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Immunotherapy has emerged as a breakthrough strategy in cancer treatment. mRNA vaccines are an attractive and powerful immunotherapeutic platform against cancer because of their high potency, specificity, versatility, rapid and large-scale development capability, low-cost manufacturing potential, and safety. Recent technological advances in mRNA vaccine design and delivery have accelerated mRNA cancer vaccines’ development and clinical application. In this review, we present various cancer vaccine platforms with a focus on nucleic acid vaccines. We discuss rational design and optimization strategies for mRNA cancer vaccine development. We highlight the platforms available for delivery of the mRNA vaccines with a focus on lipid nanoparticles (LNPs) based delivery systems. Finally, we discuss the limitations of mRNA cancer vaccines and future challenges.
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1 Introduction

With almost 10 million deaths per year, cancer remains one of the leading causes of death worldwide (1). Finding effective means to fight cancer has been one of the main goals of researchers worldwide for decades and still presents us with enormous challenges. In recent years, immunotherapy has been emerging as a major cancer treatment strategy (2–4). Immunotherapy is a therapeutic approach that dynamically modulates the immune system to recognize and destroy cancer cells. Various immunotherapy approaches are being developed to improve clinical outcomes in cancer patients. The development of cancer vaccines is a promising immunotherapy strategy to induce tumor antigens (TAs) specific and long-lasting immune responses. The artificial triggering of an immune response against TAs forms the basis for vaccines against cancers (1, 5).

Cancer vaccines target TAs to elicit both cellular and humoral immune responses which suppress tumor growth and eradicate the tumor (6). TAs can be classified into tumor-associated antigens and tumor-specific antigens. Tumor-associated antigens are nonmutated proteins that are overexpressed or aberrantly expressed in cancer cells (7). Tumor-associated antigens can be differentiation antigens, products of silent genes, universal tumor antigens, and oncoviral antigens. Clinical trials of cancer vaccines targeting tumor-associated antigens have had limited success (8). In some cases, tumor-associated antigens are expressed in normal cells, increasing the risk of vaccine-induced autoimmune toxicity. Tumor-specific antigens are specifically displayed by the tumor cells and are generally not displayed by the normal cells (9). Neoantigens are unique, tumor-specific antigens, resulting from the genetic instability of cancer cells (10). Neoantigens have a higher affinity for major histocompatibility complex (MHC) and potent immunogenicity. They are specifically expressed by tumor cells and elicit a tumor-specific T-cell response with limited “off-target” toxicity. Hence, neoantigens have become the main target for cancer vaccines in recent years (11).

Cancer vaccination strategies are of two types: preventive or prophylactic strategy and therapeutic strategy (12, 13). The preventive strategy aims to induce immune memory by administering vaccines to healthy individuals to prevent morbidity due to virus-associated cancers. There are currently only two prophylactic vaccines that are approved by the FDA to prevent malignancies caused by hepatitis B virus and human papillomavirus (11, 14, 15). However, not all cancers can be avoided by prophylactic vaccinations, as not all cancers are caused by viruses. To date, no preventive vaccine against non-viral cancers has been approved for use in humans. The therapeutic strategy aims to treat the disease by boosting or reactivating the patient’s own immune system. Two therapeutic vaccines are currently approved in cancer immunotherapy, namely the Bacillus Calmette-Guérin (BCG) vaccine for bladder cancer and a dendritic cell-based vaccine (Sipuleucel-T) for castration-resistant prostate cancer (11). In addition to the approved cancer vaccines, several other cancer vaccines are either in development or in the preclinical and clinical research phase (16). A complete list of cancer vaccines in clinical trials is available at clinicaltrials.gov.

Despite considerable research into cancer vaccine development, the clinical use of cancer vaccines has been hampered due to the diversity of tumor antigens, systemic toxicity, and low immunogenicity of tumor antigens. In recent years, in-depth studies of immunological mechanisms and the development of various new vaccine platforms have greatly advanced vaccine research. The rapid development and success of RNA-based vaccines against SARS-CoV-2 in response to the COVID-19 pandemic have brought cancer vaccines back into focus.

In this review, we discuss cancer vaccine approaches with a focus on nucleic acid vaccines, compare DNA and mRNA cancer vaccines, and finally discuss on the approaches for designing and optimizing mRNA-based cancer vaccines, delivery formats for mRNA vaccines, and future prospects.



2 Cancer vaccine platform types

In general, cancer vaccine platforms are classified into cell-based vaccines, peptide-based vaccines, viral-based vaccines, and nucleic acid-based vaccines (Figure 1).




Figure 1 | Different types of cancer vaccine platforms.




2.1 Cell-based cancer vaccines

The tumor cell vaccine approach is a simple and straightforward method in which allogenic or autologous patient-derived tumor cells are used to produce cellular vaccines (17, 18). To enhance the immune response against whole tumor cells, tumor cell lines can be genetically modified by introducing cytokines, chemokines, and co-stimulatory molecule-encoding genes or by silencing immunosuppressive genes. The limitation of this method is that it is sometimes difficult to obtain a sufficient number of cells to induce effective immune response (19).

Dendritic cells (DCs) are highly specialized antigen presenting cells (APCs) that activate naive T cells and are used in the development of cell-based cancer vaccines (20). In DC based vaccine development approach, DCs are loaded with a variety of tumor antigens in the form of DNA, RNA, tumor lysates, tumor-derived proteins, or peptides. Based on the DCs subpopulation, various types of DC vaccines have been developed in recent years. The main types of DCs used in DC vaccines include monocyte-derived DCs (Mo-DCs) and leukemia-derived DCs (DCleu) (20). Since it is possible to culture DCs in adequate numbers, DC cancer vaccines have been tested in phase I, II and III clinical trials (21).



2.2 Peptide-based cancer vaccines

Peptide-based cancer vaccines consist of highly immunogenic tumor-specific peptide antigens to elicit the desired immune response. Using synthetic peptides, peptide vaccination approaches are being used to develop personalized cancer vaccines. Upon administration, peptides antigenic peptides are taken up by APCs and presented in complex with the HLA molecules on the cell surface. T cells recognize the surface antigens, leading to cancer-specific immune responses. The peptide-based vaccine approach has several advantages over other types of vaccines, particularly in terms of safety and ease of manufacturing (22). HBV and HPV vaccines for liver and cervical cancers are two examples of peptide-based vaccines (23).



