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For many years, cell-surface glycans (in particular, Tumor-Associated Carbohydrate Antigens, TACAs) have been the target of both passive and active anticancer immunotherapeutic design. Recent advances in immunotherapy as a treatment for a variety of malignancies has revolutionized anti-tumor treatment regimens. Checkpoint inhibitors, Chimeric Antigen Receptor T-cells, Oncolytic virus therapy, monoclonal antibodies and vaccines have been developed and many approvals have led to remarkable outcomes in a subset of patients. However, many of these therapies are very selective for specific patient populations and hence the search for improved therapeutics and refinement of techniques for delivery are ongoing and fervent research areas. Most of these agents are directed at protein/peptide epitopes, but glycans–based targets are gaining in popularity, and a handful of approved immunotherapies owe their activity to oligosaccharide targets. In addition, nanotechnology and nanoparticle-derived systems can help improve the delivery of these agents to specific organs and cell types based on tumor-selective approaches. This review will first outline some of the historical beginnings of this research area and subsequently concentrate on the last 5 years of work. Based on the progress in therapeutic design, predictions can be made as to what the future holds for increasing the percentage of positive patient outcomes for optimized systems.
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1 Introduction

During the 21st century, major changes in the way we detect, treat and prevent disease have been developed and put into practice. This has been highly evident when it comes to cancer therapy: Novel and innovative directions in discovery have resulted in modalities to treat various malignancies in more selective and “personalized” ways (1). Three new advances that have led the way when examining the past 20 years of discovery come immediately to mind: 1) The ready availability of cancer genome sequences after unraveling the human genome at the turn of the century (2), 2) The advent of targeted therapy for cancer (3) and 3) The development of biologics, primarily in the various forms of immunotherapies (4) to fight disease. All of these advances, to varying degrees, embody what we now refer to as “personalized” medicine, where the ability to look deeply into the biology of individual tumors helps to define disease-relevant genetic mutations, biomarker expression or immunological signatures and tailor a particular therapeutic regimen to those modifications for optimized outcomes. In the past several years, researchers and clinicians alike have looked upon this concept as the “future” of medicine and medicinal chemistry, where the use of broadly non-selective acting cytotoxins and radiation treatments can be replaced with individualized (less cytotoxic and more effective) care. For many cases, this has been realized and lives have been saved or prolonged with high quality when this mode of treatment is successful. Some of the more notable success stories since 2001 are:

	1) Starting in 2005, the development of The Cancer Genome Atlas (TCGA) has produced a compilation of cancer genomes from hundreds of different tumors for individualized biomarker discovery. These “Omic” studies have defined relevant cancer-specific genes that can be targeted by specialized therapy.

	2) The development of the first anticancer targeted therapy to the Bcr/Abl gene product, a fusion protein that produces a constitutively active non-receptor tyrosine kinase that drives proliferation of Chronic Myelogenous Leukemia (CML) cells. Gleevec (Glivec), now called imatinb, was considered the first targeted therapeutic drug likened to what Paul Ehrlich referred to as a specific “bullet” that kills these (as well as some other) tumors (3, 5). Many derivatives of imatinib that target other driver kinases have been developed since that time, as well as a variety of small molecules targeted to other biomarkers determined from the work outlined in point #1.

	3) The discovery that the human immune system can be harnessed to eradicate certain cancers, primarily through the inhibition of tumor-associated immunosuppressive mechanisms. So-called checkpoint inhibitors have been developed and FDA approved. These studies have paved the way for a host of monoclonal antibody therapies against these checkpoints, followed by the development of engineered T-cells from individual patient sera where a tumor-specific biomarker-binding molecule can direct these T-cells to a malignancy and exert a “dialed-in” cytotoxic effect on tumor cells (Autologous T-Cell therapy and Chimeric Antigen Receptor-T cells, or CAR-T cells) (6–8)



These three concepts have led to a series of newly approved drugs that have kept cancer at bay for thousands of patients whose disease course may otherwise would have been fatal. References to some success stories for cancer genomic studies can be found at the webpages for TCGA (9–14) at the Human Genome Research Institute of the NIH (https://www.genome.gov/Funded-Programs-Projects/Cancer-Genome-Atlas) and the National Cancer Institute webpage https://www.genome.gov/Funded-Programs-Projects/Cancer-Genome-Atlas). Targeted therapy has also seen a boon in approved agents, mostly derived from inhibition of driver tyrosine kinases that are overexpressed in various tumors (3, 15, 16). Couple the successful identification of tumor biomarkers by the TCGA with high throughput screening of drug candidates and optimization for specific protein binding sites and many additional tumor-targeted therapies will be available in the years to come. Cancer immunotherapy research has perhaps seen the steepest growth in the past decade. Approvals for new antibody and CAR-T therapies continue a remarkable pace, and refinement of molecular parameter such as the type of binding and regulatory proteins used to construct the T-Cell itself has helped to reduce off target effects and lower the threshold of activation necessary for optimal therapeutic efficacy.

However, as with all successes come setbacks and unanticipated factors that can continually be improved. For immunotherapy, these can be due to a host of factors, many that stem from a post-treatment overdriven immune system (cytokine release syndrome, activation of co-inhibitory pathways leading to T-cell exhaustion and effector cell neurotoxicity caused by overactive cytokine release in the cerebral spinal fluid) (17–19). Often, the immunotherapy is not enough to overcome the tumor immunosuppressive environment, led by tumor-associated macrophages and other lymphocytes that secrete cytokines that trigger the production of checkpoint molecules like PD-1 and PD-L1 (20–23). These drawbacks, however, have not dampened the enthusiasm for continued research to determine ways of more effectively utilizing the immune system to ward off tumor growth.

While most of the tumor-associated biomarkers, or “antigens” for CAR-T cell therapy are protein-derived, there is a separate family of molecules that are uniquely different on the surface of tumor cells compared to normal cells. These are the oligosaccharide structures that make up the various surface glycans that are present on every mammalian cell. Cell-surface glycans have distinct structural compositions on normal cells that dramatically change on transformed malignant cells. The aberrant structures are important partners in protein and cell binding events that lead to more aggressive tumor phenotypes. In addition, they are recognized by the immune system as “non-self”-like presentations and hence have been the basis of many tumor vaccine strategies. Tumor-associated carbohydrate antigens (TACAs) have been targets of therapeutic design in the fields of both anti-adhesive and immunotherapy for decades. Until relatively recently, TACAs had taken a back seat to protein antigens in cancer immunotherapeutic design, but there are now numerous reports on TACA-based drug and vaccine design as options in developing active or passive immune therapies to combat cancer.

Combined with targeting tumor-bearing carbohydrate structures, a valid strategy to both develop new entities for more selective delivery and overcome some of the other drawbacks of immunotherapy is to use platforms derived from various nanostructures. Nanotechnology in biomedicine has also seen and incredible boon during the last decades of personalized medicine. There is a plethora of novel platforms that have been developed both for delivery, targeting, self-degradation and tissue-selective targeting. Due to the heated scientific interest in the areas, there are also many recent reviews that have been published on these subjects, both separate and together (24–35). Thus, this review will first introduce the field and subsequently concentrate on the advances gained in the past 5 years. In a final discussion, an attempt will be made to critically assess the various platforms new available and offer opinions as to which are the most promising for future development.



2 A Brief History of Cancer Immunotherapy

Many treatises about the history of cancer therapy have been written and trace back the beginnings of cancer immunotherapy thousands of years (36). This is quite remarkable as these accounts detail spontaneous tumor regressions after some type of microbial (viral or bacterial) infection. The accompanying high fever and undoubtedly inflammation caused by the infection led to a strong immune response and subsequent remission of the invading neoplasm. This was the basis for several experiments performed by William Coley in the late 19th century, where he capitalized on case studies of patients who were cured of their tumors when infected with a streptococcal bacterium that causes the skin infection erysipelas (36). Inoculation of cancer patients with a combination of two separate attenuated bacterial strains caused remarkable remission rates compared to many of the medical treatments available at that time. Thus, “Coley’s Toxin”, which was a combination of both gram-negative and gram-positive bacteria could arguably be considered the first “adjuvanted” vaccine to treat tumors. Many of the immune-stimulatory molecules that are used today in vaccine adjuvants come from the cell walls of these bacteria, which serve to kick-start the immune system, most likely leading to the activation of stimulatory signals and the production of various immune cells, modulators and cytokines. Unfortunately, the use of bacterial toxins as (immuno-)’therapy” was quickly frowned upon, especially since the mechanism of tumor regression was not well understood at the time. Other modalities, such as radiation and newly developed small molecule drugs remained the fashion until almost 100 years later and the discovery of interferon and other cytokine immune stimulants like Interleukin-2 (IL-2) (37–41). While IFN and IL-2 were initially touted as game changers in tumor therapy, they came crashing to unceremonious endings based on unexpected toxicities and paradoxical immune-suppression mechanisms in the clinic. The end of the 20th century saw several other milestones in cancer immunotherapy, such as the discovery of first dendritic cells (42) and then natural killer cells (43); the theory of tumor immunosurveillance; the use of the Bacille Calmette-Guérin (BCG) tuberculosis vaccine to be used against tumors in mice (44), and the first cancer vaccine composed of an adjuvanted tumor lysate as early as 1959.

While this smattering of advances could be thought of as highly promising, little follow up and hence a lack of actual developed products left most clinicians disinterested. Fast forward to the 21st century and a revolution has now taken hold with a multitude of studies anointing cancer immunotherapy as the “fourth horsemen” of antitumor therapy along with (now more highly precise) surgery, chemotherapy and radiation (45). By the 2000’s it was well known that the immune system can have a powerful effect on tumor growth and dissemination. But perhaps the two discoveries, or re-discoveries as it may be considered, that brought the concept back to the forefront of cancer biology were: 1) unraveling the details of the immunosuppressive tumor microenvironment and that countering that immunosuppression is a viable therapeutic strategy and, 2) that a patient’s own T-cell population could be tailored to fight their tumor by reengineering these cells ex-vivo followed by reintroduction into the patient. Figure 1 shows a schematic of “then and now” in cancer immunotherapy.




Figure 1 | In the late 19th century, injection of Coley’s toxin (green beads, top left) caused an inflammatory immune response (center drawing, red man with immune cells attacking tumor) that helped tumor regression. Modern day immunotherapy (lower drawings, left to right) shows injection of CAR-T cells (green spiked ball) and/or checkpoint inhibitor antibodies (IgG figure) results in a similar effect without the use of toxic bacteria.



Point #1 magnifies the difficulties faced by a patient’s immune system in eradicating a tumor entirely. Tumors are not isolated islands unto themselves but are bathed in an environment that contains components that can be beneficial to tumor growth and hostile to any antitumor immune response (the tumor microenvironment). Various phenotypes such as Regulatory T-cells, M2 macrophages and mononuclear-derived suppressor cells (MDSCs) send out negative signaling to suppress the immune response and lead to the “exhaustion” of the T-cell response that would otherwise be antitumor (46). In normal tissue, these serve to halt an immune response that may proceed unchecked, essentially “putting the brakes” on a system which when dysregulated could cause detrimental pathologies such as autoimmune disease. In the tumor microenvironment, engagement and signaling through these checkpoints serve to allow proliferation and tumor invasion to proceed; hence the idea that inhibition of these would “remove the brakes” on the antitumor immune response. This has been realized with approved antibody therapies against regulatory proteins such as CTLA-4 (Ipilimumab) (47), PD-1 (Nivolumab) (48) or its ligand PD-L1 (Atezolizumab) (49). These approvals ignited several novel studies into either inhibition of the tumor suppressive environment or enhancing a natural antitumor immune response. Subsequent work on Point #2 above led to the discovery that, engineering a patient’s own T-cells with a binding molecule (antibody fragments such as an ScFv) to a tumor-specific antigen (a so-called neoantigen) and linking this to signaling domains that promote T-cell proliferation after neoantigen engagement, could eliminate certain tumors. The ScFv portion denoted as a Chimeric Antigen Receptor (CAR) spawned an entire new field of study and the development of many new therapies called CAR-T cells (7, 50). These can be specifically tailored to mutated or overexpressed antigens on a tumor and have, to date, been highly successful against particular subsets of tumors, especially lymphomas. CAR-T’s against the CD-19 protein have been approved for acute lymphoblastic leukemia (ALL, Kymriah) (51, 52) or other types of B-cell lymphomas (Yescarta) (53). Along with all the benefits of these therapies, they also come with (perhaps not unexpected) drawbacks. Ever since the amazing results obtained by Coley’s Toxin, adverse effects (AEs) have been a serious issue with immunotherapy. By turning off regulatory mechanisms, the immune system can go into overdrive causing issues such as Cytokine Release Syndrome (CRS)—an inflammatory process that can cause high fever and sometimes organ failure (18, 50, 54). This is part of what is sometimes referred to as a “cytokine storm” reaction to a pathogen or in the present discussion, CAR-T or checkpoint inhibition therapy, where a marked dysregulation of cytokine production can lead to fatal outcomes (18). This has been seen in the recent severe cases of SARS-CoV-2. An informative review of cytokine storm and CRS was recently reported by Fajgenbaum and June (55).

Even with the possibility of severe adverse effects, CAR-T and anti-checkpoint therapy have become standard for a select group of tumor types (primarily hematological), but researchers and clinicians alike are working feverishly to design these agents with lower risk of AE’s and increase their effectiveness in solid tumor immunotherapy. With regards to cancer vaccines however, while many designs have shown a degree of clinical effectiveness, the success of specific platforms has been much more difficult to realize (56, 57). To date, there are only a small handful of cancer vaccines that are used clinically, and these are split between therapeutic and preventative vaccines. Preventative vaccines are active against specific microbes (bacteria or viruses) that are the cause of or have a role in the development of a specific malignancy. The BCG vaccine described above that was originally developed against tuberculosis, is used in the treatment of bladder cancer (58–63). HEPLISAV-B is a vaccine against hepatitis B virus, whose infection leads to many hepatocellular carcinomas (liver tumors) (64, 65). Gardasil and Cervarix are vaccines against the Human Papilloma Virus (HPV) which is known as the causative agent in cervical cancer (66–68). Gardasil comes in two different polyvalent formulations which are each active against several different serotypes of HPV (69–71). Cervarix is active against the most common forms type 16 and 18 (71, 72). Sipuleucel-T (Provenge) is a therapeutic vaccine that is approved to treat metastatic castration-resistant prostate cancer (73). It is the only approved dendritic cell vaccine that uses the patient’s own cells, re-engineered to overexpress prostatic acid phosphatase (PAP), an antigen on prostate cancer cells, and an immune stimulating cytokine, Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF). Although FDA approved as a therapy, Provenge increases survival of prostate cancer patients by only 4 months. The only other therapeutic vaccine, Talimogene laherparepvec (T-VEC) is a hemolytic virus formulation that infects tumors and causes subsequent lysis. A herpes simplex virus was reengineered where two genes were deleted (Infected Cell Proteins (ICP) 34.5 and 47) and one for GM-CSF was added (74, 75). This allows the attenuated virus to infect tumors and still remain replication competent; after replication in tumors, those cells burst, thereby killing the cell and in the process releasing tumor antigens that can be processed and presented to T-cells. T-VEC is the only oncolytic virus therapy formally approved for cancer treatment, but only in specific instances of inoperable melanoma. The vaccine is injected intratumorally, that is, directly into the tumor tissue itself, since these are uniquely difficult to treat malignancies.

It is obvious that the last 20 years has seen a great increase in advances in tumor immunotherapy, with some relatively astounding results. In addition, CAR-T cell and checkpoint therapy are being continually approved for different tumor types and on clinical trials are being designed at a rapid pace.

Work is continuing to refine how to best design CAR-T cells with lower AE’s, better selectivity and higher efficacy in solid tumors. Reprogramming of the immunosuppressive tumor microenvironment is also an area ripe for further investigation. Lastly, progress in appropriate vaccines where agents can advance past Phase III trials has so far been what could be considered unsuccessful (76, 77), and hence a much more focused research effort to advance this this form of active immunotherapy is desperately needed.

The remainder of this review will focus on how nanotechnology and novel nanoparticle platforms can inform the future success of vaccine and immunotherapeutics in cancer. This will be discussed in the context of using TACAs and other glycans as targets for immune stimulation, presentation and delivery systems. The preparation of glycoconjugates in nanoparticle design will also be discussed.



