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Abstract

:

Modulation of the immune system has been demonstrated as a powerful approach to treating cancer. Immunotherapies are generally classified as active or passive according to their ability to trigger the immune system. During the last decades, information regarding the relevance of aberrant glycosylation as a major player in tumour biology encouraged expectations for the development of new therapeutic strategies directed at glycans. Several tumour-associated carbohydrate antigens (TACAs) have been identified and validated as suitable immunotherapeutic targets, leading to promising therapeutic developments. It is known that TACAs are poorly immunogenic since they are unable to trigger a proper immune response. Given that they are not presented by major histocompatibility complex (MHC) molecules and that they induce immune tolerance, the development of active immunotherapeutic strategies against TACAs is a real challenge. However, antitumor strategies based on mimetics of TACAs have been developed and show promising results. Active immunotherapies based on TACAs mimicry can currently be grouped into strategies based on the use of mimetic peptides and anti-idiotype (Id) antibodies. In this review, we discussed the scientific basis on which these strategies are based and the available therapeutic options that have shown the best results in preclinical studies and in clinical practice.
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1. Introduction


Tissues are the result of complex interactions among different types of cells with the aim to support and sustain the function of the body. Cells must behave in accordance with the physiological needs of the organism in order to maintain homeostasis and ensure proper functionality. However, genetic alterations can trigger abnormal cellular behaviour that can eventually lead to proliferative disorders and, in the worst-case scenario, turn the cell into an altered one that could progress to one of the many different types of cancer. Genetically altered cancer precursor cells are derived from cells that normally participate in tissue function. Transformed cells undergo a process called malignant transformation, in which the accumulation of genetic modifications leads to abnormal cellular behaviour characterised by cell independence from the physiological guidelines of the host organism. Malignant transformation is not a set of random mutations, silencing, and/or amplification of genes but the result of a positive Darwinian selection that enables malignant cells to survive and proliferate within the organism [1].



Multiple mutations in malignant cells trigger a phenotype that differs from that of normal cells, characterised by the expression of novel molecules and the overexpression or silencing of others, resulting in a phenotype with its own characteristics. Therefore, the altered phenotype of tumour cells and the consequent expression of novel antigens driven by malignant transformation provide an opportunity for the development of therapies directed at tumour-associated molecules while avoiding toxicity against normal cells. Therapeutic strategies based on the stimulation of the host immune system to target tumour cells are well known as immunotherapies [2]. Based on their ability to trigger the immune system, immunotherapies are generally classified as active or passive. While passive immunotherapies include the administration of immune molecules that are not produced by the patients themselves and have intrinsic antineoplastic activity, such as tumour targeting monoclonal antibodies or adoptively transferred T cells, active immunotherapies, also known as cancer vaccines, are intended to activate the host immune system to recognize and react against cancer cells [3]. Many active immunotherapies based on tumour antigens—or a mimetic version of them—as immunogens are under study. The main objective of this therapeutic approach is to elicit a long-term antitumor immune response [4,5].



Among other characteristics, malignant cells exhibit an altered antigenic phenotype based in part on the abnormal expression of proteins that can be grouped into two sets. Tumour-associated antigens (TAAs) are unaltered proteins overexpressed in malignant cells, while tumour-specific antigens (TSAs) are expressed exclusively on tumour cells as a result of gene mutation or the activation of germline genes [6]. Overexpressed somatic antigens in malignant cells are generally considered less suitable immunogens to develop active immunotherapies, since they are actually self-antigens with high immunological tolerance, and therapies directed at them have shown some degree of adverse effects. Conversely, suitable TAAs to be considered as active immunotherapy antigens are the so-called cancer germline antigens, which are normal proteins that have been found to be expressed in tumour tissues but have a germline origin [7,8]. Among them, melanoma-associated antigen A3 (MAGE-A3) [9], New York esophageal squamous cell carcinoma-1 (NY-ESO-1) [10], and preferentially expressed antigen in melanoma (PRAME) [11] are promising antigens to be targeted. On the other hand, TSAs are the result of gene mutations (neoantigens) or viral infections (viral antigens), and therefore they are only expressed in malignant cells, being completely absent in normal cells. Several therapeutic strategies based on such targets have been developed so far, showing promising results in the field of active cancer immunotherapies [12].



Just as altered protein expression in cancer cells is the result of a selection process induced by the tumour microenvironment, non-random and continuous phenotypic alterations in the glycan profile, known as aberrant glycosylation, have been described as well (Figure 1a) [13,14]. Glycans are essential players involved in the interaction between cells and the microenvironment [15], making them ideal targets for the development of new therapies against infections and cancer [16]. Since they modulate membrane receptor affinities, immune recognition, protein-protein interactions, and cell signaling, among others, glycans have been shown to play a relevant role in normal and malignant cell behaviour. Therefore, the alteration of the glycophenotype derived from malignant transformation is one of the adaptive mechanisms that provides tumour cells with growth advantages over normal cells, selected in order to circumvent the control mechanisms of the tissue microenvironment and ensure tumour survival [17]. Thus far, aberrant glycosylation is a source of novel molecules on the surface not only of tumour cells but also of microenvironment cells such as tumour-associated macrophages (TAM), which represent the majority of leukocytes found in most tumours microenvironments. Recent works have demonstrated the impact of aberrant glycosylation in macrophages, which may be able to influence the behaviour of transformed cells within tumour microenvironment [18,19,20]. Indeed, aberrant glycosylation offers the opportunity to identify potential therapeutic targets in the development of antitumor strategies besides those derived from TAAs or TSAs of a protein nature [21].



In addition, the relevant role of glycans in mammalian development has been widely demonstrated, as altered glycan expression is associated with various pathologies.. The use of genetic manipulation as a tool to develop relevant mouse models led to the identification of the genetic basis of glycosylation disorders and contributed to the discovery of new glycan-related diseases [22]. Glycans expressed in malignant cells that participate in tumour behaviour are known as tumour-associated carbohydrate antigens (TACAs). TACAs represent an opportunity for the identification of new antigens that could potentially be suitable as immunotherapy targets [19]. Given that they are not presented by major histocompatibility complex (MHC) molecules and that they induce immune tolerance, the development of immunotherapeutic strategies against TACAs is a real challenge. However, antitumor strategies based on mimetics of TACAs have been developed and show promising results. Active immunotherapies based on TACA mimicry can currently be grouped into strategies based on the use of mimetic peptides and anti-idiotype (Id) antibodies. All these alternatives seek to stimulate the immune system against a particular TACA to further direct a specific immunological response able to attack and eliminate tumour cells. The aim of this review is to summarize therapeutic strategies based on TACA mimetic peptides developed and evaluated to date in preclinical and clinical settings. In this regard, mimetic peptides and anti-Id antibodies stand out as developments that have demonstrated the induction of a specific immune response and even therapeutic benefit in cancer patients. Thus, we will describe the different therapeutic strategies, immunological mechanisms, and final formulations of glycan-targeted active immunotherapies that have been developed so far.