2.3 Viral-based cancer vaccines

Many viruses are inherently immunogenic, and their genetic content can be manipulated to include sequences encoding TAs. Several viruses have been used as platforms for cancer vaccines. The most common viral vaccine vectors are from adenoviruses, poxviruses, and alphaviruses (24, 25). Most viral vectors are either replication-defective or attenuated versions. A major advantage of virus-based vaccines is that the immune system responds efficiently to viruses, with both innate and adaptive mechanisms working together in the induction of strong and durable immune responses (26). The downside is that the antiviral immune response can neutralize the vector, limiting further repeat immunizations.

Oncolytic virus vaccines represent a novel and exciting approach. Oncolytic viruses identify, infect, and kill tumor cells and promote anti-tumor responses. After infection with the oncolytic virus, tumor cells produce reactive oxygen species (ROS) and cytokines that stimulate immune cells, followed by oncolysis (27–29). T-VEC, a first-generation recombinant herpes simplex virus product, is one such oncolytic virus vaccine (30). Besides herpes simplex virus, adenovirus is another commonly used oncolytic virus due to its ease of handling and a broad spectrum of host cell tropism (11).



2.4 Nucleic acid-based cancer vaccines

Nucleic acid vaccines are vaccines that contain antigens encoded by either DNA or RNA. The nucleic acid vaccine is a promising and attractive vaccine platform because it allows multiple antigens to be easily administered with one immunization and its ability to induce strong MHC I mediated CD8+ T cell responses (31). Compared to traditional vaccines, nucleic acid vaccines have demonstrated advantages such as safety, specificity for inducing the immune response for the antigen of interest, induction of both humoral and cellular immune responses, relatively low production cost, and ease of manufacturing (32).

DNA cancer vaccines consist of engineered DNAs that code for one or more TAs. DNA vaccines cross the cell membrane of APCs to the cytoplasm and move to the nucleus to start transcription. The resulting mRNAs translocate to the cytoplasm where they are translated into specific TAs by the host machinery. The resulting antigens are then presented to APC to stimulate an immune response (33). Poor immunogenicity of DNA vaccines compared to other vaccine platforms and long-term expression have drawn attention to RNA vaccines (34). Several DNA cancer vaccines have undergone preclinical and clinical trials over the past decade. The DNA vaccine has been extensively studied in cervical cancer. VGX-3100, a DNA vaccine against HPV-16/HPV-18 E6 and E7 oncogenes, has shown promising results in patients with premalignant high-grade cervical intraepithelial neoplasia (35). This vaccine is currently being evaluated in two Phase III clinical trials for safety and efficacy. GX-188E is another cervical cancer DNA vaccine that fuses multiple epitopes (36). GX-188E has the ability to target and activate dendritic cells. Promising results were obtained in a phase II study of GX-188E in cervical cancer (36). Recently, a preclinical study using a synthetic DNA multi-neoantigen vaccine demonstrated a therapeutic antitumor response by inducing a predominant CD8+ T cell response in mouse tumor models (37). In addition, DNA cancer vaccines have demonstrated safety and tolerability in early clinical trials for the treatment of multiple prostate and breast cancers (38, 39).

Like DNA vaccines, mRNA vaccines deliver genetic information encoding TAs in the form of mRNAs. mRNA vaccines do not need to reach the nucleus as they are translated in the cytoplasm (40). The overall immunogenicity of mRNA vaccines is slightly better than that achieved with DNA vaccines. Transient expression of mRNA-encoded antigen allows for more controlled antigen exposure and reduces long-term antigen exposure risk. The disadvantage of the RNA vaccine is that RNA is more easily degraded than DNA (41). However, there are various modifications that can increase stability. Due to challenges related to stability, cost of personalized manufacturing of patient-specific vaccines, and delivery, advances in clinical development of mRNA vaccines have been slow. The COVID-19 pandemic led to the successful development and deployment of multiple mRNA vaccines, confirming the mRNA platform’s remarkable versatility, safety, and promising immunogenicity on a global scale (42).

Several mRNA cancer vaccines are in different phases of development. Immunostimulant mRNA vaccine TriMix, encoding CD70, CD40L, and a constitutively active form of TLR4 produced vigorous CD8+ T cell responses in patients with stage III or IV melanoma, showing favorable tumor response rates in phase II clinical trial (43). Another immunostimulant mRNA vaccine, mRNA-252, which encodes human OX40L, IL-23, and IL-36, was developed by Moderna for the treatment of lymphoma and is currently in a clinical trial (NCT03739931). BNT111 mRNA vaccine that encodes four TAAs (NY-ESO-1, MAGE-A3, tyrosinase, and TPTE) has been effective in the treatment of melanoma patients (44). BioNTech and Moderna’s personalized mRNA vaccines have shown promising anti-tumor effects in clinical trials. Currently, there are two personalized mRNA cancer vaccines, Moderna vaccine mRNA-4157 (encodes up to 34 neoantigens) and BioNTech vaccine BNT122 (encodes up to 20 neoantigens), in phase II clinical trials (45). A phase II clinical trial with BNT122 for the treatment of colorectal cancer is currently underway (NCT04486378).

For this review, we focus only on mRNA-based vaccines.




3 Rational design and optimization of mRNA cancer vaccines

The typical mRNA consists of a cap flanked by 5′- untranslated regions (UTR), 3′-UTRs, an open reading frame (ORF) encoding cancer antigens in mRNA cancer vaccines, and a poly(A) tail (Figure 2). These components of mRNA can be modified to increase stability, translational efficiency, and immunostimulatory properties. The design and optimization approaches include design and optimization of the coding region, design, and optimization of the noncoding region, and design and optimization of delivery formats.




Figure 2 | mRNA structural elements. Structural elements of mRNA vaccine include coding sequence, flanked by 5′and 3′ untranslated regions (UTRs), 5′ cap structure and 3′poly (A) tail.




3.1 Design and optimization of the coding sequence

It is known that codon composition affects translation efficiency. Substituting the rare codons with regular synonymous codons that contain many similar tRNAs in the cytosol accelerates translation and increases yield (46).

However, rare codon optimization for nucleic acid therapies may have potentially serious consequences that should be evaluated (47). Another form of sequence optimization is the enrichment of the GC content. GC enriched sequences are translated at rates 100-fold higher than low GC sequences (48). mRNA can be optimized by incorporating chemically modified nucleosides, which are known to decrease immunogenicity and significantly improve translational efficiency. Nucleotide modifications such as 5-methylcytidine (m5C), 1-methylpseudouridine and pseudouridine (ψ) are generally preferred modifications (49, 50).



