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Originally devised for cancer control, mRNA vaccines have risen to the forefront of medicine as effective instruments for control of infectious disease, notably their pivotal role in combating the COVID-19 pandemic. This review focuses on fundamental aspects of the development of mRNA vaccines, e.g., tumor antigens, vector design, and precise delivery methodologies, – highlighting key technological advances. The recent, promising success of personalized mRNA vaccines against pancreatic cancer and melanoma illustrates the potential value for other intractable, immunologically resistant, solid tumors, such as glioblastoma, as well as the potential for synergies with a combinatorial, immunotherapeutic approach. The impact and progress in human cancer, including pancreatic cancer, head and neck cancer, bladder cancer are reviewed, as are lessons learned from first-in-human CAR-T cell, DNA and dendritic cell vaccines targeting glioblastoma. Going forward, a roadmap is provided for the transformative potential of mRNA vaccines to advance cancer immunotherapy, with a particular focus on the opportunities and challenges of glioblastoma. The current landscape of glioblastoma immunotherapy and gene therapy is reviewed with an eye to combinatorial approaches harnessing RNA science. Preliminary preclinical and clinical data supports the concept that mRNA vaccines could be a viable, novel approach to prolong survival in patients with glioblastoma.
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1 Introduction

In the realm of medical breakthroughs, few innovations have sparked as much excitement and promise as the advent of messenger ribonucleic acid (mRNA) vaccines (1–4), reflected in the award of the 2023 Nobel Prize in Physiology or Medicine to Katalin Karikó and Drew Weissman for their foundational discoveries of the mRNA vaccine platform (5). Importantly, the mRNA vaccine platform was originally adapted as a tool in the fight against cancer (6, 7). Sahin et al. noted a synergistic effect of mRNA vaccine with immune checkpoint blockade in patients with melanoma; antitumor responses were noted, paradoxically, in patients whose tumors had a low mutational burden, suggesting that mRNA vaccines could be effective in tumors (such as glioblastomas) with a low mutational burden (7).

The mRNA vaccine platform, however, emerged as a transformative force in the battle against infectious diseases, particularly its pivotal role to thwart COVID-19 (2–4, 8, 9). Recent research has shown that mRNA vaccines have therapeutic potential against solid cancers such as melanoma (10, 11), prostate (12), colorectal (13), pancreatic, head and neck cancers as well as non-small-cell lung cancer (14), and more recently, glioblastoma (15). In this review, we explore the basic components of mRNA vaccines (16), advances in mRNA vaccine design, and the potential of mRNA vaccines to treat glioblastomas, highlighting the progress made in personalized, precision mRNA medicine.

RNA technology is still in its infancy (17). Only a few years ago, almost all attention in immunotherapy was centered on the remarkable scientific and clinical advances in oncology resulting from the introduction of immune checkpoint blockade (18, 19). Although there is a distinct group of long-term survivors, including patients with metastatic cancer, most patients with cancer have recurrences and are resistant to immune checkpoint inhibitors (ICIs) when given as a single immunotherapy. Across the spectrum of human cancer, immune resistance results from an immunosuppressive, tumor microenvironment (TME) as well as insufficiency of numbers or functional, activated T cells (18). Therefore, ICIs are now being proposed to synergize within new “platforms” of cellular immunotherapy such as CAR T cells (20, 21) or dendritic cell (DC) vaccines (22).

Based on different preparation methods, platforms for cancer vaccines are divided into four categories (23): i) cell-based vaccines (CAR T cells, DC vaccines); ii) viruses-based, oncolytic vaccines (21, 24–26); iii) peptide-based vaccines; and iv) nucleic acids-based vaccines, which include DNA and RNA vaccines, composed of the encoding gene and carrier group of pathogen antigens (23). mRNA vaccines are synthesized in vitro, and then in vivo encode antigens and express proteins after internalization to stimulate an immune response (23), (Figure 1). In recent years, combining cancer vaccines with various immunotherapies or standard treatments has become a promising new avenue to overcome immune resistance and improve clinical outcomes (20–22).




Figure 1 | mRNA vaccines activate both humoral and cell-mediated immunity. The mRNA vaccine encoding several tumor neoantigens is injected and enters antigen-presenting cells (APCs). Here, the mRNA is endocytosed, and then translated, with the different antigens being processed by the proteasome and subsequently binds to MHC Class I molecules in the endoplasmic reticulum and are exported to the cell surface to activate CD8+ T cells. In parallel, the processing of antigens through the endosomal pathway enables the activation of CD4+ T-cells and B-cells. Created with BioRender.com.



A guide to the current concepts in the development of mRNA vaccines is featured in Table 1, including the comparative advantages and disadvantages of the four platforms for cancer vaccines, and their use as part of a combination regimen, as well as safety concerns (27–40). These topics will be discussed in greater detail, with an emphasis on applications to neuro-oncology (Section 4) based on the authors’ translational studies and early-stage trials for glioblastoma and in a variety of human cancers (Table 2).


Table 1 | Current concepts in the development of mRNA vaccines for glioblastoma and other solid cancers: pearls and caveats in the selection, application, and combination of mRNA vaccines related to the landscape of cancer immunotherapy.




Table 2 | Active clinical trials for mRNA cancer vaccines registered on clinicaltrials.gov.



An important, but nuanced, biological advantage of mRNA vaccines is the recent discovery that in order for immunotherapy to eliminate solid tumors, there needs to be a functioning intratumoral “triad” of synergistic activity between i) antigen-presenting cells (APCs)/dendritic cells; ii) activated CD4+ T cells and iii) activated CD8+ T cells which licenses CD8+ T cell cytotoxicity and elimination of cancer cells (41). mRNA vaccines are in a unique position to activate each of these three, critically important cell subpopulations by the method of uptake in the APC and the activation of both CD8+ cells CD4+ T cells through binding on the cell surface, respectively, to MHC (major histocompatibility class) I and II molecules (Figure 1). and then activation of the T cell receptor (28).




2 Mechanism of mRNA vaccine-mediated activation of anti-tumor immunity

Broadly speaking, mRNA cancer vaccines consist of mRNA molecules encoding specific tumor antigens. Upon administration, these mRNA molecules are subsequently internalized by APCs where they undergo translation, resulting in the production of protein antigens. These antigens are further processed into antigen peptides, which subsequently bind to MHC 1 molecules within the endoplasmic reticulum and are then presented or cross-presented on the surface of APCs (42, 43). This process activates CD4 + and CD8+ T cells, orchestrating a potent cell-mediated immune response (Figure 1). In parallel, protein antigens encoding mutated peptides are routed through the endosomal pathway. This alternative route enables the activation of CD4+ and CD8+ T cells through MHC Class I/II presentation (44). This dual activation of both CD8+ and CD4+ T cells amplify the breadth and potency of the immune response. Dual activation of both CD8+ and CD4+ T cells as well as APCs are required to successfully eliminate solid tumors, otherwise refractory to immunotherapy (41).

What are the specific steps by which targeted mRNA is internalized by the APC to trigger an immune response by releasing the translated antigen or presenting the epitopes onto the surface of cells? One model (28) describes a sequence of nine steps: i) the targeted mRNA-LNP binds to the cell surface receptor of the APC mediated by specific ligands; receptor activation can lead to interferons or other cytokine/chemokine production; ii) after endocytosis, mRNA in the endosome interacts with membrane-bound Toll-like receptors (TLRs); iii) triggering of TLR activates signal transduction pathways that selectively lead to production of Type 1 interferons (45) that upregulate the effector function of immune cells (e.g., DCs, T cells, and B cells) and/or pro-inflammatory cytokines; iv) entrapped mRNA then is released from the endosome into the cytosol where v) the mRNA is translated by ribosomes; vi) upon translation, the proteins are either a) secreted out of the host APC, or b) processed within the APC by the proteasome into smaller antigen peptides; vii) secreted extracellular mRNA is then taken up by another APC, degraded into peptides; these epitopes are subsequently presented on the cell surface by MHC class II molecules; viii);alternatively the intracellular peptides are processed within the endoplasmic reticulum and loaded onto MHC class I and/or class II molecules ix) the epitopes bound to MHC class I/II molecules migrate to the cell surface where they bind to the T cell receptor (TCR) of CD8+ and/or CD4+ T lymphocytes (28).

Furthermore, the secreted protein antigen, encoded by the mRNA vaccine, plays a critical role in stimulating B cells. This activation prompts the production of neutralizing antibodies, thereby bolstering the humoral arm of the immune response. In summation, mRNA vaccines exhibit remarkable potential in eliciting a comprehensive immune response against tumors by instigating both robust humoral and cell-mediated immunity (Figure 1). Four pivotal aspects come into play in the creation of an effective mRNA cancer vaccine: i) identification of tumor antigens; ii) vector design; iii) delivery; and iv) manufacturing.



2.1 Identification of tumor antigens

The accumulation of genetic mutations in cancer leads to the creation of unique tumor-specific antigens or neoantigens (46). These unique antigens can be displayed by the major histocompatibility molecules found on the surface of tumor cells. T-cells primed to identify these neoantigens launch targeted assaults on cancerous cells expressing these mutations (47). In the pursuit of neoantigens, most studies have concentrated on indels and non-synonymous single nucleotide variants (SNVs). Yet, numerous SNVs are unique to individual patients, and tumors with low mutational burden exhibit a small number of SNVs that is inadequate for vaccine design (48, 49). As a result, exploring supplementary reservoirs of cancer neoantigens, like gene fusions, alternative splicing variants, and post-translational modifications, holds promise in unearthing fresh targets for immunotherapeutic interventions (50).




2.2 mRNA vector design

In terms of mRNA vector design, several strategies are employed. The conventional mRNA encodes the vaccine immunogen, flanked by 5′ and 3′ UTRs, along with a 5’ cap and polyA tail optimized for maximum stability and translational potential. In addition, many of the licensed SARS-CoV-2 vaccines contain nucleoside-modified mRNAs, using an N1-methylpseudouridine, which counters immune-related inhibition of translation and degradation (1, 51). This configuration allows for the translation of the antigen from the nonreplicating transcript (52). One drawback of conventional mRNA vaccines is the limited antigen expression, which is proportional to the number of mRNA transcripts that are delivered, thus necessitating larger doses of vaccine or repeat administrations. One way to overcome this limitation is the use of self-amplifying mRNAs. This alternative strategy employing self-amplifying mRNA has additional elements such as 5′ and 3′ conserved sequence elements (CSE), the nsP1-4 genes, and a subgenomic promoter of an alphavirus, and the vaccine immunogen (52, 53). Post-in situ translation, both the antigen and RNA-dependent RNA polymerase are generated (Figure 2). The latter identifies the CSEs, subsequently amplifying the vaccine-encoding transcripts, resulting in an augmented accumulation of tumor antigens within the cell (Figure 2). Trans-amplifying mRNAs introduce two distinct transcripts into the equation. One encodes for the RNA-dependent RNA polymerase (nsp1-4), while the other encodes the CSE and the viral antigen. This dual-transcript configuration achieves an even stronger self-amplifying effect (52) (Figure 2).




Figure 2 | Conventional and self-amplifying mRNAs. (top) Conventional mRNAs contain the nucleoside-modified coding elements targeting tumor antigens, 5’ and 3’ untranslated regions, a polyA tail as well and a 5’ cap analog, which have all been designed to improve stability and translational potential. (middle) Self-amplifying mRNAs also encode an RNA polymerase, usually derived from alphaviruses as well as a 5’ and a 3’ conserved sequence element (CSE). The viral RNA replicase recognizes the structural CSE elements and directs the synthesis of negative-sense RNA intermediates, which are transcribed into many copies of the coding mRNA template and amplified antigen expression. (bottom) Another strategy of self-applying mRNA vaccine involves using two distinct mRNAs, one encoding for the replicase and one for the tumor antigens. Both types of self-amplifying strategies result in enhanced expression and prolonged expression of the encoded tumor antigen. Created with BioRender.com.







3 Delivery systems for mRNA vaccines

Various delivery systems facilitate the deployment of mRNA vaccines. These encompass lipid-based, polymer-based, and emulsion-based delivery systems, all utilizing cationic molecules to transport the anionic mRNA across the cell membrane (53). Critical elements of the mRNA delivery system include achieving optimal intracellular and targeted delivery, ensuring stability to facilitate antigen translation, and triggering appropriate immune activation (54).

To this end, the lipid nanoparticle (LNP) system has been recognized as a powerful and versatile delivery platform (55). These LNPs have an ionizable lipid, a helper lipid, cholesterol, and a PEG-conjugated lipid (54). A crucial aspect of the LNP system lies in its utilization of pH-sensitive cationic lipids, which facilitate cellular internalization via receptor-mediated endocytosis. The low pH within the endosome causes the ionization of cationic lipids, which interact with anionic lipids on the endosomal membrane, leading to the disruption of the endosomal membrane and release of the mRNA into the cytoplasm (53). The helper lipid, usually a phospholipid, helps stabilize the LNP structure, the cholesterol promotes membrane fusion and prolongs the half-life, while the PEG-conjugated lipid increases particle stability (56). Advances in high throughput screens and rational design approaches have yielded specific ionizable lipids tailored for diverse applications, such as systemic delivery for the SARS-CoV-2 vaccine (57) and targeted delivery to the lung epithelium (58) or placenta (59) for CRISPR-editing purposes. To identify mRNA delivery vehicles that facilitate mRNA delivery in vivo and provide potent, specific immune activation, a heterocyclic lipid formulation was found to demonstrate robust immune responses and tumor growth inhibition in melanoma and human papillomavirus E7 tumor models via the STING pathway, with minimized systemic cytokine expression (60).

