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Faced with the challenges posed by infectious diseases and cancer, nucleic acid vaccines present excellent prospects in clinical applications. Compared with traditional vaccines, nucleic acid vaccines have the characteristics of high efficiency and low cost. Therefore, nucleic acid vaccines have potential advantages in disease prevention and treatment. However, the low immunogenicity and instability of nucleic acid vaccines have limited their development. Therefore, a large number of studies have been conducted to improve their immunogenicity and stability by improving delivery methods, thereby supporting progress and development for clinical applications. This article mainly reviews the advantages, disadvantages, mechanisms, delivery methods, and clinical applications of nucleic acid vaccines.
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INTRODUCTION

Since the first vaccines were developed over 200 years ago, vaccines have directly decreased the morbidity and mortality caused by dangerous diseases across large human populations (Rappuoli et al., 2011; Koff et al., 2013). Furthermore, vaccines can be prophylactic or therapeutic in clinical practice and can be broadly divided into live attenuated vaccines (weakened microorganisms), inactivated vaccines (killed microorganisms), toxoid vaccines (inactivated bacterial toxins), and subunit vaccines (purified antigens) (Wadhwa et al., 2020). To date, conventional vaccines have had a crucial impact on reducing the burden of numerous infectious diseases. For instance, they eradicated mallpox and evidently restricted the incidence of diseases, including tetanus, polio, diphtheria, and measles worldwide (Younger et al., 2016). Despite these achievements, there remain limitations and potential associated problems for the conventional methods. The risk that attenuated antigens may revert to full virulence is quite low, rendering this method unfavorable for highly pathogenic viruses. In addition, only under precisely controlled and characterized conditions can live attenuated vaccines induce the required protective immunity to prevent obvious disease symptoms in the host animal. Inactivated vaccines have certain restrictions related to the method of presentation, resulting in a limited immune response, which requires adjuvants or immunostimulants to enhance the response. Additionally, live attenuated vaccines and inactivated vaccines may face the challenge of production, since the requirement for a high biosafety level and dedicated laboratories for cultivation. It can effectively avoid the inclusion of undesired “foreign” protein from the culture medium, such as eggs, tissue culture, or simply culture medium, which may have an impact on immunogenicity or be potentially allergenic/reactogenic. On account of the inadequate immunogenicity of the protein antigen alone, subunit vaccines and recombinant protein-based vaccines are typically used in combination with adjuvants or delivery systems to elicit a protective effect. Moreover, the constant emergence of novel pathogens, as well as the re-emergence of known pathogens, requires investigators to develop new vaccines in a manner that allows for the rapid development of safe and effective vaccines. Therefore, scientists have found that nucleic acid vaccines are becoming a robust and versatile technical strategy for combatting infectious diseases and cancers.

Nucleic acid vaccines have the potential to be safe, effective, and cost-effective. Moreover, the immune responses induced by nucleic acid vaccines only target the selected antigen in the pathogen. Nucleic acid-based vaccines, including DNA (as plasmids) and RNA [as messenger RNA (mRNA)] vaccines, exhibit promising potential in targeting various indications and diseases. Furthermore, cancer vaccines present an attractive strategy that can induce specific and persistent immune responses against tumor antigens. DNA vaccines are based on bacterial plasmids that encode antigens and immunostimulatory molecules (i.e., IL-2 and GM-CSF). The first case of DNA vaccine-mediated immunity began in the 1990s, when plasmid DNA encoding the influenza A nucleoprotein led to a protective and specific cytotoxic T lymphocyte (CTL) response (Yankauckas et al., 1993). Additionally, several animal models have successfully demonstrated that DNA vaccines can be used to prevent or treat allergies, autoimmunity, infectious diseases, and cancer (Wolff et al., 1990; Ulmer et al., 1993; Fuller and Haynes, 1994; Donnelly et al., 1996; Wang et al., 2008). Likewise, early successful use of in vitro transcribed (IVT) mRNA in animals began in 1990. At that time, the gene of encoding the mRNA sequence was injected into mice, and then researchers detected the produced protein (Wolff et al., 1990).

In this review, we first provide an overview of current understanding of the nucleic acid vaccines. We next focused on the delivery of nucleic acid vaccines, with an emphasis on improving efficacy. Finally, we turned our attention to the clinical applications of nucleic acid vaccines by elaborating on the prospects and needed improvements.