3.2 Design and optimization of the noncoding region

The 5′ and 3′ UTR elements adjacent to the coding sequence are critical considerations in optimal vaccine design as they have a significant impact on mRNA stability, ribosome recognition, and translation (51). Optimizing 5′- and 3′-UTR elements greatly increases the efficiency and half-life of mRNA. The 5′-UTR sequence can be optimized by avoiding the presence of start codons in the 5′-UTR that disrupt ORF translation, by avoiding the presence of highly stable secondary structures that affect ribosome recruitment and codon recognition, by using shorter 5′-UTRs that are ideal for mRNA translation (52, 53). By introducing the 3′-UTRs of α-and β-globin mRNAs, translation and stability of mRNA may be enhanced (54).

The 5′-cap structure is essential for effective mRNA protein synthesis. The 5-cap regulates pre-mRNA splicing and nuclear export acts as a protective structure protecting RNA from exonuclease cleavage and initiates mRNA translation. 5′ capping can be achieved by using a vaccinia virus capping enzyme or by incorporation of synthetic cap or anti-reverse cap analogs during or after the transcription process (52, 55).

The poly(A) tail stabilizes the mRNA and promotes protein translation. The appropriate length of the poly(A) tail is crucial for the regulation of mRNA translation and stability (56). The length of the poly(A) tail is directly proportional to the translational efficacy. The poly(A) tail improves the stability of mRNA by slowing down the degradation of RNA by RNA exonucleases (45). There are two ways to add a poly(A) tail to in vitro transcribed (IVT) mRNA i.e. (i) extending the IVT mRNA after transcription by using recombinant poly(A) polymerase (ii) including poly(A) tail encoding DNA template from which IVT mRNA is transcribed. mRNA transcribed from a DNA template yields transcripts with a defined poly(A) tail length, whereas the enzymatic polyadenylation process yields mRNA transcripts with variable length poly(A) tails. In addition, deadenylation by poly(A)-specific nucleases can be inhibited by the incorporation of modified nucleotides into the poly(A) tail (52).



3.3 Delivery format optimization

After generating the IVT mRNA transcript, the next step is to administer the RNA vaccine, which should eventually reach the cytoplasm of the target cells. Because of the negatively charged structure of naked RNA and the large molecular size, mRNA is prone to degradation by nucleases and cannot cross the cell membrane. To overcome this obstacle, several mRNA vaccine delivery strategies have been employed, which can be broadly classified into two basic approaches i.e. (i) ex vivo loading of mRNA into DCs, (ii) direct injection of mRNA with or without a carrier.


3.3.1 Ex vivo loading of mRNA into DCs

DCs are the most potent antigen-presenting cells in the immune system. When DCs are used as a vaccination platform, DCs are transfected with mRNA encoding a tumor antigen of interest and then delivered to the host to elicit an immune response against the antigen (57–59). DCs can be transfected with either TAAs mRNA or total tumor RNA (60, 61); both methods have their advantages and disadvantages. DCs can internalize naked mRNA through a variety of endocytic pathways, but ex vivo transfection is commonly enhanced by applying electroporation to achieve high transfection efficiency without the need for a carrier molecule (57). Once DCs are loaded with mRNA ex vivo, they are reinfused into the recipient of the autologous vaccine to elicit the immune response. Loading of DCs with additional mRNAs, such as mRNAs encoding costimulatory molecules CD83, tumor necrosis factor receptor superfamily member 4 (TNFRSF4), and 4-1BB ligand (4-1BBL), has been shown to result in a substantial increase in the immunostimulatory activities of DCs (59). Most ex vivo loaded DC vaccines elicit a predominantly cell-mediated immune response. Ex vivo DC loading allows precise control of transfection efficiency and cellular target. The main disadvantage of this approach is that it is an expensive and labor-intensive vaccination approach (49). An example of this approach is a phase I trial evaluating autologous Langerhans-type dendritic cells with xenogeneic TRP-2 mRNA (62).



3.3.2 Direct injection of mRNA with or without a carrier

Direct injection of mRNA is a comparatively faster and less expensive approach. Recent advances in the direct injection approach have made a lot of progress in precise and efficient cell-type specific delivery of mRNA vaccines.

Naked mRNA has been used successfully for in vivo immunizations. Naked mRNA vaccines are formulated in buffer only and without a carrier. In this approach, native mRNA vaccines are injected directly. After administration, naked mRNAs can induce antigen-specific antibodies and T-cell immune responses (61). The limitation of the naked mRNA vaccine platform is the short extracellular half-life of naked mRNA due to rapid degradation caused by ubiquitous RNAases (63). Viral vector-based technologies have been used to deliver nucleic acid vaccines into cells, but their application is limited by pre-existing or vaccine-induced anti-vector immunity, which can reduce vaccine efficacy (64). To overcome some of these limitations, physical methods such as the gene gun method, electroporation, virus-like particles produced in yeast, synthetic delivery vehicles such as liposomes and lipoplexes, and cationic polymers have been developed for IVT mRNA to protect it from RNAase degradation, enhance cellular uptake and improve vaccine delivery (65–69).

Among the various delivery vehicles, LNPs have emerged as one of the advanced and widely used mRNA delivery platforms due to the success of the mRNA-LNP vaccines against SARS-CoV-2 (Figure 3) (70). Lipid nanoparticles are nanosized lipid formulations designed to protect mRNA payloads from degradation and allow for their efficient delivery to target cells. These lipid-based nanocarriers can efficiently deliver mRNA intracellularly by fusing with the lipid bilayer of early endosomes, thereby transporting the mRNA into the cytosol. LNPs are typically ~100 nm size carriers and consist of four components: ionizable lipids to form complexation with mRNA and allow the endosomal release of mRNA to the cytoplasm; lipid-linked polyethylene glycol (PEG) to increase the half-life of formulations; cholesterol to stabilize the structure of LNP; and phospholipids to support the lipid bilayer structure (71, 72).




Figure 3 | Schematic representation of lipid nanoparticle (LNP) based mRNA delivery. Components of the LNP are shown in the upper right box.