Additional novel mRNA-LNP delivery approaches include devising targeting approaches to specifically deliver the mRNA payload into cell types once deemed inaccessible (61). Passive targeting approaches require intratumoral administration, however, the injected particles are heterogeneously distributed throughout the tumor and often accumulate in the liver and lymphatic organs (62). Additional active strategies require modifying the surface of mRNA-LNPs to allow for delivery to specific cells, for example by functionalizing antibodies on LNPs or including tRNAs with cell-type expression patterns in the cargo (61). Recently, a novel platform of activated LNPs with surface-conjugated human CD3 and CD28 antibody fragments has been introduced as a rapid, one-step method to enhance mRNA CAR T cell therapy to decrease tumor burden, and the potential to reduce the complexity, cost and time of mRNA CAR T cell production as well as to support other immunotherapy applications (63). Targeting brain cancers represents a particular challenge because of the blood-brain barrier; recently, a specific class of LNPs with structurally diverse ionizable lipids shows promise to traverse the blood-brain barrier (64).

Advances continue to be made to all individual elements of mRNA vaccine from novel types of tumor antigens and self-amplifying mRNA vectors to targetable LNPs. Focusing on several difficult-to-treat cancers, this review describes recent advances in mRNA vaccines for solid tumors outside of the CNS, such as pancreatic cancer, head and neck cancers, melanoma, and then focuses on the challenge of glioblastoma.




4 mRNA vaccines in human cancer



4.1 Pancreatic cancer

The transformative potential of mRNA vaccines is best demonstrated by recent breakthroughs in one of the most formidable cancers, pancreatic carcinoma (65, 66). Pancreatic cancer has one of the highest death rates of any solid organ malignancy, with an overall 5-year survival of less than 10%; it is currently the third most common and on a projected course to become the second most common cause of cancer-related deaths in the United States by 2030 (67–69). Surgery currently is the only modality that offers a chance of a cure (67), but 5-year survival rates after surgical resection alone are low, approximately 10% (67, 70), and up to 30% with resection and adjuvant chemotherapy (68, 70). Unfortunately, only 10-20% of patients are diagnosed with localized, surgically resectable disease (68), and over 90% relapse 7-9 months after resection (70). Pancreatic cancers have historically shown resistance to immunotherapy, partly attributed to a complex immunosuppressive microenvironment, poor T cell infiltration, and reduced mutational burden leading to reduced activation of antitumor T cells (71, 72). In addition, pancreatic cancer is thought to harbor very few neoantigens (an average of 35 compared to hundreds in melanoma), thus having weak antigenicity (71, 73, 74). Multiple pancreatic cancer immune subtypes have been identified. For example, pancreatic tumors categorized as immunologically “cold” typically exhibit low immunogenicity and/or a high presence of reactive stroma (75). Pancreatic adenocarcinoma, akin to glioblastoma, has proven almost entirely insensitive to immune checkpoint inhibition with a response rate < 5% (70); this insensitivity can be partially ascribed to the low mutation rate, and the consequent scarcity of neoantigens (70) as well as intratumoral and inter-tumoral heterogeneity (76). Thus, a combination of a personalized mRNA vaccine with immunogenic chemotherapy, stromal modulation, and ICI may be needed for an effective therapy (76).

Despite these challenges, Rojas and colleagues conducted a phase I clinical trial that implemented a personalized mRNA vaccine strategy, wherein at least five, and up to 20 neoantigens specific to each patient’s tumor, were identified and integrated into the vaccine (65). The vaccine was delivered using lipoplex nanoparticles via intravenous injection after surgical resection and in combination with the standard mFOLFIRINOX chemotherapy. Notably, all participants also received a single dose of an ICI before receiving their personalized mRNA vaccine. Encouragingly, T cells recognizing specific neoantigens were detected in half of the trial participants, categorized as immune responders. Strikingly, immune responders showed no signs of cancer recurrence at a median follow-up of 18 months, compared to a median time to recurrence of 13.4 months in non-responders (65). Nevertheless, treating pancreatic cancer remains challenging as half of the participants did not respond to the vaccine and most patients were not eligible for surgery and thus ineligible for the vaccine. Strategies to boost the response to the vaccine and predict responsiveness will be an advance to enrich the percentage of responders. One possibility, going forward, would be to treat patients harboring unresectable cancers with FOLFIRINOX neoadjuvant chemotherapy who then might qualify for the surgery and enable them to get the personalized mRNA vaccine (77, 78).




4.2 Head and neck cancers

Head and neck squamous cell carcinomas (HNSCCs), arising from the mucosal epithelium, represent the most prevalent histological type of head and neck malignancy (79). These cancers are characterized by their multifactorial etiology, stemming from infections with high-risk human papillomaviruses (HPVs) (80–82) or Epstein–Barr virus (83, 84) and lifestyle-related risk factors including alcohol consumption and smoking (85, 86). Despite significant advancements in treatment modalities for HNSCCs, encompassing surgical interventions, radiotherapy, and chemotherapy, the 5-year overall survival rate remains in the range of 40–50%; however, the use of ICIs (e.g., pembrolizumab or nivolumab) has led to superior outcomes, leading to the integration of immunotherapy for this challenging disease (87). However, based on clinical trials (88–90), less than a third of patients respond to immunotherapy (91); therefore, additional therapies such as mRNA vaccines are needed. Given the diverse etiologies of HNSCC, the HNSCC-associated neoantigens can broadly be divided into either virus-derived tumor antigens or non-virus-derived. HNSCC arising due to persistent infection with high-risk human papillomavirus 16 (HPV-16) is associated with improved survival (92, 93), likely due to the enhanced immunogenicity of HPV-derived neoantigens.

The potential of mRNA vaccines for HPV-specific-HNSCC has also been recently shown in murine models. The most common HPV subtype found in HPV-positive HNSCC is HPV-16, which accounts for over 90% of HPV-positive HNSCC (94). While the majority of HPV infections are cleared, infections in the epithelium of palatine and lingual tonsil can persist (95), leading to constitutive expression of E6 and E7 oncoproteins (96). Mouse model experiments with mRNA vaccines against E7 promoted tumor regression, prevented relapse, and re-sensitized mice to PD-L1 immunotherapy, rendering anti-PD-L1 refractory tumors responsive (96). Similarly, mouse model experiments using three different mRNA platforms, an unaltered non-replicating mRNA vaccine, a modified non-replicating mRNA vaccine with modified nucleosides, and a self-amplifying mRNA vaccine, showed that a single injection led to significant control of tumor growth in two murine models of HPV-16 tumors (97). From the foundation provided by these studies, current clinical trials are underway. For example, a phase II clinical trial (AHEAD-MERIT) using the BNT113 mRNA, encoding HPV16-derived neoantigens E6/7 is administered with and without pembrolizumab to treat HPV16-positive HNSCC expressing the PD-L1 protein (NCT04534205) (Table 2).

Several studies are also emerging to assess the potential of mRNA vaccines against non-viral HNSCC neoantigens. Chen et al. used The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus databases to analyze alternative splicing and mutations of genes with HNSCC (98). Seven potential tumor antigens, [SREBF1, LUC7L3, LAMA5, PCGF3, HNRNPH1, KLC4, and OFD1], which were associated with nonsense-mediated mRNA decay factor expression, overall survival, and infiltration of APCs and would thus induce a potent anti-tumor T-cell response. Furthermore, the authors used clustering analysis to select suitable patients whose immune subtypes made them likely to respond to vaccination. Potential biomarkers included several genes that were identified to serve as potential prognostic biomarkers for mRNA vaccines: IGKC, IGHV3-15, IGLV1-40, IGLV1-51, IGLC3, IGLC2, and CD79A (98). To further distinguish the immune subtypes of HNSCCC to select suitable patients for vaccination, another group identified three genes as targets for developing mRNA vaccines: CCR4, TMCO1, and SPACA4 that were upregulated, and correlated with survival and tumor infiltration by both B and T cells, inducing a potent immune response (99). Paradoxically, patients with immune subtype C3, or the immune “cold” subtype – tumors with a lower IFN-γ and TGF-β response, fewer macrophages, T cells, and CD4 memory responses–were most likely to respond to mRNA vaccines against HNSCC (99). The authors speculate that mRNA vaccines would be most effective in transforming tumors that have a “cold” (immunoresistant) TME (100). Recognizing that histologically distinct tumors have unique immune landscapes, if these results apply to glioblastomas, it would further support the use of mRNA vaccines for human glioblastoma, a tumor known to be characterized by a “cold” TME.




4.3 mRNA vaccines in other non-CNS human cancers

Two clinical trials with personalized mRNA vaccine encoding neoantigens are underway in China, for patients with advanced esophageal cancer and non-small cell lung cancer (NCT03908671), and advanced gastrointestinal cancer (esophageal, liver, and advanced gastric cancer (NCT05192460). Additional trials are underway and include mRNA vaccines designed for patients with liver cancer (NCT05761717), and endocrine cancer (NCT06141369). Trials are also underway for bladder cancer (100), melanoma, prostate cancer, breast cancer, and other solid tumors as detailed in Table 1. In patients with stage IIB to stage IV resected melanoma, ICIs are standard therapy, but many patients recur; when a mRNA-vaccine, individualized therapy (mRNA-4157) is added to ICI (pembrolizumab),18-month recurrence-free survival was increased in the combination group (79%) compared to ICI alone (62%) with a hazard ratio for recurrence or death of 0.53, p=0.05 (NCT03897881, KEYNOTE-942) (11). Importantly, there was a lower recurrence or death rate (22%) in the combination group compared to 40% in the group treated with ICI alone (11). A phase I trial of intratumoral STX-001, a novel LNP, self-replicating mRNA expressing the cytokine IL-12 for an extended duration, is being evaluated in advanced, treatment-refractory solid tumors (NCT06249048) (101).





5 Brain tumors: pediatric and adult gliomas

Novel approaches to glioblastoma are urgently needed because standard therapy is associated with a median survival of eight months, and a five-year survival of 6.9% (102). Numerous biological barriers to immunotherapy include cellular heterogeneity, plasticity, and an immunosuppressive TME (103, 104). Immune cells constitute an important component of the glioma microenvironment, constituting as much as 50% of the tumor mass (103). Glioblastoma is immunologically “cold” with a TME resistant to T-cell and DC infiltration (105). Furthermore, there is i) a scarcity of circulating T cells with sequestration of T cells in the bone marrow; ii) a localized immunosuppression due to secretion of immunosuppressive cytokines, such as TGF-β, IL-6, PGE2 and iii) an upregulation of PD-1 and PD-L1 (106, 107). Compared to tumors such as melanoma with a high mutation burden, glioblastoma has a reduced array of immunogenic neoantigens (107). Despite these challenges, several recent studies have sought to broaden the pool of targetable neoantigens in glioblastoma, offering potential avenues for mRNA vaccines (108–110). Given the substantial challenges, there is recent, encouraging data showing biological and clinical evidence of converting the glioblastoma TME into an immune responsive environment (15, 24, 111–117). It appears that a multimodal approach using an mRNA vaccine in combination with other strategies to boost the immune system could ultimately extend survival and change the outlook for patients. Recent advances in six pillars of immunotherapy are summarized:

a) mRNA vaccine. In a first-in-human clinical trial (NCT04573140, Table 2), Mendez-Gomez et al. recently reported a striking expansion of the immune response to tumor-associated antigens in patients with glioblastoma, using a novel RNA lipid particle aggregate (LPA), associated with a clinical increase in overall survival (15). The LPA differs from the commonly used LNPs (Figure 1) that are size-limited to permit endocytosis; by contrast, the LPA-based mRNA vaccine does not rely on TLR for engagement, enabling the delivery of multiple mRNA payloads to the same cancer cell, as shown in a canine model of glioma using the LPAs to elicit a potent RIG-I (retinoic acid-inducible gene I protein)-mediated stimulation of the immune system (15). Additional candidate genes are being identified by mining databases, including the TCGA and the Chinese Glioma Gene Atlas to identify multiple genes suitable for mRNA vaccine development (108, 110, 118).

b) DNA vaccine. Advantages of DNA vaccines include stability, relatively low-cost, cell-independent production, a durable immune response, and potential for targeting multiple neoantigens (Table 1). hTERT (human telomerase reverse transcriptase), regarded as the first truly universal tumor antigen (119), a surprisingly immunogenic target that is fundamental to oncogenesis (20). Vaccination with hTERT DNA is being used for “immuno-interception” in individuals with BRCA1 or BRCA2 mutations and therefore at high risk of breast, ovarian, pancreas, prostate, and other cancers (NCT04367675) (120). Using a similar DNA vaccine (NCT03491683), given by electroporation, targeting hTERT (INO-5401) combined with an IL-12 DNA plasmid (INO-9012) and a PD-1 inhibitor (cemiplimab), Reardon et al. reported promising survival results for patients with glioblastoma with activated CD4+ and CD8+ T cells (121). The tumor tissue, post-treatment, showed genomic alterations linked to activation of the immune system, and evidence of T cell infiltration and cytolysis (121). A new generation of DNA vaccines with plasmids encoding T cell tumor epitopes (pTOP) significantly increased survival in preclinical models (GL261) of glioblastoma (35). Interestingly, vaccine monotherapy by itself was ineffective, but surgical resection of glioblastoma, followed by the vaccine, resulted in a dramatic increase in survival and delayed recurrence, associated with infiltration of activated T cells to the resection site (35).

