containing both isomers was done by comparing the MALDI-FT-ICR-MS spectra from the assay (core fucosidase treated) to the negative control (fucosidase untreated). The identified antennary fucosylated glycans and mixed fucosylated isomeric glycans were structurally confirmed by targeted collision induced dissociation (CID) fragmentation on a capillary electrophoresis—electrospray ionization–tandem MS (CE-ESI-MS/MS) platform. The samples were performed in 12 replicates of which nine were used for MALDI-FT-ICR-MS measurements while the remaining three were used for CE-ESI-MS/MS measurements (n = 3).

For the CE-ESI-MS/MS measurement, the replicates from the assay and the negative controls were, respectively, pooled together and dried down in a vacuumed centrifuge (Salm en Kipp, Breukelen, Netherlands) at 50°C. They were used for permanent cationic labeling with GiRP as previously described (Lageveen-Kammeijer et al., 2019) but with certain alterations. Briefly, 10 μL of GiRP labeling solution (7.5 mg GiRP dissolved in a solution of 720 μL ethanol and 80 μL glacial acetic acid) was added to the dried samples. The plate was sealed and mildly shaken on a plate shaker for 5 min before incubating at 60°C for 1 h. After incubation, the samples were dried down in a vacuumed centrifuge at 50°C and then re-suspended in 5 μL of deionized water. In total, 3.6 μL of the GiRP labeled glycans were mixed with 2.4 μL of 250 mM ammonium acetate solution as leading electrolytes (250 mM ammonium acetate solution adjusted to pH 4 with glacial acetic acid) before being transferred into a vial (nanoVial, Sciex, Framingham, USA).

All CE-ESI-MS/MS analyses were performed on a static coated neutral capillary cartridge (Neutral OptiMS cartridge, Sciex), fitted into a CESI 8000 system (Sciex). The CE system was coupled with an Impact HD UHR-QTOF-MS system (Bruker Daltonics). When the capillary was not in use, a continuous flow of water at 10 psi was applied to the separation line. Prior to usage, the separation line and reverse line were filled with the background electrolyte containing 10% acetic acid (sonicated in a water bath for 10 min). Prior to sample injection, the separation line was flushed with 0.1 M HCl at a pressure of 100 psi for 5 min. This was followed by flushing the reverse line with background electrolyte at 75 psi for 3 min. The separation line was filled with background electrolyte by applying a pressure of 100 psi for 10 min. The sample was injected into the separation line of the capillary from the nanovials via a hydrodynamic injection of 12.5 psi for 24 s (about 5% of the capillary volume). The tip of the separation line was washed by momentary dipping it into a vial of background electrolyte, followed by injecting a background electrolyte plug with a pressure of 2.5 psi for 15 s. A 20 kV voltage of normal polarity (cathode toward the end of the capillary) was applied on the capillary for 30 min. During this step, a continuous flow of 2 psi was applied only on the reverse line. After 30 min, a flow of background electrolyte is applied to both the separation line and reverse line by applying a pressure of 2 psi on both lines for 40 min. Finally, the voltage on the capillary was ramped down over 5 min to 1 kV before termination of the run. The capillary was maintained at 30°C throughout the analysis.

For the MS analysis, a dopant enriched nitrogen gas (acetonitrile as dopant) at 0.2 bar was used for nebulization at the ESI captive sprayer. The drying gas of nitrogen at 150°C was introduced at the source at 1.2 L/min and the internal capillary of the MS was maintained at 1,200 V. A targeted CID fragmentation was performed on 20 glycan analytes of interested. This list was divided into two inclusion lists on the software otof control version 3.4 (Build 14; Bruker Daltonics) which was used for operating the MS and MS/MS analysis. Hence each sample was measured twice in-order to fragment all the glycan analytes of interest. The MS/MS fragmentation spectra were collected at a rate of 1 Hz within an m/z-range of 150–2,000 and at an absolute intensity threshold at 2,274 on the m/z values of interest. The targeted precursor ions were isolated with a width of 8–15 Th depending on the m/z values. The collision energies of the CID cell was set in an m/z dependent manner, ranging from 35 eV for singly charged precursor ions of m/z 500 to 70 eV for singly charged precursor ions at m/z 2,000. Data analysis was done using DataAnalysis version 5 (Bruker Daltonics).



Hydrophilic Interaction Liquid Chromatography Analysis

PNGase F released N-glycans from 12 replicates of human plasma samples (Visucon-F) were used for procainamide labeling and analysis on a HILIC-FLD-MSn platform as previously described (Kozak et al., 2015). Following PNGase F treatment, 8 μL of each sample was dried down and the released N-glycans converted to aldoses with 0.1% formic acid, filtered through a protein binding plate (LC-PBM-96, Ludger, Oxford, UK), washed twice with 100 μL of water and dried. N-glycans were labeled by reductive amination in 10 μL of water and 10 μL procainamide labeling solution (LT-KPROC-24 containing NaCNBH3, Ludger) and incubated at 65°C for 1 h. A HILIC-type clean-up plate (LC-PROC-96, Ludger) was used to remove unreacted procainamide dye. Procainamide labeled N-glycans were eluted in 300 μL of water. The samples were dried and resuspended in water (50 μL) for further analysis.

Procainamide-labeled samples were analyzed by HILIC-FLD-MSn. 12.5 μL of each sample was injected into an ACQUITY BEH Glycan column (1.7 μm, 2.1 × 150 mm) at 40°C on a Dionex Ultimate 3000 UHPLC instrument with a fluorescence detector (ex = 310 nm and em = 370 nm attached to an Amazon Speed ETD (Bruker Daltonics). The running conditions used were as follows: solvent A was 50 mM ammonium formate (pH 4.4) (LS-NBUFFX40, Ludger), and solvent B was acetonitrile.

