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 ABSTRACT 

Nucleic acid vaccines have attracted enormous attention for resolving the

limitations of conventional vaccines using live attenuated viruses. Because nucleic

acid vaccines can be produced rapidly in response to the emergence of new

virus strains, they are more appropriate for the control of urgent epidemic and

pandemic issues. In particular, messenger RNA (mRNA) vaccines have evolved 

as a new type of nucleic acid vaccines in accordance with their superior protein

expression and a lack of mutagenesis as compared with DNA vaccines. Using

mRNA vaccines, large amounts of target proteins can be expressed in immune

cells for efficient immunization. For instance, antigen-specific vaccination is a 

feasible option involving the expression of specific antigens in antigen-presenting

cells. Immunological reactions are modulated by expressing several proteins

associated with stimulation or maturation of immune cells. In addition, mRNA 

vaccines can stimulate innate immunity through specific recognition by

pattern recognition receptors. On the basis of these remarkable properties,

mRNA vaccines have been used for prophylactic and therapeutic applications. 

This review highlights the role of mRNA vaccines as prophylactic vaccines

for prevention of future infections and as therapeutic vaccines for cancer

immunotherapy. In addition to the conventional type of mRNA vaccines, RNA

replicons (self-amplifying mRNA vaccines) will be described. 

 
 

1 Introduction 

Historically, vaccines have been prepared as attenuated 

live viruses altered to reduce the virulence or as 

inactivated pathogens that are killed by chemical and 

physical methods [1–4]. These vaccines were admi-

nistered to healthy people as defense against future 

infections (known as a prophylactic vaccine). Once 

an attenuated or inactivated virus is injected into the 

body, antigen-presenting cells (APCs) engulf the 

virus and present the processed viral antigens to T 

cells [5, 6]. In a humoral immune response, T cells are 

activated, and the activated CD4+ T helper cells prime 

B cells to develop into plasma cells, generating 
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antibodies, which protect the body by preventing 

future viral infections. In addition to prevention of a 

future infection, the concept of vaccines has been 

widened to reinforce the immune defense system to 

treat already existing infection or diseased states [5, 

7–10]. These vaccines are known as therapeutic 

vaccines. Cancer immunotherapy is the largest field 

of therapeutic vaccines developed to boost the 

immune defense system of the human body [11–15]. 

Normally, cancer cells survive in our bodies by 

hiding from the immune surveillance system. Cancer 

vaccines facilitate immune recognition of cancer cells 

as abnormal cells by inducing the presentation of 

specific antigens via the APCs (Fig. 1). Once the 

antigens are expressed in APCs, CD8+ T cells recognize 

the presented antigen. Eventually, CD8+ T cells 

differentiate into effector cytotoxic T lymphocytes 

(CTLs) to kill cancer cells. Even though several 

studies have disputed the role of therapeutic vaccines 

and their safety, in recent decades, several researchers 

have successfully investigated the potential of thera-

peutic vaccines as cancer therapies [16–20]. 

Given that the role of vaccines has been established, 

the conventional vaccines based on infectious agents 

have protected millions of people from fatal infectious 

diseases. Nonetheless, the conventional vaccines 

have several limitations, which should be resolved to 

strengthen the vaccine system. First, administration 

of whole cells of bacteria as vaccines can trigger 

virulence and increase the risk of death in immuno-

compromised patients [21, 22]. Second, manufacturing 

methods for conventional vaccines are not adequate 

to control a new pandemic or epidemic outbreak [23, 

24]. Because most of pandemic strains frequently 

undergo antigenic drift or shift to evade immune 

recognition, rapid and mass production of vaccines 

against a new strain is urgently required [23, 25]. 

Nevertheless, the conventional egg-based vaccine 

production system is tedious and not conducive to 

rapid production of vaccines against new strains. 

Thus, there is an unmet need for rapid production of 

effective vaccines against new pandemic outbreaks. 

Finally, conventional vaccines are biological products, 

which lose their potency at inappropriate temperature 

[24]. Therefore, to maintain their properties, a cold 

chain system is urgently necessary for the storage  

 

Figure 1 Schematic illustration of an mRNA vaccine-mediated 
immune response. 

and delivery of vaccines from the time point of 

manufacture until the time of administration to 

patients. The necessity of a cold chain system is quite 

vexing and inconvenient, especially in many developing 

countries, with widespread distribution of vaccines. 

In recent years, significant efforts were made to over-

come the limitations of conventional vaccines [26, 27]. 
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The nucleic acid vaccine is one of the examples and 

has evolved over two decades after Wolff et al. 

demonstrated the concept of nucleic acid drugs [28]. 

Nucleic acids encoding specific antigens presented 

by APCs can induce a persistent immune response 

against specific antigens [22, 29, 30]. Based on this 

strategy, nucleic acid drugs have been utilized as a 

novel alternative type of vaccine relative to con-

ventional vaccines [27]. One of the great advantages 

of nucleic acid vaccines over conventional vaccines 

is the relatively uncomplicated production system. 

Because of the simplicity of design and synthesis, 

large quantities of nucleic acid vaccines can be 

manufactured immediately after emergence of new 

pathogens, for a rapid and effective epidemic response, 

which is infeasible with conventional vaccines. 

Furthermore, nucleic acid vaccines do not require a 

cold chain system for transportation and storage, 

whereas it is a prerequisite for conventional vaccines. 

Thus, nucleic acid vaccines can become widespread 

in many developing countries that cannot afford a 

cold chain system. 

Early in the development of nucleic acid vaccines, 

most researchers focused on DNA vaccines owing to 

their stable structure and easy-to-control properties 

[22, 31–33]. On the other hand, the development of 

DNA vaccines has been hampered by lower 

immunization efficiency as compared with conventional 

vaccines involving whole microorganisms [33, 34]. 

Various adjuvants have been developed to overcome 

this issue and administered along with DNA vaccines 

for immunization [35–37]. Although several studies 

have shown that DNA vaccines induce an enhanced 

immunization effect via coadministration of adjuvants, 

DNA vaccines have not been practically utilized as 

vaccines that surpass conventional vaccines. In recent 

decades, messenger RNA (mRNA) vaccines emerged 

as powerful nucleic acid vaccines [21, 34, 38]. These 

vaccines have several advantages compared with DNA 

vaccines. First, mRNA does not require entry into the 

nucleus for protein expression, and can be successfully 

transfected into slowly dividing cells such as 

dendritic cells (DCs), for efficient presentation of the 

encoded antigens [39]. Furthermore, mRNA vaccines 

can trigger immunogenic responses without the need 

for adjuvants [40]. Despite their attractive features, 

mRNA vaccines have not been widely employed as 

powerful nucleic acid vaccines in the past because of 

their unstable structure. Nonetheless, with burgeoning 

knowledge and insights into the design of stable and 

better mRNA structures, mRNA vaccines have shown 

a great potential as a new platform for nucleic acid 

vaccines in numerous recent studies [41–43]. 