c) Dendritic cell vaccine. Because APCs, such as dendritic cells, are key to initiating antigen-specific immune responses (41), early work to develop immunotherapy for cancer involved DC-mRNA vaccines (16, 122). A review of 33 early clinical trials revealed the potential of DC vaccines for glioblastoma, “we can expect immune modulation to make its way into standard therapeutic protocols in neuro-oncology … in the near future, surgery, cytotoxic therapies (i.e., radio-chemotherapy), and immunotherapy will form a three-pronged therapeutic approach that will enhance clinical outcomes (123). Indeed, a significant survival benefit was reported for patients with newly diagnosed (112) and recurrent glioblastoma (112, 124), with meaningful “tails” in the Kaplan-Meier survival curves, reflecting long-term survivorship. Furthermore, adding additional agents such as pembrolizumab (125) or poly-ICLC (111) can further activate the immune system, detected by a polarized interferon response in circulating monocytes and CD8+ T cells, translating to prolonged survival and delayed disease progression in the responders (111). RNA-pulsed DCs, using nanoparticles, are safe and under evaluation (NCT04573140) (32).

d) CAR T cell therapy. mRNA vaccines show potential in combination with CAR T cell approaches to treat intractable pediatric brain tumors (126). The mRNA vector is expressed only transiently, which minimizes off-target toxicity, especially in the brain (127). The use of mRNA-CAR constructs prolonged survivals in preclinical models of diffuse midline glioma and medulloblastoma targeting GPC2 (127). Clinical trials are underway to target GPC2 in patients with neuroblastoma (NCT05650749). CAR T cell therapy is also being evaluated in pediatric high-grade gliomas targeting B7-H3 HER-2 (NCT03500991), and GD2.C7R (NCT04099797) (128). For adult human glioblastoma, clinical studies have shown that CAR-T cells can feasibly traffic to active regions of glioblastoma with on-target, biological activity (129, 130). Recent advances in patients with recurrent glioblastoma show that intrathecal delivery of CAR T cells targeting IL13α2 (NCT002208362) (116), or bivalent CAR T cells targeting two antigens, EGFR and IL13α2, (NCT05168423) (113), and EGFR/EGFRvIII with a T-cell engaging antibody, TEAM, (NCT05660369) (115), leads to compelling results (117) assessed by CAR T cell proliferation, rapid reduction in tumor size, bioactivity and safety signals. The next challenge is to transform the transient responses into long-term outcomes, converting an otherwise fatal glioblastoma into a chronic, treatable disease (117). The use of mRNA-targeted CAR T cells (131, 132) or the use of CAR natural killer cells instead of T cells (128), could be additional steps to provide durable responses. The fourth generation of CAR T cells redirected for universal cytokine-mediated killing (TRUCKs) results in simultaneous CAR T-Cell mediated killing and immune modulation of the TME via secretion of cytokines that has the dual effect of enhancing the survival of CAR T cells and modulating the TME by repolarizing tumor-associated macrophages or activating natural killer cells (133). Multiple phase 1 trials (NCT03542799, NCT03932565) use TRUCKS for systemic cancer (133), opening the potential combination of TRUCKs with a personalized mRNA vaccine.

e) Viral oncolytic therapy. One of the main immunotherapeutic platforms consists of viral oncolytic therapy (23–26), which has the dual effect of i) direct killing of tumor (glioblastoma) cells and ii) the dying cells release neoantigens that can attract APCs and, in turn, activate CD4+ and CD8+ T cells. Many viruses have been re-engineered as vectors for gene therapy of glioblastoma, e.g., retroviruses, adenoviruses, or herpes-simplex type 1 viruses (134). Other viruses have been engineered to replicate within brain tumors in a limited manner without causing encephalitis. To increase the effectiveness of oncolytic herpes virus, Todo et al. injected active virus into the surgical resection cavity, or unresectable tumor, up to six times (135). An alternative, novel, minimally invasive approach to treat glioblastoma is to develop viral vectors using variants of the capsid of adenovirus, AAV9, that bind to the transferrin receptor BI-hTFR1, allowing efficient transfer of genes across the blood-brain barrier, and delivered via the systemic circulation rather than direct injection (136).

The use of mRNA vaccines that leverage the genome of oncolytic viruses holds great promise to treat glioblastoma (137). Studies aimed at identifying potential antigens in glioblastoma (GBM) for the development of advanced mRNA-based therapies identified numerous distinct antigen sets, thereby meeting the challenge of comprehensive, multimodal treatment (137, 138). Initial results of ABTC 1603 (NCT00589875), using an adenovirus-tk (CAN-2409) in combination with an ICI (nivolumab), are promising, suggesting a survival advantage (139). A first-in-human trial of CAN-31100, an engineered herpes simplex 1 virus, shows safety signals and may extend survival by immune stimulation-especially in patients with antibodies to HSV1 (26). As proof of concept that oncolytic viruses can overcome the immunosuppressive TME, a combination of reovirus and CAR T-cells caused the expansion of T cells and cured > 80% of mice with intracranial EGFRvIII tumors (140). In a phase I-II trial, the use of intratumoral, oncolytic DNX-2401 virotherapy, followed by pembrolizumab, was well-tolerated in patients with recurrent glioblastoma, with notable survival benefit in select patients (141). Specifically, objective responses led to longer survival; 56.2% of patients had a clinical benefit, defined as stable disease or objective response (141). In a separate study, patients with recurrent glioblastoma, injected with an oncolytic herpes virus showed improved survival in individuals seropositive for HSV1, associated with immunoactivation – changes in the tumor/PBMC T cell counts, peripheral expansion of specific T cell clonotypes, and tumor transcriptomic signatures of immune activation (26). These results provide validation in patients that intralesional oncolytic HSV treatment enhances anticancer immune responses, even in the immunosuppressive TME, especially in individuals with cognate serology to the injected virus (26).

f) Cytokine reprogramming of the glioblastoma microenvironment. In preclinical models, targeting IL-6 leads to a remarkable change in the TME, with a “switch” from the M2 immunosuppressive, (pro-tumorigenic) macrophage phenotype to an immunostimulatory (M1) phenotype, resulting in a significant increase in survival (142). Adding CD40 agonist enhanced the activity of infiltrated T cells, and an almost complete cure in glioblastoma models (143). Adding immune checkpoint inhibitors further improves survival (143, 144). Taken together, these findings led to an ongoing multicenter trial, NRG-BN-010 (NCT047299959), combining inhibition of IL-6R (tocilizumab), PD-L1 (atezolizumab) and stereotactic radiosurgery to treat recurrent glioblastoma (39). Recently, IL-6 blockade was found to promote tumor immunity through activation of the immunostimulatory IL-12 pathway, while abrogating the toxicity of checkpoint blockade, thus decoupling tumor immunity from autoimmune toxicity (145). Taken together, combining anti-IL6 blockade with a mRNA vaccine would be an attractive approach. One caveat, however, is the LNPs that coat the mRNA are by themselves immunostimulatory, acting as an adjuvant component, fostering T-follicular helper cells (Tfh cells) and humoral responses that are abrogated if Il-6 induction by the LNP is blocked using an antibody or using Il-6 deficient mice (55); the implications for cancer therapy in humans are unknown. Another approach to cytokine reprogramming is the use of convection-enhanced delivery and targeting of the IL-4 signaling pathway (NCT02858895), producing a dose-dependent, survival benefit with a high-dose immunotoxin (bizaxofusp) that targets the interleukin-4 receptor, IL4R (146). Single treatment with bizaxofusp increased median overall survival by up to 50% and 12-month progression-free survival by almost 100% when compared to FDA-approved therapies (146). A novel method to convert the immunosuppressive TME of glioblastoma is to arm CAR T cells with a dominant-negative TGF-β receptor II which in a rodent model of glioblastoma lowers the levels of the immunosuppressive cytokine TGF-β in the TME, enhances T cell proliferation, eradicates intracranial tumors, and significantly improves survival (114).

g) Immune checkpoint inhibitors in combination with mRNA vaccine. A synergistic effect of mRNA vaccines with ICIs is reported in glioma models, with a favorable shift in the TME from an immunologically “cold” resistant environment to one that is “hot,” associated with improved survival (110, 147). Multimodal immunotherapy with ICIs for glioblastoma is under active investigation (39, 148, 149) and has been effective in preclinical models (143). Ultimately, there is a large body of evidence that a mRNA vaccine for human glioblastoma would benefit from the use of concomitant ICIs.




6 Challenges and caveats

In addition to the identification of the optimal tumor antigens to target in glioblastoma, key issues include delivery systems that can traverse the blood-brain barrier as well as boosting antigen production. An entirely novel method to meet this challenge is to harness the power of machine learning to reprogram glioblastoma cells into APCs that function like dendritic cells in terms of phagocytosis, direct presentation of endogenous antigens, cross presentation of exogenous antigens, and priming of naïve CD8+ cytotoxic lymphocytes (CTLs). The result is reduction of glioblastoma growth, associated with extensive infiltration of CD4+ cells and activated CD8+ CTLs in the TME (150). These induced cells act synergistically with PD-decoy immunotherapy and a CD-based glioblastoma vaccine with robust killing of highly resistant glioblastoma cells by tumor-specific CD8+ CTLs with significant improval in survival in immunocompetent animals (150). This novel approach could be used synergistically with mRNA vaccines.

Furthermore, the brain is one of the organs with the highest expression of RNA-binding proteins (RBPs); targeting the RBP complex, LOC-DHX15, with blood-brain barrier-penetrant small molecules improves treatment efficacy, impedes stem-like properties of glioblastoma cells, increases survival and offers a novel therapeutic approach to harness RNA science (151), and potentially enhance the efficacy of mRNA vaccines.

The challenges of RNA vaccines include optimization of delivery and the innate instability and immunogenicity of mRNA (152). These challenges have been largely overcome by i) designing modifications of the mRNA structure to avoid degradation by RNases; ii) optimizing purification methods to protect mRNA from contamination by double-stranded RNA to reduce nonspecific activation of the innate immune system; and iii) mRNA can be formulated into various nano delivery systems to deliver mRNA stably and efficiently, such as LNPs, polymers, or peptides (152). Identifying highly immunogenic, tumor-associated antigens is an inherent challenge because of individual variability; many aspects of neoepitope prediction remain to be standardized (152, 153). The large-scale production, transportation, and storage are also challenges for future applications of mRNA cancer vaccines. The speed of screening and identification of neoantigens directly affects the clinical efficacy of mRNA vaccines (153). Exploring more combinations of mRNA cancer vaccine with other therapeutic modalities is also a promising strategy (152). In view of the heterogeneity of the TME, the development of immune-based combination therapies has been a key trend in the development of cancer vaccines and in clinical trials (20–22, 153). Combinations have included the use of checkpoint inhibitors, co-stimulatory molecules (e.g., CD40), or vaccine combinations such as adoptive T cell transfer using CAR T cells (22). As a single approach, a monotherapy, is unlikely to be totally effective to eradicate a heterogeneous malignancy, especially aggressive gliomas (104), so that mRNA vaccination can be increasingly used as a “platform”, similar to the proposed use of DC vaccines (22). Additional hurdles to develop effective immunotherapies for glioblastoma center on the immunosuppressive TME, systemic immunosuppression, and immune escape mechanisms (107). These same factors pose significant challenges for the use of cellular immunotherapy for glioblastoma (129, 154) and recent advances in combination therapy for CAR T cell therapy (21) could accelerate the development of mRNA vaccines for glioblastoma and other human cancers.

Cancer cells, for example, can evolve to lose targeted antigens, thus evading the engineered CAR T cells, a phenomenon known as antigen-loss relapse (21). Efficacy can be increased by combining CAR T cell therapy with other vaccines, ICIs, oncolytic viruses, or small molecules such as ibrutinib or lenalidomide (21) that are brain penetrant (155, 156). Furthermore, ibrutinib increases survival in rodent glioma models (156); lenalidomide may help prevent T cell exhaustion (21). Within the targeted tumor, diverse cell populations add to the complexity of immunotherapeutic approaches, but recent data indicates that immune triads- a close interaction between DCs, CD4+ T cells, and CD8+ T cells, working synergistically, can dramatically eliminate solid tumors by reprogramming the CD8+ T cell to become functional and tumor cytolytic for a range of cancers (41). Importantly, activated T cells are uniquely able to attack dormant, disseminated cancer cells, which escape the normal immune system, standard therapy, and lead to cancer persistence, recurrence, and progression (157). If mRNA vaccines could indeed eradicate the disseminated, microscopic, minimally residual disease in glioblastoma, associated with genetic and epigenetic instability, neoplastic infiltration, oncoplasticity (104), located beyond the surgical or radiation field, it could transform the clinical outcome for patients. It appears that we have entered a new era of combined treatments (20, 21, 35). The sequencing, dosing, and timing of these multiple combinations will require well-designed clinical trials. In experimental models, combining cancer vaccines and tumor resection enables the effective infiltration of activated T cell to the resection site, with a strong impact on mouse survival (35) in an otherwise aggressive glioblastoma.

What about safety? Preliminary experience suggests that a mRNA vaccine will be relatively nontoxic (152, 153, Table 1). In preclinical models, a mRNA vaccine was well-tolerated: detailed toxicology in forty organs at three time points revealed no gross or microscopic findings (15). In patients with glioblastoma, a mRNA vaccine produces rapid and transient increases in pro-inflammatory cytokines, a lymphocyte nadir and neutrophilia six hours after infusion, with immune-related adverse events (e.g., low-grade fever, nausea, chills, rigors), which defervesced within 24 to 48 hours (15). These findings indicated an immunological reset with expansion and polarization of adaptive T cell responses (15). Given the early and limited experience with mRNA vaccines for human cancer, it is too early whether patients will develop cytokine release syndrome (CRS), immune effector cell-associated neurotoxicity (ICANS) or macrophage activation syndrome (MAS) which are caused by high levels of proinflammatory cytokines secreted by activated T cell and myeloid cells (21); clinical trials are exploring therapeutic interventions using antibodies such as tocilizumab for CRS and anakinra for ICANS (21). These agents, in addition to corticosteroids, would be applicable to mRNA vaccines in the event that immune-related toxicities become severe.

