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Abstract. Cancer has always been an important topic in the medical field, and human beings 

have been fighting against cancer for hundreds of years. The methods of cancer treatment have 

also made great progress and innovation. At present, in addition to the traditional cancer 

treatment, targeted drug delivery treatment, precision medicine, immunotherapy, etc., are also 

emerging continuously. Especially in recent years, immunotherapy have received special 

attention. As an important method of immunotherapy, cancer vaccine has a great prospect, 

especially mRNA vaccine which belongs to class of nucleic acid vaccine. This review discusses 

the mechanism of mRNA cancer vaccines playing a role in cancer therapy, and their significant 

advantages over other types of vaccines. In addition, this review summarizes the current 

limitations of mRNA vaccines and solutions to these problems. Researchers can also learn about 

the current application status of mRNA vaccines through this review. Overall, this paper can help 

readers to have a comprehensive understanding of all aspects of mRNA vaccine, which is of 

great value to readers who want to conduct further research on mRNA vaccine. 
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1.  Introduction 

In recent couple of decades, incidence and mortality of cancers has been rising alarmingly. Every fourth 

individual has a lifetime risk of developing cancer, which is a shocking state of affairs [1]. Human have 

fight with cancers for so many years, currently there many kinds of therapies, including Chemotherapy, 

Hormone Therapy, Radiation Therapy and so on. However, these conventional therapies have a lot of 

side effects, some of which are patients suffering from intolerably. The harms of conventional therapies 

are mainly systemic harms, such as bone marrow suppression, impaired liver and kidney function, 

gastrointestinal reactions, and cardiotoxicity.  

It’s exciting that immunotherapy containing immune checkpoint inhibitors, T-cell transfer therapy, 

cancer treatment vaccine, gain a successful development over the past few decades. Cancer 

immunotherapies seek to boost host anti-tumor immunity, alter the tumor's suppressive 

microenvironment, and eventually reduce tumor burden and improve patient mortality rates. 

Consequently, compared to other immunotherapies, cancer vaccines provide particular, secure, and 

tolerable therapy [2]. Cancer vaccines work to treat cancer by teaching the immune system how to 

identify and respond to antigens associated with tumors and kill cancer cells that carry those antigens 

[3].  
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mRNA cancer vaccine, known as a type of nucleic acid vaccine, is a class of cancer treatment vaccine. 

Some research have shown that mRNA vaccines are effective to treat acute myelocytic leukemia (AML), 

Glioblastoma (GBM), melanoma, no-small cell lung cancer (NSCLC) and other solid tumors. Although 

the U.S. FDA recently approved two prophylactic vaccines, one for the human papillomavirus, which is 

mainly responsible for cervical cancers, and another for the hepatitis B virus, which can cause liver 

cancer [2], and future cancer therapies may benefit from the therapeutic potential of mRNA vaccines, 

the majority of mRNA cancer vaccines are still in preclinical or different stages of clinical trials. In 

addition, some problems remain existing in mRNA cancer vaccines development which form limitation 

to the application of these vaccines, like disadvantaged methods of mRNA modification and synthesis 

in vitro, requirement of optimization the delivery systems, mRNAs sensing may dampen immune 

response, making paradoxical effects to anti-cancer immunotherapy and so on. In this review, this article 

briefly summarizes how do mRNA cancer vaccines work, their application status and prospects and 

discuss mainly existing problems in the development of mRNA cancer vaccines and the strategies to 

solve these problems to improve the therapeutic effect. This review hopes to provide reference and 

guidelines for the treatment of cancer by mRNA vaccines. 

2.  Mechanism of mRNA vaccines  

mRNAs carried by mRNA cancer vaccines can induce effective antigen-specific immune responses 

(cellular and humoral immune responses) to realize the anti-tumor goal [4, 5]. The mechanism of mRNA 

vaccines is divided into 3 major steps:  

2.1.  mRNA in vitro transcription (IVT) 

IVT contains mRNAs synthesis and modification in vitro. One of the most widely used way for 

producing mRNA is the use of RNA polymerase and linear DNA, which is obtained from linearized 

plasmid DNA or synthetic DNA produced through PCR. And the technique for producing mRNA in 

vitro has reached a mature stage, so, it is not the emphasis to discuss in this review. 

A mature mRNA has 5 basic structures: a five-prime cap (5′ cap), an open reading frame (ORF) 

region, 2 untranslated regions (UTRs) and a poly (A) tail [6]. To keep integrate structure benefit mRNA’s 

stability and expression capability. In addition, the effectiveness of an mRNA vaccine can be improved 

by further optimized modification on its integrate structure. For example, Moderna mRNA replace 

uridine with pseudouridine, the substitution of base pairs can decline mRNAs’ immunogenicity. Once 

accomplishing synthesis and modification, subsequent step needs to go through a series of purification, 

sterilization, and other processes to remove impurities like enzymes, free nucleotides, residual DNA and 

foreign RNA fragments, dsRNA and so on. 