In this concise review, mRNA vaccines developed 

to prevent infectious diseases (prophylactic vaccines) or 

treat cancer (therapeutic vaccines) will be discussed. 

Two types of mRNA vaccines based on a conventional 

type of mRNA or RNA replicons and their prophylactic 

applications are described. In brief, although the 

conventional type of mRNA is not capable of replicating 

itself, RNA replicons are designed to amplify 

themselves to enhance protein expression [44, 45]. 

This increase in protein expression with RNA 

replicons is thought to be a great advantage for effective 

immunization. In addition, innovative approaches to 

mRNA vaccines for cancer immunotherapy as thera-

peutic vaccines will be explained. A brief introduction 

to the concept of immunotherapy will also be 

provided with several studies showing the effectiveness 

of mRNA vaccines in cancer immunotherapy. Depen-

ding on the applications, various delivery strategies 

for mRNA vaccines have been developed. Various 

mRNA vaccine delivery strategies are briefly described. 

Finally, future perspectives of mRNA-based nucleic 

acid vaccines are discussed too. 

2 Prophylactic mRNA vaccines for the 

prevention of virus infection 

mRNA vaccines have been utilized for the prevention 

of future viral infections [46–48]. The mechanism of 

mRNA vaccine-mediated specific antigen presentation 

in APCs is mostly similar to that for DNA vaccines 

[21]. Once an mRNA vaccine enters APCs, target 

antigens can be expressed via translation. The target 

antigens encoded by the mRNA vaccines are designed 

to resemble the viral antigens that appear when the 

actual virus causes infection [49, 50]. The endogenous 

antigens translated from mRNA vaccines in APCs are 

presented by major histocompatibility complex class 

I molecules (MHC class I molecules), thereby inducing 

a CTL response. In contrast, the exogenous antigens 
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that might be produced and secreted by mRNA-treated 

cells are recognized by APCs and presented by MHC 

class II molecules. The antigen presented by the 

MHC class II molecules interacts with helper T cells, 

resulting in the induction of various cellular and 

humoral immune responses including B-cell-mediated 

antibody production. After a series of humoral immune 

processes, the antibodies against the antigens encoded 

by the mRNA vaccines are induced, thereby preventing 

future attacks of the antigens (Fig. 1). Even though 

there is controversy over the exact mechanism of 

mRNA vaccine-mediated antigen presentation on MHC 

class II molecules, many researchers have reported 

that mRNA vaccines can induce a successful humoral 

immune response by verifying the antibody titers 

after administration of an mRNA vaccine. Although 

DNA vaccines require entry into the cell nucleus after 

crossing two barriers (cell and nuclear membranes), 

mRNA vaccines act once they are delivered into the 

cytoplasm by crossing only a single barrier. This 

relatively easier delivery requirement increases the 

attractiveness of mRNA vaccines compared with 

DNA vaccines. In addition, mRNA vaccines stimulate an 

innate immune response after binding to RNA- 

recognizing Toll-like receptors (TLRs); this process is 

a great advantage for vaccination [51–53].  

There are two types of mRNA vaccines: the conven-

tional type (nonamplifying mRNA) and RNA replicon 

vaccines (self-amplifying mRNA vaccines: SAMs) [21, 40, 

45, 54]. The conventional mRNA vaccines are mostly 

based on the eukaryotic mRNA structures containing 

a 5 cap structure [34, 53]. A SAM consists of two 

parts: One part is for producing RNA-dependent 

RNA polymerase, and the other part is for encoding 

target antigens. The RNA-dependent RNA polymerase 

produced by one part of the SAM replicates the 

mRNA, thereby enhancing the mRNA-mediated 

protein expression. Thus, although conventional 

mRNA vaccines transiently induce antigen expression, 

SAM offers relatively longer and stronger expression 

of the encoded proteins. Because of these unique 

properties, the SAM has aroused interest as a strategy 

to improve the vaccination effect of conventional 

mRNA vaccines. In this section, a brief introduction 

to the conventional mRNA vaccines and the SAM 

and their applications to prophylactic vaccines will 

be provided. 

Because the delivery issue is a critical point 

determining the success of nucleic acid vaccine- 

mediated immunization, various delivery strategies 

have been devised to increase the antigen expression 

of mRNA vaccines and boost immunogenic reactions 

[55–57]. At the early stage of mRNA vaccines, naked 

mRNAs were injected intramuscularly (i.m.) without 

any delivery materials. They induced an antigen- 

specific immune reaction with a small amount of 

mRNA-encoded antigens. To enhance the mRNA 

vaccine-mediated immunization effect, much effort 

has been made to develop mRNA delivery materials 

that can protect the mRNAs from degradation and 

enhance the transfection into target cells. For instance, 

recombinant viral vector technologies have shown 

successful vaccination effects in various studies as 

delivery vehicles of mRNA vaccines [58–60]. Initially, 

the viral vectors received much attention because of 

their powerful and efficient delivery and high 

immune stimulation. Nevertheless, the antivector 

immunity induced by the viral vectors limited their 

further practical applications [61, 62]. To resolve this 

limitation, various nonviral vectors have been exten-

sively developed [55–57]. The nonviral vectors need 

to be able to safely deliver an mRNA vaccine to target 

cells without the induction of an unwanted immune 

reaction. Administration of a complex of mRNA 

vaccines and several polymers, proteins, or lipids is 

an example of nonviral delivery methods. Several 

studies indicate that coadministration of protamine 

along with an mRNA vaccine facilitates not only the 

antigen presentation but also immune stimulation [63, 

64]. In addition, various delivery strategies using 

lipid or polymer nanoparticles have been devised to 

enhance the efficacy of mRNA vaccines [65, 66]. By 

formulating the mRNA vaccines into delivery carriers, 

the short half-life and low transfection efficiency of 

naked mRNAs can be greatly improved. In addition, 

via modulation of the physicochemical properties of 

delivery materials, the vaccination effect can also be 

affected. For instance, several studies have shown 

that the delivery materials in a specific size range 

(20–200 nm) show great accumulation in a lymph 

node [67, 68]. Various other attempts have been made 

to deliver a vaccine specifically into target immune 
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cells. According to the studies, via conjugation with 

various targeting materials, mRNA vaccines can be 

delivered specifically into target immune cells. For 

instance, mannose-conjugated delivery carriers are 

specifically delivered into macrophages or DCs 

expressing mannose receptors [69–71]. Several delivery 

strategies developed for the delivery of conventional 

mRNA vaccines or SAM will be presented. 