3 Glycoconjugates, Antitumor Therapy and Nanotechnology

Cellular glycans are ubiquitous in all living organisms and it follows that they would be involved in a variety of important functions. This invariably includes the immune response and its modulation: Certain signaling pathways are mediated through the expression and interactions of specific glycan structures on cells of the innate and adaptive immune systems. They serve to both initiate disease states such as autoimmune diseases, cancer and those caused by microbial infections. They can also subsequently contribute to the progression of these states, such as cancer metastasis and advanced stage rheumatoid arthritis. As mentioned above, TACA’s and tumor cell surface glycans on glycolipids, glycoproteins and proteoglycans are all aberrantly expressed relative to a normal cell phenotype. This imparts alternate cellular properties to tumors relative to normal cells such as different adhesive, migration, and signaling abilities. Thus, cellular glycans, and as it would follow, the proteins that interact with these structures (lectins, such as the Selectins, Galectins and Siglecs) have been targets of anticancer therapy for many years (78–81).

TACAs are considered antigens since the immune system mounts a response to them, even though they are “self” glycans. Carbohydrates are considered T-cell independent antigens since the standard immunological response to these structures alone is humoral with no stimulatory signals that can promote T-cell production and expansion. Foreign carbohydrate antigens on bacteria and viruses are recognized by immunoglobulin receptors on B-cells to initiate antibody production usually through non-class-switched, low-affinity IgM production. Based on this model, carbohydrate-based vaccines (in particular those to bacterial capsular and cell-surface glycans) have traditionally been designed as conjugates to carrier proteins whose primary sequences encode T-cell epitopes to help foster a cell-mediated response through presentation by Major Histocompatibility Complexes (MHC), primarily CD4+ helper T-cells. Most vaccines against various bacterial infections are constructed in this way, with proteins such as tetanus toxoid or the non-toxic mutant of diphtheria toxin, CRM197, used as T-cell epitope “carriers” (82, 83). Not surprisingly, this design strategy has been coopted for the construction of cancer vaccines to tumor glycan-based antigens (80, 82–97). However, glycopeptides derived from cell surface proteins containing TACAs (or other immunogenic glycans) can also be presented to T-cells and the sugar can either contribute or detract from MHC binding (85, 98–110). Discovered about 25 years ago, another set of MHC-II-like antigen presenting molecules, the CD1 family (CD1a-CD1e), has been shown to present cellular and foreign glycolipid antigens to either γδT-cells or Natural Killer T-cells (NKT cells). The marine derived α-galactosyl ceramide was initially identified as a ligand for CD1d, and this discovery has spawned an entire research direction to define the features of and discover new glycolipid molecules that can be used as adjuvants in vaccine design (83, 111–114). More recently, the discovery of zwitterionic polysaccharides (ZPSs) from certain bacteria as polymers that can be presented to T-cells and elicit a cell-mediated response has shifted the paradigm of saccharide immunity (100, 115–117). Data in the last decade has shown that processing of ZPSs is through pathways similar to protein presentation, with breakdown of the polysaccharide after endocytosis and processing by MHC-II to present to CD4+ T-cells. ZPSs are part of the innate immune response after the discovery that they interact with and agonize toll-like receptor-2 (TLR2) signaling (118–120). The immunogenicity of certain TACAs has been enhanced by conjugation to ZPSs (121–123).

The citations in the previous paragraph clearly show that the use of TACAs and other tumor-associated glycans is a very active area of research and will continue to contribute to advances in immunotherapeutic against many tumor types. The problems of appropriate antigen design, tumor-selective biomarker selection and delivery systems for appropriate efficacy remain conceptually difficult to overcome. A direction that the field has followed for almost two decades now is to use nanotechnology (particles, polymers, colloids, carbon allotropes, etc., with individual core particle sizes in the 1-100 nm range) in its various forms to solve some of these issues. This can manifest itself in many ways, such as (Figure 2): 1) the use of different nanoparticles as (targeted) drug or antigen carriers, 2) taking advantage of nanoparticle size or shape to selectively home to tumors, 3) employ the multivalent presentation that nanoparticles can facilitate to enhance a particular response or 4) encapsulate therapeutic materials in a nanoshell for protection from degradation or metabolism before reaching an intended target tissue/cell. In the past few years, there have been may reviews written on the subjects contained in this manuscript, i.e., cancer immunotherapy and the use of nanotechnology in this quest. A search of the Web of Science using the terms “Cancer” “Immunotherapy” and “Review” reveals more than 17,000 articles, with >30 of them to be published in the year 2022 (the year after this review is being written()!… These references are relevant to this review (124–140)). The purpose of this review is thus to concentrate specifically on what may be the most useful technology developments in the last 5-7 years, focusing only on the use of nanoparticles in tumor immunotherapy approaches, as opposed to simple drug delivery and nano-platform development.




Figure 2 | Nanoparticle-mediated targeted drug delivery to cancer cells (center, darker pink circles). Nanoparticles (blue box) containing targeting moieties bind to cancer cell (CC) markers on tumors to inhibit/agonize signaling or protein binding and/or deliver therapeutic drugs (red jagged spheres; e.g., small molecules or antibodies). Linkers are important components of the design for distance and physiochemical property requirements.





4 Glyco-Nanotechnology and Cancer Immunotherapy

As alluded to above, in 2021 there is no shortage of reviews published on the cancer immunotherapy, with or without the use of nanotechnological platforms. An attempt will be made here to outline the latest advances in the use of glycoconjugate nanoparticles and nanosized-polymeric systems in cancer immunotherapy while highlighting unique details of each with regards to innovation and future therapeutic potential.

Nanoparticles (NPs) have now been used in the design of new medicinal agents for more than two decades. There are both advantages and disadvantages to using nanoparticles over monomeric and single agent materials as a drug/vaccine, where it can be argued that their benefits outweigh their shortcomings. Figure 3 illustrates some of the most widely used platforms in the past 20 years, highlighting some of their plusses and minuses for use in generic drug delivery or immunotherapy. Nanoparticles in immunotherapy have primarily been used in two related ways: 1) as drug delivery agents and 2) as vaccine platforms for the delivery of antigens and/or adjuvants to specific immune cells. The major advantages to using nanotechnology in therapy are the following: 1) NPs change both pharmacokinetic and pharmacodynamic properties of whatever entity they carry, leading to altered metabolism and often protection from degradation; 2) This added protection coupled with targeted delivery will improve the likelihood that the NPs go where they are supposed to and present antigens and adjuvants to specific immune cells and 3) the combination of (1) and (2) will reduce off- target effects. While there are many examples of the use of NPs in immune therapy, only a small percentage of those relate directly to glycoconjugates or the use of carbohydrates as antigens or ligands in the potential therapy.




Figure 3 | Various nanoparticles used in antitumor therapy design and selected advantages (up arrow) and disadvantages (down arrow).



As shown in Figure 3, certain families of NPs have distinct properties that are highly relevant to the interaction of glycans with their receptors. Paramount of these features is the inherent multivalent nature of NPs. NPs have a high surface area and multiple copies of carbohydrate ligands and/or antigens can be attached to different particle types. As alluded to in the figure, polymeric and dendrimeric particle surface density can be controlled and adjusted with high accuracy, as compared to, for example, inorganic nanoparticles where this ligand density could be more random and difficult to alter. It is a well- known property of carbohydrate-protein(lectin) binding that multivalency (the “Velcro” effect) is critical for high avidity binding and the elicitation of a subsequent biological effect (141). Thus, the use of nanosystems for immunization or ligand binding to lectins holds an inherent advantage to single molecule strategies.


4.1 Vaccines: Delivery Platforms

As alluded to earlier, many TACAs and glycolipid glycans have been the subject of anticancer vaccine development going back to the 1970’s starting with George Springer (142, 143). He discovered that the Thomsen nouveau (Tn, GalNAc-α-O-Serine/Threonine) and Thomsen Friedenreich (TF, Gal-β-1,3-GalNAc-α-O-Serine/Threonine) antigens were actually TACAs and that the body raised an immune response to them. A vaccine preparation of depleted red blood cells carrying the TF antigen that he developed was used by his 32 patients, where over half survived after 5 year and 7 survive over 10 years (144). Some patients had late-stage disease that at the time would not have lasted more than a few months. While cell preparations are in the micron size range and thus not “nano” (1-100 nm), this still could well be considered the beginning of particle-based glycoconjugate vaccine anticancer therapy. The following discussion will highlight some of the specific systems that have been successful in tumor immunotherapy.


4.1.1 Liposomes

Nanosystem vaccine preparations to TACA’s and other glycans have a rich history dating back about 20 years. In 2005, the Boons group at the University of Georgia prepared a 3-component vaccine comprised of the Tn antigen, a T-cell epitope from poliovirus and a Toll-Like Receptor-2 (TLR2) agonist Pam3Cys lipopeptide linked covalently into one combined molecule (145). Incorporation into liposomes (constituting a “nano”vaccine) and immunization of mice revealed a robust humoral immune response. Refinement of this design strategy over the next several years showed that addition of a MUC1 peptide-conjugated Tn antigen dramatically increased the antibody titers (146–148); use of a 2,6-sialyl-Tn antigen also showed robust immune response to this antigen (149) and replacement of the poliovirus T-cell epitope with a longer MUC1-derived glycopeptide containing specific epitopes could also elicit a T-cell response similar to the original design (150). Other liposomal preparations have also been used in this context. One strategy showed that addition of galactosyl ceramide (vide supra) into the liposome could potentiate the immune response to a MUC1 glycopeptide (151). A recent interesting study by Shiga, et al., examined the effect of adding trehalose 6,6′-dimycolate (TDM) to a cationic liposomes on the antitumor immune response toward various cancers. TDM is a component of the cell wall of the bacterium BCG (also, vide supra) that is used as a treatment for bladder cancer (152). The idea was to use a subunit of that bacterium in place of the whole microbe as a non-toxic replacement that can be incorporated into various nano-formulations. This construct proved to be as or more active than BCG in mouse models of several cancers. This effect was reduced in knockout mice depleted in CD8+ cells and the C-type lectin Mincle, a receptor for TDM, suggesting interaction with Mincle was a prerequisite to biological activity. This simplified design may be useful in future vaccine constructs bearing tumor-associated antigens. An interesting study was reported by Yanigahara, et al., where a β1,3-β1,6-branched β-glucan called Aquaβ, chemically-derivatized containing pH sensitive glutaric acid esters were incorporated into liposomes (via conjugation of a percentage of the glutaric acid moieties with decyl amine groups) loaded with model antigen (OVA) (153). The strategy entailed interaction of these nanoparticles with C-type lectins or TLR proteins on the surface of APCs that bind β-glucans, such as Dectin-1 or TLR2, which leads to endocytosis and cross presentation of protein antigen to elicit a cell-mediated (CD8+) immune response. The response was greater with the branched polysaccharide relative to similarly-modified linear curdlan derivatives. The study suggests that β-glucans can be heavily derivatized and still maintain their APC activating properties.

The reader is referred to the following reviews for more information on the use of glycan-modified liposomes in immunotherapy (24, 154–156).



4.1.2 Inorganic Nanoparticles

The use of metal-based 3-dimensional self-assembled monolayers and other inorganic particles has been a mainstay of tumor immunotherapy for several years. In particular, gold and iron oxide glyconanoparticles have been used as both diagnostic and therapeutic agents in a variety of antitumor research studies. The reader is referred to recent reviews concerning the use of glyconanotechnology in cancer therapy (24, 26, 28, 29, 31, 32, 34, 157).


4.1.2.1 Gold Nanoparticles

Along with use as a novel drug delivery platform, gold nanoparticles alone can act as an immune stimulant and adjuvant for other immune-based therapies. Over the past 15 years, a series of papers were published by the Dykman group whose work established the immune functions of naked and neutral-passivated AuNPs (158–161). A review by this group in 2010 (160) seems to establish the concepts that, 1) colloidal gold could act as a carrier of various immunogens, including small molecules haptens to stimulate an antibody response, and 2) That colloidal gold nanoparticles can act as adjuvants on their own, but there is also contradictory reports on whether or not AuNPs themselves are actually harmful or offer some benefit to an organism through stimulation of immune cell proliferation.

Gold Glyco-NPs (AuGNPs) were developed over 20 years ago by the Penades group (162, 163), and we (164) and others (165) had contributed to the preparation of vaccine construct based on AuGNPs bearing either a single TACA or glycopeptides from cell surface mucins bearing TACAs. With a focus on work performed since ~2015, there have been some successful applications of this design as a tumor immunotherapy. An excellent review by Ferrando, et al., has recently been published (166) that outlines the use of AuGNPs as vaccines against bacterial and viral infections as well as cancer. Some of the most important heavily glycosylated tumor-associated antigens studied today are Mucins, and of those MUC1 is arguably the most heavily researched. The tandem repeat (TR) sequence of human mucins is a repeating segment of between 16-24 amino acids that extend out from the cell surface. These motifs are replete with serine and threonine residues that are mostly O-glycosylated (“Mucin-type” glycosylation) with different core structures. In tumors, these are truncated to 1-3 saccharide units comprising the aforementioned Tn, TF and sialyl-Tn/TF structures. These have been the subject of tumor vaccine studies for over 25 years. While the individual glycans were thought as the actual antigenic structures and originally used as conjugates to carrier molecules, it has become widely accepted that the context of the saccharide in the mucin environment—i.e., covalent attachment to the peptide backbone and presentation amidst other TRs—is the structure that more closely resembles the actual presentation on the cell surface. Thus, we and others pursued tumor/mucin-associated glycopeptides as the appropriate haptens for immunization.

The Kunz group has pioneered the synthesis and vaccine preparations of TR mucin glycopeptides from both MUC1 and MUC4 (104, 106, 167–170). Working with the Westerlind group, these researchers have reported on the immune evaluation of selected MUC1 glycopeptides coated on AuNPs (171). The unique design of their system, somewhat akin to that of Cameron, is shown in Figure 4.




Figure 4 | Design of Westerlind, et al., of PEGylated AuNPs with covalently-linked TACA glycopeptide coupled to the Tetanus Toxoid T-cell motif P30 (reprinted from reference 163).



Polyethylene Glycol (PEG) units functionalized with thiols at one terminus and amines or carboxylates at the other, were first used to passivate 13 nm AuNPs. A combined MUC1 glycopeptide/CD4+ helper sequence (P30 from Tetanus Toxoid) was synthesized by solid phase peptide synthesis with a C-terminal thiol. Addition of a NHS/maleimido heterobifunctional linker to the pegylated AuNP appended a maleimide unit that could be conjugated by the thiol-terminated P30-MUC1 glycopeptide. Immunization with complete Freund’s adjuvant and evaluation of the antisera showed IgG that react with the glycopeptide immunogen. Immunization with the combined peptide alone without the AuNP carrier was about 10-fold less potent. While the titers were albeit relatively low, and only three mice were used per immunization, the design may be useful for further development.

Our own recently published work showed that preparation of AuNPs with β-glucans (immune stimulating polysaccharides from fungal and cereal cell walls) and the MUC4 glycopeptide discovered in previous work elicited a strong immune response in animals with antibody titer up to 300,000 (172). A T-cell mediated response was also evident from a EliSpot assay where cytokine secretion showed evidence of glycopeptide presentation to T-cells through an MHC-II-dependent process.



4.1.2.2 Iron Oxide Particles

Iron oxide NPs are easily constructed and can act as either carriers of various molecular families, similar to AuNPs, as well as act as contrast agents in Magnetic Resonance Imaging (MRI)-based diagnostic studies. They are often called Superparamagnetic Iron Oxide NPs (SPIONs) due to their specific properties such as nanometer size- and temperature -dependent magnetic fluctuations and the ability to be magnetized to high magnetic susceptibility from an external source. The Huang group pioneered the preparation and use of “glyco”-based SPIONs with a 2010 report that showed hyaluronic acid-coated SPIONs can maintain their CD44 binding properties while also being able to bind to and enter macrophages, allowing imaging of these cells. In 2015, this same group prepared lipopeptide-coated SPIONs also coated with TACAs for delivery to the immune system. In a unique design, they prepared SPIONS coated with functionalized oleic acid and MUC1 glycopeptides terminated by a phosphatidylethanolamine that “intercalated” into the hydrophobic SPIONs. These particles were able to activated dendritic cells in the presence of the TLR4 agonist monophospholipid A (MPLA). Immunization of mice elicited a strong IgG antibody response where the antisera could bind MUC1-presenting MCF-7 breast cancer cells and cause complement dependent cytotoxicity of these cells. This only occurred with the nanoparticles and not the glycolipopeptide alone. The authors speculated that the as-designed amphiphilic nature of the nanoparticles help them traffic to lymph nodes and hence trigger a better response. Nativi’s group synthesized standard ferromagnetic iron oxide nanoparticles as well as dextran-coated IONs displaying a mimetic of the Threonine-linked Tn antigen (173). These particles were able to trigger TNF-α gene expression in mouse macrophages with the same potency as LPS. Treatment of PBMCs with the dextran particles triggered the secretion of IL-6 and IL-10, similar to treatment with LPS. This activity only occurred when using the multivalent display on the nanoparticles and not with the monovalent mimetic.