2. TACAs as Cancer Targets


According to their structural similarities, TACAs can be classified into five groups: (1) the globo-series glycosphingolipids, including Globo-H, Stage-specific embryonic antigen-3 (SSEA-3) and Stage-specific embryonic antigen-4 (SSEA-4); (2) the gangliosides, including GD2, GD3, GM2, NeuGcGM3, and Fuc-GM1; (3) the blood groups or Lewis antigens, including Lewis X (Lex), Lewis Y (Ley), sialyl Lewis X (SLex), and sialyl Lewis A (SLea); (4) the truncated O-glycans, including Thomsennouveau (Tn), sialyl-Tn (STn), and Thomsen−Friendreich (TF); and (5) the polysialic acid (Figure 1b).



Glycosphingolipids share the characteristic of being composed of complex glycans covalently linked to a ceramide backbone. Globo-H ceramide is thought to be the most prevalent cancer-associated glycosphingolipid since its overexpression was detected by immunohistochemistry in a wide variety of epithelial cancers such as breast, uterus, ovary, prostate, lung, liver, and colon cancers [23,24]. Considering its expression is restricted to undifferentiated embryonic stem cells and the luminal surface of glandular tissues, some publications propose Globo-H as a potential target for cancer immunotherapy [25]. SSEA-3 and SSEA-4 were originally identified as human embryonic stem cell-specific markers, but subsequent research demonstrated their association with malignant behaviour in tumour cells [26]. The SSEA-4 expression is positively related to breast [27], glioblastoma [28], and prostate [29] cancer aggressiveness. Since its expression is related to the loss of cell-to-cell interaction and the cell migratory phenotype, SSEA-4 has been associated with epithelial-mesenchymal transition [30]. In breast cancer samples, a high percentage of positivity was reported for SSEA-3 (77.5%), which may correlate with tumorigenicity and multidrug resistance [31,32]. Similarly, in non-small cell lung cancer (NSCLC), SSEA-3 expression increases in samples resistant to multiple anticancer drugs [33]. Moreover, SSEA-3 was postulated as a novel cell surface marker in human colorectal cancer since the SSEA-3-expressing cell subpopulation has a greater proliferative capacity in vitro and a higher tumorigenicity in vivo than SSEA-3-negative cells [34].



Gangliosides are the second TACA group with a glycosphingolipid nature that are composed of at least one sialic acid in the carbohydrate structure [35,36]. The disialylganglioside GD2 is only expressed in a few normal tissues, like the brain, peripheral sensory nerve fibres, and in particular melanocytes from the skin. Nonetheless, this ganglioside is overexpressed in neuroblastomas, melanomas, retinoblastomas, and breast cancer [37,38,39,40]. It was established that GD2 is the most important complex ganglioside present in neuroblastoma, whose expression correlates with tumour progression and poor patient outcomes [41,42]. Another ganglioside widely described in association with malignant transformation is GD3, which is expressed normally in embryonic cells and in some tissues under disease conditions, such as the nervous system in neurodegenerative disorders and tumours of neuroectodermal origin [43]. Interestingly, this TACA is detected in 60% of primary melanoma and 75% of metastatic melanoma, even though it is not expressed in normal melanocytes [44]. In this indication, the upregulation of GD3 on the cell surface is associated with tumour progression, brain metastasis, and poor clinical outcome [45]. GM3 is a monosialoganglioside that can contain a N-acetylneuraminic acid (NeuAc), which is abundant in normal tissues, or a N-glycolylneuraminic acid (NeuGc), which is considered a ‘non-human’ sialic acid due to a mutation in the gene that encodes the enzyme capable of catalysing the conversion of NeuAc to NeuGc [46]. Whereas NeuGcGM3 is rarely detected in normal tissue, it is found in multiple types of tumours such as melanoma [47], neuroblastoma [48], retinoblastoma [49], colon [50], bladder [51] and lung cancer [52], among others. Most literature ascribes the presence of this sialic acid in malignant cells to the metabolic assimilation of NeuGc, obtained principally from red meat, under hypoxic conditions [53,54,55]. On the other side, Fuc-GM1 is a fucose-containing glycolipid that is naturally expressed in a subset of peripheral sensory neurons and dorsal root ganglia [56,57]. However, multiple reports have demonstrated enhanced levels of this antigen in small cell lung cancer (SCLC), even though only 20% and 10% of squamous epithelial and large cell lung cancer specimens were positive, respectively. In addition, no Fuc-GM1 was detected in lung adenocarcinoma, bronchial carcinoma, or normal lung or bronchus, so it could be considered a hallmark of SCLC and useful for sample stratification as well as for targeted immunotherapies [58,59].



Lewis antigens correspond to a family of terminal glycan structures characterised by the presence of one or two fucoses linked to a disaccharide of N-acetylglucosamine and galactose that can also be sialylated. Lex antigen, also known as Stage-Specific Embryonic Antigen-1 (SSEA-1) or CD15, is mainly found in epithelial tissues like the stomach, colon, salivary glands, kidneys, bladder, uterus, cervix, and medulla [60]. Nevertheless, the overexpression of Lex can be found on the surface of various types of cancer cells, which usually correlates with tumour progression and patient survival [61]. In bladder, hepatic, and breast cancer, this molecule is strongly associated with systemic dissemination, possibly related to its role in the adhesion of cancer cells to blood vessel walls [62,63,64]. Particularly in glioblastoma multiforme, this epitope has been proposed as a cancer stem cell marker, and it could be a potential marker of malignant glioma progression [65,66]. Its sialylated version, the terminal glycan SLex, is usually detected on the surface of lymphocytes, neutrophils, and a subset of T lymphocytes [67]. However, expression of this well-known sialofucosylated motif was also reported in high-grade gliomas [68] and gastrointestinal cancers [69]. SLex binds to selectins, mainly E-selectin, expressed on the surface of endothelial cells, facilitating leukocyte extravasation and inflammatory processes [70]. In accordance, in vivo studies have shown that Slex-positive tumour cells exhibit increased metastatic potential by arresting tumour cells in the vasculature of target organs through adhesive interactions [71,72,73]. Another member of this family is SLea, also called cancer antigen 19-9 (CA19-9), which is the most widely used and best validated marker for pancreatic cancers. It is also present in other malignancies such as gastric, endometrial, and colorectal cancers. Initially found in glycolipids, SLea is now known to also be present on glycoproteins and proteoglycans [74]. Although to date it could be considered an indicator for predicting patient prognosis, further studies are needed to fully understand its involvement in cancer biology [75,76,77]. The last TACA of this family, Ley antigen, is a prognostic factor associated with cell dedifferentiation and proliferation in NSCLC and hepatocellular carcinoma [78,79]. It has been demonstrated that the in vitro blockade of Ley significantly reduced the invasion and metastasis of ovarian cancer cells [80]. In addition, numerous publications have shown that overexpression of Ley on these tumour cells is associated with chemotherapy resistance [81,82,83].