2.1 Conventional mRNA vaccines 

As mentioned above, the conventional type of mRNA 

vaccines is a nonamplifying mRNA, which is based 

on the natural eukaryotic mRNAs containing a 5 cap 

structure, 5 and 3 untranslated regions (UTRs), an 

open reading frame (ORF), and a poly-A tail. The 5 
cap and poly-A tail are necessary to protect the 

mRNA in the cellular environment, and the functions 

of 5 and 3 UTRs are mostly related to the mRNA 

stability and translation profile [72, 73]. This con-

ventional mRNA vaccine can be simply produced via 

in vitro transcription technique using DNA vectors 

carrying a T7 or SP6 promotor [73]. Because 

abundant antigen expression inside APCs is critical 

for successful vaccination, various efforts have been 

made to modify mRNAs for increased translation 

efficacy including modifications in the 5 cap or 5 
and 3 UTRs and adjustment of the length of the 

poly-A tail. For instance, anti-reverse cap structure 

(ARCA) is introduced into mRNAs instead of a  

normal 5 cap to produce mRNA with a specifically 

directed cap [53, 74, 75].  

The first attempt to utilize the conventional mRNA 

vaccines for the protection against influenza in 

animals was reported by Petsch et al. [46]. Among 

various infectious diseases, influenza has received a 

lot of attention because of its impact on global public 

health [23]. Several vaccines have been developed to 

fight against seasonally evolving influenza viruses 

[23, 76]. Annually, the combination of antigens 

included in the influenza vaccine is updated in 

response to the emergence of new strains. Because 

influenza viruses frequently change their antigens— 

hemagglutinin (HA) and neuraminidase (NA)—a 

rapid vaccine production system is necessary to 

prevent an epidemic or pandemic [77]. mRNA vaccines 

have a great potential for the appropriate design of 

an antigen combination in the influenza vaccine 

system owing to their simple and scalable production 

system [21]. Petsch et al. tested whether the mRNA 

vaccines encoding full-length HA of influenza A/ 

PuertoRico/8/1934 (PR8HA) protect against a lethal 

virus challenge in mice [46]. In addition, they validated 

the vaccination efficacy of mRNA vaccines lyophilized 

and stored without a cold chain system. The mRNA 

vaccines encoding PR8HA were complexed with 

protamine and administered intradermally (i.d.) to 

mice twice with a 3-week interval. Figure 2(a) shows 

that mRNA vaccines, regardless of the storage  

Figure 2 (a) The protective effect of an mRNA vaccine against PR8 virus infection. First, BALB/c mice were injected i.d. with mRNA
encoding HA of PR8 virus, after different storage conditions. This result suggests that the vaccines stored at 20 or 37 °C before 
injection had similar protective effects. Second, BALB/c mice depleted of CD4+ and CD8+ T cells were injected with the mRNA 
vaccine, suggesting that the protective effect of the mRNA vaccine was mediated by antibody induction. (b) and (c) The protective effect
of the mRNA vaccine was validated after a challenge with a homologous (PR8) or heterologous (MB1) virus. Before the viral challenge,
BALB/c mice were injected i.d. with mRNA encoding PR8 NP, suggesting that there was induction of protective effects by the mRNA
vaccine against both homologous and heterologous virus infections. Reproduced with permission Ref. [46], © Macmillan Publishers
2012. 
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conditions (HA mRNA stored at 20 °C and HA 

mRNA stored at 37 °C), successfully protected mice 

from infection without tell-tale clinical signs similar 

to those of the inactivated PR8 virus vaccine (Inact. 

PR8). Furthermore, the mice that were depleted of 

CD4+ and CD8+ T cells were protected successfully, 

suggesting that the protection from viral infection 

was mediated by mRNA vaccine-induced antibodies. 

To verify the protective effect of mRNA vaccines 

against a heterologous virus, the mRNA vaccines 

encoding influenza virus nucleoprotein (NP) called 

PR8 (PR8NP) were designed based on the previous 

results showing the potential of NP vaccines for 

cross-protection against a heterologous virus. The 

mRNA vaccines encoding PR8NP completely protected 

the mice challenged by homologous PR8 and induced 

protection in the mice challenged by heterologous 

MB1 (Figs. 2(b) and 2(c)). The survival rate was 

markedly decreased in the groups depleted of CD4+ 

and CD8+ T cells, verifying that the cross-protective 

effect was mediated by T cells. 

2.2 Self-amplifying mRNA vaccines 

To enhance the potency of mRNA vaccines, SAMs 

also called RNA replicon vaccines have been extensively 

investigated as a new type of mRNA vaccines [44, 45]. 

Various studies have shown successful results, thus 

indicating an enhanced vaccination effect of SAM 

compared with conventional mRNA vaccines [78]. 

The SAM is based on the replicons derived from 

various RNA viruses such as alphavirus. The 

structural differences between conventional nona-

mplifying mRNA vaccines and SAM are illustrated in 

Fig. 3. The structure of an alphavirus-based SAM is 

also presented in Fig. 3. The alphavirus genome 

contains two genes: one encoding an RNA-dependent 

RNA polymerase (nonstructural protein), which is 

capable of copying RNA, and the other gene encoding 

viral components including capsid and glycoproteins 

(structural proteins). In the vaccine, a structural gene 

of RNA replicons is replaced with specific antigens of 

interest. Thus, the SAM induces abundant antigen 

expression inside the cells transfected with SAM. 

Moreover, the intermediates produced during ampli-

fication of replicon RNAs are double-stranded RNAs, 

which stimulate innate immunity.  

 

Figure 3 Schematic illustration of self-amplifying mRNA 
derived from alphavirus and a comparison between conventional 
mRNA and self-amplifying mRNA. 

Among various companies developing mRNA 

vaccines, Novartis has mostly focused on the creation 

of mRNA vaccines based on the SAM vaccine 

technology [78, 79]. They have attempted to deliver 

the SAM via nonviral delivery vectors. One of the 

attempts was reported by Geall et al. based on lipid 

nanoparticles (LNPs) [78]. In previous studies, LNPs 

had been extensively utilized as delivery materials 

for small interfering RNA (siRNA), as one of the 

most powerful strategies of RNA delivery [80, 81]. 

