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Abstract

:

The appearance of aberrant glycans on the tumor cell surface is one of the emerging hallmarks of cancer. Glycosylation is an important post-translation modification of proteins and lipids and is strongly affected by oncogenesis. Tumor-associated glycans have been extensively characterized regarding their composition and tumor-type specific expression patterns. Nevertheless whether and how tumor-associated glycans contribute to the observed immunomodulatory actions by tumors has not been extensively studied. Here, we provide a detailed overview of the current knowledge on how tumor-associated O-glycans affect the anti-tumor immune response, thereby focusing on truncated O-glycans present on epithelial tumors and mucins. These tumor-associated O-glycans and mucins bind a variety of lectin receptors on immune cells to facilitate the subsequently induction of tolerogenic immune responses. We, therefore, postulate that tumor-associated glycans not only support tumor growth, but also actively contribute to immune evasion.






Keywords:


cancer; O-glycosylation; immunity; Siglec; C-type lectin








1. Introduction


Glycosylation is one of the most important post-translational modifications of proteins and lipids and it is estimated that over 95% of all cell surface proteins are elongated with glycans. Glycosylation plays a fundamental role in various cellular processes, including cell-cell recognition, cell-matrix interactions, as well as intracellular signaling. Glycans regulate the folding of newly-synthesized proteins and is, therefore, crucial for protein stability [1]. The glycosylation status of a cell is highly dynamic and dramatically alters upon oncogenesis, whereby cancer cells, compared to their healthy counterparts, express more branched N-glycans, higher levels of fucosylated and sialylated glycans and a truncated O-glycan phenotype [2]. This abundant and aberrant cancer glycosylation profile is currently widely accepted as a distinct hallmark of cancer. Although the immune system is capable of attacking and eradicating cancer cells, it is often suppressed within the tumor microenvironment. In this review we focus on the short O-glycans and highlight the current state of knowledge on the effects of these tumor-associated glycans on ongoing anti-tumor immune responses. We discuss how these truncated O-glycan structures, through their interaction with glycan-binding receptors on immune cells mislead anti-tumor immunity and, thereby, facilitate immune escape by the tumor.




2. Tumor-Associated O-glycosylation


The O-glycosylation pathway starts with the addition of a single N-acetylgalactosamine (GalNAc) to a serine or threonine residue, thus forming the Tn antigen epitope. The Tn antigen can be further elongated with galactose to form the T antigen (also known as Core 1 or Thomsen-Friedenreich antigen) or with N-acetylglucosamine (GlcNAc), to form Core 3. O-glycans in healthy cells are generally even further extended to complex branched Core 2 or Core 4 structures, whereby the truncated Tn antigen is only expressed at high levels during embryogenesis. Complex Core 3 and Core 4 structures are exclusively present in the intestinal tract. In contrast to healthy cells, tumor cells are characterized by the appearance of truncated O-glycans, such as the Tn antigen and T antigen, on the cell surface. These truncated structures can be sialylated creating sialyl-Tn (sTn) and sialyl- of disialyl-T (sT), which prevents further elongation of the glycan structure. Two distinct sialyltransferases are responsible for the sialylation of truncated O-glycans, namely alpha-2,6-sialyltransferase ST6GalNAc-I [3,4] and alpha-2,3-sialyltransferase ST3Gal-I (Figure 1).



Synthesis of Tn antigen is mediated by an UDP-GalNAc:polypeptide GalNAc-transferase (ppGalNAcT) that transfers the α-GalNAc to a serine or threonine residue. Expression of ppGalNAcTs is dynamic and these enzymes have been shown to relocate from the Golgi to the ER in certain tumor types [5]. This relocation facilitates a prolonged mode of action, leading to enhanced expression of the Tn antigen on the tumor. The T antigen is formed through the action of the glycosyltransferase T-synthase (Core 1 β3-galactosyltransferase) and its chaperone COSMC [6,7]. The T-synthase and COSMC are expressed independently, however, COSMC is essential for T synthase function. Therefore, overexpression of COSMC may lead to an increase of T antigen, while a downregulation of COSMC may result in overexpression of Tn antigen. Thus, COSMC can affect the expression of truncated O-glycans and tumor progression on multiple levels. For breast cancer, COSMC function seems supportive for cancer progression, since loss of the T antigen-derived O-glycans decreases breast tumor development in mice [8]. In hepatocellular cancer, COSMC mRNA and protein are frequently overexpressed and this correlates with metastasis and poor survival [9]. Contradictory, knockdown of COSMC in the pancreatic cell line T3M4 actually induced oncogenic features with enhanced growth and tumor invasion [10]. Together, these results indicate that the impact of COSMC function and, thus, Tn or T antigen expression on oncogenesis, might be tumor type-specific, whereby, depending on the tumor type, either the Tn or T antigen plays a more dominant role.