Altered O-glycan expression is observed in several tumour indications [84,85,86]. Truncated glycans refer to a set of molecules composed of a small number of carbohydrates present as a consequence of related O-glycan core expression. In this regard, Tn and STn antigens show little or no expression in normal adult cells and tissues. Many studies have shown that Tn antigen is detected in various human carcinomas, such as those of the cervix, ovary, breast, bladder, prostate, gastric, and colon [87,88,89]. Indeed, in many cases, its expression has been associated with tumour progression, dissemination, and patient prognosis [90,91,92]. Tn and STn are frequently co-expressed in tumour cells, possibly because they share synthetic pathways. STn detection is observed in more than 80% of human carcinomas, including gastric, endometrial, and bladder tumours, and in all cases, STn expression is associated with an adverse outcome and decreased overall survival for the patients [93,94,95,96]. Although the mechanism by which STn participates in the interaction between tumour cells and the microenvironment is not fully understood, it has been reported to promote the separation of individual cells from the primary tumour mass by disrupting the interaction of galectins with terminal galactose residues. In this scenario, STn antigen could promote the escape of cancer cells participating in the migration and invasion of the surrounding tissue [97]. TF is a truncated O-glycan highly expressed in approximately 70–90% of carcinomas like ovarian, prostate, breast, colon, stomach, and bladder malignant tissues, although the percentage of positive cases varies among the carcinoma types [98]. Aberrant expression of TF antigen is usually related to the dissipation of the pH gradient in the Golgi apparatus of tumour cells, which can relocate certain glycosyltransferases, leading to an abnormal synthesis of mucin-type O-glycans [99,100]. This TACA plays a crucial role in the interaction between cancer cells and galectin-3, a carbohydrate-binding protein of the endothelium, promoting tumour aggressiveness and metastasis [101,102,103].



Tumours are not only characterised by having a high expression of monosialylated structures such as SSEA-4 or Slex, among others, but also of polysialylated glycans. These TACAs present a limited expression in normal tissue and are associated with particular proteins and cell types, especially those linked to neuronal cells. However, in clinical samples from patients with NSCLC, breast cancer, and glioblastoma, it was shown that the expression of polysialic acids and the glycosyltransferase responsible for its synthesis correlate with cell migration, invasion, and poor prognosis [34,104].



TACAs are promising targets for the development of novel therapeutic strategies due to their active participation in tumour biology (Table 1). Successful development of active immunotherapeutic approaches requires an understanding of how glycans interact with the immune system and the identification of strategies to trigger appropriate immune responses against them.




3. Immune Response against Glycans


Besides TACAs are considered suitable targets for developing specific therapeutic strategies against cancer, there are several glycan-targeted active immunotherapies that are currently being evaluated in clinical trials or even registered. However, none of these therapeutic alternatives has been approved by the US Food and Drug Administration (FDA) so far. One of the limitations to their success is the fact that they were unable to improve patient survival associated with the lack of potent T cell-mediated immunity. In general, TACAs are poorly immunogenic since they are unable to trigger a proper immune response when administered alone. In order to induce an effective immune response, dendritic cells (DC) process and present T cell-dependent or thymus-dependent (TD) antigens to T cells as complexes with MHC molecules, which represents the first signal needed for T cell activation. In addition, co-stimulatory signals are provided through the interaction of CD80 and CD86 molecules expressed on mature DC with CD28 on T cells and the production of chemokines and cytokines that polarise the T cell response [105]. When TD antigens are presented on MHC class I (MHC I) molecules, naïve CD8+ T cells are primed into cytotoxic T cells capable of killing pathogen-infected and tumour cells [106,107]. Conversely, TD antigen presentation on MHC class II (MHC II) primes CD4+ T cells into different subsets, including T helper (TH) 1, TH2, TH9, TH17, and TH22, follicular helper T (TFH), or regulatory T cells (Treg), depending on which cytokine DC secrete as co-stimulatory signals during priming [108,109] (Figure 2a,b). In particular, TFH cells mediate germinal centre formation and especially induce B cell differentiation into memory or antibody-secreting plasma cells, enabling the generation of high-affinity, class-switched antibodies and eventually long-lived antibody-mediated protection [110]. In the absence of additional TFH help, B cells secrete low titers of low-affinity IgM since the generation of IgG requires both the antigen-specific signal provided by the cross-linking of B cell receptors and the cytokine signal delivered by T cells [111].



While peptides are classified as TD antigens, TACAs are considered T cell-independent or thymus-independent (TI) antigens that, even though they do not directly bind to MHC molecules and cannot activate T cells by themselves, are able to cross-link B cell receptors and weakly activate B cells in the absence of T cell help [112]. In TI responses, DC present the antigen to the B cell, providing the required co-stimulatory signals through transmembrane activator and CAML interactor (TACI), B lymphocyte stimulator (BLyS), and APRIL ligand [113,114]. Therefore, the immune response to TACAs is a primary response characterised by being less robust and, in general, short-lived, in which B cells mainly produce low-affinity IgM antibodies with no affinity maturation and isotype switching [115]. Although an IgG response is preferred, it is important to consider that an IgM reaction is also a key response since it can induce complement-dependent cytotoxicity (CDC) [116]. Moreover, since it is possible that long-lasting IgM-producing plasma cells and IgM memory cells will have developed [117], IgM induced by a TI response could not be considered an unsuccessful immune response. In this regard, clinical trials have not only demonstrated that gangliosides (and TACAs in general)-specific IgM antibodies have antitumor activity based on the CDC but also that high levels of these IgM positively correlate with survival in metastatic melanoma patients [118,119]. Moreover, endogenous anti-ganglioside IgM has been suggested to eliminate immunosuppressive gangliosides shed by tumour cells to restore host immune competence [120]. Additionally, using a preclinical transgenic model with a high IgM titer against GD2, it was demonstrated that mice had prolonged survival after being injected with GD2-expressing EL4 or B16 cells, and an increased number of NK cells mediated this antitumor activity [121]. All these findings highlight the relevance TACAs have in humoral immunotherapy and provide supporting evidence for the role that specific IgM responses have in mobilising innate mechanisms of tumour surveillance [101,122,123].



Besides MHC I and MHC II molecules, there is an additional subset of antigen-presenting molecules called the CD1 family, composed of CD1a-Cd1d [124]. Among TACAs, gangliosides and glycolipids in general are presented via the CD1d receptor expressed by antigen-presenting cells [125,126] (Figure 2c). This family of proteins binds and presents glycolipids to the T cell receptors on NK cells, activating the invariant natural killer T (iNKT) cell subpopulation. iNKT cells are a subtype of T cells known to express an αβ-T cell receptor that underwent somatic rearrangement [127], show typical NK surface markers like CD56 and CD16, and show granzyme production [128]. Activated iNKT cells secrete several cytokines, which will further initiate a selective TD response with no participation of CD4+ T cells, resulting in the necessary class switching to produce an IgG response against the specific glycolipid antigen [128,129].



Another limitation associated with the poor outcome of glycans-directed active immunotherapies relies on the difficulties of overcoming the immunosuppression and immunotolerance of TACAs. Even in small amounts, most TACAs are also present on normal cells and are therefore recognized as self-antigens by the host immune system, inducing immunosuppression as well as tolerance [101,130]. How to break immunotolerance is one of the main challenges TACAs-based active immunotherapies have to face. Techniques to overcome these problems include: (1) TACA conjugation with a peptide or protein carrier, turning them into TD antigens able to bind to MHC molecules; (2) use of chemically modified TACAs that would be recognized as foreign antigens; and (3) use of peptides or proteins that mimic the structure of the TACA. Within this last group, mimetic peptides and anti-Id antibodies are both strategies based on mimicking the three-dimensional structure of the nominal antigen in order to trigger a strong and long-lasting immune response. For anti-Id antibodies, the mechanism relies on the activation of the Id network, while mimetic peptides can be processed and presented by DC as a standard TD antigen. These strategies will be discussed in subsequent sections.