Geall et al. used various lipid components including 

the ionizable cationic lipid 1,2-dilnoleyloxy-3- 

dimethylaminopropane (DLinDMA), polyethylene 

glycol-conjugated (PEGylated) lipids, and cholesterol 

for the preparation of LNPs (Fig. 4(a)) [78]. The SAM 

vaccines were encapsulated inside the LNPs via an 

electrostatic interaction between a cationic lipid and 

anionic SAM. To verify whether the SAM induces the 

expression of target proteins in vivo, the SAM 

encoding secreted alkaline phosphatase (SEAP) as a 

reporter protein was formulated with LNPs and 

administered i.m. As presented in Fig. 4(b), the SAM 

formulated inside the LNPs increased the magnitude 

of protein expression in mice compared with the 

mice treated with a 10-fold higher dose of naked 

RNA. Nonetheless, the mice injected with a simple 

mixture of the SAM and LNPs without encapsulation 

showed decreased protein expression as compared 

with SAM-encapsulating LNPs. This result suggested 

that encapsulation of SAM is needed for sufficient 

protein expression. Based on these successful results, 

the researchers extended the formulation of SAM–  
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Figure 4 (a) Schematic illustration of SAM encapsulated in LNPs. LNPs were prepared from different types of lipid including a
cationic lipid (DLinDMA), PEGylated lipids, and cholesterol. (b) Verification of target protein expression driven by SAM. SAM
encoding a reporter protein (SEAP) was encapsulated in LNPs or mixed with LNPs and injected i.m. into mice, indicating successful
protein expression by SAM after encapsulation in LNPs. (c) Immunogenicity of SAM encapsulated in LNPs. SAM encoding RSV-F was 
injected i.m. into mice either in the naked form or encapsulated into LNPs. RSV-F-specific IgG titers were measured by an 
enzyme-linked immunosorbent assay. SAM encapsulated in LNPs had greater immunogenicity as compared with the naked SAM and
was similar to or better than VRP in this regard. (d) Schematic illustration of SAM complexed with CNE. CNE was based on MF59,
which has been used in Novartis’ influenza vaccine. CNE comprised a cationic lipid interacting with SAM. (e) The dose-dependent 
protective effect of SAM formulated with CNE and other nucleic acid vaccines. Nucleic acid vaccines encoding RSV-F were injected 
i.m. into BALB/c mice. F-specific IgG titers were measured by an enzyme-linked immunosorbent assay to verify immunogenicity. SAM 
formulated with CNE showed a stronger immune response than did naked and CNE-complexed nucleic acid vaccines. Especially, SAM 
formulated with 15 µg of CNE showed an immune response similar to that elicited by a subunit vaccine containing the MF59 adjuvant.
(f) Time-dependent protein expression driven by SAM. The mRNA, pDNA, and SAM encoding luciferase were formulated with CNE 
and injected i.m. into BALB/c mice. SAM formulated with CNE showed the strongest protein expression, which lasted up to 8 weeks,
whereas protein expression from mRNA lasted up to 3 days. Reproduced with permission Refs. [78, 82], © National Academy of 
Sciences 2012 and Elsevier B.V. 2014, respectively. 
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LNPs to the vaccine system. The SAM encoding the F 

protein of respiratory syncytial virus (RSV-F) was 

designed and formulated with LNPs. The immuno-

genicity of the SAM in the LNP formulation was 

compared with that of naked SAM and viral replicon 

particles (VRP), one of the viral vectors. Although the 

naked SAM showed less immunogenicity than the 

VRP did, the SAM formulated with LNPs induced an 

immunogenic effect similar to or even greater than 

that of the VRP (Fig. 4(c)). This study revealed the 

great potential of LNPs as a SAM delivery vehicle. 

In a more recent study, Novartis used cationic 

nanoemulsion (CNE) for the delivery of SAM 

(Fig. 4(d)) [82]. In this study, 1,2-dioleoyl-sn-glycero-3- 

phosphocholine (DOTAP) served as a cationic lipid 

for the electrostatic interactions with the SAM. Indeed, 

the CNE was based on MF59, Novartis’ proprietary 

adjuvant used in a commercially developed influenza 

vaccine. The safety profile and efficacy of MF59 adju-

vants have been established in clinical trials [83, 84]. 

Thus, MF59 showed great promise as a nonviral delivery 

system. To demonstrate immunogenicity of the SAM 

complexed with CNE, the SAM encoding the RSV-F 

protein was utilized. The F-specific IgG titers measured 

in all groups treated with various doses of the CNE- 

formulated SAM were similar or higher than those in 

the groups treated with naked mRNAs, naked plasmid 

DNA (pDNA), CNE-formulated conventional mRNA, 

or CNE-formulated pDNA (Fig. 4(e)). Especially, the 

SAM formulated with 15 μg of CNE showed superior 

immunogenicity almost equivalent to that of subunit 

vaccines containing MF59 as an adjuvant. In addition 

to the immunogenicity study, the expression profiles 

of various nucleic acid vaccines including con-

ventional mRNA, SAM, and pDNA were compared 

using luciferase as a model protein. Although the 

conventional mRNAs lost their activity within 3 days 

after administration, the SAM showed longer duration 

of expression: until 56 days after the injection. The 

expression of pDNA was quite low compared with 

both mRNA vaccines (conventional mRNA vaccines 

and SAM), but with sustained activity, longer than 

the conventional mRNAs. This finding points to the 

powerful vaccination effect of SAM compared with 

conventional mRNA vaccines (Fig. 4(f)). 

3 Cancer immunotherapy 

The ultimate goal of cancer therapeutics is elimination 

of cancer cells while protecting healthy cells [85, 86]. 

In the early days of development, various chemical 

agents targeting rapidly dividing cells such as 

neoplastic cells were utilized [85, 87, 88]. Nevertheless, 

chemotherapeutic agents lack selectivity because 

they also attack normal cells, particularly, rapidly 

dividing cells such as skin, hair, and intestinal cells 

[85, 86, 88]. To circumvent this issue, researchers have 

focused on the creation of targeted therapies that act 

on specific cancer cells [85, 86, 88–90]. Nonetheless, 

the clinical outcomes are limited in patients resistant 

to targeted therapies [91–93]. Recently, a novel treat-

ment strategy was developed by boosting the immune 

system in patients via cancer immunotherapy to attack 

cancerous cells [11, 13, 94–96].  