The Tn and T antigens and their sialylated counterparts, sTn and sT antigens, are expressed by multiple tumor types, especially those of epithelial origin. Among these, expression levels of Tn antigen and T antigen seem quite comparable, ranging from 87.5% for breast cancer to 71% in ovarian cancer for Tn antigen and 87.5% for breast cancer, to 66% for ovarian cancer and 60% for colon cancer for T antigen [11,12,13]. The protein that carries T antigen depends on the tumor type, and includes several mucins and mucin-type proteins, such as CD44 on colorectal cancer, MUC1 on breast cancer, and CD164 in gastric and prostate cancer [14]. In gastric cancer, sTn is frequently expressed and modulates key mechanisms of cancer progression. As a consequence, sTn has become an indicator for poor prognosis [15], whereby ST6GalNAc-I is the major enzyme controlling sTn expression in gastric cancer [16]. Also bladder cancer is characterized by the overexpression of sTn, whereby 75% and 20% of the high- and low-grade tumors, respectively, express sTn. Correlation studies clearly point out that truncated O-glycans affect tumor progression, demonstrating that sTn expression is associated with a high risk of recurrence and progression in the high-grade bladder tumors [17]. Moreover, in lung adenocarcinomas Tn antigen is a significant and independent prognostic factor for overall and relapse-free survival [18]. The fact that tumor progression is based on clonal selection of the fittest cells within the heterogeneous cancerous population and that truncated O-glycans are specifically associated with malignant transformation, suggests that tumor cells expressing truncated O-glycans are preferentially selected, which likely promotes tumor cell survival. Indeed, colorectal carcinoma patients carrying T antigen positive tumors show a significantly higher risk to develop metastasis, as exemplified by increased expression of T antigen in liver metastasis (91%) compared to the primary tumor (60%) [11]. Although Tn and T antigen seem to act via different, tumor-type specific mechanisms, truncated O-glycans, in general, support tumor progression and their presence is strongly correlated to bad prognosis. For more insight into truncated O-glycans and tumor development, we refer the reader to an excellent and extensive review by Chia et al.[19].



Overall, the regulation of tumor-associated O-glycans, such as Tn, T antigen, and their sialylated counterparts, is complex and cannot be fully attributed to under- and overexpression of certain glycosyltransferases [20,21]. The strong correlation between tumor-associated O-glycans and bad prognosis points to the crucial role glycans and their mucin-type carrier proteins play in tumor progression and the development of metastasis. In addition, truncated O-glycans may contribute to tumor progression through evasion of anti-tumor immune responses. The broad impact of glycosylation on (cancer) cell function indicates that glycans not only play a fundamental role in cancer, but might also contribute to other more immune-related diseases (Box 1).





Box 1. Aberrant O-glycosylation in other (immune-related) diseases.






Aberrant O-glycans are involved in a variety of diseases, including autoimmunity and cancer, and demonstrate the multi-disciplinary action of glycans and the importance of glycosylation in maintaining health.



	
IgA nephropathy (IgAN): IgAN is a very common glomerulonephritis that is characterized by deposition of IgA immune complexes in the glomerulus. The O-glycans in the hinge-region of IgA-1 antibodies isolated from glomeruli deposits lack galactose and, thus, display high amounts of Tn antigen [22,23,24]. The aberrantly glycosylated IgA antibodies form immune complexes with anti-glycan autoantibodies, thus classifying IgAN as an autoimmune disease. The high quantity of Tn antigen on the IgA may facilitate binding to and subsequent signaling of the C-type lectin macrophage galactose-type lectin (MGL) on antigen presenting cells (APCs). MGL triggering has been shown to augment production of IL-10 [25], which could result in stimulation of IgA-producing B cells, thus aggravating the disease. The role of IL-10 in disease progression is further supported by the finding that compared to healthy donors, whole blood cultures from IgAN patients are more prone to produce IL-10 after stimulation with lipopolysaccharide or phytohemagglutinin [26].



	
Tn syndrome: Tn syndrome is characterized by Tn antigen expression on all major blood cell lineages. Patients with Tn syndrome are not clinically affected, except for minor signs of hemolysis or thrombocytopenia [27]. Tn syndrome is associated with a somatic mutation of COSMC, thereby preventing T-synthase function [28]. Interestingly, only 1–2% of T cells are affected. As binding of MGL to Tn antigen positive CD45 on T cells induces T cell apoptosis [29], it is tempting to speculate that Tn antigen positive T cells are cleared from the circulation and, thus, undetectable in these patients.



	
Inflammatory bowel disease: also in an inflammatory autoimmune setting O-glycans appear to be important for disease progression. Mice with an intestinal epithelial cell-specific loss of Core 1-derived O-glycans spontaneously develop colitis, suggesting a protective role of Core 1 in preventing intestinal inflammation [30]. Indeed, also patients with active ulcerative colitis show impaired expression of intestinal glycans and an accompanying increase in truncated glycans. An increased amount of the sTn antigen could be detected in 18% of the patients, compared to 2% in the control patients. Interestingly, the aberrant glycosylation profile was shown to be reversible upon remission and was significantly correlated to the extent of inflammation [31].