In most active immunotherapies, TACAs are covalently conjugated to an immunological protein or peptide carrier containing T-cell epitopes to convert them into TD antigens. As mentioned before, the induction of a T-cell response will further lead to the production of high-affinity antibodies that will recognize the tumour, making this strategy an attractive alternative to improving the immunological character of TACAs. Even though TACAs like Lewis structures, O-glycans, and glycolipids, including Globo-series and gangliosides, have been successfully conjugated to carriers such as keyhole limpet hemocyanin (KLH), MUC1 peptides, diphtheria or tetanus toxoids, bovine serum albumin, and ovalbumin [131,132,133], only six TACAs-targeted immunotherapies have reached phase III clinical trials to date, with one of them being Dinutuximab, a passive immunotherapy directed to the GD2 ganglioside, already approved to treat high-risk neuroblastoma [134]. The other five are GM2-KLH (NCT00005052); Racotumomab (NCT01460472) and BEC2 (NCT00037713), both anti-Id antibodies directed to NeuGc-containing glycoconjugates and GD3 respectively; Theratope® (NCT00003638) and OPT-822 (NCT01516307), directed to STn and Globo-H respectively, and also conjugated to KLH. Unfortunately, in the intention-to-treat analysis, neither GM2-KLH nor OPT-822 improved progression-free survival (PFS) for stage II melanoma [135] or metastatic breast cancer [136]. However, for OPT-822 active immunotherapy, both PFS and interim overall survival were significantly improved in patients who developed IgG antibodies against Globo-H. Although a successful IgG antibody response was developed against STn in Theratope®-treated metastatic breast cancer patients, no overall benefit in time to progression or survival was observed [137].



In recent publications, Hossain et al. and Mettu et al. have extensively reviewed different approaches related to the design of active immunotherapies directed at TACAs, including the conjugation of alternative protein carriers and different chemical modifications made to carbohydrates [133,138]. Additionally, in the last few years, many reviews have been published describing recent advances in carbohydrates-based active immunotherapies, which are mainly focused on summarising methods to improve the immunological properties of TACAs [139,140,141]. This review will refer to the last strategy mentioned in a previous paragraph and will specifically discuss mimetic peptides and anti-Id antibodies as approaches to overcome TACAs-associated immunotolerance and immunosuppression.




4. TACAs Mimetic Peptides


Mimetic peptides, or peptidomimetics, are small compounds of a peptidic nature that resemble the steric and chemical properties of other molecules such as bioactive peptides, carbohydrates, or glycoproteins. Most mimetic peptide developments are focused on biologically relevant protein segments. Vagner et al. describe this type of mimetics as “compounds whose essential elements (pharmacophore) mimic a natural peptide or protein in three-dimensional space and retain the ability to interact with the biological target and produce the same biological effect” [142]. However, TACAs mimetic peptides are developed for immunotherapeutic approaches with the aim of triggering an immune response against the nominal TACA based on their conformational similarity in three-dimensional space. This well-known immunological mechanism is called antigenic mimicry [143]. In this scenario, an induction of a cross-reactive antibody response against the target TACA or the activation of T cells upon recognition of MHC-I-associated glycopeptides is expected.



Mimetic peptides are proposed as good tools to trigger an immune response against carbohydrates, mainly because of the advantage conferred by their chemical nature [144]. First, mimetic peptides can be presented by MHC molecules on antigen-presenting cells and are thus potentially capable of generating long-lasting memory responses in the organism. In addition, they can break the body’s natural immune tolerance to carbohydrates, contributing to immunosurveillance and boosting the antitumor activity of TACAs [101]. Finally, the existence of easier and more standardised productivity strategies to generate and modify peptides in comparison with those available for the synthesis of glycans makes them a desirable tool for the development of therapeutic strategies.



Mimicry of glycans using peptides has been fully demonstrated by several research groups, either because the selected mimetic peptides are able to be recognized by specific antibodies or lectins and/or because they develop a specific immune response against the target glycan. The mechanisms by which a sequence of a short peptide is able to trigger an immune response against a TACA not only appear to be due to a three-dimensional structural similarity but also to a condition known as functional mimicry [144]. Meanwhile, while structural mimicry refers to the capacity of the peptide to imitate the contacts made by the carbohydrate by using a similar three-dimensional arrangement of functional groups and benefiting from its high degree of flexibility, functional mimicry is attributed to its ability to fit in the antibody Id through hydrophobic interactions [145,146,147,148,149]. There are two main strategies to develop mimetic peptides so far. The least chosen option used for the mimetic peptide development of TACAs is known as synthetic or rational design, which uses bioinformatics tools combined with crystallographic structure analysis to rationally design a peptide sequence. Using specific antibodies and its ability to develop an anti-glycan immune response, the peptide will be further evaluated for structural mimicry [150]. On the other hand, the most common option involves the use of a phage display combinatorial library of short peptides consisting of a large number of bacteriophages, each of which exposes a different random polypeptide. Phages carrying mimetic peptides of interest are first selected using specific antibodies or lectins, then isolated and finally expanded to identify the peptide sequence [151,152]. Commercial phage libraries including millions of different peptides with an arbitrary combination of a particular number of amino acids are available, and they have been effectively used to look for both protein epitopes and glycan mimetic peptides [153].



The identification of peptides that effectively mimic TACAs leads to the development of vaccination strategies that have not only been demonstrated to induce an effective immune response against the nominal glycan when administered in vivo but have also provided protection against tumours that express the target antigen. In this regard, several mimetic peptides were developed against the disialoganglioside GD2, a known overexpressed glycolipid in neuroectodermal cancers such as neuroblastoma, melanoma, and SCLC. GRL and DGG, two circularised decamers conjugated each one to KLH, were selected from a phage display using the ch14.18 antibody, with proven capacity to develop an IgG anti-GD2 response in a preclinical setting [154]. In addition, a DNA vaccine containing a GD2 mimotope, so-called 47-LDA, applied in combination with IL-15 and IL-21 in mice, was able to elicit a GD2 cross-reactive IgG antibody response as well as MHC-I-restricted CD8+ T cells reactive to neuroblastoma cells [155]. Also, Horwacik et al. published a set of five GD2 mimetic peptides that were able to bind in vitro to an anti-GD2 antibody when presented in a cyclic conformation via an internal disulfide bridge between positions 2 and 11 [156].



GD3P4 is a GD3 mimetic peptide identified from a phage display library using the 4F6 antibody. This mimetic peptide was able to trigger a humoral anti-GD3 response. In an exquisite way to show antigen presentation and mimicry, Popa et al. were able to develop an anti-GD3 hybridoma from GD3P4 immunised mice, demonstrating that the mimetic peptide was processed and presented by antigen-presenting cells [157].