It is assumed that mRNA vaccines will be relatively safe because there is no integration into the DNA so the vaccine itself should not cause genomic alterations (152), as could potentially occur with plasmid-based DNA vaccines (158, 159). Furthermore, the widespread use of nucleoside-modified synthetic mRNA (nms-mRNA) to immunize against COVID-19 resulted in more than 782 million doses distributed to an estimated 462 million individuals by September 2022, per WHO data, and so an ongoing search for delayed safety signals remains a priority (159). There is a widespread consensus that as exogenous “mRNA is a non-integrating platform, there is no potential risk of … insertional mutagenesis.” (16, 159). However, a study showed that vaccine nms-mRNA can activate the expression of endogenous transposable elements (TEs), undergo reverse transcription and enter the cell nucleus (160), while another study showed that reverse-transcribed SARS-CoV-2 viral RNA can integrate into the genome of cultured human cell and be expressed in patient-derived tissues (161). Taken together, Acevedo-Whitehouse and Bruno hypothesized an intricate mechanism whereby the vaccine nms-mRNA, release from the LPNs into the cytosol could unsilence TE expression, enhance the expression of proinflammatory cytokines, lead to DNA damage via insertional mutagenesis and genomic instability, resulting in expression of proinflammatory cytokines (159). With the introduction of any new class of agents targeting cancer, great enthusiasm must be matched with due caution since novel interventions are frequently double-edged swords (159, 162, 163). To date, the safety signals for mRNA vaccines in clinical trials are reassuring.




7 Future directions

The route of delivery of mRNA, whether through an intravenous route or direct injection into tumor stands to make a difference, with some data suggesting that direct intratumor injection, “taking the fight to the tumor” (24, 26, 137, 164), could be advantageous. Local delivery of cytokine-based mRNAs can lead to a robust antitumor immune response and tumor regression in multiple tumor models (164). The cytokine-mRNA combination resulted in a ~ 50% cure rate in preclinical models of melanoma, increasing to a ~80% cure rate with the addition of ICIs, blocking metastases (164). The antitumor activity extended beyond the treated lesions and inhibited the growth of distant and disseminated tumors (164); combining mRNAs with immunomodulatory antibodies enhanced tumor regression and improved survival, leading to clinical trials of the cytokine-encoding mRNA combination (164).

As an alternative to the intratumoral release of mRNA, non-transformed cells in the liver can be exogenously transduced with mRNA in lipid formulations, thereby activating systemic biodistribution of the encoded immunostimulating factors (165). Because MHC-1 antigen presentation deficiency is a common cancer immune escape mechanism, combining tumor-targeting antibodies with IL-2 mRNA restored CD8+ T cell neoantigen immunity in MHC class I-deficient tumors that were otherwise resistant to immune-, chemo-, and radiotherapy (166). Another approach to potentiate the efficacy of mRNA vaccines would be to encode the costimulator Oxford 40 ligand, OX40L, which significantly reduces tumor growth and increases survival in preclinical models (167).

The use of small extracellular vesicles (sEVs) is a novel approach to target glioblastoma cells and generate potent antitumor activity in vivo (168). Using a microfluidic electroporation, which combines nano- and milli-second pulses, producing large amounts of IFN-γ mRNA-loaded sEVs with CD64 overexpressed on the surface of cells; the CD64 molecule serves as an adaptor to dock targeting ligands, such as anti-CD71 and anti-PD-L1 antibodies (168). Encapsulation of IL-12 mRNA in extracellular vesicles enables targeted delivery to treat lung cancer while promoting a systemic immune response, measured by immune memory, tumor-specific T cell priming, and expansion of tumor cytotoxic immune effector cells; IL-12 exosome-based systems could potentially be applied to other tumor types (169). RNA-loaded hydrogels have been shown to be effective in vitro against triple-negative breast cancer (170) and are in development for glioblastoma (32).

The use of CRISPR-Cas9 gene editing has the potential to permanently disrupt tumor survival genes, which could overcome the repeated dosing limitations of cancer therapy and improve efficacy. As proof of concept, CRISPR-Cas9 technology was applied to lipid nanoparticles containing Cas9mRNA and single-guided (sg)RNA into orthotopic glioblastoma, resulting in ~70% gene editing in vivo, tumor cell apoptosis, and reduction of tumor growth by 50% with improved survival by 30% (171). An elegant model of spatial manipulation of CRISPR-Cas13a activity was developed with customized RNA nanococoons featuring tumor-specific recognition and spatial-controlled activation of Cas13a and applied to suppress EGFRvIII mRNA for synergistic therapy of glioblastoma in vitro and in vivo (29).

Progress in neural networks and deep learning could be of great value to predict design of optimal antigens; high - quality, cancer neoantigen datasets could meaningfully harness the data generated by these informatic tools (172). Vaccine manufacturing will benefit from emerging solutions for the mass production of individualized vaccines, including digitization of production processes and autonomous cloud-controlled production plants fostered by advances in computational power, connectivity, human–machine interactions, robotics and innovative 3D technology enabling the building at scale of parallel, miniaturized production lines (172).

The next wave of cellular immunotherapy, including CAR T cells and dendritic cells, can take advantage of mRNA-LNP as a platform to target DCs or CD8+ T cells using personalized formulations incorporating neoantigens arising from genomic alterations using next-generation sequencing, immune peptidomics, and bioinformatics (173). Immune-monitoring at the single-cell or population level can be performed using peptide/MHC multimers, RNA sequencing (RNA-seq), and T cell receptor sequencing (TCR-seq) (173).

Initially, nine biotechnology startups began developing next-generation RNA drugs (174). The next wave of RNA-based drugs is using more sophisticated approaches, including tRNA to correct for errors in the genetic code that would otherwise impair protein production (174). Self-replicating RNAs, as noted (52, 53, 97) are also attractive because of their self-perpetuating, durable nature (174). Furthermore, circular RNA is more stable than its mRNA counterpart (174, 175), and there are multiple methods to produce circular RNA designed to treat glioblastoma (29). A dozen or more biotechnology firms are now pursuing therapeutics based on engineered circular RNA (circRNA), raising over US$1billion in venture capital during the past three years, betting that circRNA will emerge as the preferred RNA platform, leading to next-generation vaccines (175).

Significant challenges, however, include immunosuppressive TME, optimal candidate identification, immune response evaluation, and the need for biomarkers, as well as vaccine manufacturing acceleration (29). Undesired immunostimulation and potential impurities of the LNPs also pose a significant challenge (176). Nevertheless, the field is poised to overcome hurdles and improve patient outcomes in the future by acknowledging these clinical complexities and persistently striving to surmount inherent constraints (29). Not surprisingly, the first ARPA-H grant is centered on a mRNA platform targeting melanoma (177), hailed by President Joe Biden, urging Americans to come together for a new ‘national purpose’ (178).




8 Conclusion

Given the feasibility of production, the personalized approach, the minimal toxicity, and the explosion in RNA science following the success of the COVID vaccines, it is easy to predict that mRNA vaccines will be an important therapeutic option as a strategy to harness the immune system to prolong survival in patients with glioblastoma and other solid tumors. Initial results in humans using mRNA vaccines for glioblastoma are promising and support further development of mRNA vaccines as a novel approach to brain tumor therapy.





Author contributions

IT: Conceptualization, Writing – original draft, Writing – review & editing, Investigation. PM: Conceptualization, Writing – original draft, Writing – review & editing. PL: Writing – original draft, Writing – review & editing. MC: Writing – original draft, Writing – review & editing. SJB: Conceptualization, Writing – review & editing. YF: Writing – review & editing. SB: Conceptualization, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.




Acknowledgments

We acknowledge the assistance of Dr. Katalin Karikó and Dr. Drew Weissman who each reviewed the manuscript and provided invaluable insights and advice.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





References

1. Karikó, K, Buckstein, M, Ni, H, and Weissman, D. Suppression of RNA recognition by Toll-like receptors: the impact of nucleoside modification and the evolutionary origin of RNA. Immunity. (2005) 23:165–75. doi: 10.1016/j.immuni.2005.06.008

2. Karikó, K, and Weissman, D. RNA containing modified nucleosides and methods of use thereof. US Patent #9,750,824 B2 (9/5/2017) . Available online at: https://patents.google.com/patent/US9750824B2/ (Accessed September 4, 2024).

3. Laczkó, D, Hogan, MJ, Toulmin, SA, Hicks, P, Lederer, K, Gaudette, BT, et al. A single immunization with nucleoside-modified mRNA vaccines elicits strong cellular and humoral immune responses against SARS-CoV-2 in mice. Immunity. (2020) 53:724–32.e7. doi: 10.1016/j.immuni.2020.07.019

4. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med. (2020) 383:2603–15. doi: 10.1056/NEJMoa2034577

5. Buggert, M, and Höglund, P. The prize of prizes: mRNA research paving the way for COVID-19 vaccine success wins the Nobel Prize in Physiology or Medicine 2023. Scand J Immunol. (2023) 98:e13340. doi: 10.1111/sji.13340

6. 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

7. 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

8. Baden, LR, El Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. (2021) 384:403–16. doi: 10.1056/NEJMoa2035389

9. Sahin, U, Muik, A, Derhovanessian, E, Vogler, I, Kranz, LM, Vormehr, M, et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature. (2020) 586:594–99. doi: 10.1038/s41586-020-2814-7

10. Bidram, M, Zhao, Y, Shebardina, NG, Baldin, AV, Bazhin, AV, Ganjalikhany, MR, et al. mRNA-based cancer vaccines: A therapeutic strategy for the treatment of melanoma patients. Vaccines. (2021) 9:1060. doi: 10.3390/vaccines9101060

11. Weber, J, Carlino, MS, Khattak, A, Meniawy, T, Ansstas, G, Taylor, MH, et al. Individualized therapy mRNA-4157 (V940) plus pembrolizumab versus pembrolizumab monotherapy in resected melanoma (KEYNOTE-942): a randomized, phase 2b study. Lancet. (2024) 403:632–44. doi: 10.1016/S0140-6736(23)02268-7

12. Kübler, H, Scheel, B, Gnad-Vogt, U, Miller, K, Schultze-Seemann, W, Vom Dorp, F, et al. Self-adjuvanted mRNA vaccination in advanced prostate cancer patients: a first-in-man phase I/IIa study. J Immunother Cancer. (2015) 3:26. doi: 10.1186/s40425-015-0068-y

13. Shahnazari, M, Samadi, P, Pourjafar, M, and Jalali, A. Therapeutic vaccines for colorectal cancer: The progress and future prospect. Int Immunopharmacol. (2020) 88:106944. doi: 10.1016/j.intimp.2020.106944

14. Fiedler, K, Lazzaro, S, Lutz, J, Rauch, S, and Heidenreich, R. mRNA cancer vaccines. Recent Results Cancer Res. (2016) 209:61–85. doi: 10.1007/978-3-319-42934-2_5

15. Mendez-Gomez, HR, DeVries, A, Castillo, P, von Roemeling, C, Qdaisat, S, Stover, BD, et al. RNA aggregates harness the danger response for potent cancer immunotherapy. Cell. (2024) 187:2521–35. doi: 10.1016/j.cell.2024.04.003

16. 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

17. Yu, D, and Petsch, B. Preface to mRNA vaccines. Curr Top Microbiol Immunol. (2022) 440:viii. doi: 10.1007/978-3-031-18070-5

18. Fares, CM, Van Allen, EM, Drake, CG, Allison, JP, and Hu-Lieskovan, S. Mechanisms of resistance to immune checkpoint blockade: why does checkpoint inhibitor immunotherapy not work for all patients? Am Soc Clin Oncol Educ Book. (2019) 39:147–64. doi: 10.1200/EDBK_240837

19. Schuchter, LM. Adjuvant melanoma therapy – Head-spinning progress. N Engl J Med. (2017) 377:1888–90. doi: 10.1056/NEJMe1711199

20. Wu, A, and Lim, M. Advancing combination therapy for recurrent glioblastoma. Nat Med. (2023) 29:1318–9. doi: 10.1038/s41591-023-02350-3

21. Uslu, U, Castelli, S, and June, CH. CAR T cell combination therapies to treat cancer. Cancer Cell. (2024) 42:1319–25. doi: 10.1016/j.ccell.2024.07.002

22. Datsi, A, and Sorg, RV. Dendritic cell vaccination of glioblastoma: Road to success or dead end. Front Immunol. (2021) 12:770390. doi: 10.3389/fimmu.2021.770390

23. 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

24. van Solinge, TS, Nieland, L, Chiocca, EA, and Broekman, MLD. Advances in local therapy for glioblastoma—taking the fight to the tumour. Nat Rev Neurol. (2022) 18:221–36. doi: 10.1038/s41582-022-00621-0

25. Forsyth, PA, and Abate-Daga, D. Oncolytic virotherapy for Malignant glioma. J Clin Oncol. (2018) 36:1440–2. doi: 10.1200/JCO.2017.77.3192

26. Ling, AL, Solomon, IH, Landivar, AM, Nakashima, H, Woods, JK, Santos, A, et al. Clinical trial links oncolytic immunoactivation to survival in glioblastoma. Nature. (2023) 623:157–66. doi: 10.1038/s41586-023-06623-2