4.1.3 Virus-Like Particles

Virus-Like Particles (VLPs) are basically viruses that are devoid of genetic material and hence are replication incompetent. They can be isolated from naturally sources or prepared in different ways such as self-assembly through recombinant technologies. Capsid proteins and other can be used for their construction, but they can be produced in different organisms. Hence, VLPs come in a variety of “flavors” and are derived from a wide variety of virus families, including bacteriophages. The protein coats on their surfaces have several reactive functional groups exposed, such as amines and thiols, that can be conjugated with antigenic molecules (Figure 5).




Figure 5 | (A) Rendered crystal structures of different VLPs with color-coded rendered subunits. (B) Depiction and micrograph of Qβ and one example of how the surface may be modified with a bifunctional linker (with permission from “Therapeutic vaccines for chronic diseases: successes and technical challenges” 2011, 366, 2815-2822, DOI: 10.1098/rstb.2011.0103).



The Huang group again has done some pioneering work in this area. They initially showed in 2013 that a simple monomeric Tn molecule displayed on the surface of bacteriophage Qβ can stimulate a powerful immune response to the GalNAc-glycoamino acid with antibody IgG titers close to 1,000,000 (174). the strength of the response was dependent on the dose of the vaccine as well as the density of antigen presented on the VLP. A glycan microarray analysis of the antisera showed that it was specific for Tn-containing structures.

A follow up to this work was published in 2019 that used the TF and Sialyl-Tn antigens as glycans coupled to the same MUC1 peptide sequence followed by attachment to Qβ (175). Again, incredibly high titers [>>10 (6)] were generated in ELISA assays to the constructs conjugated to BSA. The sera from the TF-conjugated glycopeptides recognized multiple MUC1 isoforms, weas cytotoxic to MUC1-bearing tumor cells and protected mice from tumor challenge post vaccination. Thus, the possibility of a preventative vaccine derive from these bacteriophage particles is a distinct future possibility. A final study with similar experimental details looked at the β-Threonine-linked TF glycopeptides as a possible solution to the inherent instability of the natural α-threonine-linked to endogenous glycosyl hydrolases (176). Similar antibody titers elicited for this construct in a MUC transgenic mouse model, and interestingly, these sera cross-reacted with the α-linked TF glycopeptides and recognized tumor cells with natural a-linked TF antigen. This “mimetic” design may prove very useful, as the β-linked molecules could be considered “foreign” in a tumor microenvironment setting. A study by Sartorius, et al., used variation on this theme by attaching an adjuvant – the aforementioned α-GalCer – to a VLP and examined the stimulation of invariant NKT (iNKT) cells (177). Bacteriophage loaded with α-GalCer stimulated activation of iNKT cells in vitro and in vivo. If these VLPs were programmed to display an immunogenic OVA peptide and then coated with α-GalCer they were found to stimulate CD8+ cell production and also protect mice form B16 melanoma. Given the success of bacteriophage particles in some of these studies, it is highly encouraging that the combination of adjuvant/antigen can be a successful strategy to construct a therapeutic vaccine. This may be useful with the MUC1 or other mucin-derived glycopeptides to avoid admixing of adjuvant and antigen. We used a similar strategy in our original AuNP vaccine design (164).



4.1.4 Polymeric Nanoparticles

Since the two most abundant organic materials on earth are polymers of carbohydrates (cellulose and starch), it is no wonder that the study of the chemistry and potential biological applications of these types of molecules would encourage fervent research in this area. Glycopolymers in biomedicine also have a rich history, with a broad array of uses as targeting agents, lectin inhibitors and drug delivery systems. Glycopolymers can be synthetic from bottom-up processes (such as Reversible Addition−Fragmentation chain-Transfer polymerization, RAFT; or Atom transfer radical polymerization, ATRP) or naturally occurring polymers that are used as is or modulated to enhance or modulate their properties (178–180). Glycopolymers have played major roles in the fields of general glycobiology and chemistry, as well as medicinal glycoscience. There are, obviously, many naturally occurring glycopolymers and a host of synthetic molecules that have been studied in a wide variety of contexts. Many natural polymeric materials have unique self-assembled properties and folds that categorize them as “nanoparticles”. A relevant example is the group of nanocellulose structures (nanocrystals, nanofibrils and bacterial nanocellulose) derived from different sources and where each have been employed in a wide range of applications, including those in biomedicine (181). Other polysaccharides such as starch, dextran, pullulan and chitin can all form nanostructures under appropriate conditions (182–184). The following brief discussion will outline select studies on these nanostructures and the reader is referred to the previous reviews (refs. 172-174) for details of glycopolymers in immunotherapy.

Natural polysaccharides are ideal platforms for biomedical applications: They are biodegradable, biocompatible and mostly non-toxic. Designing delivery or biologically active systems from these structures can hence be more predictable and perhaps more easily approved for clinical use if sufficiently efficacious. Chitosan, prepared by the partial deacetylation of chitin (a polymer of β-1,4-linked N-acetylglucosamine), is perhaps most promising, as it is considered safe by the FDA its structure and properties can be modulated by controlled deacetylation. An interesting application was reported by Shi, et al., who designed a mannose-coupled chitosan nanoparticle in a whole tumor cell lysate-based vaccine preparation (185). The authors were able to prepare chitosan nanoparticles that were loaded with tumor cell lysates from B16 melanoma cells. To this was coupled a mannose-alginate conjugate for targeting the mannose receptor on immature dendritic cells. The “dual-sugar”-based vaccine preparation promoted antigen uptake by and maturation of bone-marrow-derived dendritic cells, enhanced the CD8+ response in vivo which led to a potent reduction of tumor burden in a mouse melanoma model. In another application, an ingenious nanoparticle derived from a glycol-modified chitosan particle was used for low temperature hyperthermal treatment of tumors and simultaneous immunomodulatory effects (186). A glycol-chitosan derivative was covalently linked to a polyaniline scaffold to create an amphiphilic polymer containing a conductive polymer (polyaniline) for efficient photothermal conversion when applied intratumorally. Addition of the TLR7/8 agonist, R848 (Resiquimod) allowed for self-assembly where a biocompatible polymer encased a small organic molecule within its hydrophobic core. When injected into murine CT26 colon carcinoma tumors, this material allowed for photoablation while also affecting immune stimulation via the TLR agonist. A potent immune memory was generated since re-challenge with CT26 tumors after initial therapy protected mice form tumor further growth. The design and outline of experiments are shown in Figure 6. These constructs were compared to “empty” nanoparticles (those without R848) and the authors showed a potent synergistic effect of using the “loaded” particle as opposed to the one simply bearing the thermo-conductive polymer. Multifaceted designs such as these have a strong potential for clinical use if starting with biocompatible and non-toxic polymers.




Figure 6 | Design of photo-ablative and immunomodulating chitosan-based nanoparticles based on the activity of polyaniline and R848. Reprinted with permission from Elsevier (186).



The nanoparticles that can be produced from starch, cellulose, alginates of chitosan can all have effects on the immune response when they are used to treat various immune cells. This is actually a fascinating feature of many natural polysaccharides: Size, shape and even minor forms of modification can dramatically affect the types of cytokine gene expression that they trigger in the presence of various types of monocytes or dendritic cells. For example, when Torres, et al., compared microfilms of potato starch (100’s of microns long) (187) to nanoparticles prepared from starch of the same potato family (40-60 nm) (188), a very different cytokine profile was generated by each treatment. Differential results are also obtained when using various forms of chitosan, carrageenan and alginate particles when after treatment of various immune cells (see Torres (184), and references therein for more information)



4.1.5 Dendrimers

Dendrimers are perhaps one of the more mature technologies for the preparation of multivalent glycan-based systems. Dendrimers are “treelike” (from the word Dendron) structures that can grow from only 2-4 functional groups to many, usually in multiples of 2 (189). Poly(amidoamine), or PAMAM dendrimers are the most common, comprised of amine and amide functionalities that begin with ethylene diamine reacting in a Michael fashion with methyl acrylate. This creates a tetra-carboxyl core that can double in size with subsequent additions of the diamine to form amine-terminated amides. Double addition to acrylate continues the process (Figure 7). Each addition is called a “generation” (0, 1, 2, 3….) and most of these are now commercially available. While the word dendrimer usually conjures up a “spherical” arrangement as shown in the right of Figure 7, it also can refer to any tree-like projection of multiple functional groups, such as one tetrameric branch of the 16-mer structure on the left of Figure 7.




Figure 7 | Basic synthetic scheme for construction of a PAMAM dendrimer (left). Schematic representation of a 24-mer dendritic structure.



As one can imagine, a dendrimer can be terminated with ether amines or a variety of other functional groups that may be used for 1) ligand conjugation chemistry, 2) display of charge to facilitate ionic interactions (such as adhesion of nuclei acids to polycationic amine-terminated dendrimers) or 3) encapsulation of metals (so-called metallo-dendrimers). Glycans are one such molecular family that have been attached to dendrimers for application such as lectin binding, cell-targeting and inhibition of cell adhesion. Arguably, the field of glycodendrimer technology was pioneered by the Roy group in Montreal beginning more than 25 years ago (190). His group have attached many tumor antigens and other carbohydrates to dendrimers for a variety of applications, including 1) defining density and molecular arrangement in lectin-sugar interactions (191, 192), 2) inhibiting these interactions in infectious disease (193) and 3) as antitumor vaccine platforms (25, 33, 194, 195). Dendrimers have now emerged as bona fide scaffolds for vaccines against many diseases, including cancer. As with many of the concepts described above, there is no shortage of recent reviews on this subject alone (25, 196–205). Thus, in the spirit of this review, the next paragraph will highlight some intriguing research of the last few years.

As mentioned above, dendrimers can come in different “flavors” that can nucleate different topologies depending on the number of branches and the specific chemistry used to create the structures. An early iteration was developed by Tam where he attached a lysine protected with a Boc group at both the α- and ε-nitrogen atoms to a β-alanine loaded resin (206). Deprotection and addition now of 2 similarly-protected lysine residues continued the growing cycle. He called these “multiple antigen peptide” (MAP) systems where an antigenic peptide would be synthesized on each of the nitrogen atoms of the dendritic structure. This system was utilized by Bay, et al., to attach both a Tn antigen TACA tripeptide and a CD4+ T-cell epitope as a vaccine against breast cancer (194). They showed that antisera from mice immunized with their construct could kill Jurkat cells by antibody-dependent cellular cytotoxicity (ADCC). Commendable on the author’s part is their conformational analysis of the peptides on the dendrimer by NMR. They found mostly a random coil distribution but some enhanced stiffening around the glycosylation sites. They attributed the enhanced activity of the multivalent system over the monomer to the possible clustering of the MGL receptor on APC’s caused by interaction with multiple copies of the TACA glycopeptide. A slight twist to this dendrimeric design is the formation of cyclopeptide-based scaffolds. A recent example of this was presented by Renaudet and co-workers who prepared a system containing both the Tn and TF TACAs on hexadecavalent cyclopeptide system (207). In a synthetic strategy that used a convergent approach to orthogonally protect different branches of the system, they were able to mix and match addition of the TF and Tn antigens for a heterogeneous display of the TACAs. Binding to a Tn-specific antibody showed a distinct preference for specific arrangements on the MAP system. The same group has prepared similar systems bearing the sialyl-Tn TACA (208) as well as Tn conjugated in a natural linkage to serine and one replaced with an oxime unit, where they showed that the oxime-linked Tn had superior immunotherapeutic properties in vivo (209).

In a recent report, Sharma et al., showed that attachment of simple sugars (glucose, galactose and mannose) to hydroxyl-terminated dendrimers through a click chemistry approach, allows crossing of the blood-brain barrier into the Tumor Micro-Environment (TME) of glioblastomas to target overexpressed sugar transporters due to the Warburg effect to help internalize the dendrimer into Tumor-Associated Macrophages (TAMS) and microglial cells. This enhanced delivery to brain tumors should allow for delivery of small molecules drugs directly to difficult-to-access tumors. While not technically a “glycodendrimer”, an interesting report by Shi and coworkers has shown that a dendrimer entrapped AuNP can reduce T-cell exhaustion in vivo through the delivery of siRNA against the immune checkpoint molecule PD-1 (I consider nucleic acids part of the “glyco” family)! (210). This group has pioneered the use of these dual nanoparticle constructs since the AuNP core imparts altered conformational properties to the ligand presentation on the dendrimer (211). The ingenious design is based on the use of both 1,4,7,10-tetraazacyclododecane-N,N′,N″,N′″-tetraacetic acid (DOTA) and 1,3-propane sultone in subsequent additions to a dendrimer to create a ligand for gadolinium based MRI imaging and a zwitterionic cap where siRNA can be ionically trapped facilitating its delivery (Figure 8). In a more carbohydrate-based application, they have also use cyclodextrin-coated dendrimer-AuNPs to deliver siRNA to glioblastoma cells (212).




Figure 8 | Schematic diagram of design of the dendrimer-encased AuNP from Shi et al. (A) Sequential coupling of DOTA and 1,3-propane sultone followed by AuNP formation and Gadolinium ligation. (B) Capping with PD-1 siRNA, followed by delivery to a T-cell results in reduced PD-1 expression and restoration of T-cell antitumor activity.



Finally, the use of dendrimers has been commercialized in the formation of companies to develop these platforms for clinical use. One company that is trying to market glycodendrimers is GlycoVax in Montreal. Based on technology of Professor Roy, Glycovax (https://glycovax.com/) is developing vaccines based on glycan-decorated dendrimers against COVID-19.




4.2 Reprogramming the Tumor Microenvironment (TME)

The immunosuppressive tumor microenvironment is a challenging obstacle to overcome when attempting to develop effective immunotherapies. A primary feature of the TME is the presence of immunosuppressive and tumor-promoting M2-polarized tumor-associated macrophages (TAMs). These are characterized by an anti-inflammatory cytokine profile that favors proliferation and tissue regeneration. Alternatively, the M1 phenotype is pro-inflammatory and antitumor, with high production of IL-12, nitic oxide, and reactive oxygen species (ROS). M2 TAMs release high amounts of IL-4 and IL-10, as well as upregulate C-type lectin receptors such as Dectin-1 and the Mannose receptor (MR) (213). Polarization between these two subtypes is dynamic and regulated by a series of cell-surface receptors, signaling pathways and pathogen-associated molecules such as LPS and other TLR agonists. Many signaling pathways such as those associated with IRK/STAT, GM-CSF, oxygen/ROS levels (hypoxia), various micro RNAs and carbohydrate receptors have been shown to be involved in the programing of either the M1 or M2 state, where the specific physiological milieu can swing this in one direction or the other. Better understanding of these processes and the ability to reprogram the M2 phenotype toward M1 has been an innovative strategy in recent tumor checkpoint-based immunotherapy (214).

Thus, it is perhaps not surprising that a variety of strategies have been employed to use nanomaterials, especially glycopolymer-based systems, where targeting of either TLR’s or CLR’s may direct polarization of one state or the other. Recent work by Weissleder’s group has shown that delivery of Resiquimod, R848 (vide supra) encased in β-cyclodextrin-based nanoparticles could repolarize M2 macrophages to M1 and enhance tumor suppressive mechanisms (215). Combination therapy with anti-PD-1 checkpoint antibodies was synergistic in shrinking MC38 mouse colon adenocarcinomas. Slightly outside the sphere of nanotechnology, microparticles coated with mannose and metformin, a diabetes drug that has been also shown to reprogram TAMs, were able to reprogram M2 macrophages and boost antitumor immunity (216). In a separate indication, what were considered “glycocalyx-mimicking” polymeric nanoparticles displaying different monosaccharide ligands for CLR’s were prepared in a block-copolymer fashion and self-assembled onto polystyrene beads. The nanosystems displaying fucose, mannose or galactose were all able to repolarize M2 macrophages to M1 both in vitro and in vivo (217). The same group showed similar results with anti-PD-L1 checkpoint inhibition synergy with polymers prepared by RAFT polymerization with galactose and mannose units. An application of microRNA delivery was studied where miR-125b was delivered specifically to a pancreatic ductal adenocarcinoma (PDAC) model using a self-assembled hyaluronic acid/PEG/polyethyleneamine nanosystem to affect repolarization in both in vitro and in vivo models of these PDACs (218). Finally, it was shown that a β-1,6 linked glucan from the fruiting body Amillariella Mellea, an edible fungus used in traditional Chinese Medicine can skew IL-4 induced M2 macrophages to M1 through a TLR2-mediated mechanism (219).

There are many other nanosystems that can also repolarize M1 to M2 that are not carbohydrate-based (220–229).