TF, as a core for the extension of O-glycans, is a cryptic antigen in normal tissue. However, it is found on the vast majority of human carcinomas since truncated forms of O-glycans are normally present in aberrant glycosylation. Heimburg-Molinaro et al. developed a set of mimetic peptides capable of being recognized by the TF-specific peanut agglutinin lectin in vitro. Among them, the one designated as D2 was the most promising since it induced an anti-TF humoral response when administered in a presentation of eight 15-mer peptides forming a single molecule [158].



Kieber-Emmons and colleagues have been studying carbohydrate mimetic peptides and their use as therapies for several years [159]. In the field of carbohydrate mimotopes, their contributions have strengthened the concept of multiple antigen mimotopes (MAM) [160]. This concept supports the idea that a peptide selected for its recognition by an antibody can elicit an immune response against a related antigen [144]. Using a reverse engineering strategy on a pre-selected mimetic peptide presented on a phage display library, they developed a mimetic peptide called P10s that induced an immune response to various TACAs, including Ley and selected gangliosides such as GD2 [150,161,162]. P10s was conjugated to the pan T cell carrier PADRE using MONTANIDE™ ISA 51 as an adjuvant and was the first TACA-mimetic peptide to be tested in a phase I clinical trial on advanced breast cancer patients [131]. Immunisation was well tolerated and triggered a specific antibody response against LeY and GD2 in all tested patients. Humoral antibodies showed caspase3-dependent apoptotic activity against Ley or GD2-positive breast cancer cell lines [163]. In a recent clinical trial, the objective was to examine the feasibility, safety, and immunogenicity of adding P10s-PADRE to standard-of-care chemotherapy in HR+/HER2− early-stage breast cancer patients. Results showed that combination therapy induced an antibody response, increased the NK cell activation markers NKp46 and CD94, and was associated with the infiltration of T cells in the tumour microenvironment [164]. In Table 2, we summarised the main mimetic peptides developed and evaluated to date.




5. Anti-Idiotype Antibodies as TACA Surrogates


The idiotypic network theory published by Jerne in 1974 postulates that the immune system works as a network of antibodies (with their antigen-specific Ids) and their anti-Ids antibodies, in which B lymphocyte clones are stimulated and regulated by antibodies produced by different clones within the network [168]. An interesting point behind Jerne’s theory is that each antibody can recognize an antigen as well as be recognized by a different antibody that binds to its paratope. According to this theory, immunisation with an antigen will produce specific antibodies termed Ab1 that can further generate anti-Id antibodies, also known as Ab2, against the Id of the Ab1. The particular pool of anti-Id Ab2 that recognizes the antigen-binding site of Ab1 is able to induce a specific humoral response against the nominal antigen when used for subsequent immunisation (Ab3). As a consequence of the idiotypic network, anti-Id antibodies could be used to mimic the structure of a particular antigen to induce a specific Ab3 response that will recognize the immunising Id of the Ab2 as well as the antigen that induced Ab1 production in the first place. Since this work focused on therapeutic strategies based on TACA mimicry as surrogates of nominal TACAs against which a high affinity and long-lasting immune response is sought, anti-Id antibodies can be considered a particular kind of mimetic peptides, suitable for the development of active immunotherapies directed to TACAs-expressing cancer cells.



The main advantage of anti-Id antibodies over the use of anti-TACAs Ab1 as passive immunotherapies is that the former will ideally induce both cellular and humoral responses, with the consequent activation of a long-lasting immunity. Most Ab1 antibodies, when used clinically as single-agent therapy, induce tumour destruction via either CDC or ADCC. Interestingly, some Ab1 used in therapeutic settings also contribute to antitumor effects by triggering the idiotypic cascade and inducing an antigen-specific immune response [169,170,171]. An interesting report shows a prolonged survival of stage 4 neuroblastoma children at the time of remission treated with the anti-GD2 antibody 3F8 (Ab1) associated with the induction of the Ab3 anti-GD2 response, indicating the relevance the idiotypic network has in controlling tumour progression [171].



In 2009, the National Cancer Institute Translational Research Working Group made a priority-ranked list of cancer antigens in order to contribute to the development of therapeutically effective active immunotherapies [172]. Among the 75 antigens ranked, 9 were TACAs, including 4 gangliosides (GD2, GD3, Fuc-GM1, and GM3), Globo-H, Lewis glycans (Slea), truncated O-glycans (Tn and STn), and polysialic acid. Considering the criteria established by Cheever et al. a few years later, Gomez et al. evaluated NeuGc-containing gangliosides, showing that NeuGcGM3 in particular matched all criteria at least in some proportion, ranking within the top 15th cancer antigens selected [173]. Anti-Id-based active immunotherapies directed to the three gangliosides of the ranked TACAs have been developed over the past decades, with results from different clinical trials demonstrating they are able to induce an antigen-specific humoral response when administered in the presence of a proper adjuvant.



BEC2 is an anti-Id antibody directed to the anti-GD3 R24. Preclinical studies in rabbits demonstrated that BEC2 mimics GD3 ganglioside and can induce a specific Ab3 response of IgG and IgM isotypes, able to inhibit BEC2 binding to R24 [174]. Clinical trials in melanoma patients who underwent surgery but were at high risk of recurrence and in patients with limited-disease SCLC showed that BEC2 is immunogenic when administered with BCG as an adjuvant, but it only induces detectable anti-GD3 antibodies in approximately 20% to 33% of patients [175,176,177,178]. Results from the phase III trial carried out in 515 responding patients after combined therapy for limited-disease SCLC confirmed that one third of patients developed a humoral response against GD3. Even though none of the major endpoints of the study were achieved and patients treated with BEC2/BCG showed no improvement in their survival, those who responded and developed anti-GD3 Ab3 had an improvement in survival, although this did not reach statistical significance [179].



Besides BEC2, a second anti-Id antibody has been developed as active immunotherapy against a ganglioside. TriGem is an anti-Id mimicking GD2, originally named 1A7, formulated with the adjuvant QS21. It was first developed in mice and evaluated in preclinical and clinical studies. Active immunisation of mice, rabbits, and monkeys with TriGem induced polyclonal IgG GD2-specific responses, able to lyse cells with ganglioside expression by an antibody-dependent cell-mediated cytotoxicity (ADCC) mechanism as well as stimulate a specific T cell response [180,181]. Results from the first phase I trial conducted in advanced melanoma patients demonstrated that TriGem induced an Ab3 response that specifically recognized purified GD2 when evaluated by ELISA in 100% of treated patients [182]. A second study confirmed the previous result, since 40 of 47 patients showed an Ab3 response [183]. When humoral responses were evaluated, both trials exhibited responses predominantly of the IgG isotype, with all IgG subclasses represented, and ADCC activity in some patients [182,183]. Even though median survival was not reached, it was observed that 1 patient had a complete response after 24 months, and 12 patients were stable for a median of 18 months (14 to 37 months) [183]. In a phase II trial, TriGem was formulated with either QS21, granulocyte macrophage colony-stimulating factor, or aluminium hydroxide (alum) as adjuvants. All stage III melanoma patients included in the study developed a robust IgG response against GD2, with no differences in the antibody titer between the evaluated adjuvants. One third of treated patients also received high-dose interferon alpha in combination with TriGem, showing a similar humoral response to patients that were only treated with the anti-Id. After a median follow-up of two years, more than 80% of patients were alive [184].