Immune checkpoint blockade is one strategy of 

cancer immunotherapy with a successful therapeutic 

outcome [94–97]. Immune checkpoints are molecules 

in the immune system that either stimulate or inhibit 

an immune response. Among various cancer-related 

immune checkpoints, CTL-associated antigen 4 (CTLA-4) 

and programmed cell death protein 1 (PD-1) have 

been widely studied [95, 96, 98, 99]. The DCs presenting 

specific tumor antigens interact with T cells by 

binding to the T-cell receptor (TCR). To activate the T 

cells after interaction with DCs, a B7 molecule-mediated 

stimulatory signal is required. The stimulatory signal 

is induced by the interaction between B7 molecules 

and CD28. Conversely, T-cell activation is inhibited 

by the binding of B7 molecules to CTLA-4 instead of 

CD28. In addition, when PD-1 binds to its ligands, 

the antigen-specific CD8+ T cells lose their cytotoxic 

effect. Thus, anti-CTLA-4 or anti-PD-1 monoclonal 

antibodies can be utilized to stimulate the immune 

system by blocking the immunoinhibitory reaction 

[100, 101]. Indeed, the anti-CTLA-4 antibodies and 

anti-PD-1 antibodies exert a sufficient therapeutic 

effect against various tumors [100, 102–106].  

Therapeutic cancer vaccines are another strategy 

of cancer immunotherapy [13, 14, 107, 108]. Normally, 

cancer cells maintain their aggressiveness by hiding 

from the immune system [109, 110]. Various genetic 

and epigenetic mutations in cancer cells enable their 
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escape and uncontrollable growth [109, 110]. Thera-

peutic vaccines developed for cancer immunotherapy 

are designed to educate immune cells to detect 

cancer cells as abnormal cells and eventually attack 

the tumors [63, 111–114]. APCs play an important 

role in the mechanism of action of therapeutic cancer 

vaccines [115, 116]. In particular, DCs are the most 

potent APCs that bridge innate and adaptive immune 

responses primarily by sensitizing naïve T cells to 

specific antigens [117–119]. Several properties suggest 

that DCs are the most potent APCs. First, DCs are 

commonly found at the sites of entry such as skin, 

the stomach, and lungs. Second, DCs capture antigens 

and once activated, DCs migrate to lymph nodes 

containing naïve T cells. Third, mature DCs strongly 

express MHC and costimulatory molecules such as 

cytokines and chemokines. Finally, DCs have the 

ability to induce an immune response via cross- 

presentation of extracellular antigens on MHC class I 

molecules, thereby activating CD8+ T cells. 

Via delivery of mRNA therapeutic vaccines encoding 

specific tumor antigens into DCs, the encoded 

proteins can be presented onto the surface of DCs, 

activating CTLs via the aforementioned immune 

reaction [63, 113, 114, 120]. A mechanism of mRNA 

vaccine-mediated, DC-based immune response is 

illustrated in Fig. 1. Target antigens are expressed in 

DCs by in vivo or ex vivo delivery of mRNA vaccines 

encoding the antigens. Upon recognition of the 

immune stimuli, immature DCs differentiate into 

mature DCs, followed by increased expression of 

MHC class I molecules and various cytokines and 

chemokines [53, 117–119, 121]. The antigens presented 

on MHC class I molecules induce the activation of 

effector CTLs. Although exogenous antigens are 

presented by MHC class II molecules, the exogenous 

antigens can also be presented by MHC class I 

molecules via specific cellular pathways called cross- 

presentation in DCs [122, 123]. Thus, both endogenous 

and exogenous antigens can be presented on the 

surface of mature DCs via an MHC class I molecule and 

ultimately prime antigen-activated CTLs. Because the 

antigen-specific CTLs are the key immune cells attacking 

cancerous cells, cancer immunotherapy is mostly 

based on DC-mediated immunity.  

Two major approaches have been developed for 

the delivery of mRNA vaccines into DCs. First, 

mRNA vaccines are transfected into the DCs harvested 

from patients ex vivo [113, 114, 124]. The DCs harvested 

and subsequently transfected with an mRNA vaccine 

are transferred back into patients for the immu-

notherapeutic effect. Various gene transfection strategies 

have been devised to deliver mRNA vaccines into 

DCs in vitro. These include physical gene transfection 

methods such as electroporation and microinjection 

and chemical gene transfection agents such as positi-

vely charged lipids or polymers that form lipoplexes 

or polyplexes via electrostatic interaction with a 

negatively charged mRNA vaccine. Given that the 

activation and antigen presentation in DCs can be 

precisely controlled in vitro, it is possible to control 

the efficiency of a DC-mediated immune reaction. On 

the other hand, this method has been considered 

tedious and expensive.  

Recently, many researchers developed various 

delivery strategies that deliver mRNA vaccines directly 

in vivo [114, 124, 125]. According to several studies on 

the development of anticancer therapeutic vaccines, 

systemically delivered mRNA vaccines result in a 

more potent immunization effect than do locally 

delivered mRNA vaccines injected i.m. or i.d. 

Although the naked mRNA vaccines injected i.m. or 

i.d. can induce some immunization effect with weak 

antigen expression in APCs, they can quickly degrade 

and lose their effect before reaching APCs especially 

when they are injected intravenously (i.v.). Thus, 

delivery materials are prerequisite for the systemic 

administration of mRNA vaccines. Various nonviral 

delivery carriers including lipid or polymeric nano-

particles have been developed for this purpose. The 

delivery carriers can be designed to control antigen 

presentation in DCs and maturation of DCs [67, 71, 

126]. The hydrodynamic sizes, surface charges, and 

hydrophobicity of delivery materials affect the 

distribution and cellular uptake efficiency of mRNA. 

Although the particles with small size (100–200 nm) 

can reach lymphoid organs by entering lymphatic 

vessels, larger particles need to be carried by DCs or 

macrophages to reach lymphoid organs [127, 128]. 

Because the specific DCs that can cross-present 

antigens to induce CTLs are mainly located in lymph 

nodes, the small-molecule delivery materials would  
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be more adequate for mRNA vaccines for cancer 

immunotherapy. Furthermore, via conjugation of 

various adjuvant molecules (e.g., CpG, Alum) with 

delivery materials, the mRNA vaccine effect can be 

further enhanced. 

Delivering mRNA vaccines into patients’ DCs in 

vivo is a greater challenge compared with ex vivo 

delivery of mRNA vaccines into harvested DCs. 

Nonetheless, in vivo delivery of mRNA vaccines is the 

ultimate goal of DC-mediated cancer immunotherapy. 

There exists a variety of gene delivery systems 

designed for the delivery of nucleic acid drugs such 

as plasmid DNA and siRNA. By means of the 

accumulated knowledge on those gene delivery 

systems, it is expected that the development of a 

robust mRNA vaccine delivery system can be achieved. 