Ionizable lipid. Ionizable lipid is the most important component of LNP as it determines LNP potency. Ionizable lipid generally differentiates different mRNA-LNPs. Ionizable lipids consist of a hydrophilic head group, hydrocarbon chains to enhance self-assembly, and linkers to connect the head groups to the hydrocarbon chains. Ionizable lipids are essential for mRNA complexation. Ionizable lipids are unionized within the LNPs, and they complex with mRNA to form electrostatically stable lipoplex. Ionizable lipids remain neutral in the systemic circulation pH (pH~7.4), but become protonated at early endosomal pH (pH~6.5) and facilitate endosomal membrane fusion followed by cytosolic release (73–75). Ionizable lipids lack a substantial positive charge at physiological pH, resulting in improved pharmacokinetics (76). This property increases the half-life in the bloodstream, allowing for better accumulation in target tissues such as solid tumors. Some ionizable lipids are known to induce inflammation and cell toxicity by activating toll-like receptors (TLR) pathways (77).

Polyethylene glycol (PEG)-lipid. Polyethylene glycol lipids generally comprise <2.5% of the total formulation in LNP. PEG-lipid structure consists of a hydrophilic PEG-polymer, which is conjugated with a hydrophobic lipid anchor. They are found at the surface of LNPs with the lipid domain hidden down in the particle and the PEG domain protruding from the surface. PEG lipids play an important role in balancing circulation time and cellular uptake (71). They are also important for the proper determination of particle size during manufacture (78). PEG-lipid helps to inhibit particle aggregation and in turn improves storage stability (79). Balancing the PEG lipids is important because they are known to prevent the transport of RNA into cells at high concentrations. The development of anti-PEG antibodies has raised concerns about possible allergic reactions to LNPs (80).

Phospholipids and cholesterol. Phospholipids and cholesterol contribute to the structural integrity and phase transition behavior of the LNPs. Cholesterol and phospholipid components of LNPs are unlikely to elicit significant innate immune recognition and inflammatory responses as they are naturally present in mammalian cell membranes (81).

The main advantage of mRNA-LNP vaccines is the modularity and versatility of the platform. LNPs components and their ratios, targeting moieties, and overall lipid-to-mRNA ratios can be tailored and optimized for different targets and applications. LNPs have lower immunogenicity, can deliver larger cargoes, and offer opportunities for rapid and large-scale manufacture. However, more studies should be done on the risks of mRNA-LNP technology. As with most drugs, side effects with mRNA-LNP vaccines often increase with dose. For example, for the mRNA-1273 vaccine, 100 μg of the dose showed good efficacy and minimal side effects, and 250 μg of the vaccine caused severe side effects, while the BNT162b2 vaccine at 30 μg showed better efficacy and minimal side effects (82, 83). Anaphylactic reactions and inflammatory reactions have been observed with some COVID-19 mRNA-LNP vaccines, even at the recommended doses (84–86). In addition, there is a residual risk of toxic side effects associated with the complexing agents and delivery compounds. Long-term immunological changes affecting adaptive immune responses have been reported (87). These data necessitate future studies to optimize the delivery system of mRNA vaccines.

Apart from the platform, the route of administration is also important to the effectiveness of the mRNA vaccines. Intramuscular and intradermal injections are the most commonly used routes of injection because these routes of injection provide the highest level of immunity and the longest duration of effect (71). Intravenous administration involves liver first-pass metabolism and is less convenient, so it is less preferred (71). The systemic route is only preferred in select cases.





4 Concluding remarks

mRNA cancer vaccines are a powerful and versatile form of immunotherapy. mRNA cancer vaccines are able to encode and express TAA, TSA, and their associated cytokines, and these vaccines can induce both humoral and cellular immunity. Appropriate selection of antigens is the basis for the development of mRNA cancer vaccines. mRNA cancer vaccines have several advantages, such as rapid and large-scale production, flexibility, versatility, relatively low production costs, no oncogenic potential, well-tolerated, and the ability to elicit a robust protective immune response. Importantly, mRNA vaccines do not carry the risk of integrating into the host genome, making them a promising therapeutic modality. The viability of mRNA vaccines to fight cancer has been demonstrated by numerous preclinical and clinical studies. Various mRNA cancer vaccines are currently being developed for a variety of cancer treatments. These studies have been extensively reviewed (45, 51, 88, 89).

Personalized mRNA vaccines open a new direction for precision cancer therapy. Personalized mRNA cancer vaccines coding for specific cancer antigens can be produced by utilizing next-generation sequencing (NGS) technology. Various computational approaches can be used to predict neoantigens and their presentation by human leukocyte antigen (HLA). Previously, we demonstrated such an application of computational approaches in epitope prediction and rational vaccine design (42, 90–94). With the increasing number of studies and clinical trials of personalized cancer vaccines, the possibility of developing mRNA vaccines against different types of cancer is mounting. Despite the promise of mRNA cancer therapy, much more research is needed to develop stable mRNA and safe advanced delivery systems. Further development of personalized vaccines and clinical trials for different tumors are required.

mRNA-based vaccines have gained more and more popularity for the development of novel immunotherapies. However, the instability and in vivo delivery of mRNA cancer vaccine have impaired its clinical application. Although progress has been made over the past decades to overcome these limitations, challenges still exist on the development of mRNA cancer vaccines. Another major challenge is the targeted delivery of mRNA to specific tissues and cell types. In addition, future studies could focus on combining mRNA cancer vaccines with other immunotherapies to improve clinical outcomes and cancer treatment.

In summary, given the technological revolution in the field of mRNA vaccines, we can soon expect a leap in cancer immunotherapy and successful clinical translation of mRNA cancer vaccines.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

We acknowledge support from the National Institutes of Health (1R35 GM134864 and 1RF1 AG071675) and the Passan Foundation.



Conflict of interest

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



Abbreviations

TAs, tumor antigens; MHC, major histocompatibility complex; DCs, dendritic cells; APC, antigen-presenting cell; ROS, reactive oxygen species; LNPs, lipid nanoparticles; UTR, untranslated region; ORF, open reading frame; IVT mRNA, in vitro transcribed mRNA; TNFRSF4, tumor necrosis factor receptor superfamily member 4; NGS, next-generation sequencing; PEG, polyethylene glycol; TLR, toll-like receptors; HLA, human leukocyte antigen.