4.3 Ligand Chemistry, Number and Density

As mentioned above, many biological processes, and in particular ones that involve cellular glycans, involve binding of multiple copies of a “ligand” with a “receptor”. Multivalency is nature’s way of potentiating the effect of a specific interaction, such as an aspect of a specific signaling pathway or the adhesion of a cell to a protein or another cell. There is no universal method for determining coverage of any particular glyconanosystems since the chemistry used to prepare each entity, along with the morphology of shape and size of each system varies widely. There have been some standard carbohydrate analysis methods that have been used along with other more underdeveloped ways of approaching this question. Yan and coworkers have used the colorimetric anthrone/sulfuric acid method to determine carbohydrate content by a standard curve calibration method (230). We have used the phenol/surfuric acid system for determining polysaccharide coverage for our β-glucan AuNPs (172) Soledad Penades whose group pioneered the use of AuNPs in biomedical applications used quantitative 1H NMR to determine percentages of carbohydrate and linkers in hybrid-conjugated AuNPs (231). Yan has used quantitative 19F NMR to quantitate carbohydrate that were photochemically attached to perfluorinated aromatic residues on silica nanoparticles (232). Thermogravimetric analysis can also be used by determining elemental content of the organic matter attached to the particle (233). This is useful for nanoparticles that are homogeneously coated with glycans.

It is difficult to quantitate the proper arrangement and ligand placement that may be optimum for a specific biological response. As has been alluded to, multivalency is highly important in carbohydrate-macromolecule interactions, and many times, the adage “the more the merrier” holds true, especially when comparing multivalent displays with a monomeric sugar. However, a recent review sums this up nicely in the abstract of the article. After stating that many studies have been performed on ligand density, multivalent binding, cell internalization and size/shape considerations, the following sentence states: “Although such experimental studies are very insightful, information is limited and confounded by numerous differences across experimental systems” (234). Although this manuscript was not directed at glyconanoparticles, many of same features may hold true for sugar based systems. In fact, sugar-based constructs may even offer more complexity since high affinity/avidity carbohydrate-protein binding requires multivalency. There are however several examples of nanoparticle design where density and distance requirements are key to simple protein binding or stimulation of a biological response. The following section expands on this to morphology.



4.4 Size and Shape?

The previous paragraph begs the question of how the morphological properties of nanoparticles affect their biological activity, especially with respect to immune cell targeting, cell penetration, vaccine effectiveness and cytokine release profiles. There have been a handful of useful studies that make predictions as to what type of shape and/or size will be taken up more efficiently by various mammalian cells. Early work by Albanese and Chan showed that different size AuNPs of either spherical or rod-like shape with different aspect ratios can be taken up differentially by Hela cells. Their work was with “naked” citrate-stabilized AuNPs so the uptake was affected by non-specific protein binding of each particle. Later work by Odom showed that 50 nm AuNP spheres and 40 nm gold nanostars coated with siRNA were taken up more efficiently into endosomes of U87 glioblastoma cells than 13 nm AuNPs (235). Recent work by Xie, et al., compared gold stars, rods and triangles for uptake by the RAW264.7 macrophage cell line. They prepared uniform nanoparticles in all three shapes coated with methylpolyethylene glycol (mPEG) to stabilize the particles, reduce protein binding and maintain biocompatibility. All the nanoparticles were non-toxic to the cells up to 40 ug/ml concentrations. Triangles were the winner, and it was shown that each shape used a different endocytic pathway to enter the cells (236). In the same year, the group of Kikkeri in Pune prepared gold nano spheres, rods and stars and tested their toxicity and biodistribution in zebrafish (237). The nanoparticles were coated with simple a combination of short PEG units terminated by a fluorescein derivative and another molecule containing the same PEG chain but now terminated by an α-mannose unit, making this study more relevant to the glycol-nanotechnology field. All particles were also non-toxic to the animals and their biodistribution was examined by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS). The data showed that rod shape particles were rapidly taken up by various organs but also cleared faster (48h), where star shaped particles remained in the organs for much longer periods of time. Increased uptake in the digestive tract was attributed to mannose receptors such as dendritic cell-specific intercellular adhesion molecule-3-grabbing non integrin (DC-SIGN) in this organ as well as the heart. The authors postulated that the slower clearance of the star shaped particle may make them more useful as a therapeutic delivery system. The same authors have recently posted a preprint of a similar study that is much more appropriate to the subject of this review. They prepared sphere, rod and star-shaped AuNPs coated with a trivalent Tn-bearing glycopeptide from MUC1 (238). They used the TLR9-agonist CpG-deoxyoligonucleotide as a co-surface molecule on the nanoparticles as an added adjuvant. They examined the effect of shape and adjuvant coating to 1) cellular uptake by murine dendritic cells, 2) Cytokine production in a DC/T-cell model and, 3) antibody production in vivo. Quite interestingly, they showed that uptake and immune response are “decoupled”, as rod-shaped particle were taken up by cells more efficiently but generated the weaker immune responses related to both cytokine stimulation and antibody titers. Although this paper has not yet been peer- reviewed, this would be the first study that offers a guide of to how more efficiently design gold nanoparticles vaccines with immunologically-relevant TACA glycopeptides, based on shape and adjuvant selection.

There are many other reports and nanoparticle systems that have been used to target glycan binding proteins or constructed of carbohydrates/polysaccharides that are too numerous to mention in this review. Provided here is a recompilation (not comprehensive)! of reviews only from 2021 that directs the reader to some of this work (24–27, 78, 82, 110, 239–246).




5 Conclusions and Future Outlook

There are few disagreements today of the importance of cellular glycans in a host of biological processes. Carbohydrate structures that are displayed in various different ways on a cell, all contribute to that cell’s proper and sometimes awry functions. Understanding the molecular mechanisms of how these structures interact with cells, proteins, lipids or other carbohydrates will allow researchers to develop probes, agonists and inhibitors of processes that are important to control proper cellular function that are propagated through glycan-based mechanisms. In tumors, the role of TACAs and other tumor-associated sugars has been elucidated for many systems, and researchers have made defined inroads into modulating these pathways to better treat neoplastic disease. This treatise also highlights nanotechnology in these roles, where, I believe, the development and eventual approval of glyco-nanosystems to reprogram and inhibit tumor signaling pathways is the future of glycan-based anticancer medicine. Three areas that have been discussed here and are high priority for future design are: 1) Vaccines. With the success at least up to early clinical trial, vaccines have the potential to revolutionize the cancer therapy landscape. One of the main issues, I believe, is antigen selection. The immunogen must be not only highly tumor selective, but truly needs to mimic the tumor-specific presentation of the molecules. That is, the use of techniques such as CryoEM and mass spec imaging may offer clue as to how some of these antigens are presented on a molecular level, and hence structural similarities can be closely mimicked through the use of chemical or chemoenzymatic synthesis. 2) Inhibitors of glycan-protein interactions. There are many relevant binding events that are glycan-mediated that contribute to tumor aggressiveness and better inhibitors that are well defined and selective can prolong life and prevent tumor metastasis. Nanoparticles can contribute greatly to the design of more potent and selective inhibitors that may be appropriately formulated for drug approval. Being a new area of therapy, regulatory agencies like the FDA are still formulating their guidelines for the proper requirements that a nanotechnology system must meet to progress to the stage of an “investigational new drug” (IND). Finalizing these guidelines will accelerate future approvals. The nanotoxicology program at the FDA is an important center for help with this endeavor. At the same time, researchers need to improve their formulations and toxicological evaluations prior to submission for an IND. 3) The development of glycan and glycopeptide-based CAR-T cell therapy. The success of CAR-T therapy to this point makes development of glycan-based CAR-T cells even more relevant, since I believe as was intimated in point #1, the antigens that the CAR-T cells target can be made more resemble tumors even more closely with proper glycan and peptide combinations. So far, there have been a handful of CAR-T cells directed at glycans or MUC1 glycopeptides, and their potential seems promising (46, 78, 243, 246, 247).

Ultimately, it seems clear that glycoconjugate/glycan/polysaccharide-based nanoparticles for therapeutic intervention in cancer immunotherapy, either alone or in combination with recently approved checkpoint inhibitors, has a bright future ahead.



Author Contributions

JB devised the concept, did the research work and wrote the paper. The author confirms being the sole contributor of this work and has approved it for publication.



Acknowledgments

Original figures were prepared in Biorender.com. JB is supported with federal funds from the National Cancer Institute, National Institutes of Health, under Contract No. HHSN261200800001E. The content of this publication does not necessarily reflect the views or policies of the Department of Health and Human Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S. Government.



Abbreviations

ADCC, Antibody-Dependent Cellular Cytotoxicity; AuNPs, Gold nanoparticles; BCG, Bacille Calmette-Guérin; CAR-T cells, Chimeric Antigen Receptor-T cells; CML, Chronic Myelogenous Leukemia; CRS, Cytokine Release Syndrome; CTL, C-type Lectin Receptor; DC-SIGN, Dendritic Cell-Specific Intercellular Adhesion Molecule-3-Grabbing Non-Integrin; GM-CSF, Granulocyte-Macrophage Colony Stimulating Factor; MAP, Multiple Antigen Peptide; MDSCs, Mononuclear-Derived Suppressor Cells; MGL, Macrophage Galactose-Type Lectin; PAMAM, Poly (amidoamine); SPIONs, Superparamagnetic Iron Oxide NanoParticles; TACAs, Tumor-Associated Carbohydrate Antigens; TAMs, Tumor-Associated Macrophages; TCGA, The Cancer Genome Atlas; TDM, Trehalose 6,6′-DiMycolate; TLR, Toll-Like Receptor.



References

1. Gallo, L, Walters, RS, Allen, J, Ahlstrom, J, Alspach, C, Biru, Y, et al. Accelerating Advances in Cancer Care Research: A Lookback at the 21st Century Cures Act in 2020. J Natl Compr Canc Ne (2021) 19(4):378. doi: 10.6004/jnccn.2021.7005

2. Nogrady, B. How Cancer Genomics Is Transforming Diagnosis and Treatment. Nature (2020) 579(7800):S10–1. doi: 10.1038/d41586-020-00845-4

3. Zhong, L, Li, YS, Xiong, L, Wang, WJ, Wu, M, Yuan, T, et al. Small Molecules in Targeted Cancer Therapy: Advances, Challenges, and Future Perspectives. Signal Transduct Tar (2021) 6(1). doi: 10.1038/s41392-021-00572-w

4. Hoteit, M, Oneissi, Z, Reda, R, Wakim, F, Zaidan, A, Farran, M, et al. Cancer Immunotherapy: A Comprehensive Appraisal of Its Modes of Application. Oncol Lett (2021) 22(3). doi: 10.3892/ol.2021.12916

5. Fausel, C. Targeted Chronic Myeloid Leukemia Therapy: Seeking a Cure. J Manage Care Pharm (2007) 13(8):S8–S12. doi: 10.18553/jmcp.2007.13.s8-a.8

6. Zhou, BQ, Liu, JX, Lin, MA, Zhu, JY, and Chen, WR. Recent Advances in Immunotherapy, Immunoadjuvant, and Nanomaterial-Based Combination Immunotherapy. Coordin Chem Rev (2021), 442. doi: 10.1016/j.ccr.2021.214009

7. Hernandez-Lopez, A, Tellez-Gonzalez, MA, Mondragon-Teran, P, and Meneses-Acosta, A. Chimeric Antigen Receptor-T Cells: A Pharmaceutical Scope. Front Pharmacol (2021), 12. doi: 10.3389/fphar.2021.720692

8. Hayes, C. Cellular Immunotherapies for Cancer. Irish J Med Sci (2021) 190(1):41–57. doi: 10.1007/s11845-020-02264-w

9. Muddabhaktuni, BMC, and Koyyala, VPB. The Cancer Genome Atlas. Indian J Med Paediat (2021) 42(04):353–5. doi: 10.1055/s-0041-1735440

10. Ganini, C, Amelio, I, Bertolo, R, Bove, P, Buonomo, OC, Candi, E, et al. Global Mapping of Cancers: The Cancer Genome Atlas and Beyond. Mol Oncol (2021) 15(11):2823–40. doi: 10.1002/1878-0261.13056

11. Wang, ZN, Jensen, MA, and Zenklusen, JC. A Practical Guide to The Cancer Genome Atlas (TCGA). Methods Mol Biol (2016) 1418:111–41. doi: 10.1007/978-1-4939-3578-9_6

12. Broom, BM, and Akbani, R. An Introduction to The Cancer Genome Atlas. Adv Stat Bioinf: Models Integr Inference High-Throughput Data (2013), 31–53. doi: 10.1017/CBO9781139226448.003

13. Govindan, R. The Cancer Genome Atlas: How Is It Facilitating Drug Development? Ann Oncol (2012) 23:17–7. doi: 10.1097/01.OTU.0000419682.97216.4e

14. Hampton, T. Cancer Genome Atlas. Jama-J Am Med Assoc (2006) 296(16):1958–8. doi: 10.1001/jama.296.16.1958-d

15. Liang, XX, Yang, Q, Wu, P, He, CL, Yin, LZ, Xu, F, et al. The Synthesis Review of the Approved Tyrosine Kinase Inhibitors for Anticancer Therapy in 2015-2020. Bioorg Chem (2021), 113. doi: 10.1016/j.bioorg.2021.105011

16. Zhong, SW, Jeong, JH, Chen, ZK, Chen, ZH, and Luo, JL. Targeting Tumor Microenvironment by Small-Molecule Inhibitors. Transl Oncol (2020) 13(1):57–69. doi: 10.1016/j.tranon.2019.10.001

17. Lipe, DN, Rajha, E, Wechsler, AH, Gaeta, S, Palaskas, NL, Alhajji, Z, et al. Cardiotoxicity Associated With Immune Checkpoint Inhibitors and CAR T-Cell Therapy. Am J Emerg Med (2021) 50:51–8. doi: 10.1016/j.ajem.2021.07.014

18. Cai, CJ, Tang, DY, Han, Y, Shen, EWR, Ahmed, OA, Guo, C, et al. A Comprehensive Analysis of the Fatal Toxic Effects Associated With CD19 CAR-T Cell Therapy. Aging-Us (2020) 12(18):18741–53. doi: 10.18632/aging.104058

19. Holroyd, KB, Rubin, DB, and Vaitkevicius, H. Neurologic Complications in Patients With Cancer. Semin Neurol (2021) 41(05):588–605. doi: 10.1055/s-0041-1733788

20. Allavena, P, Chieppa, M, Bianchi, G, Solinas, G, Fabbri, M, Laskarin, G, et al. Engagement of the Mannose Receptor by Tumoral Mucins Activates an Immune Suppressive Phenotype in Human Tumor-Associated Macrophages. Clin Dev Immunol (2010). doi: 10.1155/2010/547179

21. Zizzari, IG, Napoletano, C, Battisti, F, Rahimi, H, Caponnetto, S, Pierelli, L, et al. MGL Receptor and Immunity: When the Ligand Can Make the Difference. J Immunol Res (2015), 2015. doi: 10.1155/2015/450695

22. Finke, JH, Rayman, PA, Ko, JS, Bradley, JM, Gendler, SJ, and Cohen, PA. Modification of the Tumor Microenvironment as a Novel Target of Renal Cell Carcinoma Therapeutics. Cancer J (2013) 19(4):353–64. doi: 10.1097/PPO.0b013e31829da0ae

23. Elgert, KD, Alleva, DG, and Mullins, DW. Tumor-Induced Immune Dysfunction: The Macrophage Connection. J Leukocyte Biol (1998) 64(3):275–90. doi: 10.1002/jlb.64.3.275

24. Khan, H, Mirzaei, HR, Amiri, A, Akkol, EK, Halimi, SMA, and Mirzaei, H. Glyco-Nanoparticles: New Drug Delivery Systems in Cancer Therapy. Semin Cancer Biol (2021) 69:24–42. doi: 10.1016/j.semcancer.2019.12.004

25. Moffett, S, Shiao, TC, Mousavifar, L, Mignani, S, and Roy, R. Aberrant Glycosylation Patterns on Cancer Cells: Therapeutic Opportunities for Glycodendrimers/Metallodendrimers Oncology. Wires Nanomed Nanobi (2021) 13(1). doi: 10.1002/wnan.1659

26. Hernando, PJ, Dedola, S, Marin, MJ, and Field, RA. Recent Developments in the Use of Glyconanoparticles and Related Quantum Dots for the Detection of Lectins, Viruses, Bacteria and Cancer Cells. Front Chem (Lausanne Switz) (2021) 9:668509. doi: 10.3389/fchem.2021.668509

27. Das, R, and Mukhopadhyay, B. A Brief Insight to the Role of Glyconanotechnology in Modern Day Diagnostics and Therapeutics. Carbohyd Res (2021) 507:108394. doi: 10.1016/j.carres.2021.108394

28. Reuven, EM, Ben-Arye, SL, Yu, H, Duchi, R, Perota, A, Conchon, S, et al. Biomimetic Glyconanoparticle Vaccine for Cancer Immunotherapy. ACS Nano (2019) 13(3):2936–47. doi: 10.1021/acsnano.8b07241