In this section, several studies on the development of 

mRNA vaccines for DC-mediated cancer immuno-

therapy are discussed.  

3.1 Preparation of DC-based vaccines by ex vivo 

delivery of mRNA 

Delivering mRNA vaccines encoding tumor antigens 

into DCs ex vivo was one of the earliest approaches 

utilized in cancer immunotherapy [113, 114, 124, 125]. 

In addition to DCs, other immune cells such as T  

cells have been engineered and applied to cancer 

immunotherapy. Among the immune-cell-based 

immunotherapeutic agents, the mRNA vaccine 

technology shows great promise due to its powerful 

ability to express the desired protein in the transfected 

cells. In DCs, tumor-specific antigens or other immuno-

stimulatory molecules are expressed by transfection 

of mRNA vaccines to obtain antigen-specific mature 

DCs. Subsequently, the mRNA-transfected DCs are 

administered back into the cancer patients. The 

DC-based vaccines prepared from patients’ own DCs 

are called autologous vaccines. Because the autologous 

cells from the patients are utilized throughout the 

whole process, autologous vaccines are considered 

safe: free of the risk of unwanted immunogenicity. 

Several DC-based vaccines engineered to express 

tumor antigens ex vivo have been effective against 

tumor cells in various preclinical and clinical studies. 

The US Food and Drug Administration (FDA) approved 

Sipuleucel-T in 2010, the first autologous cell-based 

cancer immunotherapy for the treatment of metastatic 

hormone-resistant prostate cancer. In November 2016, 

712 DC-based immunotherapies have been advanced 

to human clinical trials (2016, http://www. clinicaltrials. 

gov). Among the various clinical trials, only Sipuleucel- 

T was successful for commercial manufacture. 

One example of DC-based vaccines prepared by 

transfecting autologous tumor mRNAs into DCs was 

reported by Kyte et al. [129]. They reported a phase 

I/II trial of a newly developed autologous tumor 

mRNA-loaded DC-based vaccine. The tumor mRNAs 

extracted from patients’ tumor biopsies were delivered 

into DCs via electroporation. The tumor mRNA- 

electroporated DCs were administered to melanoma 

patients via intranodal or i.d. injections. Appro-

ximately 50% of DC-treated patients were confirmed 

to have antigen-specific T-cell responses, which 

might improve the survival rates. Of note, the 

patients treated with i.d. injection showed better DC 

vaccine-induced immune responses as compared to 

the patients treated with intranodal injection. A 

possible further maturation process that occurred 

during the migration of DCs from an i.d. injection 

site toward a lymph node was suggested as a reason 

for the better immune response than that with the 

intranodal injection. The immune responders mani-

festing an antigen-specific immune reaction showed 

improved survival, indicating a great potential of 

DC-based vaccines in melanoma cancer patients. 

They also suggested that the combination therapy of 

DC-based vaccines and immune checkpoint blockade 

would be more powerful cancer therapeutics than the 

monotherapy of DC-based vaccines or immune 

checkpoint blockade. 

Another example of DC-based vaccine development 

by the mRNA technology was reported by Bonehill et 

al. [113]. As described above, in order to prime CTLs 

to attack specific cancer cells, DCs should not only 

present sufficient amounts of antigens but also 

induce immunostimulatory signals for their activation 

and maturation. Several studies have shown that the 

maturation and activation of DCs can be improved via 

expression of specific immunomodulatory molecules. 

Bonehill et al. utilized the mRNA encoding several 

immunomodulatory molecules to enhance the efficacy 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

5183 Nano Res. 2018, 11(10): 5173–5192 

of DC-based vaccines. They delivered a combination 

of three mRNAs, each encoding CD40 ligand 

(CD40L), CD70, and constitutively active Toll-like 

receptor 4 (caTLR4). It has been reported that the 

DCs expressing CD40L increase the therapeutic effect 

in tumors via overexpression of immunostimulatory 

molecules, cytokines, and chemokines. CD70, the 

ligand of CD27, performs an important function in the 

priming of CD8+ T cells. In addition, lipopolysaccharide 

(LPS), which binds to TLR4, is known to mediate the 

most potent DC-activating signals. Nevertheless, 

using LPS clinically is considered dangerous because 

LPS invokes an acute inflammatory response. In that 

study, it was suggested that the caTLR4-expressing 

DCs acted similarly to DCs stimulated by LPS. Based 

on these mechanisms, it was expected that the DCs 

expressing CD40L, CD70, and caTLR4 would show 

great potency in DC-based vaccination.  

Three mRNAs encoding CD40L, CD70, and caTLR4 

were delivered into DCs via electroporation. The 

levels of secretion of cytokines and chemokines in the 

DCs simultaneously expressing CD40L, CD70, and 

caTLR4 were compared with those of immature DCs 

and the DCs exposed to a cytokine cocktail containing 

IL-1β, IL-6, TNF-α, and PGE2. The immature DCs  

and the cytokine-treated DCs were electroporated 

with irrelevant mRNAs (NGFR). The DCs expressing 

all three immunomodulatory molecules (CD40L+CD70+ 

caTLR4) showed the highest levels of secretion of all 

cytokines and chemokines listed in Fig. 5(a) as 

compared with the immature DCs and the cytokine- 

treated DCs. In addition, the investigators stimulated 

naïve CD8+ T cells with DCs electroporated with 

different combinations of mRNAs and subsequently 

pulsed with the MelanA-A2 peptide to determine 

whether the prepared DCs prime antigen-specific 

CD8+ T cells (Fig. 5(b)). The induction magnitude of 

MelanA-specific CD8+ T cells was far greater in the T 

cells stimulated with DCs expressing three mRNAs 

(CD40L+CD70+caTLR4) than in DCs expressing 

single mRNA or two mRNAs (CD40L+CD70 or 

CD40L+caTLR4). In summary, this study showed that 

various molecules associated with activation and 

maturation of DCs are successfully expressed in DCs 

using mRNAs encoding the molecules, and thereby 

enhance the priming of antigen-specific CD8+ T cells. 