3. The Interplay between Tumor Cells and the Immune System


The tumor microenvironment is a complex and intricate network of tumor cells, stromal cells, and infiltrating immune cells. The immune system is able to control cancer development to a certain extent, since immunodeficient mice and immunocompromised humans, such as AIDS patients, develop tumors more readily [32,33]. These findings have led to the immunosurveillance theory [34,35], which assumes that the immune system constantly detects and eradicates evolving tumors, even before they become clinically visible. Nevertheless, immunosurveillance is not sufficient as malignant tumors do develop and, therefore, the updated concept of tumor immunoediting [36] is a more complete explanation on the role of immune cells in tumor progression. This concept conveys that tumor cells acquire the potency to evade ongoing immune responses by reducing immune recognition, by increasing their resistance against immune attack and by creating an immunosuppressive tumor microenvironment.



As the host’s immune system appears to be a crucial factor in tumor progression and metastasis formation, the immune status of a particular patient has become indispensable for predicting prognosis and response to therapy. This has led to the classification using the immunoscore, first introduced by Galon et al. [37]. The immunoscore is based on the immune infiltration in the tumor microenvironment and can be applied to identify high-risk patients who would benefit from immunotherapy. In a variety of solid tumors, high frequencies of tumor-infiltrating lymphocytes (TILs) were correlated with increased survival [38,39,40,41,42], whereby high frequencies of memory T cells are particularly associated with a lack of early metastatic invasion [43]. Moreover, in a longitudinal study, high cytotoxic activity of peripheral-blood lymphocytes is negatively correlated with cancer incidence [44]. Indeed, increased frequencies of anti-tumor cytotoxic CD8+ T cells (CTLs) at the center and the invasive margin of the tumor are positively correlated with increased survival [40,41]. Like CTLs, NK cells are able to lyse tumor cells, however the hypoxic microenvironment of the tumor reduces expression of the major activating NK-cell receptors, causing an impaired NK cell-mediated tumor kill [45]. Dendritic cells (DCs) capture, process, and (cross-) present antigens to naïve CD4+ and CD8+ T cells and are, therefore, the main instigators in initiating adaptive immunity. However, the number of DCs in the blood of breast, head and neck, and lung cancer patients are reduced and their maturation capacity is impaired compared to healthy blood DCs [46]. In agreement with this, tumor infiltration of mature DCs has been correlated with a better clinical outcome [47]. Tumor-associated macrophages (TAMs) can promote tumor progression by suppressing effector T cell responses through the production of anti-inflammatory cytokines such as IL-10 and TFGβ. Accordingly, TAM infiltration is also correlated with bad prognosis [48].



Key players in the suppression of anti-tumor immunity are the regulatory T cells (Tregs). Indeed, a low CTL/Treg ratio has been associated with poor clinical outcome in ovarian [49] and gastric cancer [50]. In addition, the tumor cells, themselves, contribute to immune suppression through the secretion of IL-10 and TGFβ and chemokines that recruit Tregs to the tumor site. Together, this creates the suppressive tumor microenvironment, preventing an effective tumor immune attack. The immune-related cancer evasion strategies were recently reviewed in more detail by others [47,51].




4. Immune Receptors Involved in the Recognition of Tumor-Associated O-glycans


The interaction between the immune system and the truncated O-glycans present on tumor cells is mediated by a diverse set of carbohydrate-binding receptors, commonly known as lectins. These glycan-binding receptors have been shown to be important immune regulators both in health and disease [52]. Especially, antigen presenting cells (APCs) express a wide variety of carbohydrate-binding receptors, including the C-type lectin receptors (CLRs) and the Sialic acid-binding immunoglobulin-type lectins (Siglecs). CLRs are able to internalize their ligands for processing and presentation to T cells. In addition, CLRs possess signaling properties to actively modify DC and macrophage function. The human CLR macrophage galactose-type lectin (MGL, CD301) recognizes terminal GalNAc moieties (Table 1), such as Tn and sTn antigen and is, therefore, a prime receptor for the aberrant O-glycans in cancer [53,54,55]. In mice, two MGL homologs with different binding specificities exist. Mouse MGL1 (mMGL1) primarily recognizes Lewis X, while mouse MGL2 (mMGL2) interacts with Tn antigen and, in contrast to human MGL, with T antigen and Core 2 structures [56] (Table 1). MGL is mainly expressed by immature and tolerogenic dendritic cells and macrophages [57], suggesting that MGL may play a role in immune regulation [58]. Moreover, mMGL1 and mMGL2 are markers for alternatively activated macrophages [59], while in humans high MGL expression is considered a marker for TAMs [60]. Research into the MGL expression on TAMs demonstrated that MGL levels on human TAMs are three times higher compared to in vitro generated macrophages [61]. An immunomodulatory role of MGL is further supported by the finding that high MGL binding in stage III colon cancer patients is associated with a poorer disease-free survival [62].