Gradient conditions were as follows: 0–53.5 min, 76–51% B, 0.4 mL/min; 53.5–55.5 min, 51–0% B, 0.4–0.2 mL/min; 55.5–57.5 min, 0% B at a flow rate of 0.2 mL/min; 57.5–59.5 min, 0–76% B, 0.2 mL/min; 59.5–65.5 min, 76% B, 0.2 mL/min; 65.5–66.5 min, 76% B, 0.2–0.4 mL/min; 66.5–70.0 min, 76% B, 0.4 mL/min. The Amazon Speed settings used were as follows: source temperature, 250°C; gas flow, 10 L/min; capillary voltage, 4,500 V; ICC target, 200,000; Max. accu. time (Maximum Accumulation Time), 50.00 ms; rolling average, 2; number of precursor ions selected, 3; release after 0.2 min; positive ion mode; scan mode, enhanced resolution; mass range scanned, 400–1,500; target mass, 900.




RESULTS AND DISCUSSIONS

The workflow for the antennary fucose assay is shown in Figure 2. Released N-glycans from human plasma were treated with an α1,6-linkage-selective fucosidase (core fucosidase) to deplete core fucosylation. Antennary fucosylation remained and was relatively quantified by MALDI-FT-ICR-MS or MALDI-TOF-MS. Information on sialic linkage is obtained in parallel, potentially improving the estimation of sialyl-Lewis x abundance. An overview of all analytical methods used during the development of the assay is shown in Supplementary Figure S1.
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FIGURE 2. Workflow of the antennary fucose assay for human plasma.


Human TPNG was 28.3% ± 0.5% fucosylated. Most of this is core fucosylation (Supplementary Table S5). Hence, it was important to optimize the assay with a focus on a robust and complete depletion of core fucosylation of TPNG. This aids a robust relative quantitation of the remaining antennary fucosylated glycans by MALDI-MS. The efficient use of costly reagents, specifically the core fucosidase, was also addressed. During the optimization steps, completeness of core defucosylation was judged by the inability to quantify by MALDI-MS (signal to noise ratio (S/N) <9) some of the most abundant core fucosylated glycans namely [H3N4F1 + Na]+ of m/z 1,485.53 and [H4N4F1 + Na]+ of m/z 1,647.59 (Supplementary Figure S4). Details pertaining to assay optimization are described in the Supplementary Material section “Assay optimization.” For these optimized assay conditions, a complete core defucosylation of TPNG could already be achieved with 0.2 units of core fucosidase (Figure 3). However, to facilitate robustness of the core defucosylation a 2-fold greater amount (0.4 units) was chosen for further experiments. Equally important is the preservation of antennary fucosylation. A fucosidase specific, or at least highly selective, for the α1,6-linkage over other linkages significant in TPNG (mainly α1,3-linkage) is therefore essential. The MS/MS spectra provided in the Supplementary Material demonstrate that core fucoses are removed while antennary fucoses remain (see also following sub-section) with the chosen enzyme. The integrity of the antennary fucosylation under increased enzyme concentrations (Figure 3) and incubation times (data not shown) further supports the α1,6-linkage selectivity. An absence of the oxonium ion of m/z 658.26 [galactose—N-acetylglucosamine(fucose)2+H]+ excluded a significant presence of Lewis y or Lewis b structures.
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FIGURE 3. Residual core fucosylation on TPNG after incubation with varying amounts of core fucosidase. The amounts of core fucosylation on complex N-glycans were calculated and were normalized to their lowest and highest mean values. Error bars show the standard deviation of the mean of three replicates.



Identification of Antennary Fucosylated Glycans in Total Plasma N-Glycome

Core fucosylated glycans and antennary fucosylated glycans in TPNG were identified by comparing the TPNG profile with and without core fucosidase treatment (Figure 4). A more detailed view can be found in Supplementary Figures S2, S3 for MALDI-FT-ICR-MS and MALDI-TOF-MS spectra, respectively. Interestingly, some monofucosylated glycan compositions in TPNG showed a mixture of both core and antennary fucosylated isomers (Supplementary Figure S4). CID spectra, obtained on a CE-ESI-MS/MS platform, provided an orthogonal layer of evidence (Figure 5). CID spectra for all identified antennary fucosylated glycans are shown in Supplementary Figures S5–S24. Antennary fucosylation was identified by the formation of the diagnostic B-ion of m/z 512.198 assigned as [galactose-N-acetylglucosamine(fucose)+H]+ (Wuhrer et al., 2011). Core fucosylation was identified by the formation of the Y-ion of m/z 501.219 assigned as [N-acetylglucosamine(fucose)-GiRP]+. Core fucosylation also generates, to a lesser extent, the B-ion of m/z 512.198 assigned as [mannose-N-acetylglucosamine(fucose)+H]+ caused by fucose rearrangement (Harvey et al., 2002; Chen and Flynn, 2007; Wuhrer et al., 2011; Lettow et al., 2019). This complicates the assessment of mixtures, especially relative quantitation by MS/MS. Although, fucose rearrangement also limits the sensitivity of antennary fucose identification in the presence of core fucose isomers, significant contributions of antennary fucose are still readily identified (Figure 5).
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FIGURE 4. Identification of core fucosylated glycans and antennary fucosylated glycans by exoglycosidase and MALDI-FT-ICR-MS. The TPNG profile without core fucosidase treatment was compared to the profile after treatment, within (A) the m/z range of 1,200–3,200 and (B) the m/z range of 3,120–4,200. Core fucosylated glycans [red m/z values] are converted to their corresponding afucosylated glycans [purple m/z values], upon core fucosidase treatment. Only the antennary fucosylated glycans [blue m/z values] and the antennary fucose isomers of the mixed fucose isomeric (core or antennary fucosylation) glycans [green m/z values] remain after core fucosidase treatment. All m/z values of annotated glycans belong to [M + Na]+ ions. The description of the glycan cartoons are shown in Figure 1.
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FIGURE 5. CE-ESI-MS/MS spectra of sialic acid derivatized and GiRP labeled TPNG for the confirmation of antennary, mixed isomeric (core or antennary fucosylation) and core fucosylated glycans. (A) The [M+H]2+ ion of H4N4F1 (m/z 879.838) is fragmented for fucosidase untreated TPNG. Its fragment ions are indicative of core fucosylation. (B) The [M+2H]3+ ion of H6N5F1E2 (m/z 975.709) [second isotope] is fragmented for fucosidase untreated TPNG. Its fragment ions are indicative of both core fucosylated and antennary fucosylated isomers. (C) The ion [M+2H]3+ of H6N5F1E2 (m/z 975.709) [second isotope] is again fragmented, but for core fucosidase treated TPNG. Its fragmentation pattern is indicative of only antennary fucosylation. The descriptions of the glycan cartoons are shown in Figure 1. GiRP represents Girard's reagent P label; * represents an oxonium ion.