27. Raimondo, TM, Reed, K, Shi, D, Langer, R, and Anderson, DG. Delivering the next generation of cancer immunotherapies with RNA. Cell. (2023) 186:1535–40. doi: 10.1016/j.cell.2023.02.031

28. Clemente, B, Denis, M, Silveira, CP, Schiavetti, F, Brazzoli, M, and Stranges, D. Straight to the point: targeted mRNA-delivery to immune cells for improved vaccine design. Front Immunol. (2023) 14:1294929. doi: 10.3389/fimmu.2023.1294929

29. Dain, L, and Zhu, G. Nucleic acid immunotherapeutics and vaccines: A promising approach to glioblastoma multiforme treatment. Int J Pharm. (2023) 638:11294. doi: 10.1016/j.ijpharm.2023.122924

30. Lang, F, Schrörs, B, Löwer, M, Türeci, O, and Sahin, U. Identification of neoantigens for individualized therapeutic cancer vaccines. Nat Rev Drug Discovery. (2022) 21:261–82. doi: 10.1038/s41573-021-00387-y

31. Sayour, EJ, Boczkowski, D, Mitchell, DA, and Nair, SK. Cancer mRNA vaccines: clinical advances and future opportunities. Nat Rev Clin Oncol. (2024) 21:489–500. doi: 10.1038/s41571-024-00902-1

32. Melnick, K, Dastmalchi, F, Mitchell, D, Rahman, M, and Sayour, EJ. Contemporary RNA therapeutics for glioblastoma. Neuromol Med. (2022) 24:8–12. doi: 10.1007/s12017-021-08669-9

33. Rahman, MM, Zhou, N, and Huang, J. An overview on the development of mRNA-based vaccines and their formulation strategies for improved antigen expression in vivo. Vaccines. (2021) 9:244. doi: 10.3390/vaccines9030244

34. Fan, T, Zhang, M, Yang, J, Zhu, Z, Cao, W, and Dong, C. Therapeutic cancer vaccines: advancements, challenges, and prospects. Signal Transduct Target Ther. (2023) 8:450. doi: 10.1038/s41392-023-01674-3

35. Lopes, A, Bastiancich, C, Bausart, M, Ligot, S, Lambricht, L, Vanvarenberg, K, et al. New generation of DNA-based immunotherapy induces a potent immune response and increases the survival in different tumor models. J Immunother Cancer. (2021) 9:e001243. doi: 10.1136/jitc-2020-001243

36. Naik, R, and Peden, K. Regulatory consideration on the development of mRNA vaccines. Curr Top Microbiol Immunol. (2022) 440:187–205. doi: 10.1007/82_2020_220

37. Wei, J, and Hui, AM. 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

38. Domchek, SM, and Vonderheide, RH. Advancing cancer interception. Cancer Discovery. (2024) 14:600–4. doi: 10.1158/2159-8290.CD-24-0015

39. Bagley, S, Polley, M-Y, Kotecha, R, Brem, S, Tolakanahalli, R, Iwamoto, F, et al. A safety run-in and phase II study evaluating the combination of tocilizumab, atezolizumab, and fractionated stereotactic radiotherapy in recurrent glioblastoma – trial in progress. Neuro-Oncol. (2022) 24:vii64. doi: 10.1093/neuonc/noac209.253

40. Reinhard, K, Rengstl, B, Oehm, P, Michel, K, Billmeier, A, Hayduk, N, et al. An RNA vaccine drives expansion and efficacy of claudin-CAR-T cells against solid tumors. Science. (2020) 367:446–53. doi: 10.1126/science.aay5967

41. Espinosa-Carrasco, G, Chiu, E, Scrivo, A, Zumbo, P, Dave, A, Betel, D, et al. Intratumoral immune triads are required for immunotherapy-mediated elimination of solid tumors. Cancer Cell. (2024) 42:1202–16. doi: 10.1016/j.ccell.2024.05.025

42. Xu, S, Yang, K, Li, R, and Zhang, L. mRNA vaccine era—mechanisms, drug platform and clinical prospection. Int J Mol Sci. (2020) 21:6582. doi: 10.3390/ijms21186582

43. Gu, Y, Duan, J, Yang, N, Yang, Y, and Zhao, X. mRNA vaccines in the prevention and treatment of diseases. Med Comm. (2022) 3:e167. doi: 10.1002/mco2.167

44. Rijkers, GT, Weterings, N, Obregon-Henao, A, Lepolder, M, Dutt, TS, van Overveld, FJ, et al. Antigen presentation of mRNA-based and virus-vectored SARS-CoV-2 vaccines. Vaccines. (2021) 9:848. doi: 10.3390/vaccines9080848

45. Murira, A, and Lamarre, A. Type-I interferon responses: From friend to foe in the battle against viral infection. Front Immunol. (2016) 7:609. doi: 10.3389/fimmu.2016.00609

46. 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

47. Esprit, A, de Mey, W, Bahadur Shahi, R, Thielemans, K, Franceschini, L, and Breckpot, K. Neo-antigen mRNA vaccines. Vaccines. (2020) 8:776. doi: 10.3390/vaccines8040776

48. Bjerregaard, A-M, Nielsen, M, Jurtz, V, Barra, CM, Hadrup, SR, Szallasi, Z, et al. An analysis of natural T cell responses to predicted tumor neoepitopes. Front Immunol. (2017) 8:1566. doi: 10.3389/fimmu.2017.01566

49. Warminski, M, Mamot, A, Depaix, A, Kowalska, J, and Jemielity, J. Chemical modifications of mRNA ends for therapeutic applications. Acc Chem Res. (2023) 56:2814–26. doi: 10.1021/acs.accounts.3c00442

50. Capietto, A-H, Hoshyar, R, and Delamarre, L. Sources of cancer neoantigens beyond single-nucleotide variants. Int J Mol Sci. (2022) 23:10131. doi: 10.3390/ijms231710131

51. Schoenmaker, L, Witzigmann, D, Kulkarni, JA, Verbeke, R, Kersten, G, Jiskoot, W, et al. mRNA-lipid nanoparticle COVID-19 vaccines: Structure and stability. Int J Pharm. (2021) 601:120586. doi: 10.1016/j.ijpharm.2021.120586

52. Bloom, K, van den Berg, F, and Arbuthnot, P. Self-amplifying RNA vaccines for infectious diseases. Gene Ther. (2021) 28:117–29. doi: 10.1038/s41434-020-00204-y

53. Blakney, AK, Ip, S, and Geall, AJ. An update on self-amplifying mRNA vaccine development. Vaccines. (2021) 9:97. doi: 10.3390/vaccines9020097

54. Witten, J, Hu, Y, Langer, R, and Anderson, DG. Recent advances in nanoparticulate RNA delivery systems. Proc Natl Acad Sci. (2024) 121:e2307798120. doi: 10.1073/pnas.2307798120

55. Alameh, M-G, Tombácz, I, Bettini, E, Lederer, K, Ndeupen, S, Sittplangkoon, C, et al. Lipid nanoparticles enhance the efficacy of mRNA and protein subunit vaccines by inducing robust T follicular helper cell and humoral responses. Immunity. (2021) 54:2877–92. e2877. doi: 10.1016/j.immuni.2021.11.001

56. 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

57. Reichmuth, AM, Oberli, MA, Jaklenec, A, Langer, R, and Blankschtein, D. mRNA vaccine delivery using lipid nanoparticles. Ther Delivery. (2016) 7:319–34. doi: 10.4155/tde-2016-0006

58. Qiu, M, Tang, Y, Chen, J, Muriph, R, Ye, Z, Huang, C, et al. Lung-selective mRNA delivery of synthetic lipid nanoparticles for the treatment of pulmonary lymphangioleiomyomatosis. Proc Natl Acad Sci USA. (2022) 119:e2116271119. doi: 10.1073/pnas.2116271119

59. Swingle, KL, Safford, HC, Geisler, HC, Hamilton, AG, Thatte, AS, Billingsley, MM, et al. Ionizable lipid nanoparticles for in vivo mRNA delivery to the placenta during pregnancy. J Am Chem Soc. (2023) 145:4691–706. doi: 10.1021/jacs.2c12893

60. Miao, L, Li, L, Huang, Y, Delcassian, D, Chahal, J, Han, J, et al. Delivery of mRNA vaccines with heterocyclic lipids increases anti-tumor efficacy by STING-mediated immune cell activation. Nat Biotechnol. (2019) 37:1174–85. doi: 10.1038/s41587-019-0247-3

61. Kon, E, Ad-El, N, Hazan-Halevy, I, Stotsky-Oterin, L, and Peer, D. Targeting cancer with mRNA–lipid nanoparticles: key considerations and future prospects. Nat Rev Clin Oncol. (2023) 20:739–54. doi: 10.1038/s41571-023-00811-9

62. Huang, A, Pressnall, MM, Lu, R, Huayamares, SG, Griffin, JD, Groer, C, et al. Human intratumoral therapy: Linking drug properties and tumor transport of drugs in clinical trials. J Control Release. (2020) 326:203–21. doi: 10.1016/j.jconrel.2020.06.029

63. Metzloff, AE, Padilla, MS, Gong, N, Billingsley, MM, Han, X, Merolle, M, et al. Antigen presenting cell mimetic lipid nanoparticles for rapid mRNA CAR T cell cancer immunotherapy. Adv Mater. (2024) 36(26):e2313226. doi: 10.1002/adma.202313226

64. Han, EL, Padilla, MS, Palanki, R, Kim, D, Mrksich, K, Li, JJ, et al. Predictive high-throughput platform for dual screening of mRNA lipid nanoparticle blood-brain barrier transfection and crossing. Nano Lett. (2024) 24:1477–86. doi: 10.1021/acs.nanolett.3c03509

65. Rojas, LA, Sethna, Z, Soares, KC, Olcese, C, Pang, N, Patterson, E, et al. Personalized RNA neoantigen vaccines stimulate T cells in pancreatic cancer. Nature. (2023) 618:144–50. doi: 10.1038/s41586-023-06063-y

66. Vonderheide, R. Q&A: Personalized mRNA vaccine immunogenic against PDAC. Cancer Discovery. (2023) 13:1504. doi: 10.1158/2159-8290.CD-ND2023-0002

67. Conroy, T, Hammel, P, Hebbar, M, Ben Abdelghani, M, Wei, AC, Raoul, J-L, et al. FOLFIRINOX or gemcitabine as adjuvant therapy for pancreatic cancer. N Engl J Med. (2018) 379:2395–406. doi: 10.1056/NEJMoa1809775

68. Strobel, O, Neoptolemos, J, Jäger, D, and Büchler, MW. Optimizing the outcomes of pancreatic cancer surgery. Nat Rev Clin Oncol. (2019) 16:11–26. doi: 10.1038/s41571-018-0112-1

69. Connor, AA. Gallinger S.Pancreatic cancer evolution and heterogeneity: integrating omics and clinical data. Nat Rev Cancer. (2022) 22:131–42. doi: 10.1038/s41568-021-00418-1

70. Kang, N, Zhang, S, and Wang, Y. A personalized mRNA vaccine has exhibited potential in the treatment of pancreatic cancer. Holist Integr Oncol. (2023) 2:18. doi: 10.1007/s44178-023-00042-z

71. Balachandran, VP, Beatty, GL, and Dougan, SK. Broadening the impact of immunotherapy to pancreatic cancer: challenges and opportunities. Gastroenterology. (2019) 156:2056–72. doi: 10.1053/j.gastro.2018.12.038

72. Bear, AS, Vonderheide, RH, and O’Hara, MH. Challenges and opportunities for pancreatic cancer immunotherapy. Cancer Cell. (2020) 38:788–802. doi: 10.1016/j.ccell.2020.08

73. Van Allen, EM, Miao, D, Schilling, B, Shukla, SA, Blank, C, Zimmer, L, et al. Genomic correlates of response to CTLA-4 blockade in metastatic melanoma. Science. (2015) 350:207–11. doi: 10.1126/science.aad0095

74. Balli, D, Rech, AJ, Stanger, BZ, and Vonderheide, RH. Immune cytolytic activity stratifies molecular subsets of human pancreatic cancer. Clin Cancer Res. (2017) 23:3129–38. doi: 10.1158/1078-0432.CCR-16-2128

75. Wartenberg, M, Cibin, S, Zlobec, I, Vassella, E, Eppenberger-Castori, S, Terracciano, L, et al. Integrated genomic and immunophenotypic classification of pancreatic cancer reveals three distinct subtypes with prognostic/predictive significance. Clin Cancer Res. (2018) 24:4444–54. doi: 10.1158/1078-0432.CCR-17-3401

76. Huang, X, Zhang, G, Tang, T-Y, Gao, X, and Liang, T-B. Personalized pancreatic cancer therapy: from the perspective of mRNA vaccine. Mil Med Res. (2022) 9:53. doi: 10.1186/s40779-022-00416-w

77. Hackert, T, Sachsenmaier, M, Hinz, U, Schneider, L, Michalski, CW, Springfeld, C, et al. Locally advanced pancreatic cancer: neoadjuvant therapy with Folfirinox results in resectability in 60% of the patients. Ann Surg. (2016) 264:457–63. doi: 10.1097/SLA.0000000000001850

78. Murphy, JE, Wo, JY, Ryan, DP, Clark, JW, Jiang, W, Yeap, BY, et al. Total neoadjuvant therapy with FOLFIRINOX in combination with losartan followed by chemoradiotherapy for locally advanced pancreatic cancer: a phase 2 clinical trial. JAMA Oncol. (2019) 5:1020–7. doi: 10.1001/jamaoncol.2019.0892

79. Aupérin, A. Epidemiology of head and neck cancers: an update. Curr Opin Oncol. (2020) 32:178–86. doi: 10.1097/CCO.000000000000629

80. Syrjänen, S. Human papillomavirus (HPV) in head and neck cancer. J Clin Virol. (2005) 32:59–66. doi: 10.1016/j.jcv.2004.04.11.017

81. D’Souza, G, Kreimer, AR, Viscidi, R, Pawlita, M, Fakhry, C, Koch, WM, et al. Case–control study of human papillomavirus and oropharyngeal cancer. New Engl J Med. (2007) 356:1944–56. doi: 10.1056/NEJMoa065497

82. Syrjänen, S, Waterboer, T, Kero, K, Rautava, J, Syrjänen, K, Grenman, S, et al. Oral human papillomavirus infection in men might contribute to HPV serology. Eur J Clin Microbiol Infect Dis. (2015) 34:237–45. doi: 10.1007/s10096-014-2223-7

83. Pathmanathan, R, Prasad, U, Chandrika, G, Sadler, R, Flynn, K, and Raab-Traub, N. Undifferentiated, nonkeratinizing, and squamous cell carcinoma of the nasopharynx. Variants of Epstein-Barr virus-infected neoplasia. Am J Pathol. (1995) 146:1355–67.