Ligands for MGL are mainly expressed on mucins produced by epithelial cancers. Healthy epithelial cell-derived mucins are characterized by an extended Core 2 glycan phenotype and they do not carry the cancerous truncated O-glycans. MGL is able to interact with various types of cancer-related-mucins from which two are extensively studied, namely mucin 1 (MUC1) and mucin 2 (MUC2). More importantly, APCs are able to distinguish between healthy and tumor-derived mucins through the MGL receptor [63,64,65]. The binding of MGL to Tn antigen on MUC1 appears to be independent of the sialylation status of Tn antigens, as MGL binds Tn-MUC1 and sTn-MUC1 with similar affinity [58].



Sialic acid-binding immunoglobulin-type lectins (Siglecs) specifically recognize sialic acids, which are generally the outermost sugars on a multitude of carbohydrate structures. Siglecs are widely expressed within the immune system and the majority of them contain an immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic domain, again indicative of an immune regulatory function. In contrast to MGL, Siglecs recognize and bind normal self-antigens, which are usually decorated with sialic acids. Thus, the inhibitory function of Siglecs might be a way to tolerate the immune system to self-glycans. Sialylated glycans, therefore, have been proposed to act as self-associated molecular patterns (SAMPs) to maintain immune homeostasis and to dampen reactivity following an immune response [66]. Several pathogens, including Neisseria gonorrhoeae and group B Streptococccus, evade the immune system by decorating themselves with sialic acids, thus mimicking the host’s self-glycans. As CD33-related Siglecs can dampen hosts’ inflammatory immune responses, engagement of Siglec-5 and Siglec-9 by the bacterial sialic acids could, thus, be considered an immune manipulatory mechanism. It is, therefore, generally believed that Siglecs underwent rapidly evolutionary changes to combat with sialic acid-expressing pathogens [67].



In line with this, the hypersialylation, often observed on tumor cells might be one of the mechanisms by which tumors evade immune attack. However, which Siglecs are involved in the recognition of tumor-associated sTn and sT antigen and whether binding subsequently induces Siglec-mediated signaling is not extensively studied. To date, there are at least 13 different Siglecs described in humans and nine in mice. In contrast to the CD33-related Siglecs, Siglec-1 (also known as Sialoadhesion and CD169) has no ITIM motif and could, therefore, be an important antigen capture receptor to promote anti-tumor immunity. Indeed, selective targeting of Siglec-1+ macrophages induces an efficient CD8+ T cell response [68] and promotes germinal B-cell responses in mice [69]. Siglec-1 is also able to engage MUC1 from breast cancer cell lines in a sialic acid-dependent manner and Siglec-1+ macrophages are found in close contact with breast carcinoma cells [70]. However, whether Siglec-1-mediated signaling is promoting or inhibiting tumor progression is currently not known. Siglec-2 (also known as CD22) is expressed by B cells and has been shown to bind mucins derived from colon cancer cells. Upon mucin binding to CD22, the phosphorylation of ERK-1/2 was decreased, indicating a downregulation of B cell receptor signal transduction [71]. Additionally, Siglec-3 and Siglec-9 expressed by monocyte-derived DCs (moDCs) have been demonstrated to bind MUC2 via the sTn antigen epitope (Table 1), although the subsequent response is different. Binding of MUC2 to Siglec-3 induces apoptosis of moDCs, while binding to Siglec-9 on moDCs decreases IL-12 production, while leaving IL-10 production unaffected [72,73].



To summarize, immune cells can specifically recognize tumor-associated O-glycans through expression of CLRs, like MGL, and Siglecs. Based on their expression patterns and inhibitory signaling, these receptors have been implicated in the suppression of the anti-tumor immune response. Due to their extensive O-glycosylation, especially tumor-derived mucins carry a dense array of truncated O-glycan ligands for both the MGL and Siglec receptors.




5. Effect of Aberrantly-Glycosylated Mucins on Immunity


The high molecular weight mucin proteins are the most abundant carriers of O-glycans. They are produced by epithelial cells and from the at least 20 different mucin types known, especially MUC1 and MUC2 are well studied in regard to their immunomodulatory properties. Mucins consist of 5–500 tandem-repeat domains enriched in serine, proline, and threonine amino residues. Each tandem repeat contains at least 5–100 potential glycosylation sites, resulting in a heavily O-glycosylated mucin protein [74]. Mucins produced by healthy cells mainly contain extended Core 2-based complex glycans, while the tumor-derived mucins mainly express truncated and immature O-glycans [75].