DNA VACCINES

DNA vaccines are generated by inserting a gene encoding antigens into a bacteria-derived plasmid, which needs to be controlled by a powerful promoter [in most cases, the CMV- promoter (Leitner et al., 2001)]. DNA plasmids are replicated in bacteria, which can be selected based on antibiotic resistance mediated by genes carrying resistance markers, using the prokaryotic origin of replication. Additionally, DNA vaccines can affect not only humoural immunity but also cellular immunity. Although the precise mechanisms underlying the induction of an immune response to antigens expressed by host cells following DNA immunization have not yet been determined, we have a considerable understanding of the roles of immune cells in the processing, presentation, and recognition of antigens.


Mechanism of Action

DNA vaccines can induce both humoural and cellular immune responses, and DNA can be delivered through a variety of routes, including intramuscular (IM), intradermal (ID), mucosal, and transdermal delivery. For DNA vaccines, after internalization, the DNA is transferred to the nucleus for transcription and then translated in the cytoplasm (Bai et al., 2017).

Regarding antigen presentation, the following three possible mechanisms are proposed (Figure 1): (1) after internalization, plasmid DNA is expressed by somatic cells (e.g., myocytes) and presented to CD8+ T cells through major histocompatibility complex (MHC) class I complexes on the somatic cells; (2) antigen presentation relies on professional antigen-presenting cells (APCs), for instance, dendritic cells (DCs), that are transfected by the plasmid DNA at the injection site, and then present the expressed antigens to T cells through MHC class I and II complexes; and (3) professional APCs phagocytose plasmid-transfected somatic cells, resulting in cross-priming and presentation of antigens to both CD4+ and CD8+ T cells. At muscle sites, since the presentation of antigens through MHC class II is needed to induce CD4+ helper T cells, cross-presentation is probably the major route, possibly through processing of apoptotic cell debris (Albert et al., 1998). Even in skin sites, which allow direct presentation of antigens, a gene gun can deliver DNA directly into Langerhans cells, and cross-presentation from keratinocytes is probably the main route (Stoitzner et al., 2006).


[image: image]

FIGURE 1. Humoral and cellular immune response induced by DNA vaccination. The immune response induced by DNA vaccine encoded antigen mainly via direct transfection of APC (DC) and Keratinocyte or Myocyte. One route that DNA vaccines transfected into keratinocytes or myocytes expresses antigen genes through exosomes or apoptotic bodies and releases derived peptides and proteins, which are then endocytosed by dendritic cells (DC), and then preferentially presents antigens to CD4+ T cells through MHC II, which produces cellular immune system. The other route that direct transfection of APC leads to endogenous antigen gene expression, which in turn is expressed in parallel by MHC I and MHC II, and simultaneously elicits CD8+ and CD4+ T cell responses. In addition to this cellular immune response, once the B cell receptor recognizes protein antigens from somatic cells (i.e., keratinocytes or myocytes) and obtains the help of pre-activated antigen-specific CD4+ T cells, which can induce a humoral immune response.




Advantages and Disadvantages of DNA Vaccines

First, the construction of DNA vaccines is quite simple. For instance, synthetic and PCR methods result in simple engineering design modifications, and DNA vaccine plasmids are non-living, non-replicating, and non-transmitting, which can mitigate the risk of transformation into a pathogenic form or secondary infection to some extent. Therefore, without the influence of neutralizing antibody reactions, the simplicity of their composition can confer immunological advantages. Second, DNA vaccines have a primary advantage in their ability to induce local expression of target antigens and subsequently trigger antigen-specific T and B cell responses (Kutzler and Weiner, 2008), which occur because the encoded antigen can be presented by MHC Class I and Class II, thereby activating CD4+ and CD8+ T cells and indirectly activating humoural immunity. Thus, DNA vaccines not only retain many encoded safety features but also retain the specificity of subunit vaccines. Third, safety is another advantage of DNA vaccines. Prior research has clearly demonstrated the safety of DNA vaccines in animal models and human clinical trials (Trimble et al., 2009; Yuan et al., 2009; Staff et al., 2011). Unlike live attenuated vaccines, DNA vaccines have not produced obvious adverse reactions or toxicity in clinical trials, and DNA vaccines do not elicit anti-DNA antibodies, which makes repeated administration a feasible method (Yang et al., 2014). Fourth, DNA vaccines are easy to store and are more resistant to high temperatures than conventional vaccines. Moreover, DNA vaccines can be manufactured on a large scale. In addition to the above advantages, DNA vaccines can co-deliver antigen genes and a certain number of genes that modify the immune response (Prud’homme, 2005), such as cytokine genes (i.e., GM-CSF, TNF, and FLT3L) or non-cytokine genes (i.e., CD40L, IgG-Fc, and CD152). As features mentioned above, the simplicity, safety, effectiveness, and low- cost of DNA vaccines have made this vaccine approach an appealing option for current researchers.