Notably, no core fucosylation remained after core fucosidase treatment. This was assessed by the absence of the core fucosylated glycans H3N4F1and H4N4F1 (S/N < 9) (Supplementary Figure S25). As expected the corresponding afucosylated glycoforms increased in abundance (Figure 4). The remaining fucosylated glycans are suggested to be solely antennary fucosylated.

As similar relative abundances were maintained after core fucosidase treatment, the species, H6N5F2Am2E1,H6N5F1Am1E2,H7N6F1Am1E1,H7N6F1Am2E1,H7N6F1Am1E2,H7N6F1Am3E1,H7N6F2Am3E1,H7N6F1Am2E2,H7N6F2Am2E2,and H7N6F1Am1E3,are assigned as antennary fucosylated in human TPNG. This was confirmed by MS/MS (Supplementary Figures S14–S23). Interestingly, we were able to prove that the difucosylated glycans, H6N5F2Am2E1, H7N6F2Am3E1, and H7N6F2Am2E2, contained only antennary fucosylation and no core fucosylation. Previously, these glycans have often been assigned as containing one core and one antennary fucose (Vreeker et al., 2018). In fact, we were unable to identify any multifucosylated glycan compositions in TPNG having both core and antennary fucose residues on the same glycan. However, at low abundances (<0.5%), two such mixed, multifucosylated glycans, H6N5F2Am2E1 and H6N5F2Am1E2, have been convincingly demonstrated (Lageveen-Kammeijer et al., 2019). On haptoglobin, multifucosylated glycans having both core and antennary residues were shown to have clinical relevance in subtyping hepatocellular carcinoma patients (Zhu et al., 2014). Thus, it may be very important to differentiate between glycans with multiple antennary fucoses and glycans containing both a core and an antennary fucose. The former may be directly assessed with our assay, the latter indirectly, either via an increase of the resulting monofucosylated species or by comparison to the negative control (fucosidase untreated).

A range of monofucosylated compositions were found to be a mixture of core fucosylated and antennary fucosylated isomers, including for the following glycan compositions: H5N5F1, H5N4F1E1, H5N5F1E1, H5N4F1Am1E1, H5N4F1E2, H5N5F1E2, H6N5F1Am1E1, H6N5F1E2, and H6N5F1Am2E1. Their relative abundances were significantly lowered, but signals did not disappear after core fucosidase treatment (Supplementary Figure S4 and Supplementary Table S4). These findings were further supported by their MS/MS spectra (Supplementary Figures S5–S13). As a representative example, the MS/MS fragmentation of the monofucosylated composition H6N5F1E2 is shown without and with core defucosylation in Figures 5B,C, respectively. Fragmentation of this glycan from untreated human TPNG resulted in the formation of similar abundances of both a Y-ion of m/z 501.219 and a B-ion of m/z 512.198. This is typical of a mixture of core and antennary fucosylation (Figure 5B). Expectedly, the fragmentation of this glycan after core defucosylation, results in the formation of only the B-ion of m/z 512.198 which is indicative of only antennary fucosylation (Figure 5C). Thus, H6N5F1E2 in human TPNG is comprised of a mixture of core fucose isomers and antennary fucose isomers. Such monofucosylated glycan compositions which include mixtures of core fucose and antennary fucose isomers contribute to a total abundance of 12.1% ± 1.0% in human TPNG. Our assay determined 3.1% ± 0.3% of them to be antennary fucosylated (Supplementary Table S5).

A B-ion of m/z 831.325 was observed in several CID spectra which was tentatively assigned as [N-acetylneuraminic acid(amidated)-N-acetylglucosamine(fucose)+H]+. This is an unconventional motif, because antenna fucosylation is generally observed on α2-3 sialylated antennae. The ion may be caused by fucose rearrangement between the antennae (Wuhrer et al., 2011). For the composition H6N5F1E2 (Figure 5C), the higher abundance of the B-ion of m/z 512.198 compared to m/z 831.325, indeed indicates a Lewis x structure to be more likely. Additionally, for the compositions with only α2-6 sialylated antennae, H5N4F1E2 and H5N5F1E2, we did not observe a B-ion of m/z 831.325 but rather the Y-ion of m/z 501.219 (Supplementary Figures S9B, S10B). Thus, these compositions are partly explained by incomplete core defucosylation. Their antennary fucosylated portion, suggested by the significant abundance of the Y-ion of m/z 512.198, could be due to side-products of the esterification of α(2-3) linked sialic acids (Toyoda et al., 2008; Pongracz et al., 2019; Suzuki et al., 2019).