5.1. Uptake and Processing of Mucins by DCs


The main immunological function of DCs is to instruct and activate naïve CD8+ and CD4+ T cells through the presentation of immunogenic peptides in MHC class I and II molecules, respectively. The glycosylation status of a peptide does not necessarily interfere with antigen presentation as both MHC class I and II molecules are able to bind and present glycosylated peptides [76,77]. Synthetic Tn antigen-containing MUC1 glycopeptides, representing the tumor-associated MUC1, are processed to smaller fragments for loading into the MHC class II molecule without removing the glycans attached to the original MUC1 peptide [78]. Strikingly, the degradation of MUC1 glycopeptides is not affected by the length of the glycan [78] but the peptide cleavage sites are qualitatively and quantitatively influenced by O-gycosylation for presentation in both MHC class I [79] and MHC class II [80]. Unlike the presentation of MUC1 glycopeptides in MHC class II, published data on presentation in MHC class I are contradictory. Tn-MUC1 glycopeptides derived from CHO-transfected cell lines [64], as well as MUC1 glycopeptides from pooled ascites fluid from patients with metastatic breast and pancreatic cancer [81], are processed and presented in both MHC class I and II molecules in DCs, supporting the ability of DCs to specifically initiate adaptive immunity to tumor-associated mucins. Nevertheless, Madsen et al. demonstrated that Tn glycosylation of an ovalbumin (OVA)-MUC1 fusion peptide inhibited the presentation of the fusion peptides by MHC class I and abolished MUC1-specific CD8+ T cell responses. The same fusion peptide did, however, promote presentation by MHC class II and elicited a specific antibody response [82]. Since Tn-OVA conjugates are able to induce increased CD8+ T cell proliferation compared to the unconjugated OVA [83], the observed contradiction is likely not due to the use of OVA as a backbone in the OVA-MUC1 fusion construct. Since the degradation of glycopeptides depends on the attachment site of the glycans, glycosylation might also affect the cross-presentation pathway of DCs and consequently presentation in the MHC class I molecule, thus providing an explanation for the observed contradictory results.



As tumor cells express and, in case of MUC2, secrete mucins, DCs are more likely to encounter whole mucin proteins instead of mucin glycopeptides. DCs are equally capable of endocytosing MUC1 glycoproteins, but in contrast to MUC1 glycopeptides, the MUC1 glycoproteins are not transported to late endosomes or MHC class II loading compartments for processing and binding to the MHC class II molecule [81]. It has been postulated that abundant mannose structures present on MUC1 glycoproteins bind the mannose receptor and prevent dissociation of MUC1 in the early endosomes, thus leading to entrapment of MUC1 in this compartment [81]. In contrast, Tn antigen-containing MUC1 is internalized through MGL and subsequently accumulates in MHC class II loading compartments [64], supporting the idea that the addition of Tn antigen averts binding to mannose receptors and thereby entrapment in the endosome. Co-localization of the Tn-MUC1 glycoprotein with MHC class I is not observed [64]; hence, it is unlikely that DCs are able to process and present Tn-MUC1 glycoproteins in MHC class I molecules. Clearly, mucin glycoproteins undergo a different intracellular routing in DCs than mucin glycopeptides, and depending on their glycosylation pattern the routing of mucin glycoproteins is re-adjusted to different intracellular compartments.




5.2. Influence of Mucin Engagement on Adaptive Immunity


The maturation status of the DCs is crucial for the subsequent naïve T cell differentiation and involves expression of co-stimulatory and inhibitory molecules and production of pro- or anti-inflammatory cytokines. DCs are thus able to master the balance between inflammatory responses and immune suppression. The influence of mucin-type proteins on DC maturation has been primarily studied using co-culture systems. For instance, MUC2-stimulated monocyte-derived DCs decrease their secretion of the IL-12 cytokine in a glycosylation-dependent manner [73]. In DCs cultured with recombinant sT-MUC1, the expression of several co-stimulatory molecules, such as CD86 and CD40 and antigen presenting molecules CD1d and HLA-DR was decreased. In contrast, CD1a and mannose receptor levels were increased. The cytokine profile of sT-MUC1-stimulated DCs is characterized as IL-10high and IL-12low [84,85], suggesting that sT-MUC1 prevents DC maturation and induces a regulatory DC phenotype. Indeed, the sT-MUC1-stimulated DCs were defective in triggering pro-inflammatory immune responses in both allogeneic and autologous settings [85]. Together these studies show that engagement of tumor-associated mucins by DCs prevents effective induction of subsequent immune responses, pointing to a suppressive action of mucins on adaptive immunity through the induction of tolerogenic DCs.



T cells and B cells are the two main players in adaptive immunity. Natural antibodies, produced by B cells, are present in the body without prior external immune activation. Such natural antibodies directed against MUC1 glycopeptides can be detected in the serum of breast cancer patients. Interestingly, these natural antibodies have a binding preference for glycosylated MUC1 peptides compared to the unglycosylated MUC1 [86]. Antibodies play a crucial role in suppressing tumor growth by binding tumor cells, thereby facilitating recognition and destruction by the immune system via antibody-dependent cell-mediated cytotoxicity. In breast cancer patients, a strong anti-sT-MUC1 antibody response was associated with reduced rate and a delay in metastases formation [87], suggesting that antibodies could indeed play a role in dampening breast cancer progression. As plasma B cells are the sole producers of antibodies, the effect of mucins on B cells was investigated in in vivo tumor models. Mice bearing a mucin-producing mammary tumor had a reduced number of splenic B cells compared to mice bearing non-producing tumors. This effect was probably due to the presence of mucins in the bloodstream which can engage CD22 on splenic B cells, thereby downregulating B cell receptor signal transduction, as discussed previously [71].