2.2.  mRNA delivery in vivo 

After gaining the mature mRNA, the next step is to transport mRNAs into host cells’ cytoplasm so that 

mRNAs have possibility to play their roles (expressing specific antigens). However, there are some 

limited factors of mRNA, so mRNAs need some specific delivery systems to deliver mRNAs into 

numerous host and target cells with sufficiently high translation levels [7, 8] (this paper discusses more 

details about this problem in the following section.). 

2.3.  mRNA induce cellular and humoral immune responses 

Antigen-presenting cells (APCs) could identify mRNAs. Following cellular uptake by APCs, mRNAs 

are carried to the cytoplasm through endocytosis and go through antigen processing [5]. mRNAs then 

prompt pattern recognition receptors (PRRs) to become activated. In cytoplasm, some mRNAs join with 

host cell ribosomes and carry out effective translation. Antigen proteins can be fragmented by the 

proteasome into antigenic peptides and then presented to CD8+ T cells via the major histocompatibility 

complex (MHC) I route to trigger a cellular immune reaction [4]. Additionally, Other antigen proteins 

may also be secreted from the target cell and ingested by DCs and they are then degraded and given to 

CD4+ T cells and coactivate antigen-specific B cells via MHC-II pathway to induce humoral immune 
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response [4]. B cells can also recognize secreted antigen proteins, these B cells have the ability to present 

antigens, and after detecting extracellular proteins and presenting them on their MHC class II surface, 

they can stimulate CD4+ T cells in return [4, 5]. 

3.  mRNA vaccine advantages 

Some research divided cancer vaccines into 4 types: tumor cell- or immune cell-based vaccines, peptide-

based vaccines, viral vector vaccines, and nucleic acid (DNA or RNA based) vaccines [9]. Compared 

with other types of vaccine, mRNA vaccines have a variety of specific advantages in many aspects. 

Firstly, nucleic acid vaccines can simultaneously deliver serval antigens like tumor associated 

antigens (TAAs) or tumor mutations and induce both cellular and humoral immune responses [2]. As a 

result, nucleic acid vaccines may increase the capacity to against vaccine resistance. Secondly, nucleic 

acid vaccines contain more completed antigens than peptide-based vaccines, which are beneficial to 

stimulate a border T cell response [10]. Furthermore, nucleic acid vaccines are also safer than the others 

because nucleic acid vaccines aren’t exposed to impure or alien proteins and virus-related 

contaminations. 

Although RNA based and DNA based vaccines are both belong to nucleic vaccines, recently mRNA 

vaccines are proved to have many advanced characteristics over DNA vaccines in cancer treatment. One 

of the most important reason is that mRNA are similar to mRNA virus in some degree, this characteristic 

is also known as self-adjuvating properties [4]. So, mRNAs can be recognized by APCs and activate a 

stronger and durable immune response. In addition, mRNA only need one step of translation to transcript 

to the target antigens, making it has higher rate of protein than DNA vaccines [2]. The other advantage 

is that mRNA vaccines are much safer than DNA vaccines. The reason for it is that mRNA is lack of 

cGp island in structure in comparison with DNA, which means that mRNA never integrate into the 

genome sequence, thus, mRNA don’t cause gene mutations [2]. 

4.  mRNA vaccines current existing problems and solutions 

4.1.  Current existing limitations of mRNA vaccine 

The reason why not so many mRNA vaccines can be put into clinic application is that preparation of 

mRNA vaccine faces two mainly problems: one is lacking valid delivery system, the other is that 

exogenous mRNA may cause immune response termination. 

One of the essential requirements of mRNA vaccine to work is that mRNA need to enter the host 

cytoplasm, so that mRNA can be translated to antigens. However, there are some adverse factors 

inhibiting mRNA to play a role in host cytoplasm. For instance, mRNA is electronegative molecule, and 

the same is true for cell membrane, which makes mRNA delivery more difficult. In addition, mRNA is 

too big to pass through the cell membrane by diffusion [6, 11]. Furthermore, mRNA can be degraded 

easily by extracellular RNase [6, 11]. Therefore, specific, and efficient mRNA delivery systems need to 

be designed to carry mRNA into cells. 

mRNA vaccine can stimulate immune system to induce strong immune response, but excessively 

immune response can promote cells to secret a mass of interferons, especially type I IFNs. Some research 

have shown that CD8+ T cell response can be potentially promoted in moderate type I IFNs degree [12, 

13]. But these excessive interferons would restrain mRNA translation and lead to RNA degradation, 

activated CD8 + T cells depletion, which means mRNA would lose its functions before long [6, 14, 15]. 