After core fucosidase treatment, H6N5F2Am2E1 and H7N6F1Am1E2 showed a lower abundance (Supplementary Table S6). However, from the MS/MS spectra without fucosidase treatment, core fucosylation could not be confirmed on these glycans due to the lack of the Y-ion of m/z 501.219 (Supplementary Figures S16A, S18A). H6N5F2Am2E1 and H7N6F2Am2E1 both contribute to <0.25% to TPNG, and the ratio of their abundances for core fucosidase treated / untreated is 0.83 and 0.88, respectively (Supplementary Table S5). Thus, if their core fucosylated isomers are present in TPNG, they might be too low abundant ( ≤ 0.03%) to be identified in MS/MS spectra of our CE-ESI-MS/MS platform. Furthermore, a complete depletion of core fucosylation for H5N5F1, H5N4F1E1, H5N5F1E1, H5N4F1E2, and H5N5F1E2 was not achieved as the Y-ion of m/z 501.219 was still observed in their MS/MS spectra, although the B-ion of m/z 512.198 is equally, if not more abundant (Supplementary Figures S5–S7, S9, S10). However, most of the core fucosylation was removed (Supplementary Figure S4). Due to the relatively low abundance of the affected glycans, this small overestimation is not likely to have a significant impact on the measurements. A pessimistic estimate is an 0.1% bias in relative quantitation of total antennary fucosylation (<3% for affected glycans, such as H5N4F1E1).



Assay Performance

Intermediate precision was assessed by three independent experiments on different days each with nine replicates of glycan releases from a human plasma pool measured by MALDI-FT-ICR-MS. Seventy glycans were quantified (Supplementary Table S7, Supplementary Figure S26), which included 19 antennary fucosylated glycans (Figure 6). These antennary fucosylated glycans make up 11.8% ± 0.9% of total abundance in human TPNG, with the three most abundant antennary fucosylated glycans, H6N5F1Am1E2, H5N4F1Am1E1, and H6N5F1Am2E1, contributing 6.80% ± 0.63%, 0.84% ± 0.03% and 0.66% ± 0.06%, respectively (Figure 6B). The abundance of H6N5F1Am1E2 is consistent with previous quantitation using MALDI-FT-ICR-MS (Vreeker et al., 2018). The median of intermediate precisions for the 19 quantitated antennary fucosylated glycans is 12.4% (9.1–18.5% interquartile range; Supplementary Figure S27), which is in-line with the ca. 10% previously described for MALDI-FT-ICR-MS analysis of all TPNG glycans (Vreeker et al., 2018). Notably, neither the focus on low abundant antennary fucosylated glycans (<1%, except H6N5F1Am1E2) nor the additional processing steps resulted in a marked loss of precision.


[image: Figure 6]
FIGURE 6. Intermediate precision of sample preparation for assay and MALDI-FT-ICR-MS measurements of antennary fucosylated glycans in human TPNG. (A) The mean relative abundances of the 19 quantified antennary fucosylated glycans are shown with the error bars representing standard deviation (n = 9). (B) The relative standard deviations of the three most abundant antennary fucosylated glycans are shown. The description of the glycan cartoons are as described in Figure 1. [H = hexose, N = N-acetylhexosamine, F = deoxyhexose (fucose), Am = amidated N-acetylneuraminic acid (α2,3-linked), E = ethyl esterified N-acetylneuraminic acid (α2,6-linked)].


Previous research quantified 21 antennary fucosylated glycans in human TPNG using a MALDI-FT-ICR-MS platform (Vreeker et al., 2018). These antennary fucosylated glycans are consistent with our findings. However, we were also able to identify a mixture of both core fucose isomers and antennary fucose isomers for nine of these monofucosylated glycan compositions (Supplementary Figure S4). For example, we have identified H6N5F1E2 and H5N4F1Am1E1 as being a mixture of core fucose isomers and antennary fucose isomers. Previously, these glycans were assumed to be antennary fucosylated (H6N5F1E2) and core fucosylated (H5N4F1Am1E1), respectively. The specific measurement of antennary fucosylated glycans using our assay may increase the accuracy of the relative quantitation of antennary fucose.

To demonstrate the accuracy of the quantitation of antennary fucosylated glycans, procainamide labeled human TPNG was analyzed on a HILIC-FLD-MSn platform (Kozak et al., 2015). This analytical platform was chosen for its accuracy and precision of measurements. Antennary fucosylated glycan peaks were identified from their CID spectra while relative quantitation was performed from the FLD chromatograms. By using the FLD chromatogram instead of the MS spectra for quantification, we overcome the ionization bias resulting from charge differences conferred by underivatized sialic acids (which applies to most antennary fucosylated glycans), as compared to the neutral glycans (Wheeler et al., 2009). As the HILIC-FLD-MSn platform did not identify antennary fucosylated tetraantennary glycans, we based the comparison to our MALDI-MS method on antennary fucosylation of triantennary glycans only. This includes nearly 70% of the total abundance of antennary fucosylated glycans in TPNG (Supplementary Table S7). With 32.4 ± 1.1% result from our MALDI-MS method were highly comparable results to the 34.7 ± 1.3% quantified with the HILIC-FLD-MSn reference method. Thus, our assay is capable of accurately quantifying antennary fucosylation in TPNG.