References

1. Sobhani, N, Scaggiante, B, Morris, R, Chai, D, Catalano, M, Tardiel-Cyril, DR, et al. Therapeutic cancer vaccines: From biological mechanisms and engineering to ongoing clinical trials. Cancer Treat Rev (2022) 109:102429. doi: 10.1016/j.ctrv.2022.102429

2. Kruger, S, Ilmer, M, Kobold, S, Cadilha, BL, Endres, S, Ormanns, S, et al. Advances in cancer immunotherapy 2019 – latest trends. J Exp Clin Cancer Res (2019) 38:268. doi: 10.1186/s13046-019-1266-0

3. Zhang, Y, and Zhang, Z. The history and advances in cancer immunotherapy: understanding the characteristics of tumor-infiltrating immune cells and their therapeutic implications. Cell Mol Immunol (2020) 17:807–21. doi: 10.1038/s41423-020-0488-6

4. Zhao, Z, Zheng, L, Chen, W, Weng, W, Song, J, and Ji, J. Delivery strategies of cancer immunotherapy: recent advances and future perspectives. J Hematol Oncol (2019) 12:126. doi: 10.1186/s13045-019-0817-3

5. Pandolfi, F, Cianci, R, Pagliari, D, Casciano, F, Bagalà, C, Astone, A, et al. The immune response to tumors as a tool toward immunotherapy. Clin Dev Immunol (2011) 2011:894704. doi: 10.1155/2011/894704

6. Finn, OJ. Cancer vaccines: between the idea and the reality. Nat Rev Immunol (2003) 3:630–41. doi: 10.1038/nri1150

7. Haen, SP, Löffler, MW, Rammensee, H-G, and Brossart, P. Towards new horizons: characterization, classification and implications of the tumour antigenic repertoire. Nat Rev Clin Oncol (2020) 17:595–610. doi: 10.1038/s41571-020-0387-x

8. Buonaguro, L, and Tagliamonte, M. Selecting target antigens for cancer vaccine development. Vaccines (2020) 8:615. doi: 10.3390/vaccines8040615

9. Minati, R, Perreault, C, and Thibault, P. A roadmap toward the definition of actionable tumor-specific antigens. Front Immunol (2020) 11:583287. doi: 10.3389/fimmu.2020.583287

10. Zhang, Z, Lu, M, Qin, Y, Gao, W, Tao, L, Su, W, et al. Neoantigen: A new breakthrough in tumor immunotherapy. Front Immunol (2021) 12:672356. doi: 10.3389/fimmu.2021.672356

11. Liu, J, Fu, M, Wang, M, Wan, D, Wei, Y, and Wei, X. Cancer vaccines as promising immuno-therapeutics: platforms and current progress. J Hematol Oncol (2022) 15:28. doi: 10.1186/s13045-022-01247-x

12. Crews, DW, Dombroski, JA, and King, MR. Prophylactic cancer vaccines engineered to elicit specific adaptive immune response. Front Oncol (2021) 11:626463. doi: 10.3389/fonc.2021.626463

13. Finn, OJ. The dawn of vaccines for cancer prevention. Nat Rev Immunol (2018) 18:183–94. doi: 10.1038/nri.2017.140

14. Petrosky, E, Bocchini, JAJ, Hariri, S, Chesson, H, Curtis, CR, Saraiya, M, et al. Use of 9-valent human papillomavirus (HPV) vaccine: updated HPV vaccination recommendations of the advisory committee on immunization practices. MMWR Morb Mortal Wkly Rep (2015) 64:300–4.

15. Mast, EE, Margolis, HS, Fiore, AE, Brink, EW, Goldstein, ST, Wang, SA, et al. A comprehensive immunization strategy to eliminate transmission of hepatitis b virus infection in the united states: recommendations of the advisory committee on immunization practices (ACIP) part 1: immunization of infants, children, and adolescents. MMWR Recomm Rep Morb Mortal Wkly Rep Recomm Rep (2005) 54:1–31.

16. Saxena, M, van der Burg, SH, Melief, CJM, and Bhardwaj, N. Therapeutic cancer vaccines. Nat Rev Cancer (2021) 21:360–78. doi: 10.1038/s41568-021-00346-0

17. Chiang, CL-L, Coukos, G, and Kandalaft, LE. Whole tumor antigen vaccines: Where are we? Vaccines (2015) 3:344–72. doi: 10.3390/vaccines3020344

18. de Gruijl, TD, van den Eertwegh, AJM, Pinedo, HM, and Scheper, RJ. Whole-cell cancer vaccination: from autologous to allogeneic tumor- and dendritic cell-based vaccines. Cancer Immunol Immunother (2008) 57:1569–77. doi: 10.1007/s00262-008-0536-z

19. Igarashi, Y, and Sasada, T. Cancer vaccines: Toward the next breakthrough in cancer immunotherapy. J Immunol Res (2020) 2020:5825401. doi: 10.1155/2020/5825401

20. Yu, J, Sun, H, Cao, W, Song, Y, and Jiang, Z. Research progress on dendritic cell vaccines in cancer immunotherapy. Exp Hematol Oncol (2022) 11:3. doi: 10.1186/s40164-022-00257-2

21. Santos, PM, and Butterfield, LH. Dendritic cell–based cancer vaccines. J Immunol (2018) 200:443 LP – 449. doi: 10.4049/jimmunol.1701024

22. Nelde, A, Rammensee, H-G, and Walz, JS. The peptide vaccine of the future. Mol Cell Proteomics (2021) 20:100022. doi: 10.1074/mcp.R120.002309

23. Slingluff, CLJ. The present and future of peptide vaccines for cancer: single or multiple, long or short, alone or in combination? Cancer J (2011) 17:343–50. doi: 10.1097/PPO.0b013e318233e5b2

24. Hollingsworth, RE, and Jansen, K. Turning the corner on therapeutic cancer vaccines. NPJ Vaccines (2019) 4:7. doi: 10.1038/s41541-019-0103-y

25. Larocca, C, and Schlom, J. Viral vector-based therapeutic cancer vaccines. Cancer J (2011) 17:359–71. doi: 10.1097/PPO.0b013e3182325e63

26. Paston, SJ, Brentville, VA, Symonds, P, and Durrant, LG. Cancer vaccines, adjuvants, and delivery systems. Front Immunol (2021) 12:627932. doi: 10.3389/fimmu.2021.627932

27. Santos Apolonio, J, Lima de Souza Gonçalves, V, Cordeiro Santos, ML, Silva Luz, M, Silva Souza, JV, Rocha Pinheiro, SL, et al. Oncolytic virus therapy in cancer: A current review. World J Virol (2021) 10:229–55. doi: 10.5501/wjv.v10.i5.229

28. Russell, SJ, Peng, K-W, and Bell, JC. Oncolytic virotherapy. Nat Biotechnol (2012) 30:658–70. doi: 10.1038/nbt.2287

29. Fu, L-Q, Wang, S-B, Cai, M-H, Wang, X-J, Chen, J-Y, Tong, X-M, et al. Recent advances in oncolytic virus-based cancer therapy. Virus Res (2019) 270:197675. doi: 10.1016/j.virusres.2019.197675