84. Tsao, SW, Tsang, CM, and Lo, KW. Epstein–Barr virus infection and nasopharyngeal carcinoma. Philos Trans R Soc Lond B Biol Sci. (2017) 372:20160270. doi: 10.1098/rstb.2016.0270

85. Andre, K, Schraub, S, Mercier, M, and Bontemps, P. Role of alcohol and tobacco in the aetiology of head and neck cancer: a case-control study in the Doubs region of France. Eur J Cancer B Oral Oncol. (1995) 31:301–9. doi: 10.1016./0964-1955(95)0041-0

86. Sinha, P, Logan, HL, and Mendenhall, WM. Human papillomavirus, smoking, and head and neck cancer. Am J Otolaryngol. (2012) 33:130–6. doi: 10.1016/j.amjoto.2011.02.001

87. Rao, YJ, Goodman, JF, Haroun, F, and Bauman, JE. Integrating immunotherapy into multimodal treatment of head and neck cancer. Cancers. (2023) 15:672. doi: 10.3390/cancers15030672

88. Harrington, KJ, Burtness,, Greil, R, Soulières, D, Tahara, M, de Castro, G, et al. Pembrolizumab with or without chemotherapy in recurrent or metastatic head and neck squamous cell carcinoma: Updated results of the phase III KEYNOTE-048 study. J Clin Oncol. (2023) 41:790–802. doi: 10.1200/JCO.21.02508

89. Machiels, J-P, Tao, Y, Licitra, L, Burtness, B, Tahara, M, Rischin, D, et al. Pembrolizumab plus concurrent chemoradiotherapy versus placebo plus concurrent chemoradiotherapy in patients with locally advanced squamous cell carcinoma of the head and neck (KEYNOTE-412): a randomized, double-blind, phase 3 trial. Lancet Oncol. (2024) 25:572–5887. doi: 10.1016/S1470-2045(24)00100-1-

90. Mehra, R, Seiwert, TY, Gupta, S, Weiss, J, Gluck, I, Eder, JP, et al. Efficacy and safety of pembrolizumab in recurrent/metastatic head and neck squamous cell carcinoma: pooled analyses after long-term follow-up in KEYNOTE-012. Br J Cancer. (2018) 119:153–9. doi: 10.1038/s41416-018-01131-9

91. Ritter, A, Koirala, N, Wieland, A, Kaumaya, PT, and Mitchell, DL. Therapeutic cancer vaccines for the management of recurrent and metastatic head and neck cancer: A review. JAMA Otolaryngol Head Neck Surg. (2023) 149:168–76. doi: 10.1001/jamaoto.2022.4264

92. Lassen, P, Eriksen, JG, Hamilton-Dutoit, S, Tramm, T, Alsner, J, and Overgaard, J. Effect of HPV-associated p16INK4A expression on response to radiotherapy and survival in squamous cell carcinoma of the head and neck. J Clin Oncol. (2009) . 27:1992–98. doi: 10.1200/JCO.2008.20.2853

93. Caudell, JJ, Gillison, ML, Maghami, E, Spencer, S, Pfister, DG, Adkins, D, et al. NCCN guidelines® Insights: head and neck cancer, version 1. J Natl Compr Canc Netw. (2022) 20:224–34. doi: 10.6004/jnccn.2022.0016

94. Kreimer, AR, Clifford, GM, Boyle, P, and Franceschi, S. Human papillomavirus types in head and neck squamous cell carcinomas worldwide: a systematic review. Cancer Epidemiol Biomarkers Prev. (2005) 14:467–75. doi: 10.1158/1055-9965.EPI-04-0551

95. Alizon, S, Murall, CL, and Bravo, IG. Why human papillomavirus acute infections matter. Viruses. (2017) 9:293. doi: 10.3390/v9100293

96. Grunwitz, C, Salomon, N, Vascotto, F, Selmi, A, Bukur, T, Diken, M, et al. HPV16 RNA-LPX vaccine mediates complete regression of aggressively growing HPV-positive mouse tumors and establishes protective T cell memory. Oncoimmunology. (2019) . 8:e1629259. doi: 10.1080/2162402X.2019.1629259

97. Ramos da Silva, J, Bitencourt Rodrigues, K, Formoso Pelegrin, G, Silva Sales, N, Muramatsu, H, de Oliveira Silva, M, et al. Single immunizations of self-amplifying or non-replicating mRNA-LNP vaccines control HPV-associated tumors in mice. Sci Transl Med. (2023) 15:eabn3464. doi: 10.1126/scitranslmed.abn3464

98. Chen, Y, Jiang, N, Chen, M, Sui, B, and Liu, X. Identification of tumor antigens and immune subtypes in head and neck squamous cell carcinoma for mRNA vaccine development. Front Cell Dev Biol. (2022) 10:1064754. doi: 10.3389/fcell.2022.1064754

99. Li, H-X, Liu, T-R, Tu, Z-X, Xie, C-B, Wen, W-P, and Sun, W. Screening of tumor antigens and construction of immune subtypes for mRNA vaccine development in head and neck squamous cell carcinoma. Biomolecules. (2022) 13:90. doi: 10.3390/biom13010090

100. Bogen, JP, Grzeschik, J, Jakobsen, J, Bähre, A, Hock, B, and Holmar, H. Treating bladder cancer: engineering of current and next generation antibody-, fusion protein-, mRNA-, cell- and viral-based therapeutics. Front Oncol. (2021) 11:672262. doi: 10.3389/fonc.2021.672262

101. Luke, JJ, Kennedy, LC, Sankar, N, Menzies, AM, van Akkooi, ACJ, Gonzalez, M, et al. A phase I trial of intratumoral STX-001: A novel self-replicating mRNA expressing IL-12 alone or with pembrolizumab in advanced solid tumors. J Clin Oncol. (2024) 42:16 suppl, TPS2696-TPS2696.

102. Ostrom, QT, Price, M, Neff, C, Cioffi, G, Waite, KA, Kruchko, C, et al. CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed in the United States in 2015–2019. Neuro-oncol. (2022) 24:v1–v95. doi: 10.1093/neuonc/noac202

103. Gargini, R, Segura-Collar, B, and Sánchez-Gómez, P. Cellular plasticity and tumor microenvironment in gliomas: the struggle to hit a moving target. Cancers. (2020) 12:1622. doi: 10.3390/cancers12061622

104. Richardson, TE, Walker, JM, Hambardzumyan, D, Brem, S, Hatanpaa, KJ, Viapiano, MS, et al. Genetic and epigenetic instability as an underlying driver of progression and aggressive behavior in IDH-mutant astrocytoma. Acta Neuropathol. (2024) 148:5. doi: 10.1007/s00401-024-02761-7

105. Tomaszewski, W, Sanchez-Perez, L, Gajewski, TF, and Sampson, JH. Brain tumor microenvironment and host state: implications for immunotherapy. Clin Cancer Res. (2019) 25:4202–10. doi: 10.1158/1078-0432.CCR-18-1627

106. Nduom, EK, Wei, J, Yaghi, NK, Huang, N, Kong, L-Y, Gabrusiewicz, K, et al. PD-L1 expression and prognostic impact in glioblastoma. Neuro-oncology. (2015) 18:195–205. doi: 10.1093/neuonc/nov172

107. Himes, BT, Geiger, PA, Ayasoufi, K, Bhargav, AG, Brown, DA, and Parney, IF. Immunosuppression in glioblastoma: current understanding and therapeutic implications. Front Oncol. (2021) 11:770561. doi: 10.3389/fonc.2021.770561

108. Chen, Z, Wang, X, Yan, Z, and Zhang, M. Identification of tumor antigens and immune subtypes of glioma for mRNA vaccine development. Cancer Med. (2022) 11:2711–26. doi: 10.1002/cam4.46334

109. Lin, H, Wang, K, Xiong, Y, Zhou, L, Yang, Y, Chen, S, et al. Identification of tumor antigens and immune subtypes of glioblastoma for mRNA vaccine development. Front Immunol. (2022) 13:773264. doi: 10.3389/fimmu.2022.773264

110. Wu, C, Qin, C, Long, W, Wang, X, Xiao, K, and Liu, Q. Tumor antigens and immune subtypes of glioblastoma: the fundamentals of mRNA vaccine and individualized immunotherapy development. J Big Data. (2022) 9:1–25. doi: 10.1186/s40537-022-00643-x

111. Everson, RG, Hugo, W, Sun, L, Antonios, J, Lee, A, Ding, L, et al. TLR agonists polarize interferon responses in conjunction with dendritic cell vaccination in Malignant glioma: a randomized phase II trial. Nat Commun. (2024) 15:3882. doi: 10.1038/s41467-024-48073-y

112. Liau, LM, Ashkan, K, Brem, S, Campian, JL, Trusheim, JE, Iwamoto, FM, et al. Association of autologous tumor lysate-loaded dendritic cell vaccination with extension of survival among patients with newly diagnosed and recurrent gliblastoma: A phase 3 prospective externally controlled cohort trial. JAMA Oncol. (2023) 9:112–21. doi: 10.1001/jamaoncol.2022.5370

113. Bagley, SJ, Logun, M, Fraietta, JA, Wang, X, Desai, AS, Bagley, LJ, et al. Intrathecal bivalent CAR T cells targeting EGFR and IL13α2 in recurrent glioblastoma: phase 1 trial interim results. Nat Med. (2024) 30:1320–9. doi: 10.1038/s41591-024-02893-z

114. Li, N, Rodriguez, JL, Yin, Y, Logun, MT, Zhang, L, Yu, S, et al. Armored bicistronic CAR T cells with dominant-negative TGF-β receptor II to overcome resistance in glioblastoma. Mol Ther. (2024) 31. doi: 10.1016/j.ymthe.2024.07.020

115. Choi, BD, Gerstner, ER, Frigault, MJ, Leick, MB, Mount, CW, Balaj, L, et al. Intraventricular CARv3-TEAM-E T cells in recurrent glioblastoma. N Engl J Med. (2024) 390:1290–98. doi: 10.1056/NEJMoa2314390

116. Brown, CE, Hibbard, JC, Alizadeh, D, Blanchard, MS, Natri, HM, Wang, D, et al. Locoregional delivery of IL-13Rα2-targeting CAR-T cells in recurrent high-grade glioma: a phase 1 trial. Nat Med. (2024) 30:1001–12. doi: 10.1038/s41591-024-02875-1

117. Lowenstein, PR, Varela, ML, and Castro, MG. Three recent breakthroughs in CAR T cells for the treatment of glioblastoma: Is it the light at the end of the tunnel? Mol Ther. (2024) 32(5):1187–9. doi: 10.1016/j.ymthe.2024.04.018

118. Ma, S, Ba, Y, Ji, H, Wang, F, Du, J, and Hu, S. Recognition of tumor-associated antigens and immune subtypes in glioma for mRNA vaccine development. Front Immunol. (2021) 12:738435. doi: 10.3389/fimmu.2021.738435

119. Vonderheide, RH, Kraynyak, KA, Shields, AF, McRee, AJ, Johnson, JM, Sun, W, et al. Phase 1 study of safety, tolerability and immunogenicity of the human telomerase (hTERT)-encoded DNA plasmids INO-1400 and INO-1401 with or without IL-12 DNA plasmid INO-9012 in adult patients with solid tumors. J Immunother Cancer. (2021) 9:e003019. doi: 10.1136/jitc-2021-003019

120. Schiller, JT, Lowy, DR, Frazer, IH, Finn, OJ, Vilar, E, Lyerly, HK, et al. Cancer vaccines. Cancer Cell. (2022) 40:559–64. doi: 10.1016/j.ccell.2022.05.015

121. Reardon, DA, Brem, S, Desai, AS, Bagley, SJ, Kurz, SC, de la Fuente, MI, et al. Intramuscular (IM) INO-5401 + INO-9012 with electroporation (EP) in combination with cemiplimab (REGN2810) in newly diagnosed glioblastoma. J Clin Oncol. (2022) 40:2004. doi: 10.1200/JCO.2022.40.16_suppl.2004

122. Boczkowski, D, Nair, SK, Snyder, D, and Gilboa, E. Dendritic cells pulsed with RNA are potent antigen-presenting cells. Vitro vivo. J Exp Med. (1996) 184:465–72. doi: 10.1084/jem.184.2.465