3.2 In vivo delivery of mRNA vaccines to DCs 

Several attempts at in vivo delivery of mRNA 

therapeutics have been made to protect mRNA from 

 

Figure 5 (a) Cytokine and chemokine production by DCs electroporated with various mRNAs. Immature DCs were electroporated
with irrelevant NGFR mRNA or CD40L+CD70+caTLR4, and cytokine cocktail-matured DCs were electroporated with irrelevant 
NGFR mRNA. CD40L+CD70+caTLR4-electroporated DCs secreted greater amounts of cytokines and chemokines than did immature
DCs and cytokine cocktail-matured DCs expressing irrelevant NGFR. (b) The fold increase in the number of MelanA-specific CD8+ T 
cells compared with MelanA-nonspecific CD8+ T cells stimulated by DCs. Naïve CD8+ T cells were stimulated by either MelanA-A2 
peptide-electroporated DCs or irrelevant NGFR mRNA-electroporated DCs. Besides, DCs were coelectroporated with CD40L/CD70/
caTLR4 mRNAs and treated with a cytokine cocktail. DCs expressing all three costimulatory molecules (CD40L+CD70+caTLR4) 
showed higher induction levels of MelanA-specific CD8+ T cells. Reproduced with permission Ref. [113], © Elsevier B.V. 2008. 
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the harsh conditions of serum and to safely deliver 

these molecules to target cells. Via such mRNA 

delivery methods, the mRNA vaccines can also be 

delivered into the target DCs, resulting in DC-mediated 

immunity for cancer immunotherapy eventually. On 

the other hand, the delivery vehicles for mRNA 

vaccines need to exert immunostimulation in addition 

to powerful mRNA delivery efficiency to yield 

sufficient levels of vaccination. Given that mRNAs 

have immunostimulatory effects via recognition by a 

variety of immune sensors such as endosomal TLRs 

and cytoplasmic RNA sensors (RIG-1, MDA5), mRNA 

vaccines trigger partial immune stimulation without 

additional adjuvants, suggesting that mRNA vaccines 

are more attractive than DNA vaccines. The delivery 

vehicles for mRNA vaccines can further boost the 

immunostimulatory effects to achieve an enhanced 

antitumor immune response.  

Self-adjuvanted vaccine (RNActive®), developed by 

CureVac, illustrates the requirements of an mRNA 

vaccine system, including in vivo delivery of mRNAs 

and immune stimulation [63]. The RNActive® vaccine 

consists of mRNA encoding antigens and protamine. 

The latter serves for complexation with the mRNA and 

immunostimulatory effects. The mRNA sequence of 

the RNActive® vaccine was carefully optimized by 

increasing guanine-cytosine (GC) content in the ORF 

region, introducing β-globin UTRs, and modulating 

the length of the poly-A tail. Via optimization, the 

expression levels of antigens can be maximized    

by increasing the translation efficiency of mRNA. 

Protamine, a peptide with a positive charge, was 

complexed with mRNA, forming mRNA–protamine 

particles. These particles, prepared at a weight ratio 

of 2:1 (mRNA:protamine), induced abundant IL-12 

secretion (Fig. 6(a)). In contrast, the TLR7 knockout mice 

treated with the mRNA–protamine complex did show 

any sign of the immunostimulatory effect, suggesting 

that the immunostimulatory effect of mRNA–protamine 

complexes was mediated by TLR7 (Fig. 6(b)). To 

maximize the capability of RNActive® in both antigen 

expression levels and immune stimulation, a mixture 

of free mRNA and an mRNA–protamine complex was 

prepared. The mixture encoding the GgOVA antigen 

showed considerable anticancer therapeutic effects 

in mice carrying E.G7-OVA tumors, whereas only a 

negligible therapeutic effect was observed in mice 

treated with a control vaccine encoding unrelated 

 

Figure 6 (a) Immunogenicity of the mRNA–protamine complex in different ratios. Serum levels of IL-12 were validated after i.v. 
injection of naked mRNA, protamine, or the mRNA–protamine complex into BALB/c mice. A 2:1 ratio in the mRNA–protamine 
complex caused a stronger immunostimulatory effect than did naked protamine or the mRNA–protamine complex at 4:1. (b) Validation 
of immune stimulation by the mRNA–protamine complexes mediated by TLR7. The mRNA encoding PpLUC was i.d. injected either in
the naked form or as an mRNA–protamine complex into WT mice or TLR7 knockout mice; the results suggested that the immune
stimulation effect was mediated by TLR7. (c) The antitumor response elicited by the mRNA–protamine complex encoding GgOVA. 
C57BL/6 mice were challenged s.c. with the E.G7-OVA tumor on day 0 and vaccination started on different days. OVA vaccination
yielded a considerable anticancer effect compared with a control vaccine encoding irrelevant mRNAs. Reproduced with permission Ref. 
[63], © Wolters Kluwer Health, Inc. 2011. 
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antigens (Fig. 6(c)). Until now, CureVac has applied 

the newly developed RNActive® technology to the 

treatment of various cancers, including non-small 

cell lung cancer and prostate cancer, and reported 

numerous results demonstrating the great potential of 

the RNActive® technology in cancer immunotherapy 

[130, 131].  

BioNtech, another mRNA company, developed a 

lipid-based formulation for mRNA vaccine delivery 

in cancer immunotherapy [114]. Although RNActive® 

is injected i.d., the lipid-formulated mRNA vaccine 

was developed as a systemically available mRNA 

vaccine. To ensure adequate potency of a DC-mediated 

immune response after systemic administration, 

mRNA vaccines should be delivered specifically into 

DCs. A variety of researchers have attempted to deliver 

antigens into target DCs by introducing targeting 

molecules that bind to the surface of DCs [132]. 

Compared with other attempts utilizing targeting 

molecules, the targetability of mRNA vaccines to DCs 

was modulated by adjusting the surface charges of 

lipid formulations in mRNA vaccines. Various lipid 

formulations with different surface charges have 

been prepared from lipids such as N-[1-(2,3- 

dioleyloxy)propyl]-N,N,N-trimethylammonium chloride 

(DOTMA), DOTAP, and 1,2-dioleoyl-sn-glycero-3- 

phosphoethanolamine (DOPE). To demonstrate the 

tissue targeting by a prepared lipid formulation, a 

lipid formulation of mRNA encoding luciferase as a 

model protein was prepared and systemically 

injected. As shown in Fig. 7(a), the positively charged 

lipid formulation induced strong luminescence in 

 

Figure 7 (a) Charge-based distribution of a lipid formulation of luc mRNA. BALB/c mice were injected i.v. with luc mRNA
formulated with lipids of different charges. Positively charged particles were mostly distributed in lungs, and negatively charged 
particles were mostly distributed in the spleen. (b) Expansion of antigen-specific CD8+ T cells under the influence of the lipid 
formulation of mRNA encoding different antigens. C57BL/6 mice and BALB/c mice were immunized i.v. with either mRNA encoding
OVA or gp70; the results indicated successful expansion of antigen-specific CD8+ T cells by mRNA. (c) The antitumor response caused 
by the lipid formulation of mRNA. The mRNA encoding an irrelevant antigen or OVA antigen lipid formulations were injected i.v. into 
OVA-melanoma. Reproduced with permission Ref. [114], © Macmillan Publishers Limited 2016. 
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lung tissues, whereas the neutral or negatively 

charged formulation induced signals in the spleen. 