Lode et al. generated Ganglidiomab, another anti-Id directed to GD2. Because ganglidiomab was proved to inhibit the binding of antibodies 14G2a, ch14.18/CHO, and hu14.18 to GD2 as well as competitively inhibit the GD2-specific lysis of neuroblastoma cells by modified-NK effector cells, this anti-Id antibody was proposed as a GD2 surrogate. When mice were treated with ganglidiomab formulated with alum, it was demonstrated that the induction of an antigen-specific humoral response was able to mediate an ADCC and a complement-dependent cytotoxicity response against GD2-expressing neuroblastoma cells [185]. Recently, results from the first-in-man use of ganglidiomab active immunotherapy were published. Seven patients with high-risk neuroblastoma who achieved complete remission after frontline or salvage therapy were treated with the anti-Id antibody adsorbed to alum. Anti-GD2 humoral response was detected in three patients, and none of the treated ones experienced relapse during the 56 months of follow-up [186]. These results are encouraging and provide important information to evaluate ganglidiomab in prospective clinical trials.



In collaboration with the Centre of Molecular Immunology (Habana, Cuba), our group has contributed to the development of racotumomab, a highly immunogenic anti-Id antibody that has been approved in Latin American countries as active immunotherapy for the treatment of patients with advanced-stage NSCLC after progression on first-line therapy. Racotumomab is an Ab2, formerly named 1E10, able to block the binding of the Ab1 P3 to NeuGc-containing gangliosides and sulfated glycolipids (Ab3, Id+) [187]. Racotumomab also induces an Ab3 response that recognizes the nominal target when administered in preclinical animal models [188,189,190] and even in cancer patients [191,192,193,194,195], suggesting that this Ab2 behaves as a NeuGc-glycoconjugates surrogate (Ab3, Ag+). Initial studies to evaluate racotumomab immunogenicity were carried out using mice as a preclinical model. It was first formulated in Freund’s adjuvant using KLH as a protein carrier, showing antitumor effect in the subcutaneous tumour growth as well as in the spontaneous dissemination to the lungs of the F3II mammary carcinoma [196]. Afterward, racotumomab was conjugated with alum as an adjuvant (racotumomab-alum) and evaluated using the Lewis lung carcinoma 3LL, demonstrating a significant reduction in the number of spontaneously-disseminated lung nodules, an increase in tumour infiltrated CD4+ and CD8+ T cells [197], and the induction of tumour apoptosis in combination with cyclophosphamide [198]. A chemo-immunotherapy combination using racotumomab-alum plus pemetrexed was also evaluated, with a significant anti-metastatic effect shown over Lewis lung carcinoma. Moreover, it was also demonstrated that racotumomab-alum exhibited antitumor activity in a highly aggressive, clinically relevant model using NeuGc-pre-incubated 3LL cells [189].



Several clinical trials have proved racotumomab-alum safety and immunogenicity in patients with neuroblastoma [199], melanoma [200], breast [192], and lung cancer [201] (extensively reviewed by Gabri et al.) [202]. In particular, the results of the phase II/III randomised, placebo-controlled study carried out in 176 advanced NSCLC patients confirmed that switch maintenance with racotumomab-alum is a well-tolerated treatment in which the most common adverse effects were classified as mild or moderate. Additionally, the study demonstrated the effectiveness of the treatment with this active immunotherapy since a significant survival improvement was observed when compared with those patients who received a placebo. Because racotumomab is an anti-Id antibody, as demonstrated in previous phase I trials, it is able to induce an Ab3 response against the TACA NeuGcGM3, and this study also evaluated whether induced antibodies after treatment had the same specificity as the Ab1. Not only did racotumomab-alum elicit an antibody response of both IgM and IgG isotypes against NeuGcGM3 ganglioside in almost all treated patients (95.8%), but also those induced antibodies were able to kill antigen-expressing cells [194]. Using serum samples from patients included in the phase III clinical trial (NCT01460472), we further demonstrated that antibodies induced by racotumomab-alum were also able to mediate the lysis of cells expressing NeuGc-glycoconjugates by an ADCC mechanism, and this response was antigen-dependent [195].




6. Discussion


Glycosylation is a post-translational modification that affects more than 50% of cellular proteins, making it a major player in several processes of tumour biology since it is involved in the interaction between different cells and between cells and the microenvironment. Glycosylation also participates in epithelial-mesenchymal transition, tumour proliferation, invasion, metastasis, and angiogenesis. Because of the altered glycosylation that occurs concomitantly with the process of malignant transformation, TACAs have emerged in recent decades as suitable therapeutic targets for the development of promising immunotherapies. To date, a significant amount of research has described the involvement of TACAs in tumour biology and the development of immunotherapeutic strategies directed at them aimed at combating tumour growth. In this manuscript, we have compiled and described immunotherapeutic strategies based on TACA mimicry. In this regard, mimetic peptides and anti-Id antibodies are the two main strategies that best fit this scenario.



The main objective of active immunotherapy is to achieve, through an appropriate immunisation, a long-lasting immune response capable of persistently limiting tumour growth and effectively controlling possible relapses. All anti-Id antibodies evaluated in clinical trials have demonstrated the ability to generate a humoral IgG antibody response against the nominal TACA that correlated with a better clinical outcome. Furthermore, racotumomab is the only anti-Id antibody registered so far. It also triggers an immunological response based on a humoral IgG response that recognizes NeuGc-containing glycoconjugates and participates in ADCC response. Until now, the only mimetic peptide-based active immunotherapy that has reached clinical trials is P10s-PADRE, which showed significant anti-GD2 and Ley IgG production. Although evidence from clinical trials reporting clinical benefit in patients treated with TACAs-based therapies is scarce, the results shown so far are promising since they demonstrated the induction of a specific immune response.



Figure 2 shows the different active immunotherapies based on anti-Id antibodies and mimetic peptides published to date and specifically indicates which adjuvants or protein carrier therapeutic agents were formulated or conjugated, respectively. As summarised in Figure 3a, anti-Id-based active immunotherapies are composed of the antibody and an immunological adjuvant. Even though the use of protein carriers such as KLH attached to the antibody has been evaluated in preclinical and clinical settings, results demonstrated that unconjugated anti-Id induces an equal immune response when compared to KLH-conjugated, while avoiding its potentially toxic effect [126,178,191,203]. The choice of a proper adjuvant is an essential step in the formulation of active immunotherapies and should be optimised for each strategy in order to break immune tolerance, trigger a strong immune response, and finally, maximise clinical efficacy. Mimetic peptides and anti-Id antibodies discussed in this review have been formulated with a limited set of adjuvants. However, currently approved adjuvants for human use were very elegantly discussed in the work recently published by Cuzzubbo, showing how classical immunostimulatory and depot adjuvants face suppressive tumour microenvironment and immunosenescence in aged patients [204]. It is therefore worth analysing if these therapeutic strategies could be adjuvanted in a more suitable compound with a proven ability to induce humoral and cellular responses that lead to an effective antitumor immune response. Conversely, active immunotherapies based on mimetic peptides show a variety of alternatives, as mentioned in a previous section (Figure 3b).