4.2.  Solutions to mentioned problems 

4.2.1.  mRNA delivery systems. Delivery system is necessary for mRNA vaccine to protect it from being 

degraded by RNase and deliver it to APCs specifically. Currently, many mRNA delivery systems and 

delivery vehicles (viral- and cell-based vehicles, etc.) have been applied, including delivering naked 

mRNA, DCs delivery system, protamine delivery system, lipid nanoparticles (LNPs), polymer-based 

delivery system, etc4. Pual et al. suggested that subcutaneously injecting naked mRNA is more efficient 
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than delivering mRNA through nanoparticle delivery system [16]. Although some studies showed that 

naked mRNA can be delivered to induce immune response directly, the working efficacy is low, and 

mRNA is easily degraded after injection.  

DCs delivery system is cell-based delivery system, it makes DCs to combine with mRNA transfected 

production (proteins, peptides, etc.) ex vivo, and then transfer the DC-peptides/proteins combinations 

into host body to induce immune responses4. This pathway is usually used for cancer treatment because 

it can induce predominant cellular immune response. However, DCs system is mainly used in pre-

clinical experiments because the mRNA transfection rate is quite low [17].  

Protamine and polymer (the most widely used material is polyethyleneimine (PEI)), are widely used 

in clinical trials as mRNA delivery vehicles. Many studies showed that protamine system has potential 

to deliver mRNA and activate immune response as co-activator, but there are still existing some 

limitations according to the experimental results [18]. In addition, PEI has been confirmed to have 

cytotoxicity, which is hard to be metabolized. So, all these delivery pathways still need to be improved 

due to their limitations. 

Compared to aforementioned delivery system, LNPs is more advanced. LNP is made up of ionizable 

cationic lipids, polyethylene glycol (PEG), phospholipids and cholesterol, and mRNA is wrapped in the 

central part LNP. LNPs can not only protect mRNA from degradation, but also help mRNA to pass 

through cell membrane easily by endocytosis (ionizable cationic lipids have contrast chargeability to 

cell membrane). Geall et al. discovered that mRNA vaccine with LNP can cause higher level of 

expressed mRNA than injecting naked mRNA and effectively stimulate cellular immune response [19]. 

4.2.2.  mRNA structure optimization. mRNA structures optimization can improve mRNA vaccine 

efficacy and application. This review has discussed that IFN would induce innate immune reaction to 

inhibit mRNA translation, and some mRNA structure optimization can prevent these unwanted immune 

responses. For instance, modifying the 5 'cap is to prevent mRNA from being detected by PRRs and 

protects mRNA from exonuclease degradation; improvements of ORF encoding the antigen includes the 

optimization of mRNA codons, which can improve the level of translation by converting less commonly 

used codons into common codons encoding the same amino acid [20]. Another modification to improve 

the level of mRNA translation is the substitution of a modified nucleoside which can prevent the 

recognition of PRRs, allowing the mRNA to produce sufficient levels of protein antigen to trigger an 

immune response. Moderna's and Pfizer /BioNTech's mRNA COVID-19 vaccines both used modified 

nucleosides. 

4.2.3.  utilization of adjuvants. mRNA vaccines combination with certain adjuvants could promote the 

efficacy of anti-tumor treatment and improve patients’ survival [2]. Toll-like receptors (TLRs) agonists 

(including TLR4, TLR7/8) could improve the presentation of MHC I in APCs, which can induce a more 

effective immune response than the mRNA vaccine without using the adjuvant in a mouse model [21]. 

Miao et al. showed that LNP mRNA cancer vaccine with intrinsic IFN-stimulator of interferon gene can 

induce a potent and longer cellular response [22]. There are also some studies showing that mRNA 

vaccines combined with chemokines or pro-inflammatory factors are booming in both pre-clinical 

experiments and clinical trials [2]. It is exciting that many new mRNA vaccine adjuvants are discovered 

continuously. For instance, Xiangrong Song et al. in Dec 2022 discovered that Manganese (Mn) can not 

only improve antigen presenting ability, but also enhance mRNA expression. As an adjuvant of mRNA 

vaccine, Mn has a broad application prospect [23]. Combination with adjuvants are beneficial for 

improving mRNA vaccine efficacy and enhancing immune responses, but adjuvants should be used with 

cautions because they may bring some side effect through interaction with IFN or innate immune 

pathway, which still needs more study [2]. 