29. Mosaiab, T, Farr, DC, Kiefel, MJ, and Houston, TA. Carbohydrate-Based Nanocarriers and Their Application to Target Macrophages and Deliver Antimicrobial Agents. Adv Drug Deliv Rev (2019) 151-152:94–129. doi: 10.1016/j.addr.2019.09.002

30. Yilmaz, G, Guler, E, Geyik, C, Demir, B, Ozkan, M, Odaci Demirkol, D, et al. pH Responsive Glycopolymer Nanoparticles for Targeted Delivery of Anti-Cancer Drugs. Mol Syst Des Eng (2018) 3(1):150–8. doi: 10.1039/C7ME00086C

31. Wu, X, Tan, YJ, Toh, HT, Nguyen, LH, Kho, SH, Chew, SY, et al. Stimuli-Responsive Multifunctional Glyconanoparticle Platforms for Targeted Drug Delivery and Cancer Cell Imaging. Chem Sci (2017) 8(5):3980–8. doi: 10.1039/C6SC05251G

32. Cao-Milan, R, and Liz-Marzan, LM. Gold Nanoparticle Conjugates: Recent Advances Toward Clinical Applications. Expert Opin Drug Del (2014) 11(5):741–52. doi: 10.1517/17425247.2014.891582

33. Roy, R, Shiao, TC, and Rittenhouse-Olson, K. Glycodendrimers:xxx Versatilexxx Toolsxxxx forxxx Nanotechnology. Braz J Pharm Sci (2013) 49:85–108. doi: 10.1590/S1984-82502013000700008

34. Kottari, N, Chabre, YM, Sharma, R, and Roy, R. Applications of Glyconanoparticles as "Sweet" Glycobiological Therapeutics and Diagnostics. Adv Polym Sci (2013) 254:297–341. doi: 10.1007/12_2012_208

35. Barchi, JJ. Glyco-Nanoparticles as Platforms for Antitumor Therapeutic Strategies. ACS Sym Ser (2011) 1091:161–79. doi: 10.1021/bk-2011-1091.ch010

36. Dobosz, P, and Dzieciatkowski, T. The Intriguing History of Cancer Immunotherapy. Front Immunol (2019) 10. doi: 10.3389/fimmu.2019.02965

37. Isaacs, A, and Lindenmann, J. Virus Interference .1. The Interferon. Proc R Soc Ser B-Bio (1957) 147(927):258–67. doi: 10.1098/rspb.1957.0048

38. Isaacs, A, Lindenmann, J, and Valentine, RC. Virus Interference .2. Some Properties of Interferon. Proc R Soc Ser B-Bio (1957) 147(927):268–73. doi: 10.1098/rspb.1957.0049

39. Lindenmann, J, Burke, DC, and Isaacs, A. Studies on the Production, Mode of Action and Properties of Interferon. Brit J Exp Pathol (1957) 38(5):551–62.

40. Nelson, BH. IL-2, Regulatory T Cells, and Tolerance. J Immunol (2004) 172(7):3983–8. doi: 10.4049/jimmunol.172.7.3983

41. Pasqualini, CD. A Retrospective Vision of Tumor Immunology. Medicina-Buenos Aire (1996) 56:3–12.

42. Steinman, RM, and Cohn, ZA. Identification of a Novel Cell Type in Peripheral Lymphoid Organs of Mice I. Morphology, Quantitation, Tissue Distribution. J Exp Med (1973) 137(5):1142–62. doi: 10.1084/jem.137.5.1142

43. Kiessling, R, Klein, E, Wigzell, H, and Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity, I. And Distribution According to Genotype. Eur J Immunol (1975) 5(2):112–7. doi: 10.1002/eji.1830050208

44. Old, LJ, Clarke, DA, and Benacerraf, B. Effect of Bacillus Calmette-Guérin Infection on Transplanted Tumours in the Mouse. Nature (1959) 184(4682):291–2. doi: 10.1038/184291a0

45. Oiseth, SJ, and Aziz, MS. Cancer Immunotherapy: A Brief Review of the History, Possibilities, and Challenges Ahead. J Cancer Metastasis Treat (2017) 3:250–61. doi: 10.20517/2394-4722.2017.41

46. Rashidijahanabad, Z, and Huang, XF. Recent Advances in Tumor Associated Carbohydrate Antigen Based Chimeric Antigen Receptor T Cells and Bispecific Antibodies for Anti-Cancer Immunotherapy. Semin Immunol (2020), 47. doi: 10.1016/j.smim.2020.101390

47. Raaijmakers, MIG, Rozati, S, Goldinger, SM, Widmer, DS, Dummer, R, and Levesque, MP. Melanoma Immunotherapy: Historical Precedents, Recent Successes and Future Prospects. Immunother-Uk (2013) 5(2):169–82. doi: 10.2217/imt.12.162

48. Sun, ZL, Zhang, Y, Cao, D, Wang, XF, Yan, XB, Li, H, et al. PD-1/PD-L1 Pathway and Angiogenesis Dual Recognizable Nanoparticles for Enhancing Chemotherapy of Malignant Cancer. Drug Deliv (2018) 25(1):1746–55. doi: 10.1080/10717544.2018.1509907

49. Markham, A. Atezolizumab: First Global Approval. Drugs (2016) 76(12):1227–32. doi: 10.1007/s40265-016-0618-8

50. Filin, IY, Solovyeva, VV, Kitaeva, KV, Rutland, CS, and Rizvanov, AA. Current Trends in Cancer Immunotherapy. Biomedicines (2020) 8(12):621. doi: 10.3390/biomedicines8120621

51. Leahy, AB, Elgarten, CW, Grupp, SA, Maude, SL, and Teachey, DT. Tisagenlecleucel for the Treatment of B-Cell Acute Lymphoblastic Leukemia. Expert Rev Anticanc (2018) 18(10):959–71. doi: 10.1080/14737140.2018.1512411

52. Liu, Y, Chen, X, Han, W, and Zhang, Y. Tisagenlecleucel, an Approved Anti-CD19 Chimeric Antigen Receptor T-Cell Therapy for the Treatment of Leukemia. Drug Today (2017) 53(11):597–608. doi: 10.1358/dot.2017.53.11.2725754

53. Roberts, ZJ, Better, M, Bot, A, Roberts, MR, Ribas, A, and Cohen, PA. Axicabtagene Ciloleucel, A First-in-Class CAR T Cell Therapy for Aggressive NHL. Leuk Lymphoma (2018) 59(8):1785–96. doi: 10.1080/10428194.2017.1387905

54. Sheth, VS, and Gauthier, J. Taming the Beast: CRS and ICANS After CAR T-Cell Therapy for ALL. Bone Marrow Transpl (2021) 56(3):552–66. doi: 10.1038/s41409-020-01134-4

55. Fajgenbaum, DC, and June, CH. Cytokine Storm. N Engl J Med (2020) 383(23):2255–73. doi: 10.1056/NEJMra2026131

56. Kamath, V. Feature Cancer Vaccines: An Unkept Promise? Drug Discov Today (2021) 26(6):1347–52. doi: 10.1016/j.drudis.2021.02.006

57. Gilboa, E. Opinion - The Promise of Cancer Vaccines. Nat Rev Cancer (2004) 4(5):401–11. doi: 10.1038/nrc1359

58. Yamazaki-Nakashimada, MA, Unzueta, A, Gamez-Gonzalez, LB, Gonzalez-Saldana, N, and Sorensen, RU. BCG: A Vaccine With Multiple Faces. Hum Vacc Immunother (2020) 16(8):1841–50. doi: 10.1080/21645515.2019.1706930

59. Nave, O, Hareli, S, Elbaz, M, Iluz, IH, and Bunimovich-Mendrazitsky, S. BCG and IL-2 Model for Bladder Cancer Treatment With Fast and Slow Dynamics Based on S PVF Method-Stability Analysis. Math Biosci Eng (2019) 16(5):5346–79. doi: 10.3934/mbe.2019267

60. Eure, GR, Cundiff, MR, and Schellhammer, PF. Bacillus Calmette-Guerin Therapy for High-Risk Stage T1 Superficial Bladder-Cancer. J Urol (1992) 147(2):376–9. doi: 10.1016/S0022-5347(17)37241-5

61. Brosman, SA. Bcg Vaccine in Urinary-Bladder Cancer. Western J Med (1991) 155(6):633–3.

62. Moss, JT, and Kadmon, D. Bcg and the Treatment of Superficial Bladder-Cancer. Dicp Ann Pharmac (1991) 25(12):1355–67. doi: 10.1177/106002809102501215

63. Cockett, ATK, Davis, RS, Cos, LR, and Wheeless, LL. Bacillus Calmette-Guerin and Interleukin-2 for Treatment of Superficial Bladder-Cancer. J Urol (1991) 146(3):766–70. doi: 10.1016/S0022-5347(17)37916-8

64. Levitsky, J, Youhanna, J, Mckoy, K, and Janssen, R. Immunogenicity And Safety Of Heplisav-B (R) (Hepb-Cpg) Compared With Engerix-B (R) (Hepb-Eng) In Patients With Chronic Liver Disease In Three Pivotal, Phase 3 Trials. Hepatology (2021) 74:19a–A. doi: 10.1002/hep.32187

65. Splawn, LM, Bailey, CA, Medina, JP, and Cho, JC. Heplisav-B Vaccination for the Prevention of Hepatitis B Virus Infection in Adults in the United States. Drug Today (2018) 54(7):399–405. doi: 10.1358/dot.2018.54.7.2833984

66. Rumfield, CS, Roller, N, Pellom, ST, Schlom, J, and Jochems, C. Therapeutic Vaccines for HPV-Associated Malignancies. Immunotargets Ther (2020) 9:167–200. doi: 10.2147/ITT.S273327

67. Cheng, LQ, Wang, Y, and Du, J. Human Papillomavirus Vaccines: An Updated Review. Vaccines-Basel (2020) 8(3):391. doi: 10.3390/vaccines8030391

68. Schmiedeskamp, MR, and Kockler, DR. Human Papillomavirus Vaccines. Ann Pharmacother (2006) 40(7-8):1344–52. doi: 10.1345/aph.1G723

69. Schilling, A, Parra, MM, Gutierrez, M, Restrepo, J, Ucros, S, Herrera, T, et al. Coadministration of a 9-Valent Human Papillomavirus Vaccine With Meningococcal and Tdap Vaccines. Pediatrics (2015) 136(3):E563–72. doi: 10.1542/peds.2014-4199

70. Handler, NS, Handler, MZ, Majewski, S, and Schwartz, RA. Human Papillomavirus Vaccine Trials and Tribulations Vaccine Efficacy. J Am Acad Dermatol (2015) 73(5):759–67. doi: 10.1016/j.jaad.2015.05.041

71. Toft, L, Tolstrup, M, Muller, M, Sehr, P, Bonde, J, Storgaard, M, et al. Comparison of the Immunogenicity of Cervarix (R) and Gardasil (R) Human Papillomavirus Vaccines for Oncogenic non-Vaccine Serotypes HPV-31, HPV-33, and HPV-45 in HIV-Infected Adults. Hum Vacc Immunother (2014) 10(5):1147–54. doi: 10.4161/hv.27925

72. Cervarix, TM, Viscidi, RP, and Shah, KV. Drugs of the Future. Human Papillomavirus Vaccine (2007) 32(11):952–6. doi: 10.1358/dof.2007.032.11.1150372

73. Madan, RA, and Gulley, JL. Sipuleucel-T: Harbinger of a New Age of Therapeutics for Prostate Cancer. Expert Rev Vaccines (2011) 10(2):141–50. doi: 10.1586/erv.10.173

74. Ferrucci, PF, Pala, L, Conforti, F, and Cocorocchio, E. Talimogene Laherparepvec (T-VEC): An Intralesional Cancer Immunotherapy for Advanced Melanoma. Cancers (2021) 13(6):1383. doi: 10.3390/cancers13061383

75. Zawit, M, Swami, U, Awada, H, Arnouk, J, Milhem, M, and Zakharia, Y. Current Status of Intralesional Agents in Treatment of Malignant Melanoma. Ann Transl Med (2021) 9(12). doi: 10.21037/atm-21-491

76. Martin, LK, Wei, L, Trolli, E, and Bekaii-Saab, T. Elevated Baseline CA19-9 Levels Correlate With Adverse Prognosis in Patients With Early- or Advanced-Stage Pancreas Cancer. Med Oncol (2012) 29(5):3101–7. doi: 10.1007/s12032-012-0278-9

77. Julien, S, Videira, PA, and Delannoy, P. Sialyl-Tn in Cancer: (How) Did We Miss the Target? Biomolecules (2012) 2(4):435–66. doi: 10.3390/biom2040435

78. Matsumoto, Y. Tumor-Associated Carbohydrate Antigens Targeting Immunotherapy. Trends Glycosci Glyc (2021) 33(192):E33–8. doi: 10.4052/tigg.2009.1E

79. Mantuano, NR, Natoli, M, Zippelius, A, and Laubli, H. Tumor-Associated Carbohydrates and Immunomodulatory Lectins as Targets for Cancer Immunotherapy. J Immunother Cancer (2020) 8(2). doi: 10.1136/jitc-2020-001222

80. Feng, DY, Shaikh, AS, and Wang, FS. Recent Advance in Tumor-Associated Carbohydrate Antigens (TACAs)-Based Antitumor Vaccines. ACS Chem Biol (2016) 11(4):850–63. doi: 10.1021/acschembio.6b00084

81. Amon, R, Reuven, EM, Ben-Arye, SL, and Padler-Karavani, V. Glycans in Immune Recognition and Response. Carbohyd Res (2014) 389:115–22. doi: 10.1016/j.carres.2014.02.004

82. Anderluh, M, Berti, F, Bzducha-Wrobel, A, Chiodo, F, Colombo, C, Compostella, F, et al. Recent Advances on Smart Glycoconjugate Vaccines in Infections and Cancer. FEBS J (2021). doi: 10.1111/febs.15909

83. Lang, S, and Huang, X. Carbohydrate Conjugates in Vaccine Developments. Front Chem (2020) 8(284). doi: 10.3389/fchem.2020.00284

84. Ragupathi, G. Carbohydrate Antigens as Targets for Active Specific Immunotherapy. Cancer Immunol Immun (1996) 43(3):152–7. doi: 10.1007/s002620050316

85. GalliStampino, L, Meinjohanns, E, Frische, K, Meldal, M, Jensen, T, Werdelin, O, et al. T-Cell Recognition of Tumor-Associated Carbohydrates: The Nature of the Glycan Moiety Plays a Decisive Role in Determining Glycopeptide Immunogenicity. Cancer Res (1997) 57(15):3214–22.

86. Lo-Man, R, Bay, S, Vichier-Guerre, S, Deriaud, E, Cantacuzene, D, and Leclerc, C. A Fully Synthetic Immunogen Carrying a Carcinoma-Associated Carbohydrate for Active Specific Immunotherapy. Cancer Res (1999) 59(7):1520–4.