Furthermore, there is a potential advantage related to the CpG component of plasmid vectors used in DNA vaccines for solving the issue of tumor resistance to immunity, which rapidly develops once tumors start growing (Pardoll, 2003; Prud’homme, 2004). TGF-β and IL-10, which are produced by tumors, induce the differentiation of regulatory T (Treg) cells (Groux, 2003; Horwitz et al., 2003; Sanjabi et al., 2017), or suppress immunity in other ways. Treg cells from CD4+ CD25– T cells are induced and increase in number in cancer patients (Torgerson and Ochs, 2002), and in experimental tumor models, the application of monoclonal antibodies (mAbs) to deplete these cells is associated with increased immunity against tumor antigens and improved survival rates (Morse et al., 2002; Nishikawa and Sakaguchi, 2010). It has been reported that the treatment of antigen-loaded DCs with CpG may destroy CD8+ cell tolerance, while DC immunization without CpG treatment can break tolerance only after removal of Treg cells (Yang et al., 2004), which indicates that the CpG component of plasmid vectors may diminish the effects of Treg cells. Currently, considerable reports turn attentions on how CpG motifs limit the immunosuppressive function of Treg cells. It is known that CpG motifs can be recognized by Toll-like receptor-9 (TLR9), which elicits the innate immune response via activation (Hemmi et al., 2000; Medzhitov, 2007). Recent studies showed that CpG motifs as immunostimulatory agents can stimulate human plasmacytoid dendritic cells (PDCs), accelerating their maturation and survival (Hartmann et al., 1999; Bauer et al., 2001; Kadowaki et al., 2001). Moseman et al. (2004) found that CpG oligodeoxynucleotides (CpG ODNs) promote human PDC-mediated differentiation of Treg cells from naive CD4+ CD25– T cells to CD4+ CD25+ Treg cells, which potently limit autologous and allogeneic T cell proliferation (Moseman et al., 2004). On this basis, CpG motifs can activate the TLR9 expressed on the PDC and promote differentiation of Treg cells through direct contact between PDC and T cells. Thus, the CpG content provides promising prospects for Treg cells depletion or neutralization to improve vaccination efficacy.

However, there still exist some barriers to DNA vaccines applications. One limitation of DNA vaccines is relatively low immunogenicity profiles, which impede the desired clinical application. A technical challenge associated with DNA vaccines is ensuring delivery into the cell nucleus, where antigen transcription occurs before nuclear export and translation into protein in the cytoplasm. In addition, controversial points relevant to the safety of DNA vaccines are worth for more attentions. For instance, the risk of autoimmune diseases may happen due to anti-DNA antibody. Previous studies showed that hepatitis B virus (HBV) vaccine induced anti-DNA antibody, and triggered autoimmune syndromes while combination with required adjuvants (Lilic and Ghosh, 1994; Zafrir et al., 2012). In contrast, other reports suggested that no direct evidence of DNA vaccines triggering autoimmune diseases (Mor et al., 1997). Moreover, DNA vaccines have the potential risk of integration into the host genome, which may lead to insertional mutations. Such mutations can cause a gene to dysfunction or inactivate (i.e., a tumor suppressor gene) (Würtele et al., 2003). It is reported that minicircle DNA and ministring DNA had less risk of insertional mutagenesis due to the removal of the major bacterial DNA (i.e., the unmethylated CpG repeats functioning as PAMPs), which suggested that such non-viral gene delivery vectors not only provided enhanced transgene expressions, but also were safer with less risk of insertional mutagenesis (Chen et al., 2003; Kay et al., 2010; Sum et al., 2015; Colluru et al., 2016; Munye et al., 2016; Wong et al., 2016; Monjezi et al., 2017).