123. Eagles, ME, Nassiri, F, Badhiwala, JH, Suppiah, S, Almenawer, SA, Zadeh, G, et al. Dendritic cell vaccines for high-grade gliomas. Ther Clin Risk Manag. (2018) 14:1299–313. doi: 10.2147/TCRM.S135865

124. de Godoy, LL, Chawla, S, Brem, S, Wang, S, O’Rourke, DM, Nasrallah, MP, et al. Assessment of treatment response to dendritic cell vaccine in patients with glioblastoma using a multiparametric MRI-based prediction model. J Neurooncol. (2023) 163:173–83. doi: 10.1007/s11060-023-04324-4

125. Liau, LM, Ashkan, K, Brem, S, Campian, J, Trusheim, J, Iwamoto, F, et al. Autologous tumor lysate-loaded dendritic cell vaccination improves survival in patients with newly diagnosed and recurrent gliblastoma: Survival results from a phase 3 trial. Unpublished data. Neuro-Oncol. (2022) 24:vii66. doi: 10.1093/neuonc/noac209.259

126. Foster, JB, Griffin, C, Rokita, JL, Stern, A, Brimley, C, Rathi, K, et al. Development of GPC2-directed chimeric antigen receptors using mRNA for pediatric brain tumors. J Immunother Cancer. (2022) 10:e004450. doi: 10.1136/jitc-2021-004450

127. Foster, MC, Savoldo, B, Lau, W, Rubinos, C, Grover, N, Armistead, P, et al. Utility of a safety switch to abrogate CD19 CAR T-cell–associated neurotoxicity. Blood. (2021) 137:3306–09. doi: 10.1182/blood.2021010784

128. Kowalczyk, A, Zarychta, J, Marsolek, A, Zawitkowska, J, and Lejman, M. Chimeric antigen receptor T cell and chimeric antigen receptor NK cell therapy in pediatric and adult high-grade glioma—Recent advances. Cancers. (2024) 16:623. doi: 10.3390/cancers16030623

129. O’Rourke, DM, Nasrallah, MP, Desai, A, Melenhorst, JJ, Mansfield, K, Morrissette, JJD, et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive resistance in patients with recurrent gliobalstoma. Sci Transl Med. (2017) 9:eaaa0984. doi: 10.1126/scitranslmed.aaa0984

130. Chen, X, Cui, Y, and Zou, L. Treatment advances in high-grade gliomas. Front Oncol. (2024) 14:1287725. doi: 10.3389/fonc.2024.1287725

131. Beatty, GL, Haas, AR, Maus, MV, Torigian, DA, Soulen, MC, Plesa, G, et al. Mesothelin-specific chimeric antigen receptor mRNA-engineered T cells induce anti-tumor activity in solid Malignancies. Cancer Immunol Res. (2014) 2:112–20. doi: 10.1158/2326-6066.CIR-13-0170

132. Shah, PD, Huang, AC, Xu, X, Orlowski,, Amaravadi, RK, Schuchter, LM, et al. Phase I trial of autologous RNA-electroporated cMET-directed CAR T cells administered intravenously in patients with melanoma and breast carcinoma. Cancer Res Commun. (2023) 3:821–9. doi: 10.1158/2767-9764.CRC-22-0486

133. Montoya, M, Gallus, M, Phyu, S, Haegelin, J, de Groot, J, and Okada, H. A roadmap of CAR-T-cell therapy in glioblastoma: challenges and future perspectives. Cells. (2024) 13:726. doi: 10.3390/cells13090726

134. Varela, ML, Comba, A, Faisal, SM, Argento, A, Franson, A, Barissi, MN, et al. Gene therapy for high grade glioma: The clinical experience. Expert Opin Biol Ther. (2023) 23:145–61. doi: 10.1080/14712598.2022.2157718

135. Todo, T, Ito, H, Ino, Y, Ohtsu, H, Ota, Y, Shibahara, J, et al. Intratumoral oncolytic herpes virus G47Δ for residual or recurrent glioblastoma: a phase 2 trial. Nat Med. (2022) 28:1630–9. doi: 10.1038/s41591-022-01897-x

136. Huang, Q, and Chan, KY. An AAV capsid reprogrammed to bind human transferring receptor mediates brain-wide gene delivery. Science. (2024) 384:1220–7. doi: 10.1126/science.adm8386

137. Guterres, A, Filho, PNS, and Moura-Neta, V. Breaking barriers: A future perspective on glioblastoma therapy with mRNA-based immunotherapies and oncolytic viruses. Vaccines. (2024) 12:61. doi: 10.3390/vaccines12010061

138. Guterres, A, Abrahim, M, and da Costa Neves, PC. The role of immune subtyping in glioma mRNA vaccine development. Immunotherapy. (2023) 15:1057–72. doi: 10.2217/imt-2023-0027

139. Wen, P, Aguilar, L, Ye, X, Reardon, D, Bi, WL, Peruzzi, P, et al. Phase 1 trial of oncolytic viral immunotherapy with CAN-2409 + valacylovir in combination with nivolumab and standard of care (SOC) in newly diagnosed high-grade glioma (HGG). Neuro-Oncol. (2021) 23:vi52. doi: 10.1093/neuonc/noab196.205

140. Evgin, L, Kottke, T, Tonne, J, Thompson, J, Huff, AL, van Floten, J, et al. Oncolytic virus-mediated expansion of dual-specific CAR T cells improves efficacy against solid tumors in mice. Sci Transl Med. (2022) 14:eabn2231. doi: 10.1126/scitranslmed.abn2231

141. Nassiri, F, Patil, V, Yefet, LS, Singh, O, Liu, J, Dang, RMA, et al. Oncolytic DNX-2401 virotherapy plus pembrolizumab in recurrent glioblastoma: a phase 1/2 trial. Nat Med. (2023) 29:1370–78. doi: 10.1038/s41591-023-02347-y

142. Wang, Q, He, Z, Huang, M, Liu, T, Wang, Y, Xu, H, et al. Vascular niche IL-6 induces alternative macrophage activation in glioblastom through HIF-2α. Nat Commun. (2018) 9:559. doi: 10.1038/s41467-018-03050-0

143. Yang, F, He, Z, Duan, H, Zhang, D, Li, J, Yang, H, et al. Synergistic immunotherapy of glioblastoma by dual targeting of IL-6 and CD40. Nat Commun. (2021) 12:4324. doi: 10.1038/s41467-021-23832-3

144. Lamano, JB, Lamano, JB, Li, YD, DiDomenico, JD, Choy, W, Veliceasa, D, et al. Glioblastoma-derived IL6 induces immunosuppressive peripheral myeloid cell PD-L1 and promotes tumor growth. Clin Cancer Res. (2019) 25:3543–657. doi: 10.1158/1078-0432.CCR-18-2402

145. Hailemichael, Y, Johnson, DH, Abdel-Wahab, N, Foo, WC, Bentebiel, S-E, Daher, M, et al. Interleukin-6 blockade abrogates immunotherapy toxicity and promotes tumor immunity. Cancer Cell. (2022) 40:509–23. doi: 10.1016/j.ccell.2022.04.004

146. Sampson, JH, Singh Achrol, A, Aghi, MK, Bankiewicz,, Bexon, M, Brem, S, et al. Targeting the IL4 receptor with MDNA55 in patients with recurrent glioblastoma: Results of a phase IIb trial. Neuro-Oncol. (2023) 25:1085–97. doi: 10.1093/neuonc/noac285

147. Trivedi, V, Yang, C, Klippel, K, Yegorov, O, von Roemeling, C, Hoang-Minh, L, et al. mRNA-based precision targeting of neoantigens and tumor-associated antigens in malignant brain tumors. Genome Med. (2024) 16:17. doi: 10.1186/s13073-024-01281-z

148. Akintola, OO, and Reardon, DA. The current landscape of immune checkpoint blockade in glioblastoma. Neurosurg Clin N Am. (2021) 32:2018235–48. doi: 10.1016/j.nec.2020.12.003

149. Goutnik, M, Iakovidis, A, Still, ME, Moor, RS, Melnick, K, Yan, S, et al. Advancements in chimeric antigen receptor-expressing T-cell therapy for glioblastoma multiforme: Literature review and future directions. Neurooncol Adv. (2024) 6:1–10. doi: 10.1093/noajnl/vdae025

150. Liu, T, Jin, D, Le, SB, Chen, D, Sebastian, M, Riva, A, et al. Machine learning-directed conversion of glioblastoma cells to dendritic cell-like antigen-presenting cells as cancer immunotherapy. Cancer Immunol Res. (2024). doi: 10.1158/2326-6066.CIR-23-0721

151. Wu, L, Zhao, Z, Shin, YJ, Yin, Y, Raju, A, Selvan Vaiyapuri, T, et al. Tumour microenvironment programming by an RNA-RNA binding protein complex creates a druggable vulnerability in IDH-wild-type glioblastoma. Nat Cell Biol. (2024) 26:1003–18. doi: 10.1038/s41556-024-01428-5

152. Liu, X, Huang, P, Yang, R, and Deng, H. mRNA cancer vaccines: Construction and boosting strategies. ACS Nano. (2023) 17:19550–80. doi: 10.1021/acsnano.3c05635

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

154. Bagley, SJ, Binder, ZA, Lamrani, L, Marinari, E, Desai, AS, MacLean, P, et al. Repeated peripheral infusions of anti-EGFRvIII CAR T cells in combination with pembrolizumab show no efficacy in glioblastoma: a phase I trial. Nat Cancer. (2024) 5:517–31. doi: 10.1038/s43018-023-00709-6

155. Calimeri, T, Marcucci, F, and Corti, A. Overcoming the blood-brain barrier in primary central nervous system lymphoma: a review on new strategies to solve an old problem. Ann Lymph. (2021) 5:20. doi: 10.21037/aol-20-54

156. Lim, S, Kwak, M, Kang, J, Cesaire, M, Tang, K, Robey, RW, et al. Ibrutinib disrupts blood-tumor barrier integrity and prolongs survival in rodent glioma model. Acta Neuropathol Commun. (2024) 12:9987. doi: 10.1186/s40478-024-01763-6

157. Goddard, ET, Linde, MH, Srivastava, S, Klug, G, Shabaneh, TB, Klug, G, et al. Immune evasion of dormant disseminated tumor cells is due to their scarcity and can be overcome by T cell immunotherapies. Cancer Cell. (2024) 42:119–34. doi: 10.1016/j.ccell.2023.12.011

158. Wang, Z, Troilo, PJ, Wang, X, Griffiths, TG, Pacchione, SJ, Barnum, AB, et al. Detection of integration of plasmid DNA into host genomic DNA following intramuscular injection and electroporation. Gene Ther. (2004) 11:711–21. doi: 10.1038/sj.gt.3302213

159. Acevedo-Whitehouse, K, and Bruno, R. Potential health risks of mRNA-based vaccine therapy: A hypothesis. Med Hypotheses. (2023) 171:111015. doi: 10.1016/j.mehy.2023.111015

160. Aldén, M, Olofsson Falla, F, Yang, D, Barghouth, M, Luan, C, Rasmussen, M, et al. Intracellular reverse transcription of Pfizer BioNTech COVID-19 mRNA vaccine BNT162b2 in vitro in human liver cell line. Curr Issues Mol Biol. (2022) 44:1115–26. doi: 10.3390/cimb44030073

161. Zhang, L, Richards, A, Barrasa, MI, Hughes, SH, Young, RA, and Jaenisch, R. Reverse-transcribed SARS-CoV-2RNA can integrate into the genome of cultured human cells and can be expressed in patient-derived tissues. Proc Natl Acad Sci USA. (2021) 118:e2105968118. doi: 10.1073/pnas.2105968118

162. Wong, ET, and Brem, S. Taming glioblastoma: targeting angiogenesis. J Clin Oncol. (2007) 25:4705–6. doi: 10.1200/JCO.2007.13.1037

163. Wong, ET, and Brem, S. Taming glioblastoma by targeting angiogenesis: 3 years later. J Clin Oncol. (2011) 29:124–6. doi: 10.1200/JCO.2007.13.1037

164. Hotz, C, Wagenaar, TR, Gieseke, F, Bangari, DS, Callahan, M, Cao, H, et al. Local delivery of mRNA-encoded cytokines promotes antitumor immunity and tumor eradication across multiple preclinical tumor models. Sci Transl Med. (2021) 13:eabc7804. doi: 10.1126/scitranslmed.abc7804

165. Berraondo, P, Gomis, G, and Melero, I. The liver as a cytokine factory working on mRNA blueprints for cancer immunotherapy. Cancer Cell. (2024) 42:502–4. doi: 10.1016/j.ccell.2024.02.015

166. Beck, JD, Diken, M, Suchan, M, Streuber, M, Diken, E, Kolb, L, et al. Long-lasting mRNA-encoded interleukin-2 restores CD8+ T cell neoantigen immunity in MHC class 1-deficient cancers. Cancer Cell. (2024) 42:1–15. doi: 10.1016/j.ccell.2024.02.013

167. Deng, Z, Yang, H, TGian, Y, Liu, Z, Sun, F, and Yang, P. An OX40L mRNA vaccine inhibits the growth of hepatocellular carcinoma. Front Oncol. (2022) 12:975408. doi: 10.3389/fonc.2022.975408

168. Dong, S, Liu, X, Bi, Y, Wang, Y, Antony, A, Lee, D, et al. Adaptive design of mRNA-loaded extracellular vesicles for targeted immunotherapy of cancer. Nat Commun. (2023) 14:6610. doi: 10.1038/s41467-023-42365-5

169. Liu, M, Hu, S, Yan, N, Popowski, KD, and Cheng, K. Inhalable extracellular vesicle delivery of IL-12mRNA to treat lung cancer and promote systemic immunity. Nat Nanotechnol. (2024) 19:565–75. doi: 10.1038/s41565-023-01580-3

170. Ding, L, Li, J, Wu, C, Yan, F, Li, X, and Zhang, S. A self-assembled RNA-triple helix hydrogel drug delivery system targeting triple-negative breast cancer. J Mater Chem B. (2020) 8:3527–33. doi: 10.1039/c9tb01610d

171. Rosenblum, D, Gutkin, A, Kedmi, R, Ramishetti, S, Veiga, N, Jacobi, AM, et al. CRISPR-Cas9 genome editing using targeted lipid nanoparticles for cancer therapy. Sci Adv. (2020) 6:eabc9450. doi: 10.1126/sciadv.abc9450

172. Lang, F, Schrörs, B, Löwer, M, Tureci, Ö, and Sahin, U. Identification of neoantigens for individualized therapeutic cancer vaccines. Nat Rev Drug Discovery. (2022) 21:261–82. doi: 10.1038/s41573-021-00387-y

173. Linette, GP, and Carreno, BM. On the twentieth anniversary of dendritic cell vaccines – Riding the next wave. Cancer Res. (2022) 82:966–8. doi: 10.1158/0008-5472.CAN-21-4440

174. Bell, J. Next-generation RNA technologies: making longer-lasting drugs with a broader reach (2023). BioPharma Dive (Accessed September 4, 2024).