30. Russell, SJ, and Barber, GN. Oncolytic viruses as antigen-agnostic cancer vaccines. Cancer Cell (2018) 33:599–605. doi: 10.1016/j.ccell.2018.03.011

31. Qin, F, Xia, F, Chen, H, Cui, B, Feng, Y, Zhang, P, et al. A guide to nucleic acid vaccines in the prevention and treatment of infectious diseases and cancers: From basic principles to current applications. Front Cell Dev Biol (2021) 9:633776. doi: 10.3389/fcell.2021.633776

32. Vishweshwaraiah, YL, and Dokholyan, NV. Toward rational vaccine engineering. Adv Drug Delivery Rev (2022) 183:114142. doi: 10.1016/j.addr.2022.114142

33. Bai, H, Lester, GMS, Petishnok, LC, and Dean, DA. Cytoplasmic transport and nuclear import of plasmid DNA. Biosci Rep (2017) 37. doi: 10.1042/BSR20160616

34. Kutzler, MA, and Weiner, DB. DNA Vaccines: ready for prime time? Nat Rev Genet (2008) 9:776–88. doi: 10.1038/nrg2432

35. Trimble, CL, Morrow, MP, Kraynyak, KA, Shen, X, Dallas, M, Yan, J, et al. Safety, efficacy, and immunogenicity of VGX-3100, a therapeutic synthetic DNA vaccine targeting human papillomavirus 16 and 18 E6 and E7 proteins for cervical intraepithelial neoplasia 2/3: a randomised, double-blind, placebo-controlled phase 2b trial. Lancet (London England) (2015) 386:2078–88. doi: 10.1016/S0140-6736(15)00239-1

36. Choi, YJ, Hur, SY, Kim, T-J, Hong, SR, Lee, JK, Cho, C-H, et al. Prospective, randomized, multicenter, open-label study of GX-188E, an HPV DNA vaccine, in patients with cervical intraepithelial neoplasia 3. Clin Cancer Res an Off J Am Assoc Cancer Res (2020) 26:1616–23. doi: 10.1158/1078-0432.CCR-19-1513

37. Duperret, EK, Perales-Puchalt, A, Stoltz, R, Hiranjith, GH, Mandloi, N, Barlow, J, et al. A synthetic DNA, multi-neoantigen vaccine drives predominately MHC class I CD8(+) T-cell responses, impacting tumor challenge. Cancer Immunol Res (2019) 7:174–82. doi: 10.1158/2326-6066.CIR-18-0283

38. Eriksson, F, Tötterman, T, Maltais, A-K, Pisa, P, and Yachnin, J. DNA Vaccine coding for the rhesus prostate specific antigen delivered by intradermal electroporation in patients with relapsed prostate cancer. Vaccine (2013) 31:3843–8. doi: 10.1016/j.vaccine.2013.06.063

39. Tiriveedhi, V, Tucker, N, Herndon, J, Li, L, Sturmoski, M, Ellis, M, et al. Safety and preliminary evidence of biologic efficacy of a mammaglobin-a DNA vaccine in patients with stable metastatic breast cancer. Clin Cancer Res an Off J Am Assoc Cancer Res (2014) 20:5964–75. doi: 10.1158/1078-0432.CCR-14-0059

40. Ulmer, JB, Mason, PW, Geall, A, and Mandl, CW. RNA-Based vaccines. Vaccine (2012) 30:4414–8. doi: 10.1016/j.vaccine.2012.04.060

41. Miao, L, Zhang, Y, and Huang, L. mRNA vaccine for cancer immunotherapy. Mol Cancer (2021) 20:41. doi: 10.1186/s12943-021-01335-5

42. Vishweshwaraiah, YL, Hnath, B, Rackley, B, Wang, J, Gontu, A, Chandler, M, et al. Adaptation-proof SARS-CoV-2 vaccine design. Adv Funct Mater (2022) 32:2206055. doi: 10.1101/2022.05.17.492310

43. Wilgenhof, S, Van Nuffel, AMT, Benteyn, D, Corthals, J, Aerts, C, Heirman, C, et al. A phase IB study on intravenous synthetic mRNA electroporated dendritic cell immunotherapy in pretreated advanced melanoma patients. Ann Oncol Off J Eur Soc Med Oncol (2013) 24:2686–93. doi: 10.1093/annonc/mdt245

44. Sahin, U, Oehm, P, Derhovanessian, E, Jabulowsky, RA, Vormehr, M, Gold, M, et al. An RNA vaccine drives immunity in checkpoint-inhibitor-treated melanoma. Nature (2020) 585:107–12. doi: 10.1038/s41586-020-2537-9

45. Deng, Z, Tian, Y, Song, J, An, G, and Yang, P. mRNA vaccines: The dawn of a new era of cancer immunotherapy. Front Immunol (2022) 13:887125. doi: 10.3389/fimmu.2022.887125

46. Hanson, G, and Coller, J. Codon optimality, bias and usage in translation and mRNA decay. Nat Rev Mol Cell Biol (2018) 19:20–30. doi: 10.1038/nrm.2017.91

47. Mauro, VP, and Chappell, SA. A critical analysis of codon optimization in human therapeutics. Trends Mol Med (2014) 20:604–13. doi: 10.1016/j.molmed.2014.09.003

48. Kudla, G, Lipinski, L, Caffin, F, Helwak, A, and Zylicz, M. High guanine and cytosine content increases mRNA levels in mammalian cells. PloS Biol (2006) 4:e180. doi: 10.1371/journal.pbio.0040180

49. Pardi, N, Hogan, MJ, Porter, FW, and Weissman, D. mRNA vaccines — a new era in vaccinology. Nat Rev Drug Discovery (2018) 17:261–79. doi: 10.1038/nrd.2017.243

50. Weng, Y, Li, C, Yang, T, Hu, B, Zhang, M, Guo, S, et al. The challenge and prospect of mRNA therapeutics landscape. Biotechnol Adv (2020) 40:107534. doi: 10.1016/j.biotechadv.2020.107534

51. Wei, J, and Hui, A-M. The paradigm shift in treatment from covid-19 to oncology with mRNA vaccines. Cancer Treat Rev (2022) 107:102405. doi: 10.1016/j.ctrv.2022.102405

52. Kim, SC, Sekhon, SS, Shin, W-R, Ahn, G, Cho, B-K, Ahn, J-Y, et al. Modifications of mRNA vaccine structural elements for improving mRNA stability and translation efficiency. Mol Cell Toxicol (2022) 18:1–8. doi: 10.1007/s13273-021-00171-4