87. Kuberan, B, and Lindhardt, RJ. Carbohydrate Based Vaccines. Curr Org Chem (2000) 4(6):653–77. doi: 10.2174/1385272003376111

88. Musselli, C, Livingston, PO, and Ragupathi, G. Keyhole Limpet Hemocyanin Conjugate Vaccines Against Cancer: The Memorial Sloan Kettering Experience. J Cancer Res Clin (2001) 127:R20–6. doi: 10.1007/BF01470995

89. Bitton, RJ, Guthmann, MD, Gabri, MR, Carnero, AJL, Alonso, DF, Fainboim, L, et al. Cancer Vaccines: An Update With Special Focus on Ganglioside Antigens (Review). Oncol Rep (2002) 9(2):267–76. doi: 10.3892/or.9.2.267

90. Croce, MV, and Segal-Eiras, A. The Use of Carbohydrate Antigens for the Preparation of Vaccines for Therapy in Breast Cancer. Drug Today (2002) 38(11):759–68. doi: 10.1358/dot.2002.38.11.820135

91. Freire, T, Bay, S, Vichier-Guerre, S, Lo-Man, R, and Leclerc, C. Carbohydrate Antigens: Synthesis Aspects and Immunological Applications in Cancer. Mini-Rev Med Chem (2006) 6(12):1357–73. doi: 10.2174/138955706778992996

92. Cipolla, L, Peri, F, and Airoldi, C. Glycoconjugates in Cancer Therapy. Anti-Cancer Agent Me (2008) 8(1):92–121. doi: 10.2174/187152008783330815

93. Guo, ZW, and Wang, QL. Recent Development in Carbohydrate-Based Cancer Vaccines. Curr Opin Chem Biol (2009) 13(5-6):608–17. doi: 10.1016/j.cbpa.2009.08.010

94. Heimburg-Molinaro, J, Lum, M, Vijay, G, Jain, MT, Almogren, A, and Rittenhouse-Olson, K. Cancer Vaccines and Carbohydrate Epitopes. Vaccine (2011) 29(48):8802–26. doi: 10.1016/j.vaccine.2011.09.009

95. Lewicky, JD, Ulanova, M, and Jiang, ZH. Synthesis of a TLR4 Agonist-Carbohydrate Antigen Conjugate As A Self-Adjuvanting Cancer Vaccine. Chemistryselect (2016) 1(5):906–10. doi: 10.1002/slct.201600230

96. Wei, MM, Wang, YS, and Ye, XS. Carbohydrate-Based Vaccines for Oncotherapy. Med Res Rev (2018) 38(3):1003–26. doi: 10.1002/med.21493

97. Franconetti, A, Lopez, O, and Fernandez-Bolanos, JG. Carbohydrates: Potential Sweet Tools Against Cancer. Curr Med Chem (2020) 27(8):1206–42. doi: 10.2174/0929867325666180719114150

98. Ryan, SO, Turner, MS, Gariepy, J, and Finn, OJ. Tumor Antigen Epitopes Interpreted by the Immune System as Self or Abnormal-Self Differentially Affect Cancer Vaccine Responses. Cancer Res (2010) 70(14):5788–96. doi: 10.1158/0008-5472.CAN-09-4519

99. Franco, A. CTL-Based Cancer Preventive/Therapeutic Vaccines for Carcinomas: Role of Tumour-Associated Carbohydrate Antigens. Scand J Immunol (2005) 61(5):391–7. doi: 10.1111/j.1365-3083.2005.01596.x

100. Avci, FY, Li, XM, Tsuji, M, and Kasper, DL. Carbohydrates and T Cells: A Sweet Twosome. Semin Immunol (2013) 25(2):146–51. doi: 10.1016/j.smim.2013.05.005

101. Bay, S, LoMan, R, Osinaga, E, Nakada, H, Leclerc, C, and Cantacuzene, D. Preparation of a Multiple Antigen Glycopeptide (MAG) Carrying the Tn Antigen - A Possible Approach to a Synthetic Carbohydrate Vaccine. J Pept Res (1997) 49(6):620–5. doi: 10.1111/j.1399-3011.1997.tb01171.x

102. Kuduk, SD, Schwarz, JB, Chen, XT, Glunz, PW, Sames, D, Ragupathi, G, et al. Synthetic and Immunological Studies on Clustered Modes of Mucin-Related Tn and TF O-Linked Antigens: The Preparation of a Glycopeptide-Based Vaccine for Clinical Trials Against Prostate Cancer. J Am Chem Soc (1998) 120(48):12474–85. doi: 10.1021/ja9825128

103. Xu, YF, Gendler, SJ, and Franco, A. Designer Glycopeptides for Cytotoxic T Cell-Based Elimination of Carcinomas. J Exp Med (2004) 199(5):707–16. doi: 10.1084/jem.20031865

104. Dziadek, S, and Kunz, H. Synthesis of Tumor-Associated Glycopeptide Antigens for the Development of Tumor-Selective Vaccines. Chem Rec (2004) 3(6):308–21. doi: 10.1002/tcr.10074

105. Dziadek, S, Hobel, A, Schmitt, E, and Kunz, H. A Fully Synthetic Vaccine Consisting of a Tumor-Associated Glycopeptide Antigen and a T-Cell Epitope for the Induction of a Highly Specific Humoral Immune Response. Angew Chem Int Edit (2005) 44(46):7630–5. doi: 10.1002/anie.200501594

106. Liakatos, A, and Kunz, H. Synthetic Glycopeptides for the Development of Cancer Vaccines. Curr Opin Mol Ther (2007) 9(1):35–44.

107. Warren, JD, Geng, XD, and Danishefsky, SJ. Synthetic Glycopeptide-Based Vaccines. Top Curr Chem (2007) 267:109–41. doi: 10.1007/128_031

108. Huang, ZH, Shi, L, Ma, JW, Sun, ZY, Cai, H, Chen, YX, et al. A Totally Synthetic, Self-Assembling, Adjuvant-Free MUC1 Glycopeptide Vaccine for Cancer Therapy. J Am Chem Soc (2012) 134(21):8730–3. doi: 10.1021/ja211725s

109. McDonald, DM, Byrne, SN, and Payne, RJ. Synthetic Self-Adjuvanting Glycopeptide Cancer Vaccines. Front Chem (2015) 3. doi: 10.3389/fchem.2015.00060

110. Stergiou, N, Urschbach, M, Gabba, A, Schmitt, E, Kunz, H, and Besenius, P. The Development of Vaccines From Synthetic Tumor-Associated Mucin Glycopeptides and Their Glycosylation-Dependent Immune Response. Chem Rec (2021) 21(11):3313–31. doi: 10.1002/tcr.202100182

111. Zheng, CP, Terreni, M, Sollogoub, M, and Zhang, YM. Functional Role of Glycosphingolipids in Cancer. Curr Med Chem (2021) 28(20):3913–24. doi: 10.2174/0929867327666200831132200

112. Sun, M, Wang, YH, and Ye, XS. Design and Synthesis of New KRN7000 Analogues. Tetrahedron (2013) 69(35):7438–47. doi: 10.1016/j.tet.2013.06.051

113. Patel, O, Cameron, G, Pellicci, DG, Liu, Z, Byun, HS, Beddoe, T, et al. NKT TCR Recognition of CD1d-Alpha-C-Galactosylceramide. J Immunol (2011) 187(9):4705–13. doi: 10.4049/jimmunol.1100794

114. Araki, M, Miyake, S, and Yamamura, T. Synthetic Glycolipid Ligands for Human iNKT Cells as Potential Therapeutic Agents for Immunotherapy. Curr Med Chem (2008) 15(23):2337–45. doi: 10.2174/092986708785909184

115. McLoughlin, RM, and Kasper, DL. Immunomodulation by Zwitterionic Polysaccharides. Microb Glycobiol: Structures Relevance Appl (2009), 957–80. doi: 10.1016/B978-0-12-374546-0.00049-3

116. Cobb, BA, Wang, O, Tzianabos, AO, and Kasper, DL. Polysaccharide Processing and Presentation by the MHCII Pathway. Cell (2004) 117(5):677–87. doi: 10.1016/j.cell.2004.05.001

117. Kalka-Moll, WM, Tzianabos, AO, Bryant, PW, Niemeyer, M, Ploegh, HL, and Kasper, DL. Zwitterionic Polysaccharides Stimulate T Cells by MHC Class II-Dependent Interactions. J Immunol (2002) 169(11):6149–53. doi: 10.4049/jimmunol.169.11.6149

118. Gallorini, S, Berti, F, Mancuso, G, Cozzi, R, Tortoli, M, Volpini, G, et al. Toll-Like Receptor 2 Dependent Immunogenicity of Glycoconjugate Vaccines Containing Chemically Derived Zwitterionic Polysaccharides. Proc Natl Acad Sci USA (2009) 106(41):17481–6. doi: 10.1073/pnas.0903313106

119. Wack, A, and Gallorini, S. Bacterial Polysaccharides With Zwitterionic Charge Motifs: Toll-Like Receptor 2 Agonists, T Cell Antigens, or Both? Immunopharm Immunot (2008) 30(4):761–70. doi: 10.1080/08923970802279126

120. Gallorini, S, Berti, F, Parente, P, Baronio, R, Aprea, S, D'Oro, U, et al. Introduction of Zwitterionic Motifs Into Bacterial Polysaccharides Generates TLR2 Agonists Able to Activate APCs. J Immunol (2007) 179(12):8208–15. doi: 10.4049/jimmunol.179.12.8208

121. Kleski, KA, Trabbic, KR, Shi, MC, Bourgault, JP, and Andreana, PR. Enhanced Immune Response Against the Thomsen-Friedenreich Tumor Antigen Using a Bivalent Entirely Carbohydrate Conjugate. Molecules (2020) 25(6):1319. doi: 10.3390/molecules25061319

122. De Silva, RA, Appulage, DK, Pietraszkiewicz, H, Bobbitt, KR, Media, J, Shaw, J, et al. The Entirely Carbohydrate Immunogen Tn-PS A1 Induces a Cancer Cell Selective Immune Response and Cytokine IL-17. Cancer Immunol Immun (2012) 61(4):581–5. doi: 10.1007/s00262-012-1205-9

123. Nishat, S, and Andreana, PR. Entirely Carbohydrate-Based Vaccines: An Emerging Field for Specific and Selective Immune Responses. Vaccines-Basel (2016) 4(2):19. doi: 10.3390/vaccines4020019

124. Jeon, SK, Lee, JM, Lee, ES, Yu, MH, Joo, I, Yoon, JH, et al. How to Approach Pancreatic Cancer After Neoadjuvant Treatment: Assessment of Resectability Using Multidetector CT and Tumor Markers. Eur Radiol (2022) 32(1):56–66. doi: 10.1007/s00330-021-08108-0

125. Hussain, T, Ramakrishna, S, and Abid, S. Nanofibrous Drug Delivery Systems for Breast Cancer: A Review. Nanotechnology (2022) 33(10):100360. doi: 10.1088/1361-6528/ac385c

126. Kim, GB, Riley, JL, and Levine, BL. Engineering T Cells to Survive and Thrive in the Hostile Tumor Microenvironment. Curr Opin BioMed Eng (2022) 21. doi: 10.1016/j.cobme.2021.100360

127. Joshi, K, Milighetti, M, and Chain, BM. Application of T Cell Receptor (TCR) Repertoire Analysis for the Advancement of Cancer Immunotherapy. Curr Opin Immunol (2022) 74:1–8. doi: 10.1016/j.coi.2021.07.006

128. Pires, A, Burnell, S, and Gallimore, A. Exploiting ECM Remodelling to Promote Immune-Mediated Tumour Destruction. Curr Opin Immunol (2022) 74:1–7. doi: 10.1016/j.coi.2021.09.006

129. Wellhausen, N, Agarwal, S, Rommel, PC, Gill, SI, and June, CH. Better Living Through Chemistry: CRISPR/Cas Engineered T Cells for Cancer Immunotherapy. Curr Opin Immunol (2022) 74:76–84. doi: 10.1016/j.coi.2021.10.008

130. Kishton, RJ, Vodnala, SK, Vizcardo, R, and Restifo, NP. Next Generation Immunotherapy: Enhancing Stemness of Polyclonal T Cells to Improve Anti-Tumor Activity. Curr Opin Immunol (2022) 74:39–45. doi: 10.1016/j.coi.2021.10.001

131. Pocaterra, A, Catucci, M, and Mondino, A. Adoptive T Cell Therapy of Solid Tumors: Time to Team Up With Immunogenic Chemo/Radiotherapy. Curr Opin Immunol (2022) 74:53–9. doi: 10.1016/j.coi.2021.10.004

132. Zhou, Y, Xu, J, Luo, HC, Meng, XJ, Chen, M, and Zhu, D. Wnt Signaling Pathway in Cancer Immunotherapy. Cancer Lett (2022) 525:84–96. doi: 10.1016/j.canlet.2021.10.034

133. Wang, C, Zhang, Y, and Gao, WQ. The Evolving Role of Immune Cells in Prostate Cancer. Cancer Lett (2022) 525:9–21. doi: 10.1016/j.canlet.2021.10.027

134. Peng, L, Wang, ZB, Stebbing, J, and Yu, ZT. Novel Immunotherapeutic Drugs for the Treatment of Lung Cancer. Curr Opin Oncol (2022) 34(1):89–94. doi: 10.1097/CCO.0000000000000800

135. Chen, MT, Linstra, R, and van Vugt, MATM. Genomic Instability, Inflammatory Signaling and Response to Cancer Immunotherapy. Bba-Rev Cancer (2022) 1877(1):188661. doi: 10.1016/j.bbcan.2021.188661

136. Li, YZ, and Zhang, HM. Recent Advances in Primary Resistance Mechanisms Against Immune Checkpoint Inhibitors. Curr Opin Oncol (2022) 34(1):95–106. doi: 10.1097/CCO.0000000000000802

137. Ikewaki, N, Dedeepiya, VD, Raghavan, K, Rao, KS, Vaddi, S, Osawa, H, et al. Beta-Glucan Vaccine Adjuvant Approach for Cancer Treatment Through Immune Enhancement (B-VACCIEN) in Specific Immunocompromised Populations. Oncol Rep (2022) 47(1). doi: 10.3892/or.2021.8225

138. Caballero, D, Abreu, CM, Lima, AC, Neves, NN, Reis, RL, and Kundu, SC. Precision Biomaterials in Cancer Theranostics and Modelling. Biomaterials (2022) 280:121299. doi: 10.1016/j.biomaterials.2021.121299

139. Deng, JJ, Wang, JL, Shi, JQ, Li, HJ, Lu, MQ, Fan, ZY, et al. Tailoring the Physicochemical Properties of Nanomaterials for Immunomodulation. Adv Drug Deliver Rev (2022) 180:114039. doi: 10.1016/j.addr.2021.114039

140. Wang, JW, Yang, JY, and Kopecek, J. Nanomedicines in B Cell-Targeting Therapies. Acta Biomater (2022) 137:1–19. doi: 10.1016/j.actbio.2021.10.024

141. Mammen, M, Choi, SK, and Whitesides, GM. Polyvalent Interactions in Biological Systems: Implications for Design and Use of Multivalent Ligands and Inhibitors. Angew Chem Int Edit (1998) 37(20):2755–94. doi: 10.1002/(SICI)1521-3773(19981102)37:20<2754::AID-ANIE2754>3.0.CO;2-3

142. Springer, GF, Murthy, MS, Desai, PR, and Scanlon, EF. Breast-Cancer Patients Cell-Mediated Immune-Response to Thomsen-Friedenreich (T) Antigen. Cancer (1980) 45(12):2949–54. doi: 10.1002/1097-0142(19800615)45:12<2949::AID-CNCR2820451210>3.0.CO;2-L

143. Springer, GF, Murthy, MS, Desai, PR, and Scanlon, EF. Cellular Immunity Towards Thomsen-Friedenreich Antigen in Breast-Carcinoma Patients. Naturwissenschaften (1976) 63(6):300–0. doi: 10.1007/BF00624027

144. Springer, GF, and Immunoreactive, T. And Tn Epitopes in Cancer Diagnosis, Prognosis, and Immunotherapy. J Mol Med (1997) 75(8):594–602. doi: 10.1007/s001090050144

145. Buskas, T, Ingale, S, and Boons, GJ. Towards a Fully Synthetic Carbohydrate-Based Anticancer Vaccine: Synthesis and Immunological Evaluation of a Lipidated Glycopeptide Containing the Tumor-Associated Tn Antigen. Angew Chem Int Edit (2005) 44(37):5985–8. doi: 10.1002/anie.200501818

146. Lakshminarayanan, V, Thompson, P, Wolfert, MA, Buskas, T, Bradley, JM, Pathangey, LB, et al. Immune Recognition of Tumor-Associated Mucin MUC1 is Achieved by a Fully Synthetic Aberrantly Glycosylated MUC1 Tripartite Vaccine. Proc Natl Acad Sci USA (2012) 109(1):261–6. doi: 10.1073/pnas.1115166109

147. Lakshminarayanan, V, Thompson, P, Wolfert, M, Bradley, J, Pathangey, L, Madsen, C, et al. Tri-Component MUC1 Glycopeptide Vaccine Induced Both Humoral and Cellular Immune Responses in MUC1.Tg Mice With MMT Tumor. J Immunol (2011) 186.