5.  mRNA vaccines application status at present and prospects of future 

mRNA vaccine awards the top of the list of " Top Ten Breakthrough Technologies in the World " of MIT 

Technology Review in 2021. On February 22,2023, Moderna and MSD announced that their mRNA 
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vaccine mRNA-4157, a new tumor antigen, combined with PD-1 antibody to assist in the treatment of 

high-risk melanoma, has been certified by the FDA as a breakthrough therapy, which is the first mRNA 

tumor vaccine in the world. However, mRNA cancer vaccines haven’t been approved for standard 

treatment. Ugur Sahin, co-founder of BioNTech, said: “The launch of mRNA cancer vaccines may wait 

until around 2030.”  

At present, the core targeted antigens of mRNA vaccines are tumor associated antigens (TAAs) and 

tumor specific neo-epitopes [24, 25]. TAAs are the antigen molecules present on tumor cells, including 

embryonic proteins, glycoprotein antigens, squamous cell antigens, etc. TAAs are usually related to 

tumor cell’s abnormal behaviors and proliferation. tumor specific neo-epitopes are a kind of small 

peptides, which are exposed to the surface of tumor cells, coming from mutation of tumor somatic. 

These small peptides can be identified by T cells specifically. 

LNPs, protamine, etc. are used for mRNA cancer vaccines’ delivery systems and they have been 

reviewed elsewhere. As for route of administration, mRNA vaccines are usually given through local 

injection, like s.c., i.m. and i.d. in clinical trials. As reviewed in section 2, mRNA vaccine can induce 

cellular and humoral immune responses in theory. But now mainly mRNA vaccines’ treatment strategy 

is stimulating cellular immunity to counter diverse and uncertain cancer genesis. This may lead mRNA 

cancer vaccine to a valid treatment of cancers [6, 25]. The following diagram show the mRNA vaccines 

that are in different stages of ongoing clinical trials (Figure 1). 

 

Figure 1. mRNA vaccines in clinical trials. Trials with recruitment status “not yet recruiting,” 

“recruiting,” and “active, not recruiting” were found on ClinicalTrials.gov with the search terms “cancer” 

and “RNA, vaccine” on Apr 2, 2023. 

Recent studies have had exciting discovery that mRNA vaccines and ICIs in combination can amplify 

the anti-tumor efficacy. For instance, Ugur Sahin et al. observed in clinical trials that early combination 

mRNA vaccine with ICIs could more effectively control the progression of breast cancer and melanoma, 

synergistic play of immunotherapy effect and prevent immune escape [26]. In addition, the maturity of 

mRNA manufacturing technology allows to produce novel vaccines in a short period of time, which 

creates possibilities for the use of mRNA vaccines in personalized tumor immunotherapy, although they 

are still relatively expensive at present. Several clinical studies conducted by BioNTech and Moderna 

have demonstrated strong anti-tumor immunity using personalized vaccines in several clinical trials for 

multiple solid tumors, ushering in a new era of therapeutic tumor vaccines. We believe that mRNA tumor 

therapy vaccines may be a milestone of innovation in cancer immunotherapy. It is expected to be a low-

Proceedings of the 3rd International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/20/20230742

145



cost, high-efficiency and ideal cancer treatment, which may realize the vision of “a dose for healing 

cancer”. 

6.  Conclusion 

mRNA vaccines can be synthesized and modified in vitro, and then entered the host body through a 

specific delivery system to achieve anti-tumor effects by stimulating cellular and humoral immune 

responses. Compared with other types of vaccine, mRNA vaccine has the advantages of safety, high 

efficiency, and easy preparation, which make it a promising immunotherapy. However, there are still 

some limitations in the application of mRNA vaccine at the present stage. For instance, mRNA molecule 

itself is easy to be degraded by RNase; lacking specific, efficient, and easily degraded delivery systems; 

moreover, it is easy to stimulate host body to secrete type I IFN, leading to the obstruction of the 

translation of mRNA molecules, the depletion of T cells, and the termination of immune response. To 

address these problems, this review summarizes some current solutions, such as modifying the structure 

of mRNA molecules, adding adjuvants that can improve the therapeutic effect of vaccines, and efficient 

delivery systems. Although mRNA vaccines are not widely used at the present stage, more and more 

mRNA vaccines are entering clinical trials. In addition, the recent surprising findings that mRNA 

vaccines combined with ICIs can greatly enhance the anti-tumor effect. It could be predicted that mRNA 

vaccine will show its irreplaceable advantages and bright future in the field of cancer immunotherapy, 

of course, more efforts are needed to solve the existing limitations of mRNA vaccine. 
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