53. Leppek, K, Das, R, and Barna, M. Functional 5’ UTR mRNA structures in eukaryotic translation regulation and how to find them. Nat Rev Mol Cell Biol (2018) 19:158–74. doi: 10.1038/nrm.2017.103

54. Sahin, U, Karikó, K, and Türeci, Ö. mRNA-based therapeutics — developing a new class of drugs. Nat Rev Drug Discovery (2014) 13:759–80. doi: 10.1038/nrd4278

55. Pollard, C, De Koker, S, Saelens, X, Vanham, G, and Grooten, J. Challenges and advances towards the rational design of mRNA vaccines. Trends Mol Med (2013) 19:705–13. doi: 10.1016/j.molmed.2013.09.002

56. Jalkanen, AL, Coleman, SJ, and Wilusz, J. Determinants and implications of mRNA poly(A) tail size–does this protein make my tail look big? Semin Cell Dev Biol (2014) 34:24–32. doi: 10.1016/j.semcdb.2014.05.018

57. Kastenmüller, W, Kastenmüller, K, Kurts, C, and Seder, RA. Dendritic cell-targeted vaccines — hope or hype? Nat Rev Immunol (2014) 14:705–11. doi: 10.1038/nri3727

58. Perez, CR, and De Palma, M. Engineering dendritic cell vaccines to improve cancer immunotherapy. Nat Commun (2019) 10:5408. doi: 10.1038/s41467-019-13368-y

59. Gu, Y, Zhao, X, and Song, X. Ex vivo pulsed dendritic cell vaccination against cancer. Acta Pharmacol Sin (2020) 41:959–69. doi: 10.1038/s41401-020-0415-5

60. Dörrie, J, Schaft, N, Schuler, G, and Schuler-Thurner, B. Therapeutic cancer vaccination with ex vivo RNA-transfected dendritic cells-an update. Pharmaceutics (2020) 12:92. doi: 10.3390/pharmaceutics12020092

61. Beck, JD, Reidenbach, D, Salomon, N, Sahin, U, Türeci, Ö, Vormehr, M, et al. mRNA therapeutics in cancer immunotherapy. Mol Cancer (2021) 20:69. doi: 10.1186/s12943-021-01348-0

62. Huff, AL, Jaffee, EM, and Zaidi, N. Messenger RNA vaccines for cancer immunotherapy: progress promotes promise. J Clin Invest (2022) 132:e156211. doi: 10.1172/JCI156211

63. Houseley, J, and Tollervey, D. The many pathways of RNA degradation. Cell (2009) 136:763–76. doi: 10.1016/j.cell.2009.01.019

64. Geall, AJ, Mandl, CW, and Ulmer, JB. RNA: the new revolution in nucleic acid vaccines. Semin Immunol (2013) 25:152–9. doi: 10.1016/j.smim.2013.05.001

65. Kallen, K-J, Heidenreich, R, Schnee, M, Petsch, B, Schlake, T, Thess, A, et al. A novel, disruptive vaccination technology: self-adjuvanted RNActive(®) vaccines. Hum Vaccin Immunother (2013) 9:2263–76. doi: 10.4161/hv.25181

66. Johansson, DX, Ljungberg, K, Kakoulidou, M, and Liljeström, P. Intradermal electroporation of naked replicon RNA elicits strong immune responses. PloS One (2012) 7:e29732. doi: 10.1371/journal.pone.0029732

67. Qiu, P, Ziegelhoffer, P, Sun, J, and Yang, NS. Gene gun delivery of mRNA in situ results in efficient transgene expression and genetic immunization. Gene Ther (1996) 3:262–8.

68. Malone, RW, Felgner, PL, and Verma, IM. Cationic liposome-mediated RNA transfection. Proc Natl Acad Sci U.S.A. (1989) 86:6077–81. doi: 10.1073/pnas.86.16.6077

69. Qin, S, Tang, X, Chen, Y, Chen, K, Fan, N, Xiao, W, et al. mRNA-based therapeutics: powerful and versatile tools to combat diseases. Signal Transduct Target Ther (2022) 7:166. doi: 10.1038/s41392-022-01007-w

70. Tenchov, R, Bird, R, Curtze, AE, and Zhou, Q. Lipid Nanoparticles─From liposomes to mRNA vaccine delivery, a landscape of research diversity and advancement. ACS Nano (2021) 15:16982–7015. doi: 10.1021/acsnano.1c04996

71. Hou, X, Zaks, T, Langer, R, and Dong, Y. Lipid nanoparticles for mRNA delivery. Nat Rev Mater (2021) 6:1078–94. doi: 10.1038/s41578-021-00358-0

72. Guevara, ML, Persano, F, and Persano, S. Advances in lipid nanoparticles for mRNA-based cancer immunotherapy. Front Chem (2020) 8:589959. doi: 10.3389/fchem.2020.589959

73. Hajj, KA, and Whitehead, KA. Tools for translation: non-viral materials for therapeutic mRNA delivery. Nat Rev Mater (2017) 2:17056. doi: 10.1038/natrevmats.2017.56

74. Kowalski, PS, Rudra, A, Miao, L, and Anderson, DG. Delivering the messenger: Advances in technologies for therapeutic mRNA delivery. Mol Ther (2019) 27:710–28. doi: 10.1016/j.ymthe.2019.02.012

75. Meng, C, Chen, Z, Li, G, Welte, T, and Shen, H. Nanoplatforms for mRNA therapeutics. Adv Ther (2021) 4:2000099. doi: 10.1002/adtp.202000099

76. Kon, E, Elia, U, and Peer, D. Principles for designing an optimal mRNA lipid nanoparticle vaccine. Curr Opin Biotechnol (2022) 73:329–36. doi: 10.1016/j.copbio.2021.09.016

77. Igyártó, BZ, Jacobsen, S, and Ndeupen, S. Future considerations for the mRNA-lipid nanoparticle vaccine platform. Curr Opin Virol (2021) 48:65–72. doi: 10.1016/j.coviro.2021.03.008

78. Ryals, RC, Patel, S, Acosta, C, McKinney, M, Pennesi, ME, and Sahay, G. The effects of PEGylation on LNP based mRNA delivery to the eye. PloS One (2020) 15:e0241006. doi: 10.1371/journal.pone.0241006

79. Thevenot, J, Troutier, A-L, David, L, Delair, T, and Ladavière, C. Steric stabilization of Lipid/Polymer particle assemblies by poly (ethylene glycol)-lipids. Biomacromolecules (2007) 8:3651–60. doi: 10.1021/bm700753q