148. Ingale, S, AWolfert, M, Gaekwad, J, Buskas, T, and Boons, GJ. Robust Immune Responses Elicited by a Fully Synthetic Three-Component Vaccine. Nat Chem Biol (2007) 3(10):663–7. doi: 10.1038/nchembio.2007.25

149. Thompson, P, Lakshminarayanan, V, Supekar, NT, Bradley, JM, Cohen, PA, Wolfert, MA, et al. Linear Synthesis and Immunological Properties of a Fully Synthetic Vaccine Candidate Containing a Sialylated MUC1 Glycopeptide. Chem Commun (2015) 51(50):10214–7. doi: 10.1039/C5CC02199E

150. Supekar, NT, Lakshminarayanan, V, Capicciotti, CJ, Sirohiwal, A, Madsen, CS, Wolfert, MA, et al. Synthesis and Immunological Evaluation of a Multicomponent Cancer Vaccine Candidate Containing a Long MUC1 Glycopeptide. Chembiochem (2018) 19(2):121–5. doi: 10.1002/cbic.201700424

151. Du, J-J, Zou, S-Y, Chen, X-Z, Xu, W-B, Wang, C-W, Zhang, L, et al. Liposomal Antitumor Vaccines Targeting Mucin 1 Elicit a Lipid-Dependent Immunodominant Response. Chem – Asian J (2019) 14(12):2116–21. doi: 10.1002/asia.201900448

152. Shiga, M, Miyazaki, J, Tanuma, K, Nagumo, Y, Yoshino, T, Kandori, S, et al. The Liposome of Trehalose Dimycolate Extracted From M. Bovis BCG Induces Antitumor Immunity via the Activation of Dendritic Cells and CD8(+) T Cells. Cancer Immunol Immun (2021) 70(9):2529–43. doi: 10.1007/s00262-021-02870-2

153. Yanagihara, S, Kasho, N, Sasaki, K, Shironaka, N, Kitayama, Y, Yuba, E, et al. pH-Sensitive Branched Beta-Glucan-Modified Liposomes for Activation of Antigen Presenting Cells and Induction of Antitumor Immunity. J Mater Chem B (2021) 9(37):7713–24. doi: 10.1039/D1TB00786F

154. Viana, IMD, Roussel, S, Defrene, J, Lima, EM, Barabe, F, and Bertrand, N. Innate and Adaptive Immune Responses towardY Nanomedicines. Acta Pharmacol Sin B (2021) 11(4):852–70. doi: 10.1016/j.apsb.2021.02.022

155. Frenz, T, Grabski, E, Duran, V, Hozsa, C, Stepczynska, A, Furch, M, et al. Antigen Presenting Cell-Selective Drug Delivery by Glycan-Decorated Nanocarriers. Eur J Pharm Biopharm (2015) 95:13–7. doi: 10.1016/j.ejpb.2015.02.008

156. Schwendener, RA. Liposomes as Vaccine Delivery Systems: A Review of the Recent Advances. Ther Adv Vaccines (2014) 2(6):159–82. doi: 10.1177/2051013614541440

157. Penades, S, de la Fuente, JM, Barrientos, AG, Clavel, C, Martinez-Avila, O, and Alcantara, D. Multifunctional Glyconanoparticles: Applications in Biology and Biomedicine. Nato Sci Peace Sec B (2008), 93–101. doi: 10.1007/978-1-4020-6829-4_8

158. Dykman, LA, Staroverov, SA, Fomin, AS, Khanadeev, VA, Khlebtsov, BN, and Bogatyrev, VA. Gold Nanoparticles as an Adjuvant: Influence of Size, Shape, and Technique of Combination With CpG on Antibody Production. Int Immunopharmacol (2018) 54:163–8. doi: 10.1016/j.intimp.2017.11.008

159. Dykman, LA, and Khlebtsov, NG. Immunological Properties of Gold Nanoparticles. Chem Sci (2017) 8(3):1719–35. doi: 10.1039/C6SC03631G

160. Dykman, LA, Staroverov, SA, Bogatyrev, VA, and Shchyogolev, SY. Gold Nanoparticles as an Antigen Carrier and as an Adjuvant. UK: Nova Science Pub Inc (2010) p. 54.

161. Dykman, LA, Sumaroka, MV, Staroverov, SA, Zaitseva, IS, and Bogatyrev, VA. Immunogenic Properties of Colloidal Gold. Biol Bull+ (2004) 31(1):75–9. doi: 10.1023/B:BIBU.0000014358.98422.9c

162. Ojeda, R, de Paz, JL, Barrientos, AG, Martin-Lomas, M, and Penades, S. Preparation of Multifunctional Glyconanoparticles as a Platform for Potential Carbohydrate-Based Anticancer Vaccines. Carbohyd Res (2007) 342(3-4):448–59. doi: 10.1016/j.carres.2006.11.018

163. Rojo, J, Diaz, V, de la Fuente, JM, Segura, I, Barrientos, AG, Riese, HH, et al. Gold Glyconanoparticles as New Tools in Antiadhesive Therapy. Chembiochem (2004) 5(3):291–7. doi: 10.1002/cbic.200300726

164. Brinas, RP, Sundgren, A, Sahoo, P, Morey, S, Rittenhouse-Olson, K, Wilding, GE, et al. Design and Synthesis of Multifunctional Gold Nanoparticles Bearing Tumor-Associated Glycopeptide Antigens as Potential Cancer Vaccines. Bioconjugate Chem (2012) 23(8):1513–23. doi: 10.1021/bc200606s

165. Parry, AL, Clemson, NA, Ellis, J, Bernhard, SSR, Davis, BG, and Cameron, NR. 'Multicopy Multivalent' Glycopolymer-Stabilized Gold Nanoparticles as Potential Synthetic Cancer Vaccines. J Am Chem Soc (2013) 135(25):9362–5. doi: 10.1021/ja4046857

166. Mateu Ferrando, R, Lay, L, and Polito, L. Gold Nanoparticle-Based Platforms for Vaccine Development. Drug Discov Today: Technol (2020) 38:57–67. doi: 10.1016/j.ddtec.2021.02.001

167. Cai, H, Palitzsch, B, Hartmann, S, Stergiou, N, Kunz, H, Schmitt, E, et al. Antibody Induction Directed Against the Tumor-Associated MUC4 Glycoprotein. Chembiochem (2015) 16(6):959–67. doi: 10.1002/cbic.201402689

168. Hartmann, S, Palitzsch, B, Glaffig, M, and Kunz, H. Tumour-Associated Glycopeptide Antigens and Their Modification in Anticancer Vaccines. Spr Carb Ch (2014) 40:506–32. doi: 10.1039/9781849739986-00506

169. Dziadek, S, Brocke, C, and Kunz, H. Biomimetic Synthesis of the Tumor-Associated (2,3)-Sialyl-T Antigen and Its Incorporation Into Glycopeptide Antigens From the Mucins MUC1 and MUC4. Chem-Eur J (2004) 10(17):4150–62. doi: 10.1002/chem.200400228

170. Brocke, C, and Kunz, H. Synthesis of Tumor-Associated Glycopeptide Antigens. Bioorgan Med Chem (2002) 10(10):3085–112. doi: 10.1016/S0968-0896(02)00135-9

171. Cai, H, Degliangeli, F, Palitzsch, B, Gerlitzki, B, Kunz, H, Schmitt, E, et al. Glycopeptide-Functionalized Gold Nanoparticles for Antibody Induction Against the Tumor Associated Mucin-1 Glycoprotein. Bioorgan Med Chem (2016) 24(5):1132–5. doi: 10.1016/j.bmc.2016.01.044

172. Trabbic, KR, Kleski, KA, and Barchi, JJ. Stable Gold-Nanoparticle-Based Vaccine for the Targeted Delivery of Tumor-Associated Glycopeptide Antigens. ACS Bio Med Chem Au (2021) 1(1):31–43. doi: 10.1021/acsbiomedchemau.1c00021

173. Papi, F, Targetti, G, Cerofolini, L, Luchinat, C, Fragai, M, and Nativi, C. Nanoparticles for the Multivalent Presentation of a TnThr Mimetic and as Tool for Solid State NMR Coating Investigation. Pure Appl Chem (2019) 91(9):1471–8. doi: 10.1515/pac-2019-0210

174. Yin, ZJ, Comellas-Aragones, M, Chowdhury, S, Bentley, P, Kaczanowska, K, BenMohamed, L, et al. Boosting Immunity to Small Tumor-Associated Carbohydrates With Bacteriophage Q Beta Capsids. ACS Chem Biol (2013) 8(6):1253–62. doi: 10.1021/cb400060x

175. Wu, XJ, McKay, C, Pett, C, Yu, J, Schorlemer, M, Ramadan, S, et al. Synthesis and Immunological Evaluation of Disaccharide Bearing MUC-1 Glycopeptide Conjugates With Virus-Like Particles. ACS Chem Biol (2019) 14(10):2176–84. doi: 10.1021/acschembio.9b00381

176. Wu, XJ, McFall-Boegeman, H, Rashidijahanabad, Z, Liu, K, Pett, C, Yu, J, et al. Synthesis and Immunological Evaluation of the Unnatural Beta-Linked Mucin-1 Thomsen-Friedenreich Conjugate. Org Biomol Chem (2021) 19(11):2448–55. doi: 10.1039/D1OB00007A

177. Sartorius, R, D’Apice, L, Barba, P, Cipria, D, Grauso, L, Cutignano, A, et al. Vectorized Delivery of Alpha-GalactosylCeramide and Tumor Antigen on Filamentous Bacteriophage Fd Induces Protective Immunity by Enhancing Tumor-Specific T Cell Response. Front Immunol (2018) 9(1496). doi: 10.3389/fimmu.2018.01496

178. Wang, J, Wang, D, Zhang, Y, and Dong, J. Synthesis and Biopharmaceutical Applications of Sugar-Based Polymers: New Advances and Future Prospects. ACS Biomater Sci Eng (2021) 7(3):963–82. doi: 10.1021/acsbiomaterials.0c01710

179. Monaco, A, and Becer, CR. 4.10 - Synthesis, Characterization and Applications of Glycopolymers. In:  JJ Barchi, editor. Comprehensive Glycoscience, 2nd ed. Oxford: Elsevier (2021). p. pp 180–208.

180. Diaz-Dussan, D, Kumar, P, and Narain, R. 4.22 - Glyco-Nanomedicines and Their Applications in Cancer Treatment. In:  JJ Barchi, editor. Comprehensive Glycoscience, 2nd ed. Oxford: Elsevier (2021). p. 566–85.

181. Sunasee, R. 4.20 - Nanocellulose: Preparation, Functionalization and Applications. In:  Barchi, JJ, editor. Comprehensive Glycoscience, 2nd ed. Oxford: Elsevier (2021). pp. 506–37 doi: 10.1016/B978-0-12-409547-2.14946-7

182. Seidi, F, Jenjob, R, Phakkeeree, T, and Crespy, D. Saccharides, Oligosaccharides, and Polysaccharides Nanoparticles for Biomedical Applications. J Control Release (2018) 284:188–212. doi: 10.1016/j.jconrel.2018.06.026

183. Plucinski, A, Lyu, Z, and Schmidt, BVKJ. Polysaccharide Nanoparticles: From Fabrication to Applications. J Mater Chem B (2021) 9(35):7030–62. doi: 10.1039/D1TB00628B

184. Torres, FG, Troncoso, OP, Pisani, A, Gatto, F, and Bardi, G. Natural Polysaccharide Nanomaterials: An Overview of Their Immunological Properties. Int J Mol Sci (2019) 20(20):5092. doi: 10.3390/ijms20205092

185. Shi, GN, Zhang, CN, Xu, R, Niu, JF, Song, HJ, Zhang, XY, et al. Enhanced Antitumor Immunity by Targeting Dendritic Cells With Tumor Cell Lysate-Loaded Chitosan Nanoparticles Vaccine. Biomaterials (2017) 113:191–202. doi: 10.1016/j.biomaterials.2016.10.047

186. Chen, P-M, Pan, W-Y, Wu, C-Y, Yeh, C-Y, Korupalli, C, Luo, P-K, et al. Modulation of Tumor Microenvironment Using a TLR-7/8 Agonist-Loaded Nanoparticle System That Exerts Low-Temperature Hyperthermia and Immunotherapy for In Situ Cancer Vaccination. Biomaterials (2020) 230:119629. doi: 10.1016/j.biomaterials.2019.119629

187. Torres, FG, Troncoso, OP, Gamucci, O, Corvaglia, S, Brunetti, V, and Bardi, G. Immunological Properties of Andean Starch Films Are Independent of Their Nanometric Roughness and Stiffness. Int J Biol Macromol (2015) 75:460–6. doi: 10.1016/j.ijbiomac.2015.02.008

188. Gatto, F, Troncoso, OP, Brunetti, V, Malvindi, MA, Pompa, PP, Torres, FG, et al. Human Monocyte Response to Andean-Native Starch Nanoparticles. Starch - Stärke (2016) 68(9-10):1016–23. doi: 10.1002/star.201600105

189. Gillies, ER, and Frechet, JMJ. Dendrimers and Dendritic Polymers in Drug Delivery. Drug Discov Today (2005) 10(1):35–43. doi: 10.1016/S1359-6446(04)03276-3

190. Roy, R, Shiao, TC, and Rittenhouse-Olson, K. Glycodendrimers: Versatile Tools for Nanotechnology. Brazilian Pharmaceutical Sci (2013) 49:85–108. doi: 10.1590/S1984-82502013000700008

191. Andre, S, Ortega, PJC, Perez, MA, Roy, R, and Gabius, HJ. Lactose-Containing Starburst Dendrimers: Influence of Dendrimer Generation and Binding-Site Orientation of Receptors (Plant/Animal Lectins and Immunoglobulins) on Binding Properties. Glycobiology (1999) 9(11):1253–61. doi: 10.1093/glycob/9.11.1253

192. Page, D, and Roy, R. Optimizing Lectin-Carbohydrate Interactions: Improved Binding of Divalent Alpha-Mannosylated Ligands Towards Concanavalin A. Glycoconjugate J (1997) 14(3):345–56. doi: 10.1023/A:1018522712250

193. Sehad, C, Shiao, TC, Sallam, LM, Azzouz, A, and Roy, R. Effect of Dendrimer Generation and Aglyconic Linkers on the Binding Properties of Mannosylated Dendrimers Prepared by a Combined Convergent and Onion Peel Approach. Molecules (2018) 23(8):1890. doi: 10.3390/molecules23081890

194. Ganneau, C, Simenel, C, Emptas, E, Courtiol, T, Coïc, Y-M, Artaud, C, et al. Large-Scale Synthesis and Structural Analysis of a Synthetic Glycopeptide Dendrimer as an Anti-Cancer Vaccine Candidate. Org Biomol Chem (2017) 15(1):114–23. doi: 10.1039/C6OB01931E

195. Shiao, TC, and Roy, R. Glycodendrimers as Functional Antigens and Antitumor Vaccines. New J Chem (2012) 36(2):324–39. doi: 10.1039/C2NJ20873C

196. Rawding, PA, Bu, JY, Wang, JN, Kim, D, Drelich, AJ, Kim, Y, et al. Dendrimers for Cancer Immunotherapy: Avidity-Based Drug Delivery Vehicles for Effective Anti-Tumor Immune Response. Wires Nanomed Nanobi (2021). doi: 10.1002/wnan.1752

197. Zhou, PJ, Liu, W, Cheng, Y, and Qian, D. Nanoparticle-Based Applications for Cervical Cancer Treatment in Drug Delivery, Gene Editing, and Therapeutic Cancer Vaccines. Wires Nanomed Nanobi (2021) 13(5):e1718. doi: 10.1002/wnan.1718

198. Gao, Y, Shen, MW, and Shi, XY. Interaction of Dendrimers With the Immune System: An Insight Into Cancer Nanotheranostics. View-China (2021) 2(3):20200120. doi: 10.1002/VIW.20200120

199. Surendran, SP, Moon, MJ, Park, R, and Jeong, YY. Bioactive Nanoparticles for Cancer Immunotherapy. Int J Mol Sci (2018) 19(12):3877. doi: 10.3390/ijms19123877

200. Jia, YM, Omri, A, Krishnan, L, and McCluskie, MJ. Potential Applications of Nanoparticles in Cancer Immunotherapy. Hum Vacc Immunother (2017) 13(1):63–74. doi: 10.1080/21645515.2016.1245251

201. Mekuria, SL, Ouyang, ZJ, Song, C, Rodrigues, J, Shen, MW, and Shi, XY. Dendrimer-Based Nanogels for Cancer Nanomedicine Applications. Bioconjugate Chem (2022) 33(1):87–96. doi: 10.1021/acs.bioconjchem.1c00587

202. Hsu, JF, Chu, SM, Liao, CC, Wang, CJ, Wang, YS, Lai, MY, et al. Nanotechnology and Nanocarrier-Based Drug Delivery as the Potential Therapeutic Strategy for Glioblastoma Multiforme: An Update. Cancers (2021) 13(2):195. doi: 10.3390/cancers13020195

203. Freitas, LF, Ferreira, AH, Thipe, VC, Varca, GHC, Lima, CSA, Batista, JGS, et al. The State of the Art of Theranostic Nanomaterials for Lung, Breast, and Prostate Cancers. Nanomaterials-Basel (2021) 11(10):2579. doi: 10.3390/nano11102579

204. Pedziwiatr-Werbicka, E, Horodecka, K, Shcharbin, D, and Bryszewska, M. Nanoparticles in Combating Cancer: Opportunities and Limitations: A Brief Review. Curr Med Chem (2021) 28(2):346–59. doi: 10.2174/0929867327666200130101605

205. Rodrigues, DB, Oliveira, JM, Santos, TC, and Reis, RL. Dendrimers: Breaking the Paradigm of Current Musculoskeletal Autoimmune Therapies. J Tissue Eng Regener M (2018) 12(3):E1796–812. doi: 10.1002/term.2597