Although efficient CTL cytotoxicity is crucial for tumor immune attack, not much is known about the direct effect of mucins on the CD8+ T cell responses. This may be explained by the finding that DCs are not able to efficiently process and present mucin glycoproteins in the MHC class I molecule.





6. Effect of Tumor-Associated O-glycans on APCs and the Initiation of Adaptive Immunity


Since truncated O-glycans are specifically recognized by lectins, such as MGL and the Siglecs, the immunomodulatory capacity of these receptors has been addressed by targeting these receptors through antibodies or O-glycans coupled to model tumor antigens. Additionally, knockdown of glycosyltransferases in in vivo tumor models has been used to investigate the effect of tumor glycosylation on the immune system. The results of these studies are described below.



6.1. Immune Modulation by MGL+ APCs


Immature DCs continuously sample their environment for invading pathogens. Upon pathogen encounter, DCs mature and migrate to the lymph node to initiate adaptive immunity by activating naïve T cells. The C-type lectin MGL is only expressed on immature DCs, where it hampers the DC migratory response [53]. Tumor cells might take advantage of this by expressing high levels of MGL ligands that, in turn, prevent the migration of the tumor-infiltrating DCs to the lymph nodes and, thus, prevent initiation of anti-tumor adaptive immune responses. Normally, mature DCs in the lymph node are able to skew naïve CD4+ T cells towards distinct T helper cell populations, such as T helper 1 and 2 cells. The differentiation of the T helper cell subsets is amongst others dependent on the DCs subset. Murine dermal DCs (dDCs) specifically express the mMGL2 lectin [88]. In contrast to human MGL+ DCs, the migratory capacity of these mMGL2+ dDCs is not affected, as mMGL2+ dDCs are capable of transporting protein antigens, injected in the footpad, efficiently to the skin-draining lymph nodes. Moreover, the percentage of mMGL2+ dDCs in the skin-draining lymph node increases dramatically when papain is used as an adjuvant. Papain is a potent T helper 2-inducing adjuvant, indicating that mMGL2+ dDCs are required for the development of antigen-specific T helper 2 responses. Nevertheless, mMGL2+ dDCs are not required for the differentiation of T follicular helper cells or germinal center responses induced by pathogens, such as Nippostrongylus brasiliensis [88]. However, Freire et al. observed a strong germinal B cell reaction after intradermal immunization of Tn-dendrimers in mice, resulting in anti-Tn antibodies [89]. Since Tn antigen is a ligand for mMGL2, Tn antigen might play a role in the development of T helper 2 responses including a strong B cell activation. The role of Tn antigen on T helper 2 responses in mice is further supported by a study of Chen et al. When the T-synthase enzyme was knocked down in the murine posterior tibialis muscle, leading to high levels of Tn antigen, the splenic CD4+ T cells showed an enhanced production of T helper 2 cytokines, namely IL-10 and IL-4, after transplantation of skin grafts [90]. However, whether the observed effects were mMGL2 mediated or not was not addressed. Together these results suggest that Tn antigen directs the activation of T helper 2 responses through mMGL2 in mice. Whether immune responses directed to Tn antigen positive tumors are more prone to generate detrimental T helper 2-type reactions and, thereby, indirectly prevent the preferential anti-tumor T helper 1 immunity, is, as far we know, not described in literature.



The DC maturation program is initiated after pathogen binding to specific pattern recognition receptors, such as the Toll-like receptors (TLRs), on the DC. In addition, TLRs can recognize specific danger molecules released or expressed by tumor cells. CLR-glycan interactions have already been shown to modify TLR-mediated signaling, leading to a fine-tuning of the pathogen-specific immune responses [91]. The MGL-Tn/sTn interaction could, therefore, also potentially modify the DCs’ ability to respond to danger signals originating from the tumor. Indeed, upon MGL engagement, DCs enhance their TLR-2-mediated signaling resulting in an increased secretion of the anti-inflammatory cytokine IL-10 and a tolerogenic DC phenotype [92]. Furthermore, these MGL-licensed DCs are able to specifically promote the differentiation of regulatory T cells [93]. The tolerogenic nature of the human MGL+ DCs is even further supported by a study investigating the interaction between DCs and T cells. Interestingly, effector T cells carry MGL ligands on their CD45 molecules. Binding of MGL to CD45 on effector T cells induces T cell apoptosis, which is dependent on concomitant T cell receptor triggering [29]. As highly activated effector T cells increase their Tn antigen expression [92], MGL+ APCs in the tumor microenvironment could be crucial in dampening cytotoxic reactions by inducing apoptosis of tumor-infiltrating CD8+ T cells.