175. Dolgin, E. Why rings of RNA could be the next blockbuster drug. Nature. (2023) 622:22–4. doi: 10.1038/d41586-023-03058-7

176. Sharma, P, Hoorn, D, Aitha, A, Breier, D, and Peer, D. The immunostimulatory nature of mRNA lipid nanoparticles. Adv Drug Delivery Rev. (2024) 205:115175. doi: 10.1016/j.addr.2023.115175

177. Tallent, A. ARPA-H funds two cancer “Manhattan Projects”. Cancer Discovery. (2024) 14:11–2. doi: 10.1158/2159-8290.CD-NB2023-0085

178. Weintraub, K. mRNA, made famous by COVID vaccine, now enlisted for cancer treatment (usatoday.com) (2023). USA Today (Accessed 04 September 2024).




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 © 2024 Tapescu, Madsen, Lowenstein, Castro, Bagley, Fan and Brem. 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.




Glossary

APC Antigen presenting cell

circRNA circular RNA

CNS central nervous system

CRS cytokine release syndrome

CSE conserved sequence element

CTL cytotoxic T lymphocyte

DAMP damage-associated molecular patterns

DC dendritic cell

GBM glioblastoma

HNSCC head and neck squamous cell carcinoma

HLA human leukocyte antigen

HPV human papilloma virus

HSV1 herpes simplex virus 1

hTERT human telomerase reverse transcriptase

ICANS immune effector cell-associated neurotoxicity

ICI immune checkpoint inhibition/inhibitor

LNP lipid nanoparticle

LPA lipid particle aggregate

MAS macrophage activation syndrome

MHC major histocompatibility class

mRNA messenger ribonucleic acid

nms-mRNA nucleoside-modified synthetic mRNA

RBP RNA-binding protein

RIG-I retinoic acid-inducible gene I protein

SNV single nucleotide variant

TCGA The Cancer Genome Atlas

sEV small Extracellular vesicle

TCR T cell receptor

TE transposable elements

TIL tumor infiltrating lymphocyte

TLR Toll-like receptor

TME tumor microenvironment

TRUCK T cells redirected for universal cytokine-mediating killing
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Current Concepts in the Development of mRNA Vaccines

for Glioblastoma and Other Solid Cancers

1. Unmet Need. Despite > 40 monoclonal antibodies and six CAR T cell therapies approved for a broad spectrum of malignancies, only a minority of cancer patients have
a durable response to current immunotherapeutics (27). The only approved cancer vaccine, Sipuleucel-T (NCT00065442), an autologous dendritic cell therapy for prostate
cancer, was approved in 2010, but never gained widespread use due to its high cost and underwhelming clinical efficacy (27). Currently the standard of care for
glioblastoma includes surgery (maximal safe resection), chemotherapy (temozolomide) and radiation therapy with judicious use of tumor-treating fields, bevacizumab, and
chemowafers. There is currently no FDA-approved immunotherapeutic regimen FDA-approved for glioblastoma. In the reignition of the Cancer Moonshot initiative by
President Biden, two of the ten central research recommendations include translational immunotherapy and overcoming resistance (27).

2. Advantages of mRNA vaccines. The inherent modularity of mRNA-LNP vaccines enable the encapsulated mRNA to encode for many proteins, enables their formulation
and clinical translation to be more rapid and economical than prior cell-based technologies (10, 27, 28). Specifically, manufacturing costs are low compared to other classes
of vaccines (10), cost-effective and scalable - mainly due to high yields of in vitro transcription reactions (28). Also, there can be a “payload” targeting multiple proteins.
Six of the first ten clinical trials using mRNA vaccines were individualized to a specific patient’s specific neoantigens, thus offering a more personalized approach than other
forms of immunotherapy (27). The ability to develop patient-specific vaccines has the potential to elicit therapeutic responses in those recalcitrant to existing treatments
(27). mRNA vaccines can induce both humoral and cellular immune responses (10). Initially, for cancer immunotherapy, mRNA was used only as a template encoding
tumor-associated antigens, but due to its versatility and design variability, the therapeutic potential of mRNA is now considered limitless (10). Because patient-derived
mRNA can be amplified in vitro, a relatively small number of cells is needed to develop a mRNA vaccine, important for patients who only have a small, surgical

biopsy (29).

3. mRNA Vaccines and Combination Therapies. Beyond personalizing vaccine antigens, mRNA provides a unique opportunity to develop combination therapies. Immune
stimulating mRNA into vaccine formulations can combat the immunosuppressive TME, including boosting antigen presentation and DC activation. Although not
validated through testing, the current concept is that immune stimulation with mRNA could be synergistic with other vaccine types (27). A vaccine format such as a
mRNA vaccine (in combination with synthetic peptides, DNA vaccine, or viral vectors) allows for targeting of dozens of mutations per patients (30). This concept of
“multiple warheads,” can be used to combine complementary categories of neoepitopes such as MCH-1 and MHC-II, clonal and subclonal, undetected antigens, an
approach that mitigates the risk of ‘betting on a biological hypothesis that later is proved to be wrong’ (30). Larger tumor loads, especially, might require combination
immunotherapies (30). Neoepitope vaccines are safe and well-tolerated; combining them with drugs or ICIs could keep the repertoire of vaccine-induced T cell specificities
functional (30). mRNA vaccines are capable of both priming and boosting immunological responses and can thus serve as an important backbone for any
immunotherapeutic regimen (31)..

4. Safety of mRNA Vaccines. Vaccines that are centered on mRNA are generally considered safer than DNA and viral vectors as mRNA is the minimal genetic vector,
containing only the elements directly required for the expression of the encoded protein (10). The risk of infection or insertional mutagenesis is minimal or negligible
compared to viral or DNA vectors due to mRNA'’s non-infectious nature and non-integration with the genome (6, 16, 23, 28, 29, 32, 33).

5. Comparison of advantages of the four major cancer vaccine platforms. The pros and cons of the four major platforms/categories of cancer vaccines (23) are
summarized by Fan et al. (34):

« 1) Nucleic Acid-based Vaccines: a) DNA Vaccines: Advantages include stability (29), low cost (35); cell-independent production; durable immune response; and
potential for targeting multiple neoantigens. Once plasmid DNA enters the nucleus, a single plasmid DNA can produce multiple mRNA copies, producing more antigens
than a single mRNA molecule (23). Efforts to improve immunogenicity and clinical application of DNA vaccines include electroporation, codon optimization of plasmid
constructs, or co-administration of adjuvants (35). An ideal technology for cancer vaccines should allow the codelivery of multiple CD8* and CD4* T cell epitopes from
several cancer antigens (35). The concerns include low transfection efficiency; risk of autoimmune reactions; risk of integration into host genome. b) mRNA Vaccines:
mRNA vaccines have rapidly emerged as agents that can induce robust antitumor activity against both shared (“off-the-shelf”, mass produced, analogous to COVID-19
mRNA vaccine) and personalized antigens, with both approaches shown to be or likely to become commercially feasible in the near future (31).These are synthesized in
vitro, encode antigens and express proteins after internalization to stimulate an immune response (23). mRNA is an ideal platform for personalized neoantigen vaccine
preparation (23).Encoding full-field tumor antigens simultaneously and cross-presenting multiple epitopes of human leukocyte antigen (HLA) by APCs can induce a
broader T cell response (23) Advantages, as noted, include: rapid development and easy modification; high immunogenicity; cell-independent production; able to enter
non-dividing cells; intrinsic adjuvant effect; high efficiency into DCs (36). DNA molecules need to enter the cell nucleus to initiate transcription, while mRNA enters the
cytoplasm to translate and express antigens directly. Therefore, mnRNA antigen production is instantaneous and efficient. DNA vaccines need an extra step to go into the
cell nucleus, leading to a lower immune response than mRNA vaccines (23). The concerns include fast degradation speed, especially linear mRNA (29), susceptibility to
RNase degradation (37), potential for inflammatory reaction, and inefficiency of in vivo delivery (23)

« 2) Peptide-based Vaccines: Advantages include high specificity and safety; cell-independent production; low risk of autoimmunity; direct presentation on MHC in short
peptides; proven clinical activity with synthetic long peptides. Disadvantages include high cost; complex manufacturing process; potential for HLA-restriction (32).

« 3) Cell-based Vaccines: The advantages are strong immune stimulation; multi-form antigen loading. Disadvantages include high cost; potential for undesirable
immunogenicity of the cells (on target, off-tumor); and need for patient-specific customization (for autologous vaccines).

+ 4) Viral and Bacterial Vector Vaccines: The benefits include high immunogenicity; long-term immune response; and self-adjuvanticity. The risks include potential for
vector immunogenicity; and need for specialized storage conditions.

6. Comparison of mRNA vaccines with peptide vaccines. The early successes of mRNA vaccines could position this novel therapeutic class of vaccines as a superior
“platform” compared to decades of testing with peptide vaccines that have been largely unsuccessful. mRNA vaccines provide greater flexibility, enabling the use of
multiple permutations of targets, backbones, and combinations, with adaptability and encouraging progress to commercialize mRNA vaccines, making mRNA vaccines
uniquely positioned to suppress malignant evolution (31), advancing the goal of “immuno-interception” (38). Cancer is capable of progressing only when the normal
function of the immune system is disrupted (10).

7. Combination Therapies - Combining mRNA Vaccines with Other Vaccines and Immunomodulatory Approaches. In recent years, combining cancer vaccines with
various immunotherapies or standardized treatments has become an effective strategy for overcoming tumor resistance and improving clinical outcomes (23). Current
protocols employ a multi-pronged approach that focus on three obstacles: a) T cell exhaustion with strategies to activate and refresh CD4" and CD8" T cells; b) the
immunosuppressive TME, e.g., cytokine reprogramming using stereotactic radiation therapy, an inhibitor of IL-6 (tocilizumab) and an ICI (atezolizumab) (39); and iii)
inhibition of immune checkpoint (PD-1/PD-L1) pathways using ICIs. A combination approach is also being applied to vaccine development (20, 21); For example, an
mRNA vaccine, encoding a chimeric receptor directed towards CLDNG6, was found to enhance the efficacy of claudin-CAR-T cells against solid tumors (40), use of a
nanoparticulate RNA vaccine stimulated adoptively transferred CAR-T cells. Presentation of the CLDNG antigen on resident APCs promoted cognate and selective
expansion of CAR-T cells; improved engraftment of CAR-T cells; regression of large tumors in difficult-to- treat mouse models was achieved at subtherapeutic CAR-T cell
doses (40). In the field of cancer immunotherapy, we have entered into an era of combined treatments (18, 35), and the development of potent therapeutic anticancer
vaccines may be the missing element for being able to efficiently treat more patients and a wider range of tumors. There is a strong rationale for combining cancer
vaccines with other immunotherapy drugs, such as immune checkpoint inhibitors or oncolytic viruses. Combining cancer vaccine and tumor resection allowed the
infiltration of activated T cells to the resection site with a strong impact on mouse survival in an aggressive GBM preclinical model (35). The positive experience of
combinatorial strategies for CAR T cell therapy could be extended to the future use of mRNA vaccines. For example, the use of oncolytic viruses leads to M1 polarization,
oncolysis, damage-associated molecular patterns (DAMP)s and release of tumor antigens, resulting in enhanced T cell activation (21). Combining mRNA vaccines with
CAR T cells could activate APCs, attack tumor-associated antigens leading to T cell expansion, and ultimately, cancer cell death (21). Cytokines could be added to mRNA
vaccine therapy, as suggested for CAR T cell therapy (21) to reverse the immunosuppressive TME.

8. Combination with Immune Checkpoint Inhibitors. The combination of mRNA vaccines with ICIs can enhance cell-mediated immunity (10). Combined with CAR T
cell therapies, ICIs enhance the function of tumor infiltrating lymphocytes (TILs), restoring their ability to attack cancer cells (21).

9. Results of Early Clinical Trials using mRNA Vaccines. Although there are no FDA-approved mRNA vaccines, the results of early clinical trials are promising
(Table 2), including encouraging phase II studies across various platforms, an ongoing phase III trial and auspicious data from patients with poorly immunogenic
tumors (15, 31).