In March 2011, the FDA approved the use of Ipilimumab (Yerboy©, Bristol-Myers Squibb), a human monoclonal antibody directed to cytotoxic T lymphocyte-associated antigen 4 (CTLA4), for the treatment of unresectable or metastatic melanoma [205,206]. This event initiated a new era in which the field of immunotherapy was largely conquered by immune checkpoint inhibitors (ICIs). Most of the scientific community working in the immunotherapy field focused its efforts on understanding and evaluating the therapeutic potential of these promising drugs in various types of cancer, in different clinical settings, and in combination with other therapeutic strategies, leading so far to the approval of eight ICIs for the treatment of more than 15 different tumour indications [207,208,209]. ICIs are still being evaluated in clinical trials to seek out more effective combinatorial schemes that will benefit patients with different cancer types and indications. In this regard, we evaluated the combination of racotumomab with anti-PD1 blockade in preclinical models of NSCLC using two experimental approaches based on concomitant or sequential administration of both treatments, with promising results that will soon be submitted for publication.



It is noteworthy that most of the publications focused on active immunotherapies using the mimetic strategies of TACAs were published before 2010. Only a few vaccines have reached the clinical phases of drug development with results that demonstrate their effectiveness [131,165,194]. Could the successful breakthrough of ICIs be the cause of the delay in research and development of active immunotherapies based on glycan mimetics? Although this discussion is not the subject of this review, we consider that the evaluation of TACAs-mimicking active immunotherapies has not yielded the unsatisfactory clinical responses that would allow us to rule them out.



As described in a previous section, four anti-Id antibodies for cancer treatment have been developed against TACAs. Despite the few options assessed, one of them has successfully completed clinical evaluation and is currently being used as a therapeutic alternative for advanced NSCLC treatment. Results obtained in the phase II/III randomised, placebo-controlled study demonstrated that racotumomab-alum significantly improved the intention-to-treat OS as well as PFS in patients with stage IIIB and IV NSCLC. In addition, the 1- and 2-year survival rates were 40.2% and 18.4% for the racotumomab-alum-treated group, while those for the placebo group were 22.5% and 6.7%, respectively. Racotumomab-alum was proven to be immunogenic since all immunised patients developed a high antibody response of the IgG isotype against the anti-Id. Furthermore, it was also able to induce a humoral response of both IgM and IgG isotypes against NeuGcGM3, as shown by ELISA and flow cytometry against TACA-expressing tumour cells [194]. In serum samples from patients included in the phase III clinical trial (NCT01460472), we further demonstrated the induction of an antigen-dependent ADCC response against cells expressing NeuGc-glycoconjugates [184]. A phase II study for high-risk neuroblastoma paediatric patients is currently being evaluated, and results are expected to be published this year (NCT02998983).



Although strategies based on TACAs mimetic peptides have not made into routine clinical treatment yet, the antitumor and immunological responses published by different authors allow us to be hopeful about their potential use in the fight against cancer. All published reports, both preclinical and clinical, regarding the immune response of mimetic peptide-based active immunotherapies show their ability to develop an antibody response against the target peptide and the nominal TACA. Among those that only reached preclinical phases, the DNA vaccine containing the 47-LDA sequence was shown to be able to trigger a strong antitumor response, accompanied by the development of anti-GD3 antibody titers capable of mediating ADCC and CDC in immunised mice [155]. In clinical settings, P10s-PADRE has been evaluated in two published clinical trials conducted in breast cancer patients so far. The first results were obtained in a group of six metastatic breast cancer patients in a phase I dose-escalation trial. No toxicities were observed in this trial. Additionally, immunisation developed a significant anti-peptide and anti-TACA humoral response in post-immunised serum [163]. Subsequently, a phase I trial was published in HR+/HER2− early-stage breast cancer patients, examining the feasibility, safety, and immunogenicity of adding P10s-PADRE to standard-of-care chemotherapy. Antibody titers against P10s were 48-fold higher when compared between post- and pre-immunised serum [164].



Although therapeutic developments based on glycan mimicry strategies are still limited in number, the results obtained so far are promising and suggest active immunotherapies are a suitable strategy for cancer treatment. For mimetic peptides in particular, it seems that effective formulation is still under exploration since several approaches have demonstrated similar results, although some of them are not formulated according to the requirements needed to be tested in clinical settings. In addition, clinical therapeutic scenarios that explore alternative multi-target formulations, immune adjuvants, protein carriers, and drug combinations will result in a new era for active immunotherapy against TACAs.




7. Conclusions


Modulation of the immune system has proven to be a successful strategy for cancer treatment. It could include different therapeutic approaches such as the use of cytokines, antibodies directed at TAAs, ICIs, and anti-Id antibodies. All of them are strategies that have nowadays become part of the therapeutic arsenal against the disease in routine clinical practice. Active immunotherapy appears to be a not-fully-explored approach so far, which could be a good opportunity for novel drugs development. In this regard, glycan-based therapeutic strategies need to be thoroughly evaluated to understand and exploit their potential. Following this statement, developments based on glycan mimicry have enormous potential that is worth considering.