As discussed earlier, mouse and human MGL appear to be quite different regarding their immunological function. Singh et al. observed enhanced antigen-specific CD4+ and CD8+ T cell responses with the use of OVA coupled to Tn antigen, compared to unmodified OVA proteins. Here, the effects were mMGL2-mediated, as Tn-OVA conjugates were endocytosed and presented in MHC class I and II molecules in a mMGL2-dependent manner [83]. For both human and mice, targeting of MGL with an antibody-conjugate has been shown to increase antigen presentation by DCs [89,94], indicating that the observed differences are not due to inefficient antigen presentation.



In conclusion, mMGL2+ dDCs play a role in T helper 2 immune responses and targeting of mMGL2 with Tn-OVA glycoconjugates induces enhanced CD4+ and CD8+ T cell responses (Figure 2). In contrast, human MGL+ DCs are hampered in their migratory capacity and adopt a tolerogenic phenotype upon engagement of MGL. That human MGL appears to have an immune-suppressive action through the specific induction of effector T cell apoptosis may provide an explanation for the correlation between MGL binding and reduced survival in colon cancer patients [62].



As depicted in Figure 1, truncated O-glycans can be sialylated and, thereby, form sTn and sT antigen structures. Sialylated glycan structures can be recognized by Siglec receptors which, through their intracellular ITIM motifs, have the potential to dampen anti-tumor immunity. To investigate the role of sTn on immune modulation, human moDCs were co-cultured with a bladder cancer cell line (the MCR cell line) that was transduced with the ST6GalNAc-I enzyme to induce sTn expression (MCR-sTn). MoDCs co-cultured with MCR-sTn cells had an immature phenotype characterized by lower expression of MHC class II, CD80, and CD86 compared to the moDCs co-cultured with control MCR cells. Interestingly, the moDCs from the MCR-sTn co-culture were unresponsive to further maturation stimuli and produced only low levels of IL-12 and TNFα [95]. Both the reduction in maturation markers and the low levels of pro-inflammatory cytokines suggests the generation of tolerogenic DCs upon contact with sTn-expressing cells. This is further supported by the observation that MCR-sTn-stimulated moDCs were not able to activate T cells as measured by the expression of the early T cell activation marker CD69. Furthermore, these T cells displayed a Foxp3high, IFNγlow phenotype, representing a typical regulatory T cell profile [95]. Importantly, similar results were obtained using a sTn positive breast cancer cell line, arguing that the sTn antigen effect on DC immunity is irrespective of the cancer type. Blockade of CD44 and MUC1 was able to prevent the tolerance-inducing effect on DCs, indicating a pivotal role of CD44 and MUC1 in the observed immune modulatory effects by sTn antigen [95].




6.2. Sialylated O-glycans and Immunity


The Treg-promoting capacity of sialic acids is further exemplified in the mouse melanoma (B16) cancer model. Isogenic B16 cell lines with either high or low expression of sialic acids were generated through knockdown of the sialic acid transporter SLC35A1. In vivo the growth of the B16 sialic acid low tumors was significantly decreased compared to B16 sialic acid high tumors. More importantly, in the B16 sialic acid low tumors more effector T cells and a diminished number of regulatory T cells were detected at the tumor site [96]. Intriguingly and similar to DCs co-cultured with sTn antigen-positive bladder cancer cells [95], DCs primed with sialic acid-OVA conjugates skewed naïve T cells towards antigen-specific Foxp3high IFNylow regulatory T cells in a Siglec-E-dependent manner [97]. As Siglec-E is not only expressed by DCs, but also on mouse neutrophils, monocytes, and macrophages, the sialic acid-Siglec-E interaction might modify additional immune-related pathways.



As discussed earlier, sTn present on MUC2 is recognized by human Siglec-3 and Siglec-9 expressed by moDCs and failed to induce high production of IL-12 [72,73]. Triggering of the Siglec-9 receptor on macrophages increased IL-10 and decreased TNFα production after stimulation with the TLR ligand lipopolysaccharide or peptidoglycan [98]. Another sTn-binding Siglec is Siglec-15, which is expressed by macrophages and DCs and, interestingly, also found on TAMs in various human carcinoma tissues including lung, rectal, and hepatocellular carcinoma. Engagement of Siglec-15 on macrophages with sTn augments the TGFβ production by these cells [99], suggesting that Siglec-15 on macrophages may contribute to tumor progression by TGFβ-mediated immune modulation.



Overall, a concept emerges in which sialic acids present on tumor cells play a central role in immune suppression (Figure 3) and, thereby, tumor immune evasion, likely through their interaction with inhibitory Siglec receptors. Remarkably, no research is dedicated to the role of sialyl-T and di-sialyl T antigen on immune modulation, while the unsialylated T antigen and the responsible glycosyltransferases T-synthase and COSMC are well studied. It is highly probable that the sialylated T antigens are also recognized by certain Siglec receptors on immune cells. However, whether this interaction contributes to tumor immune evasion is subject for future studies.