MALDI-FT-ICR-MS is not widely available. Therefore, we also demonstrated that the assay can be measured with a somewhat more widespread MALDI-TOF-MS instrument (Supplementary Figure S28). In total, 58 glycans could be relatively quantitated of which 15 were antennary fucosylated glycans with a total abundance of 7.3% ± 0.7% using MALDI-TOF-MS (Supplementary Table S8). In contrast, 19 antennary fucosylation glycans out of 70 glycans in total were quantified with a total abundance of 11.8% ± 0.9% using MALDI-FT-ICR-MS (Supplementary Table S7). Thus, fewer antennary fucosylated glycans were quantified with MALDI-TOF-MS due to the expectedly lower sensitivity of the instrument. Furthermore, the differences in quantified antennary fucosylation between the instruments can be accounted for by the different efficiencies of ionization and ion transfer to the detector over the m/z range; the MALDI-FT-ICR-MS having been more efficiently tuned for good sensitivity in the high mass range. Consistent with the overall trend, the three most abundant antennary fucosylated glycans also show lower (or equal) values in the MALDI-TOF-MS, H6N5F1Am1E2, H5N4F1Am1E1, and H6N5F1Am2E1, contributing to 3.9% ± 0.4%, 0.81% ± 0.07% and 0.41% ± 0.05% of the total abundance, respectively (Supplementary Figure S28B). The abundance of H6N5F1Am1E2 is consistent with previous MALDI-TOF-MS analysis of TPNG (Reiding et al., 2014; Bladergroen et al., 2015). The median of intermediate precisions for the 15 quantitated antennary fucosylated glycans is 12.5% (10.6–13.6% interquartile range; Supplementary Figure S29), which is virtually identical to our MALDI-FT-ICR-MS measurements of the 19 antennary fucosylated glycans. The intermediate precision of all N-glycans quantitated by MALDI-TOF-MS is shown in Supplementary Figure S30. Thus, the assay measured on either instrument can be used for detailed quantitation of antennary fucosylation in human TPNG.



Quantitation of Antennary Fucosylation in Colorectal Cancer Patient Samples

To demonstrate the applicability of the developed antennary fucose assay and especially its ability to reveal clinically relevant markers of antennary fucosylation, total serum N-glycome (TSNG) samples were analyzed from colorectal cancer patients pre and post tumor resection. This is of specific interest, as colorectal cancer has been associated with an increase in antennary fucosylation and a decrease in core fucosylation, next to an increase in N-glycan antennarity and sialylation (de Vroome et al., 2018; Doherty et al., 2018). Previously, TSNG has been analyzed by MALDI-TOF-MS on sample pairs (pre-operative vs. post-operative) of 61 colorectal cancer patients from the same cohort (de Vroome et al., 2018). The derived traits that were a proxy for antennary fucosylation on N-glycans are especially relevant to our study. Multifucosylation on triantennary glycans and α2,3-sialylation per antenna in fucosylated triantennary glycans were significantly lowered in the post-operative patient samples as compared to pre-operative samples (de Vroome et al., 2018). The latter derived trait was used as a proxy for sialyl-Lewis x epitopes in TSNG. These changes were thought to be associated with the recovery of the patients since values were closer to healthy controls in the post-operative than in the pre-operative samples.

The feasibility to analyze clinically relevant markers of antennary fucosylation with our assay was demonstrated on sample pairs (pre-operative vs. post-operative) of 14 colorectal cancer patients. Glycosylation changes in colorectal cancer patient samples are shown in Figure 7 and Supplementary Figure S31. Details on features and their calculations are shown in Supplementary Table S4. In line with previous findings, we were able to show that post-operative patient samples had a significantly lower total antennary fucosylation on total complex N-glycans (CFan) as compared to pre-operative samples (Figure 7). Unlike previously, no significant differences were observed in α2,3-sialylation per antenna of antennary fucosylated triantennary glycans (A3FanAm), but rather a significantly lowered α2,3-sialylation per antenna of antennary fucosylation diantennary glycans (A2FanAm) in post-operative patient samples as compared to pre-operative samples (Figure 7). Since we used only a quarter of the samples, compared to the previous study, missing statistical power provides a simple explanation for missing the sialylation effect on fucosylated triantennary glycans. However, when we focused on the quantitation of sialyl-Lewis x epitopes, it was possible to reproduce the finding. We are able to calculate highly specific derived traits based on antennary fucosylated glycans structures, allowing us to study more specific glycan features. For example, assuming α2,6-sialylated antennae are not fucosylated, there is no preference for fucosylation of α2,3-sialylated or asialylated antennae and multiple fucoses are on different arms, the relative abundances of sialyl-Lewis x can be calculated. This is indeed lowered in the post-operative samples (Figure 7). The discovery of a novel association with A2FanAm is also easily explained by the increased specificity of our assay. The trait is largely composed of compositions representing a mixture of core and antennary fucose isomers before core defucosylation. Hence, in a regular TPNG/TSNG MALDI-MS analysis unrelated variations in core fucosylation would interfere with the detection of changes in antennary fucosylation of diantennary glycans.
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FIGURE 7. Alteration in features related to antennary fucosylated glycans for colorectal cancer patient samples. Derived traits for glycans were calculated to evaluate antennary fucosylation changes between the 14 pairs of pre-operative (Pre) vs. post-operative (Post) colorectal cancer patient samples. The patient samples were measured with the antennary fucose assay (MALDI-FT-ICR-MS readout). Significant changes were observed for antennary fucosylation in complex N-glycans (CFan), antennary fucosylation in triantennary glycans (A3Fan), antennary fucosylation in tetraantennary glycans (A4Fan), α2,3-sialylation per antenna of total antennary fucosylated glycans (CFanAm), α2,3-sialylation per antenna of diantennary antennary fucosylated glycans (A2FanAm), sialyl-Lewis x abundance (relative area%) in TPNG (SLex), Lewis x abundance in TPNG (Lex) and the ratio of sialyl-Lewis x to Lewis x abundances in TPNG (SLex / Lex). No significant changes were observed for antennary fucosylation in diantennary glycans (A2Fan), α2,3-sialylation per antenna of triantennary antennary fucosylated glycans (A3FanAm) and α2,3-sialylation per antenna of tetraantennary antennary fucosylated glycans (A4FanAm). The p-values shown are from a Wilcoxon matched-pairs signed-rank test with confidence level taken as 95%. Multiple-testing correction was performed using a false discovery rate of 1% calculated with the Benjamini and Hochberg method. The p-values < 0.0073 are considered significant and are represented with an asterisk (*).