8. Future Directions


New therapies based on mimetic peptides of TACAs are still under development. Besides analysing the expression of a specific TACA in tumours clinical samples, its role in that particular tumour type, including whether it is involved in immunosuppressive mechanisms, still needs to be addressed in order to identify more relevant therapeutic targets that could further lead to novel clinical developments. Glycan-mimetic peptides formulated with different adjuvants and conjugated with different protein carriers should be evaluated to identify the best therapeutic outcome. Finally, a better clinical response is expected when these strategies are evaluated in combination with immunomodulatory drugs such as ICIs, which modify the immunosuppressive environment of the tumour.
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Figure 1. Schematic representation of the altered glycan expression that occurs during tumour progression. (a) Aberrant glycosylation in malignant transformation. Tumour cells show high expression of sialylated and fucosylated glycans, overexpress glycosphingolipids, and demonstrate increased expression of immature truncated O-glycans, which are almost absent in normal cells. (b) Tumour-associated carbohydrate antigens (TACAs) can be divided into five groups according to their structural similarities: (1) The globo-series family includes Globo-H, SSEA-3, and SSEA-4. (2) Gangliosides are glycosphingolipids with at least one sialic acid as a terminal glycan. The main family members are GD2, GD3, GM2, NeuGcGM3, and FucGM1. (3) Lewis antigen structures comprise terminal Lex, SLex, Slea, and Ley. (4) Truncated O-glycans include Tn, STn, and TF antigens. (5) Polysialic acid glycans are also expressed in tumour cells. 
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Figure 2. Cytotoxic cellular responses are induced after protein and glycan presentation on antigen-presenting cells. To induce an effective cytotoxic response directed at tumour cells, antigen-presenting cells process and present antigens to T and/or invariant natural killer T (iNKT) cells. T cell-dependent or thymus-dependent antigens are processed and presented on (a) major histocompatibility complex class I (MHC I) or (b) class II (MHC II) molecules to CD8+ or CD4+ T cells, respectively, depending on whether they are endogenous or extracellular proteins. CD8+ T cells will mediate the lysis of tumour or pathogen-infected cells, while the CD4+ T cell subpopulation will induce B cell differentiation into memory or antibody-secreting plasma cells, enabling the generation of antibodies and eventually a long-lasting immune response. (c) Conversely, gangliosides and glycolipids in general are presented via the CD1d receptor expressed by antigen-presenting cells. CD1d antigen presentation will further activate the iNKT cell subpopulation. 
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Figure 3. Schematic representation of the active immunotherapies directed at TACAs that have reached preclinical or clinical stages so far. (a) Therapeutic approaches based on anti-idiotype (Id) antibodies. Ab1, which recognises GD3, GD2, and NeuGc-containing glycoconjugates was used to develop BEC2, ganglidiomab, TriGem, and racotumomab anti-Id antibodies. When administered in patients formulated with their specific adjuvants, all of these anti-Id antibodies demonstrated the induction of specific Ab3 able to recognize the nominal TACA. (b) Mimetic peptide-based therapeutic strategies. GRL and DGG are circularised decamers that mimic GD2 ganglioside. Each decamer is conjugated to KLH and finally adjuvanted in aluminium hydroxide (alum). The administration of the DNA vaccine 47-LDA induces the synthesis of a GD2 mimetic peptide when combined with an additional plasmid containing IL-15 and IL-21 sequences as immunostimulators. The mimetic peptide GD3P4 resembles the GD3 ganglioside structure. When formulated in MONTANIDETM ISA 51, is able to induce an anti-GD3 humoral response. Regarding immature truncated O-glycans, the so-called D2 strategy is based on 15-mer peptides in a single molecule, which are recognized by a TF-specific lectin. Its final formulation with alum and inactivated B. pertussis induces anti-TF antibodies. Finally, the mimetic peptide P10s conjugated with the pan-T cell carrier PADRE and MONTANIDETM ISA 51 as an adjuvant induces an immune response mainly against GD2 and Ley when administered to patients. P10s-PADRE is the first mimetic peptide to reach clinical trials and show promising results since it also induces a cellular immune response. 






Figure 3. Schematic representation of the active immunotherapies directed at TACAs that have reached preclinical or clinical stages so far. (a) Therapeutic approaches based on anti-idiotype (Id) antibodies. Ab1, which recognises GD3, GD2, and NeuGc-containing glycoconjugates was used to develop BEC2, ganglidiomab, TriGem, and racotumomab anti-Id antibodies. When administered in patients formulated with their specific adjuvants, all of these anti-Id antibodies demonstrated the induction of specific Ab3 able to recognize the nominal TACA. (b) Mimetic peptide-based therapeutic strategies. GRL and DGG are circularised decamers that mimic GD2 ganglioside. Each decamer is conjugated to KLH and finally adjuvanted in aluminium hydroxide (alum). The administration of the DNA vaccine 47-LDA induces the synthesis of a GD2 mimetic peptide when combined with an additional plasmid containing IL-15 and IL-21 sequences as immunostimulators. The mimetic peptide GD3P4 resembles the GD3 ganglioside structure. When formulated in MONTANIDETM ISA 51, is able to induce an anti-GD3 humoral response. Regarding immature truncated O-glycans, the so-called D2 strategy is based on 15-mer peptides in a single molecule, which are recognized by a TF-specific lectin. Its final formulation with alum and inactivated B. pertussis induces anti-TF antibodies. Finally, the mimetic peptide P10s conjugated with the pan-T cell carrier PADRE and MONTANIDETM ISA 51 as an adjuvant induces an immune response mainly against GD2 and Ley when administered to patients. P10s-PADRE is the first mimetic peptide to reach clinical trials and show promising results since it also induces a cellular immune response.
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Table 1. Main tumour-associated carbohydrate antigens (TACAs).






Table 1. Main tumour-associated carbohydrate antigens (TACAs).





	Name
	Structure
	Classification of Glycan
	Type of Cancer





	Globo H
	Fucα1-2Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ
	Globo Series
	Breast, Uterus, Ovary, Prostate, Lung, Liver, Colon



	SSEA-3
	Galβ1-3GalNAcβ1-3Galα1-4Galβ1
	Globo Series
	Breast, NSCLC, Colon



	SSEA-4
	Neu5Acα1-3Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ
	Globo Series
	Breast, Glioblastoma, Prostate



	GD2
	GalNAcβ1,4(Neu5Acα2,

8Neu5Acα2,3)Galβ1, 4Glcβ1Cer
	Gangliosides
	Neuroblastoma, Melanoma, Retinoblastoma, Breast



	GD3
	Neu5Acα2,8Neu5Acα2,3Galβ1, 4Glcβ1Cer
	Gangliosides
	Neuroectodermal, Melanoma



	NeuGcGM3
	Neu5Gcα2-3Galβ1-4GlcβCer
	Gangliosides
	Melanoma, Neuroblastoma, Retinoblastoma, Colon, Bladder, NSCLC



	Fuc-GM1
	Fucα1-2Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4GlcβCer
	Gangliosides
	SCLC



	Lex
	Galβ1-4(Fucα1-3)GlcNAc-
	Lewis antigens
	Bladder, Hepatic, Breast, Glioblastoma



	SLex
	Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc
	Lewis antigens
	Glioma, Gastrointestinal



	SLea
	Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAc
	Lewis antigens
	Pancreatic, Gastric, Endometrial, Colon



	Ley
	Fucα1-2Galβ1-4(Fucα1-3)GlcNAc-
	Lewis antigens
	NSCLC, Hepatocellular, Ovarian



	Tn
	GalNAcαSer/Thr
	O-glycans
	Cervix, Ovarian, Breast, Prostate, Colon



	STn
	Neu5Acα2-6GalNAcαSer/Thr
	O-glycans
	Gastric, Endometrial, Bladder



	TF
	Galβ1-3GalNAcαSer/Thr
	O-glycans
	Ovarian, Prostate, Breast, Colon, Stomach and Bladder



	Polysialic acid
	α2,8-/α2,9 NeuAc
	Polysialylated
	NSCLC, Breast, Glioblastoma
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Table 2. Mimetic peptides developed against TACAs.
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Name

	
Peptide Size (Feature)

	
Status Reached

	
Carbohydrate-

Reactive Immune

Response

	
References






	
47-LDA

	
10-mer

	
Preclinical

	
GD2

	
Kowalczyk, A. et al., 2007 [165]




	

	

	

	
Wierzbicki, A. et al., 2008 [166]

Gil, M. et al., 2009 [167]




	
Set of five peptides

	
12-mer (internal disulfide bridge)

	
Preclinical

	
GD2

	
Horwacik, I. et al., 2006 [156]




	
GD3P4

	
15-mer

	
Preclinical

	
GD3

	
Popa, I et al., 2006 [157]




	
D2

	
15-mer (eight peptides in a single molecule)

	
Preclinical

	
TF

	
Heimburg-Molinaro, J. et al., 2009 [158]




	
P10s

	
15-mer

	
Phase I

	
GD2 and Ley

	
Hutchins, L. F. et al., 2017 [163]




	

	

	

	
Makhoul, I et al., 2021 [164]
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