7. Effect of Tumor-Associated O-glycans on Natural Killer Cells


In addition to DCs and macrophages, not much is known about the effect of O-glycans on the other innate immune cell subsets. Natural killer cells (NK cells), as the name already implies, are able to eliminate infected, as well as damaged and malignant, cells very efficiently. Their cytotoxic action is balanced by signaling through activating and inhibitory receptors on the NK cell surface. Already in the 1980s, NK cells were first implicated in tumor immunosurveillance, when researchers observed a higher incidence of defective NK cell function in individuals with cancer [100,101]. Early experiments using co-cultures of blood mononucluear cells, containing NK cells and K562 tumor cells, a classical NK target, revealed that NK cells were less able to kill tumor cells in the presence of sialic acids, while other glycans, such as mannose and galactose, had no effect [102]. Although not a direct proof, it does suggest that sialic acids participate in preventing NK cytotoxicity. More specifically, mucins derived from sheep, bovine, and porcine submaxillary glands that carry sTn are able to inhibit NK-mediated tumor cell killing, while mucins derived from human breast and lung cancer cells that lack sTn antigen have no effect. Together, these results suggest that sTn antigen can directly modulate NK cell function [103].



A more recent study revealed that desialylated tumor cells (from a mouse 3-methylcholanthrene-induced fibrosarcoma) induce higher secretion of IFNγ by NK cells, indicative of a more active NK response [104]. Moreover, the NK-activating receptor NKG2D was shown to be responsible for the interaction between NK cells and the desialylated ligands on the tumor cells. In vivo, desialylated tumor cells show a reduced tumor growth compared with to fully sialylated wild-type tumor cells [104], which is also a NK-mediated phenomenon [96].



The interaction between sialylated tumor cells and NK cells occurs via the inhibitory Siglec-7 and Siglec-9 receptors on the human NK cell surface. Ligands for Siglec-7 and Siglec-9, which are distinct sialoglycan determinants such as ganglioside GD3, are broadly expressed on different human cancer types and protect the cancer cells from NK cell-mediated cytotoxicity [105]. Moreover, increasing the sialylation status of multiple cancer lines decreases their susceptibility to antibody-dependent NK cytotoxicity, through the recruitment of Siglec-7 [106].



Although commonly accepted that NK cells are instrumental in eliminating tumor cells, the effect of tumor cell glycosylation on NK cell function has not been extensively studied and forms material for future research.




8. Conclusions


Avoiding immune destruction is one of the hallmarks of cancer. We postulate that the aberrant glycosylation of tumors is one of the major factors underlying the development of an immune suppressive tumor microenvironment. Tumor-associated O-glycans induce a tolerogenic programming of tumor-resident DCs, characterized with low expression of co-stimulatory molecules, high IL-10 secretion and an incapacity to induce of effector T cell responses. Engagement of truncated O-glycans by lectin receptors on tumor-associated macrophages likewise promotes production of anti-inflammatory cytokines, such as IL-10 and TGFβ. Cytotoxic NK cells are crucial in eliminating tumor cells, but surprisingly, the role of tumor-associated O-glycans on the function of NK cells is scarce. Clearly, more research is needed to fully understand the impact of tumor glycans on anti-tumor immunity. Some of the outstanding questions that await answering, include: clarification of the specific contribution of each aberrant O-glycan structure (Tn, sTn, T, and sT), including the importance of the peptide/protein backbone, to tumor immune evasion, the cells and receptors involved and elucidation of the molecular mechanisms by which tumor cells employ glycans to avoid anti-tumor immunity. The impact of the tumor type may be one of the confounding factors and should be taken into consideration when addressing these issues. Increasing our understanding of tumor cell glycosylation and its regulation may create novel strategies to alleviate tumor-mediated immune suppression by directly interfering with the tumor glycome and its interaction with antigen presenting cells.
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Figure 1. Overview of the O-GalNAc glycosylation pathway. Glycosyltransferases are shown in red and O-glycan structures in blue. 






Figure 1. Overview of the O-GalNAc glycosylation pathway. Glycosyltransferases are shown in red and O-glycan structures in blue.



[image: Biomolecules 06 00026 g001]







[image: Biomolecules 06 00026 g002 1024] 





Figure 2. Immune modulation by human and mouse MGL+ dendritic cells. Depicted are the MGL-mediated effects on DC and T cell responses after MGL engagement by tumor-associated glycoproteins and O-glycans. 
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Figure 3. Immune modulation by human and mouse Siglec+ dendritic cells. Depicted are the Siglec-mediated effects on DC and T cell responses after Siglec engagement by tumor-associated glycoproteins and sialylated O-glycans, or through co-culture with sialylated tumor cells. In mice, these effects are mediated by Siglec-E, whereas in humans Siglec-3 and -9 are known to modulate DC immunity. 
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Table 1. Immune receptors involved in the recognition of tumor-associated O-glycans.
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Species

	
Receptor

	
O-glycan structure

	






	
human

	
hMGL

	
Tn antigen
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Sialyl-Tn antigen
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mouse

	
mMGL1

	
Lewis X
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mMGL2

	
Tn antigen
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T antigen
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Core-2
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human

	
hSiglec-3

	
Sialyl-Tn antigen
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hSiglec-9

	
Sialyl-Tn antigen
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