206. Tam, JP. Synthetic Peptide Vaccine Design: Synthesis and Properties of a High-Density Multiple Antigenic Peptide System. Proc Natl Acad Sci (1988) 85(15):5409–13. doi: 10.1073/pnas.85.15.5409

207. Pifferi, C, Thomas, B, Goyard, D, Berthet, N, and Renaudet, O. Heterovalent Glycodendrimers as Epitope Carriers for Antitumor Synthetic Vaccines. Chem-Eur J (2017) 23(64):16283–96. doi: 10.1002/chem.201702708

208. Richard, E, Pifferi, C, Fiore, M, Samain, E, Le Gouellec, A, Fort, S, et al. Chemobacterial Synthesis of a Sialyl-Tn Cyclopeptide Vaccine Candidate. Chembiochem (2017) 18(17):1730–4. doi: 10.1002/cbic.201700240

209. Pifferi, C, Ruiz-de-Angulo, A, Goyard, D, Tiertant, C, Sacristan, N, Barriales, D, et al. Chemical Synthesis and Immunological Evaluation of New Generation Multivalent Anticancer Vaccines Based on a Tn Antigen Analogue. Chem Sci (2020) 11(17):4488–98. doi: 10.1039/D0SC00544D

210. Gao, Y, Ouyang, ZJ, Yang, C, Song, C, Jiang, CJ, Song, SL, et al. Overcoming T Cell Exhaustion via Immune Checkpoint Modulation With a Dendrimer-Based Hybrid Nanocomplex. Adv Healthc Mater (2021) 10(19):2100833. doi: 10.1002/adhm.202100833

211. Li, J, Shen, MW, and Shi, XY. Poly(amidoamine) Dendrimer-Gold Nanohybrids in Cancer Gene Therapy: A Concise Overview. ACS Appl Bio Mater (2020) 3(9):5590–605. doi: 10.1021/acsabm.0c00863

212. Qiu, J, Kong, L, Cao, X, Li, A, Wei, P, Wang, L, et al. Enhanced Delivery of Therapeutic siRNA Into Glioblastoma Cells Using Dendrimer-Entrapped Gold Nanoparticles Conjugated With β-Cyclodextrin. Nanomaterials (Basel) (2018) 8(3):131. doi: 10.3390/nano8030131

213. Wang, N, Liang, H, and Zen, K. Molecular Mechanisms That Influence the Macrophage M1–M2 Polarization Balance. Front Immunol (2014) 5(614). doi: 10.3389/fimmu.2014.00614

214. Najafi, M, Goradel, NH, Farhood, B, Salehi, E, Nashtaei, MS, Khanlarkhani, N, et al. Macrophage Polarity in Cancer: A Review. J Cell Biochem (2019) 120(3):2756–65. doi: 10.1002/jcb.27646

215. Rodell, CB, Arlauckas, SP, Cuccarese, MF, Garris, CS, Li, R, Ahmed, MS, et al. TLR7/8-Agonist-Loaded Nanoparticles Promote the Polarization of Tumour-Associated Macrophages to Enhance Cancer Immunotherapy. Nat Biomed Eng (2018) 2(8):578–88. doi: 10.1038/s41551-018-0236-8

216. Wei, ZH, Zhang, XQ, Yong, TY, Bie, NN, Zhan, GT, Li, X, et al. Boosting Anti-PD-1 Therapy With Metformin-Loaded Macrophage-Derived Microparticles. Nat Commun (2021) 12(1):440. doi: 10.1038/s41467-020-20723-x

217. Zhang, Y, Wu, L, Li, Z, Zhang, W, Luo, F, Chu, Y, et al. Glycocalyx-Mimicking Nanoparticles Improve Anti-PD-L1 Cancer Immunotherapy Through Reversion of Tumor-Associated Macrophages. Biomacromolecules (2018) 19(6):2098–108. doi: 10.1021/acs.biomac.8b00305

218. Parayath, NN, Hong, BV, Mackenzie, GG, and Amiji, MM. Hyaluronic Acid Nanoparticles Encapsulated microRNA-125b Repolarizes Tumor-Associated Macrophages in Pancreatic Cancer. Nanomedicine-Uk (2021) 16(25):2291–303. doi: 10.2217/nnm-2021-0080

219. Cheng, HR, Sun, L, Shen, DY, Ren, AI, Ma, FL, Tai, GH, et al. Beta-1,6 Glucan Converts Tumor-Associated Macrophages Into an M1-Like Phenotype. Carbohyd Polym (2020) 247:116715. doi: 10.1016/j.carbpol.2020.116715

220. Wu, XQ, Yan, J, Han, XQ, Zheng, RX, Song, PP, Wang, YJ, et al. Core-Shell Nanomaterials Engineered to Reverse Cancer Multidrug Resistance by Immunotherapy and Promote Photo-Responsive Chemotherapy. Chem Eng J (2022) 429:132329. doi: 10.1016/j.cej.2021.132329

221. Zhang, Y, Chen, YL, Li, JH, Zhu, XQ, Liu, YJ, Wang, XX, et al. Development of Toll-Like Receptor Agonist-Loaded Nanoparticles as Precision Immunotherapy for Reprogramming Tumor-Associated Macrophages. ACS Appl Mater Inter (2021) 13(21):24442–52. doi: 10.1021/acsami.1c01453

222. Wu, XQ, Cheng, Y, Zheng, RX, Xu, KQ, Yan, J, Song, PP, et al. Immunomodulation of Tumor Microenvironment by Arginine-Loaded Iron Oxide Nanoparticles for Gaseous Immunotherapy. ACS Appl Mater Inter (2021) 13(17):19825–35. doi: 10.1021/acsami.1c04638

223. Wei, BC, Pan, JM, Yuan, RT, Shao, BF, Wang, Y, Guo, X, et al. Polarization of Tumor-Associated Macrophages by Nanoparticle-Loaded Escherichia Coli Combined With Immunogenic Cell Death for Cancer Immunotherapy. Nano Lett (2021) 21(10):4231–40. doi: 10.1021/acs.nanolett.1c00209

224. Lin, XJ, Fang, Y, Jin, XC, Zhang, MM, and Shi, K. Modulating Repolarization of Tumor-Associated Macrophages With Targeted Therapeutic Nanoparticles as a Potential Strategy for Cancer Therapy. ACS Appl Bio Mater (2021) 4(8):5871–96. doi: 10.1021/acsabm.1c00461

225. Li, XY, Guo, XM, Ling, JB, Tang, Z, Huang, GN, He, LZ, et al. Nanomedicine-Based Cancer Immunotherapies Developed by Reprogramming Tumor-Associated Macrophages. Nanoscale (2021) 13(9):4705–27. doi: 10.1039/D0NR08050K

226. He, YY, de Araujo, RF, Cruz, LJ, and Eich, C. Functionalized Nanoparticles Targeting Tumor-Associated Macrophages as Cancer Therapy. Pharmaceutics (2021) 13(10):1670. doi: 10.3390/pharmaceutics13101670

227. Cao, YH, Ding, SS, Zeng, LJ, Miao, JY, Wang, K, Chen, G, et al. Reeducating Tumor-Associated Macrophages Using CpG@Au Nanocomposites to Modulate Immunosuppressive Microenvironment for Improved Radio-Immunotherapy. ACS Appl Mater Inter (2021) 13(45):53504–18. doi: 10.1021/acsami.1c07626

228. Liu, XS, Xie, XD, Jiang, JH, Lin, M, Zheng, E, Qiu, WV, et al. Use of Nanoformulation to Target Macrophages for Disease Treatment. Adv Funct Mater (2021) 31(38). doi: 10.1002/adfm.202104487

229. Zheng, YH, Han, YB, Wang, TT, Liu, HH, Sun, Q, Hu, SJ, et al. Reprogramming Tumor-Associated Macrophages via ROS-Mediated Novel Mechanism of Ultra-Small Cu2-xSe Nanoparticles to Enhance Anti-Tumor Immunity. Adv Funct Mater (2021). doi: 10.1002/adfm.202108971

230. Wang, X, Ramstrom, O, and Yan, MD. Quantitative Analysis of Multivalent Ligand Presentation on Gold Glyconanoparticles and the Impact on Lectin Binding. Anal Chem (2010) 82(21):9082–9. doi: 10.1021/ac102114z

231. Reynolds, M, Marradi, M, Imberty, A, Penades, S, and Perez, S. Multivalent Gold Glycoclusters: High Affinity Molecular Recognition by Bacterial Lectin PA-IL. Chem-Eur J (2012) 18(14):4264–73. doi: 10.1002/chem.201102034

232. Kong, N, Zhou, J, Park, J, Xie, S, Ramstrom, O, and Yan, MD. Quantitative Fluorine NMR To Determine Carbohydrate Density on Glyconanomaterials Synthesized From Perfluorophenyl Azide-Functionalized Silica Nanoparticles by Click Reaction. Anal Chem (2015) 87(18):9451–8. doi: 10.1021/acs.analchem.5b02507

233. Mansfield, E, Tyner, KM, Poling, CM, and Blacklock, JL. Determination of Nanoparticle Surface Coatings and Nanoparticle Purity Using Microscale Thermogravimetric Analysis. Anal Chem (2014) 86(3):1478–84. doi: 10.1021/ac402888v

234. Makhani, EY, Zhang, A, and Haun, JB. Quantifying and Controlling Bond Multivalency for Advanced Nanoparticle Targeting to Cells. Nano Convergence (2021) 8(1):38. doi: 10.1186/s40580-021-00288-1

235. Yue, J, Feliciano, TJ, Li, W, Lee, A, and Odom, TW. Gold Nanoparticle Size and Shape Effects on Cellular Uptake and Intracellular Distribution of siRNA Nanoconstructs. Bioconjug Chem (2017) 28(6):1791–800. doi: 10.1021/acs.bioconjchem.7b00252

236. Xie, X, Liao, J, Shao, X, Li, Q, and Lin, Y. The Effect of Shape on Cellular Uptake of Gold Nanoparticles in the Forms of Stars, Rods, and Triangles. Sci Rep-Uk (2017) 7(1):3827. doi: 10.1038/s41598-017-04229-z

237. Sangabathuni, S, Murthy, RV, Chaudhary, PM, Subramani, B, Toraskar, S, and Kikkeri, R. Mapping the Glyco-Gold Nanoparticles of Different Shapes Toxicity, Biodistribution and Sequestration in Adult Zebrafish. Sci Rep-Uk (2017) 7(1):4239. doi: 10.1038/s41598-017-03350-3

238. Toraskar, S, Chaudhary, PM, and Kikkeri, R. Nanoparticle Shape Governs Immunomodulation of MUC1 Antigen to Develop Anti-Cancer Vaccine. bioRxiv (2021). doi: 10.1101/2021.09.29.460739

239. Thomas, D, Rathinavel, AK, and Radhakrishnan, P. Altered Glycosylation in Cancer: A Promising Target for Biomarkers and Therapeutics. Bba-Rev Cancer (2021) 1875(1):188464. doi: 10.1016/j.bbcan.2020.188464

240. Temme, JS, Butler, DL, and Gildersleeve, JC. Anti-Glycan Antibodies: Roles in Human Disease. Biochem J (2021) 478(8):1485–509. doi: 10.1042/BCJ20200610

241. Zhou, JY, and Cobb, BA. Glycans in Immunologic Health and Disease. Annu Rev Immunol (2021) 39:511–36. doi: 10.1146/annurev-immunol-101819-074237

242. Anderluh, M, Berti, F, Bzducha-Wrobel, A, Chiodo, F, Colombo, C, Compostella, F, et al. Emerging Glyco-Based Strategies to Steer Immune Responses. FEBS J (2021) 288(16):4746–72. doi: 10.1111/febs.15830

243. Rodrigues, JG, Duarte, HO, Reis, CA, and Gomes, J. Aberrant Protein Glycosylation in Cancer: Implications in Targeted Therapy. Biochem Soc T (2021) 49(2):843–54. doi: 10.1042/BST20200763

244. Lim, J, Sari-Ak, D, and Bagga, T. Siglecs as Therapeutic Targets in Cancer. Biology-Basel (2021) 10(11):1178. doi: 10.3390/biology10111178

245. Brockhausen, I, and Melamed, J. Mucins as Anti-Cancer Targets: Perspectives of the Glycobiologist. Glycoconjugate J (2021) 38(4):459–74. doi: 10.1007/s10719-021-09986-8

246. Chiang, AWT, Baghdassarian, HM, Kellman, BP, Bao, BK, Sorrentino, JT, Liang, CG, et al. Systems Glycobiology for Discovering Drug Targets, Biomarkers, and Rational Designs for Glyco-Immunotherapy. J BioMed Sci (2021) 28(1). doi: 10.1186/s12929-021-00746-2

247. Sun, L, Gao, F, Gao, ZH, Ao, L, Li, N, Ma, SJ, et al. Shed Antigen-Induced Blocking Effect on CAR-T Cells Targeting Glypican-3 in Hepatocellular Carcinoma. J Immunother Cancer (2021) 9(4):1875. doi: 10.1136/jitc-2020-001875




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Barchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-852147-g004.jpg
o P30 sequence

(AWFNNFTVSFWLRVPKVSASHLE )

—
APPATSGPAPRTDPASTVGH
Tn

MUC1 glycopeptide





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Glycoconjugate Nanoparticle-Based Systems in Cancer Immunotherapy: Novel Designs and Recent Updates

      

        		

          1 Introduction

        



        		

          2 A Brief History of Cancer Immunotherapy

        



        		

          3 Glycoconjugates, Antitumor Therapy and Nanotechnology

        



        		

          4 Glyco-Nanotechnology and Cancer Immunotherapy

        

          		

            4.1 Vaccines: Delivery Platforms

          

            		

              4.1.1 Liposomes

            



            		

              4.1.2 Inorganic Nanoparticles

            

              		

                4.1.2.1 Gold Nanoparticles

              



              		

                4.1.2.2 Iron Oxide Particles

              



            



            



            		

              4.1.3 Virus-Like Particles

            



            		

              4.1.4 Polymeric Nanoparticles

            



            		

              4.1.5 Dendrimers

            



          



          



          		

            4.2 Reprogramming the Tumor Microenvironment (TME)

          



          		

            4.3 Ligand Chemistry, Number and Density

          



          		

            4.4 Size and Shape?

          



        



        



        		

          5 Conclusions and Future Outlook

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-852147-g007.jpg
e®9,
®e ® o°%
Sy ¢ s
. .‘., S
LA A
[ =1 ® e,
@ core ¢ ¢ o0 0
@ Branchings L4 'Y ..‘.. . .

@ [eminal functionaiized
branches





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-852147-g003.jpg
1 Non-Tosi, Encapstationaid stabity

| Reactve, igh cost

Liposome.
Spacifc slcironic propertas,
‘Shape-spacifc cal penetration
| Stabity of adsorbod agonts,
reproducbilty
Gold
Nanoparticles

(phere, Rod)

1 Roadiy avaiabl, easo of synthess,
Abiy to acjust igandidrug density

| Diterent genaratons couid b toic:

Polymeric
Nanoparticles
(with drug)

Blodegradabl

readily avaiablo
staring materals, chemical foxibilty

‘Accumulation in non-targeted tissue,
toxiity issues.

1 Trgorod éug rleaso, bocompatbl|
Abiiy o allor heological propertios

| Sabity of some gels nacidbase,
Not compatible with hydrophobic dru

Hydrogel

Virus:
Particle

1

Easy conjugation, High ligand numbers, wido
range of molecular famiies can bo

Producton issuos, presentation of
immunogens can be an issue.





OEBPS/Images/fimmu-13-852147-g001.jpg
19" Century.

o® 1)

==

3
& )
> 4





OEBPS/Images/fimmu-13-852147-g005.jpg
* a . "J"W

- Cowpea Mosai vius o

SRR b





OEBPS/Images/fimmu-13-852147-g008.jpg
O mumiku.n % Hauciy % saons
_Gunoys_
NeBa s

Ga-AUDENP-PS
(O Pamamcs 4 DoTA “13PS QAu  VGa

_Exhausted






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-852147-g006.jpg
Combination Therapy Composition/Structure of R848@NPs

Mild Hyperthermia

NIR Exposure

Modulation of Tumor Microenvironment
From Immunosuppressive to Immunogenic

Regression of Decreaseof
+ Primary Tumor MDSCs  Suppression of Tumor
Recurrence & Motastasis.
Immunotherapy
Immatured DCs Matured DCs
Immune
‘Activation






OEBPS/Images/fimmu.2022.852147_cover.jpg
, frontiers
in Immunology

Glycoconjugate Nanoparticle-Based
Systems in Cancer Immunotherapy:
Novel Designs and Recent Updates





OEBPS/Images/fimmu-13-852147-g002.jpg
Polymeric
nanoparticles

Liposome come

Tar

Linkerchain.

Chamothespatic-

Gold nanorods Gold nanospheres