The changes in CFan are mainly contributed by the triantennary glycans (A3Fan) and tetraantennary glycans (A4Fan) rather than the diantennary glycans (A2Fan) and bisecting diantennary glycans (A2BFan) (A2BFan shown in Supplementary Figure S31). We did not observe a change in A2Fan and A2BFan. Without core defucosylation, these traits would largely measure core fucosylation (Supplementary Figure S4). Furthermore, we also observed a significantly lowered multiantennary fucosylation (CFm_an) in post-operative patient samples as compared to pre-operative samples (Supplementary Figure S31). Finally, we also approximated the abundance of glycans having Lex or sialyl-Lewis x epitopes in TPNG. sialyl-Lewis x / Lewis x ratio was significantly lowered in post-operative patient samples as compared to pre-operative samples. This change was mainly contributed by a decreased abundance of sialyl-Lewis x in post-operative samples, although the Lewis x abundance was also lowered. This may be associated with a decreased inflammatory state of the recovering patient (Brinkman-van der Linden et al., 1998; Higai et al., 2005).

All studied features, except for Lewis x (p = 0.0513), were replicated for the MALDI-TOF-MS measurements of the samples (Supplementary Figure S32). Thus, MALDI-TOF-MS measurements are sufficient to detect many of the clinical changes.




CONCLUSION

We developed an assay for the relative quantitation of antennary fucosylation and approximation of Lewis x and sialyl-Lewis x abundances in TPNG, based on high-throughput MALDI-MS analysis. This assay is compatible with high sensitivity and ultrahigh-resolution MALDI-FT-ICR-MS or with MALDI-TOF-MS. In total, 19 antennary fucosylated glycans were relatively quantified with precision and accuracy expectable of a MALDI-MS approach. Furthermore, the assay was applied to measuring biomedically relevant changes in antennary fucosylation in colorectal cancer patients pre vs. post tumor resection. Next to previous findings that could be repeated, despite the reduced sample size, the increased specificity enabled the discovery of novel associations. Additionally, we were able to investigate more specialized features based on antennary fucosylation which would not be possible with regular TPNG analysis. The next steps would include further automatization of the assay and perform a high throughput analysis on a large set of patient samples.
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NeuSAca2-6Galp1-4GIcNACS 1-2Manai-6Manp1-4GIcNACB1-4GIcNACB-Sp12
NeuSAca2-6Galp1-4GIcNACH1-2Mana1-3Manp1-4GIcNACH1-4GIcNACB-Sp12

NeuSAca2-6Galp1-4GIcNACS 1-2Manai-6(Mana 1 -3Manf 1-4GIcNACS 1 -4GIcNACS-Sp12
Mane1-6(NeuSAca2-6Galp1-4GIcNACS1-2Mana1-3)Man1-4GIcNACH1-4GIcNACB-Sp12

NeuSAca2-6Galp1-4GIcNACS1-2Manai-6(GIcNAS 1 -2Manai-3Manp 1-4GICNACS 1 -4GIcNACE-Sp12

NeuSAca2-6Galp1-4GIcNACH1-2Mana1-6(Galp1 -4GIcNACH -2Manod -3)Manp 1-4GIcNACB 1-4GIcNACB-Sp12

Galp1-4GICNACH 1-2Mana-6(NeuSACa2-6Galp1-4GIcNACB 1-2Mana1-3)Mang 1-4GIcNACB1-4GIcNAC-Sp12
NeusAca2-6Galp1-4GIcNACB1-2Mana1-6(NeuSAco2-6Galp 1-4GIoNACB1-2Mana1-3)Mang1-4GIGNACB1 -4GIcNAC-Sp12
NeuSAca2-6Galp1-4GIcNACB1-2Mana1-6(NeuSAca2-6Galp1-4GIcNACB1 -2Mana1-3)ManB1-4GIcNACB1-4GIcNACB-Sp21
NeusAca2-6Galp1-4GIcNACH1-2Mana1-6(NeusAco2-6Galp1-4GIcNACB1-2Mana1-3)Mang1-4GIcNACB1 -4GIcNACp-Sp24
NeuSAca2-6Galp1-4GIcNAcB1-2Mana1-6(NeubAca2-3Galp1-4GIcNAcB1-2Mana1-3)Manp 1-4GIcNAcB 1-4GIcNAcB-Sp 12
NeusAca?-3Galp1-4GIcNACB1-2Mana 1 -6(NeusAco2-3Galp1-4GIcNACB 1 -2Mana1-3)Mang1-4GIcNACB1 -4GIcNACp-Sp12