80. Shi, D, Beasock, D, Fessler, A, Szebeni, J, Ljubimova, JY, Afonin, KA, et al. To PEGylate or not to PEGylate: Immunological properties of nanomedicine’s most popular component, polyethylene glycol and its alternatives. Adv Drug Delivery Rev (2022) 180:114079. doi: 10.1016/j.addr.2021.114079

81. Samaridou, E, Heyes, J, and Lutwyche, P. Lipid nanoparticles for nucleic acid delivery: Current perspectives. Adv Drug Delivery Rev (2020) 154–155:37–63. doi: 10.1016/j.addr.2020.06.002

82. Rouf, NZ, Biswas, S, Tarannum, N, Oishee, LM, and Muna, MM. Demystifying mRNA vaccines: an emerging platform at the forefront of cryptic diseases. RNA Biol (2022) 19:386–410. doi: 10.1080/15476286.2022.2055923

83. Tian, Y, Deng, Z, and Yang, P. mRNA vaccines: A novel weapon to control infectious diseases. Front Microbiol (2022) 13:1008684. doi: 10.3389/fmicb.2022.1008684

84. Tahtinen, S, Tong, A-J, Himmels, P, Oh, J, Paler-Martinez, A, Kim, L, et al. IL-1 and IL-1ra are key regulators of the inflammatory response to RNA vaccines. Nat Immunol (2022) 23:532–42. doi: 10.1038/s41590-022-01160-y

85. Marković, I, Božan, M, Perković, T, Paušek, K, Nedeljković, V, Perković, M, et al. Incidence of immediate allergic reactions to mRNA COVID-19 vaccines in adults with drug allergies and other allergic disorders. Medicine (2022) 101:e29571. doi: 10.1097/MD.0000000000029571

86. Bigini, P, Gobbi, M, Bonati, M, Clavenna, A, Zucchetti, M, Garattini, S, et al. The role and impact of polyethylene glycol on anaphylactic reactions to COVID-19 nano-vaccines. Nat Nanotechnol (2021) 16:1169–71. doi: 10.1038/s41565-021-01001-3

87. Qin, Z, Bouteau, A, Herbst, C, and Igyártó, BZ. Pre-exposure to mRNA-LNP inhibits adaptive immune responses and alters innate immune fitness in an inheritable fashion. PloS Pathog (2022) 18:e1010830. doi: 10.1371/journal.ppat.1010830

88. He, Q, Gao, H, Tan, D, Zhang, H, and Wang, J. mRNA cancer vaccines: Advances, trends and challenges. Acta Pharm Sin B (2022) 12:2969–89. doi: 10.1016/j.apsb.2022.03.011

89. Ladak, RJ, He, AJ, Huang, Y-H, and Ding, Y. The current landscape of mRNA vaccines against viruses and cancer-a mini review. Front Immunol (2022) 13:885371. doi: 10.3389/fimmu.2022.885371

90. Zhu, C, Dukhovlinova, E, Council, O, Ping, L, Faison, EM, Prabhu, SS, et al. Rationally designed carbohydrate-occluded epitopes elicit HIV-1 env-specific antibodies. Nat Commun (2019) 10:1–10. doi: 10.1038/s41467-019-08876-w

91. Ding, F, Tsao, D, Nie, H, and Dokholyan, NV. Ab initio folding of proteins with all-atom discrete molecular dynamics. Structure (2008) 16:1010–8. doi: 10.1016/j.str.2008.03.013

92. Shirvanyants, D, Alexandrova, AN, and Dokholyan, NV. Rigid substructure search. Bioinformatics (2011) 27:1327–9. doi: 10.1093/bioinformatics/btr129

93. Kota, P, Ding, F, Ramachandran, S, and Dokholyan, NV. Gaia: Automated quality assessment of protein structure models. Bioinformatics (2011) 27:2209–15. doi: 10.1093/bioinformatics/btr374

94. Yin, S, Ding, F, and Dokholyan, NV. Eris: an automated estimator of protein stability. Nat Methods (2007) 4:466–7. doi: 10.1038/nmeth0607-466


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 Vishweshwaraiah and Dokholyan. 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.2022.1029069_cover.jpg
& frontiers | Frontiers in Immunology






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        mRNA vaccines for cancer immunotherapy

      

        		

          1 Introduction

        



        		

          2 Cancer vaccine platform types

        

          		

            2.1 Cell-based cancer vaccines

          



          		

            2.2 Peptide-based cancer vaccines

          



          		

            2.3 Viral-based cancer vaccines

          



          		

            2.4 Nucleic acid-based cancer vaccines

          



        



        



        		

          3 Rational design and optimization of mRNA cancer vaccines

        

          		

            3.1 Design and optimization of the coding sequence

          



          		

            3.2 Design and optimization of the noncoding region

          



          		

            3.3 Delivery format optimization

          

            		

              3.3.1 Ex vivo loading of mRNA into DCs

            



            		

              3.3.2 Direct injection of mRNA with or without a carrier

            



          



          



        



        



        		

          4 Concluding remarks

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-1029069-g002.jpg
mRNA structural elements

o
o

| Untranslate [
| regions

Poly (A) tail

C truct Untranslated
ap structure regions

A






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-1029069-g001.jpg
Cell-bhased
cancer vaccines

Dendritic cell vaccine

Tumor cell vaccine

Whole tumor-associated antigens
are used in tumor vaccines.
Dendritic cells are loaded with a
variety of tumor antigens in
dendritic cell vaccine

Viral-based
cancer vaccines

Viral vaccine

Engineered viruses are used
as vectors to deliver tumor
antigens to immune system

Peptide-based
cancer vaccines

Antigenic peptides

Cancer epitopes of interest are

delivered to the immune system

as short/long peptides to induce
immune response

Nucleic acid-hased
cancer vaccines

"0000".
MRNA vaccine

.“0000..
DNA vaccine

DNA or RNA encoding tumor
antigens are delivered to the
immune system using
various delivery platforms






OEBPS/Images/fimmu-13-1029069-g003.jpg
/e
1 2%
gfm N lonizable lipid ’ Cuclestone!
?%. M@ %, PEG
MRNA-LNP W N K Phospholipid > eNA

Cytosol

J
Endocytosis f@

Immune system

activation /-

‘ ndosomal esca e(& <L 2
(s 4/
Antigenic protein
I

N\
- e
MRNA

Translation