Based on this result, the slightly negatively charged 

lipid formulation was selected as the most potent 

formulation for vaccination. The lipid formulation of 

mRNA encoding ovalbumin (OVA) or gp70 (an 

antigen of murine leukemia virus) successfully 

induced formation of antigen-specific CD8+ T cells 

(Fig. 7(b)). In addition, the lipid formulation of mRNA 

encoding OVA exerted a significant therapeutic effect 

in a mouse model of B160-OVA melanoma (Fig. 7(c)). 

In this study, it was emphasized that a significant 

cancer immunotherapeutic effect can be achieved by 

means of systemic lipid formulations as compared 

with subcutaneous (s.c.) delivery of mRNA vaccines. 

Indeed, when the lipid formulation of mRNA 

encoding OVA was injected systemically, a larger 

number of OVA-specific CD8+ T cells was induced as 

compared with s.c. injection. In addition, the s.c. 

injected lipid formulation of mRNA encoding 

luciferase induced luminescence only at the injection 

site. 

4 Future perspectives and a conclusion 

Globalization has caused epidemics or pandemics 

spreading rapidly worldwide, triggering global public 

health challenges. To efficiently manage the emergence 

of new infectious strains and prevent their spread, 

rapid development of vaccines is imperative [48, 76, 

77]. In this regard, nucleic acid vaccines have excited 

much interest because of their simplicity and a rapid 

production system. Based on several advantages of 

mRNAs over plasmid DNA such as high translation 

efficiency and a strong ability to stimulate an immune 

response, recent studies have largely focused on the 

development of mRNA vaccines [21, 38]. The 

development of techniques to improve the stability of 

mRNAs has accelerated the widespread application 

of mRNA vaccines as an alternative to DNA vaccines. 

mRNA vaccines have traditional prophylactic appli-

cations to prevent future infection in addition to a 

therapeutic role, e.g., cancer immunotherapy. Immu-

nological advances have expanded the scope of 

mRNA vaccines. 

To stimulate a sufficient immune response for 

immunization, it is essential to present viral antigens 

on a large scale via APCs. The nonamplifying mRNA 

vaccines comprising the 5 cap-based eukaryotic 

mRNAs are generally utilized in the development of 

mRNA vaccines. Via optimization of the sequences of 

5 and 3 UTRs, the 5 cap structure, and of the length 

of the poly-A tail, the antigen presentation and the 

duration of mRNA vaccines can be changed [72, 73]. 

In addition, self-amplifying mRNAs derived from 

alphavirus have been devised and show excellent 

vaccination efficiency, especially in the prevention of 

future viral infections [44, 45, 78, 79]. Furthermore, 

efforts to develop delivery techniques for mRNA 

vaccines have been reported to enhance vaccination 

efficiency. For instance, the DC-based immune strategy 

attacking target cancer cells requires appropriate 

delivery vehicles for the targeted delivery of mRNA 

vaccines [114, 124, 133, 134]. A few technologies have 

delivered mRNAs into extracted DCs in vitro, and 

others have directly delivered mRNAs in vivo [114, 

124, 134]. Because the in vitro techniques delivering 

mRNAs into the extracted DCs are quite tedious, in 

vivo delivery techniques are thought to represent an 

ideal strategy. 

With the great improvement in various techniques 

involving nucleic acids and their delivery materials, 

various proof-of-concept studies have been published 

[55, 66, 78]. Because the mechanism of vaccination is 

complex, it may be necessary to modulate multiple 

target proteins. mRNA vaccines are an ideal candidate 

for inducing expression of target proteins including 

antigens or specific molecules required for the stimu-

lation and maturation of immune cells. In addition, 

via introduction of other functional molecules into 

mRNA vaccines, novel types of vaccines can be 

created for therapeutic and prophylactic applications. 

For instance, targeting ligands that bind to specific 

immune cells have been incorporated into the 

delivery vehicles of mRNA vaccines to specifically 

target a cell type [132]. To further enhance the 

immunostimulatory effects, various functional RNA 

therapeutics such as siRNA have been administered 

to immune cells [135, 136]. In the field of cancer 

immunotherapy, such novel types of vaccines show 

great promise for complete elimination of various 

cancers. Several biological drugs are clinically 
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available for cancer treatment including monoclonal 

antibodies developed as immune checkpoint inhibitors 

[137, 138]. Coadministration of such immunotherapeutic 

agents along with mRNA vaccines represents a 

powerful immunotherapeutic strategy to treat cancer.  

In the development of prophylactic and therapeutic 

mRNA vaccines, three major factors require careful 

modulation. First, the levels of expression and 

duration of mRNA vaccines should be precisely 

adjusted in the target immune cells by optimizing the 

structures of mRNAs. In addition, similar to the RNA 

replicons derived from viruses with enhanced 

expression and self-replication in a cellular environment, 

other viral RNAs can be utilized as a platform for 

preparation of novel types of mRNA vaccines. Second, 

appropriate delivery strategies for mRNA vaccines 

are needed to achieve a sufficient effect. To this end, 

various gene delivery materials have been developed 

and are investigated [55, 65, 78]. In the field of 

development of delivery materials for mRNA vaccines, 

not only the delivery efficiency of mRNAs but also 

the immune stimulation effect should be considered for 

adequate immune responses. Finally, the stimulatory 

and inhibitory immune signals of immune reactions 

should be controlled appropriately. To maximize the 

immune stimulation, mRNA vaccines can be designed 

to express immunostimulatory proteins along with 

target antigens. In addition, other RNA therapeutics 

such as siRNAs can be utilized to suppress the 

immunoinhibitory signals. Overall, many investigators 

have reported successful results demonstrating the 

great potential of mRNA vaccines, some of which are 

in clinical trials [20, 137, 138]. Nevertheless, a few 

limitations should be addressed before these vaccines 

can be used in practical applications. We believe this 

review provides sufficient information regarding the 

current status and the future of mRNA vaccines. We 

hope that this review will lead to breakthroughs in 

mRNA vaccines by guiding appropriate interdis-

ciplinary studies among various fields of technology 

such as immunology, pharmaceutics, and biomaterials. 
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