NeuSAca2-3Galp1-4GIcNACE 1-2Mana i -6(NeuSAca2-6Galp1-4GIcNACS 1 -2Mana i -3)Man 1-4GIcNACS 1-4GIcNACE-Sp12
NeuSAca2-6Galp1-4GIcNACH1-2Mana1-6(NeuSAca2-6Galp1-4GIcNACB1-2Mana1-3)Manp1-4GIcNACS -4(Fuca 1-6)GIcNACB-Sp24
NeuSAca2-3Galp1-4GIcNAC 1-2Manad -6(NeusAca2-2Galp1-4GIcNACS 1 -2Manad -3)Manp 1-4GIcNACS 1-4(Fuca 1-6)GIcNACB-Sp24
NeusAca?-3Galp1-4GIcNACB1-2Mana1-6(GIoNACB1-4)(NeusAca2-3Galp1-4GIcNACH 1-2Mana1-3)Manp1-4GIcNACB1 -4GIcNAC-Sp21
NeuSAca2-6Galp1-4GIcNACE1-2Mana1-6(GIcNACS -4)NeuSAca2-6Galp 1-4GIcNACE 1-2Manat-8)Manp1-4GIcNACS1 -4GIcNACS-Sp2 1
NeusAca?-3Galb1-8GIcNACB1-2Mana1-6(GIcNACB1-4)(Neu5Ace?-3Galbi-3GIcNACS1 -2Manad -3)Manp 1-4GIcNACB1-4GIGNACB-Sp21
NeusAca?-3Galp1-4GIcNAch1-3Galp1-4GIcNACH -2Manod -6(Ne5/Aca2-3Galp1-4GIcNACh 1-3Galp1-4GIcNACS -2Manod -3)Manp 1-4GIcNACB 1-4GloNAGB-
spi2

NeuSAca2-6Galp1-4GIcNACh1-3Galp1-4GIcNACH -2Manad -6(NeusAca?2-6Galp1-4GIcNACh 1-3Galp1-4GIcNACS -2Manad -3)Manp 1-4GIcNACB 1-4GloNACB-
spi2

NeuSAca2-6Galp1-4GlcNAcb1-3Galp1-4GlcNAcb1-3Galp 1-4GIcNACB 1-2Mana 1-6(NeubAca2-6Galp1-4GIcNAcb1-3Galp1-4GIcNAcb1-3Galp1-4GIcNACB1-
2Manod-3Manp1-4GIcNAC1-4GIcNACB-Sp12

NeusAca2-3Galp1-4GIcNAch1-3Galp1-4GIcNAch1-3Galp1-4GIcNAGB 1-2Mana1-6(Neu5Acu?-3Galp1-4GIcNAch1-3Gal1-4GIcNAcb1-3Galp1-4GIcNACB 1 -
2Manad-3Manf1-4GIcNACS1-4GIcNACB-Sp12

NeusAca2-3Galp1-4GIcNACH1-aMana1-6(GIcNAcB1-4)(NeusAca2-3Galp1-4GIcNACB 1-4(NeuSAca2-3Galp1-4GloNACB 1-2)Manad -3)Manp1-4GIcNACB -
4GIcNACB-Sp21

NeuSAca2-6Galp1-4GIcNAcB1-4Mana1-6(GIcNACB1-4)NeuSAca2-6Galp1-4GICNACB 1-4(NeuSAca2-6Galp1-4GIcNAcB 1-2)Mana 1 -3)ManB1-4GIcNACB 1-
4GIcNACB-Sp21

NeuSAca2-3Galp1-4GIcNACB1-6(NeuSAcH? -3Galp1-4GIcNACB 1-2)Manat-6(GIcNACB 1-4)(NeubAca?-3Galp 1-4GIcNAcB 1-2Mana 1 -3)ManB1-4GIcNACB 1-
4GIcNAGp-Sp21

NeuSAca2-6Galp1-4GIcNACB1-6(NeusAca2-6Galp1-4GIcNACB1-2)Manad -6(GIcNACB 1-4)(NeuSAca2-6Galp1-4GIcNACS -2Manad -3)Manp1-4GIcNACB 1 -
4GIcNACB-Sp21

NeuSAca?-3Galp1-4GIcNACB-6(Neus Aca?-3Galpi-4GIcNACB1-2)Mana1-6(GIGNACB 1 -4)(Neus Ace?- 3Galp1-4GIoNACB1 -4(Neu5Aca?-3Galp1 -4GIcNACB -
2)Mane1-3)Manp1-4GIcNACS1 -4GIcNACS-Sp2 1

NeuSAca2-6Galp1-4GIcNAcB1-6(NeuSAca2-6Galp1-4GIcNAcB1-2)Mana1-6(GlcNAcB 1-4)(NeuSAca2-6Galp 1-4GIcNACB 1-4(NeuSAca2-6Galp 1-4GIcNACB 1 -
2)Mana1-8)Manp1-4GIcNACH -4GIcNACS-Sp2 1

Linkers: Sp12 = Asparagine; Sp21 = -N(CHa)-O-(CHz)2-NHa; Sp24 = KVANKT.
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Lectin
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LecA

Compound

aFuc-OMe®

15 (4Fuco)

16 (4Fucy;)

19 (16Fucox)

1 (BFUCox-8Galke)
12 (8Fucox-8Many)
13 (8Galox-8Fuctz)
BGal-OMe®

17 (4Galox)

18 (4Galy;)

20 (16Galyz)

11 (8Fucox-8Galtz)
13 (8Galox-8Fucty)
14 (8Manox-8Galy,)

Kd [nM]

430
334 £35
367 £26
4£5
92+ 14
85+ 16
118 £15
150,000
914
2£2
14£07
347
35+0.1
21x4

0.77
0.17
0.19
0.08
0.10
0.08
0.10
08

0.32
0.26
0.09
0.16
0.16
0.16

-AH
[kJ.mol=1]

41
10856 +2
195£1
3210+ 14
21216
211.0£3
1829+8

39
1385+5
130.0+ 1
3786+ 15
232642
216£3
2432+ 19

-AG
[kd.mol=1]

36.4
37.1
36.8
420
40.2
40.4
395
22
40.2
438
44.8
426
425
43.8

-TAS
[kJ.mol=1]

-5
66.5
82.8

279.0
1719
170.6
1433

15

99.6
955
333.8
189.9
1736

199

1
13
1.2
9.8
4.7
5.1
36
1
1,648
6,818
10,714
4,412
4,286
7,142

03
03
06
0.8
06
05

412
1,705
670
561
536
893

aThermodiynamic data are referred to moles of glycoclusters and stoichiometry expressed as the number of glycocluster molecules per lectin monomer. Standard deviations are indicated
on experimentally derived values (at least two experiments). « factor is the relative potency compared to the monovalent compound. B factor is the relative potency per sugar unit.
bsee Berthet et al. (2013).

Csee C

i et al. (2011).
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Applications

Limitations

References

Quantitative and qualitive measurement of receptor glycosylation

SDS-PAGE and
glycan-cleaving
enzymes

Lectin blot

Chemoenzymatic
labeling

Lectin and antibody
labeling

In situ proximity
ligation assay

Glycomics

Glycoproteomics.

FRET-based

labeling of
glycoproteins

Separating glycoforms by
dfferences in molecular weight,
using celllysates treated with or
without glycan-cleaving enzymes.

Separating glycoforms by
differences in molecular weight
and staining with glycan binding
lectins.

Building a monosaccharide
analog into the glycan chain to
introduce a chemical modification
compatible with click chemistry
reactions.

Visualizing specific glycan
structures by lectin or antibody
staining.

Antibodies conjugated to
oligonucleotides can only ligate
and be visualized when the
antibody targets are in close
proximity.

Analyzing glycan structure with
mass spectrometry-based
techniques.

Analyzing glycopeptides with
mass spectrometry-based
techniques.

Energy transfer from a donor
fluorophore to an acceptor
fluorophore can only ocour when
the antibody targets are in close
proximity.

Quick and easy way to observe
diferent glycoforms and roughly

assess localization: membrane vs.

oytosal.
Analyze different glycoforms in
celllysates and provides insights

regarding glycan composition.

Specific glycan structures can be

labeled on live cells or cell lysates.

Labeling specific glycan
structures for microscopy or flow
cytometry.

Provides information on the
location of glycoforms within the
cell and on the cell mermbrane.

Provides detalled structural
information on glycans released
from ther protein backbone.
Provides information on the
location of the glycosylation site
and the glycan structure as well
as micro- and
macro-heterogenetty.

Provides information on the
celluar location of glycoforms.

Strategies for manipulation of membrane receptor glycosylation

Metabolic inhibitors

Knockdown or
knockout of
glycosyltransferases

Site-directed
mutagenesis

Different strategies, examples are
sugar analogs,
oligosaccharyltransferase
inhibitors or inhibitors of
glycosytransferases.

RNA interference or
CRISPR-Cas genome editing.

Changing the glycosylation
consensus sequence by changing
the amino acid sequence of the
protein and therefore removing
the glycosylation site.

Inhibition of the glycosylation
pathway resulting in loss,
truncation or modification of
glycans.

Inhibition of the glycosylation
pathway resulting in loss,
truncation or modification of
glycans.

Removing one or multiple glycan
chains from a specific protein.

No detailed information on glycan
structure.

Glycoforms with small or no diferences
in molecular weight cannot

be separated.

Low binding affinity and specificity of
lectins. No detalled information on
glycan structure.

No detailed information on glycan
structure o site occupancy. Labeling is
not specific for the protein of interest.

Low binding affinity and specificity of
lectins. Labeling is not specific for the
protein of interest.

No detailed information on glycan
structure.

Distance between the detected entties
can be up to 40nm, sometimes
complicating data interpretation.

No information on the location of the
glycosylation site within the protein.

Glycan fine structures cannot be
dissected when using large scale
glycopeptide analysis.
Complicated data analysis creating
many false positive identifications.
No detailed information on glycan
structure and site-occupancy.

Unwanted side-effects. Effect not
specific for protein of interest.

Need for easy-to-transfect cell-line.
Effect not specific for protein of interest.

Need for easy-to-transfect cel-iine.
Amino-acid substitution can affect other
protein properties besides glycan
presence. Modification of glycans is not
possible.
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Condition N Daiero”

Mean Median  Mean (log Mediant (log

(linear) (linear)  transformed)  normal)

DMSO 321 52£03 328 21 22:£04

(control)

PMA 384 59+04 431 241 24£05

cytoD 422 77£07" 432 31 30£05

Buffer 204 61+06 328 241 18+04

(control)

NEU3 210 11x1" 611 4177 4309

Nanl 216 55+04 332 241 23+05

Data was analyzed using u-Track (Jagaman et al, 2008) and custom scripts
implemented in Matlab (Cairo et al, 2006). Values listed are either the arithmetic
mean, arithmetic median, or the median determined for a log normal distribution (see
Supporting Information). Error is given s the standard error of the mean. ! Diftusion
coefficients are in units of x 10~'° fem?s="] or x 10~2 [um?s~"}: Data were compared
to the appropriate control using a t-test to determine p-values; *'p < 0.01; ***p < 0.0001.
*Median calculated based on a lognormal fit as described in Supporting Information.
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