RNA VACCINES

Currently, there are two widely acknowledged forms of mRNA vaccines, namely, non-amplifying mRNA and self-amplifying mRNA, which are classified due to the difference in mechanisms. In terms of structure (Figure 2), non-amplifying mRNA vaccines mainly contain five critical elements for the life cycle and expression: the “cap” [m7Gp3N(N: any nucleotide)], which is a 7-methyl-guanosine residue (m7G) bound to the 5′-end of the RNA transcript via a 5′–5′ triphosphate bond with any nucleotide; a 5′ untranslated region (5′UTR) that sits immediately upstream of the translation initiation codon; an open reading frame (ORF) encoding the gene of interest (GOI); a 3′ untranslated region (3′UTR); and a tail of 100–250 adenosine residues [poly(A) tail] (Banerjee, 1980; Wickens, 1990; Dominski and Marzluff, 1999) (Figure 2). Among these elements, the cap structure is essential for stabilizing mRNA against exonucleolytic decay and making translation efficient (Gallie, 1991; Parker and Song, 2004; Yamashita et al., 2005). Similarly, the details of the poly(A) tail also affect mRNA stabilization and translation (Munroe and Jacobson, 1990; Gallie, 1991), while the untranslated regions (UTRs) are recognized by the translational machinery (ribosome) (Xiong et al., 2018). In comparison with replication-deficient mRNA constructs, self-amplifying mRNA was developed to extend the duration and amplitude of GOI expression. In addition to the five essential elements mentioned above, a self-amplifying RNA not only encodes antigens but also has a sequence similar to that of a replication-competent virus, allowing it to replicate in cells and increase protein expression. For example, a self-amplifying RNA derived from an α-virus genome contains non-structural genes (nsP1-4), a subgenomic promoter, and a variable GOI that replaces the coding sequence for the viral structural proteins (Figure 2).
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FIGURE 2. The structure and mechanism of action of mRNA vaccines. (1) There are two widely acknowledged types of mRNA vaccines, namely non-amplifying mRNA and self-amplifying mRNA. The typical components of the two mRNAs are: the cap, untranslated regions (UTRs) of 5′ and 3′, an open reading frame (ORF, including GOI) encoding the antigen, and Poly(A)n tail. Compared to non-amplifying mRNA, the size of self-amplifying mRNAs is fairly larger than non-amplifying mRNAs. For example, in α-virus-based replicons, the extra length comes from a large ORF encoding four non-structural proteins (nsP1-4). (2) In vivo transcribed mRNA (IVT mRNA) is obtained from a DNA template in a cell-free system. The IVT mRNA is transfected into dendritic cells (DC) by endocytosis. The mRNA is translated into antigenic proteins by utilizing a ribosome translation mechanism. The post-translational antigen protein undergoes post-translational modification and can play a role in the cells it produces. The antigen protein is degraded by the proteasome in the cytoplasm. The resulting antigen peptide is loaded onto the MHC molecule. The loaded peptide-MHC epitope complex appears on the cell surface, and after T cell receptor recognition and appropriate co-stimulation, an antigen-specific CD8+ T cell response is eventually induced.



Mechanism of Action

RNA vaccines can effectively carry antigen-encoding mRNA to APCs directly in vivo. When antigen-encoding mRNAs are delivered into APCs in efficient ways (i.e., via nanocarriers), the mRNAs can be released and translated into relative antigenic proteins in the cytoplasm. Then, they are processed into peptide epitopes, which are subsequently combined with the MHC class I via a cross-presentation pathway. In this part, the activation of CD8+ T cells results from the transfer of MHC-peptides complexes to the cell surface of APCs, which leads to a corresponding immune response (Figure 2).

The pharmacodynamic activity of both native mRNA and IVT mRNA occurs in the cytoplasm. However, native mRNA is transcribed from DNA in the nucleus and crosses the nuclear membrane into the cytoplasm, while IVT mRNA enters the cytoplasm from extracellular sources (Miliotou and Papadopoulou, 2020). Once delivered into the cytoplasm, IVT mRNA will follow the same mechanisms that regulate the stability and translation of endogenous mRNA (Wadhwa et al., 2020). Therefore, mature protein products, which contain antigens, are likely to cause pathogen-specific humoural and cellular immune responses (Maruggi et al., 2019).



Advantages and Disadvantages of RNA Vaccines

RNA vaccines, the simplest nucleic acid vaccines, are a promising alternative platform for vaccine development (Leitner et al., 2001). As for advantages, first, RNA vaccines only encode the gene of interest, which shows simplicity. Second, because mRNA can be easily and inexpensively mass-produced in vitro, the low price makes RNA vaccines an appealing method of treatment. Third, RNA vaccines have no risks of genome integration due to degradations in vivo, which may activate latent oncogenes (Karikó et al., 2008). In addition, there is no need to design expression vectors for delivery (Tan and Sun, 2018). Fourth, there is a potential safety benefit for mRNA vaccines, which have relatively low inherent immunogenicity. Nucleoside modifications not only reduce innate immune activation but also increase the translation and stability, which indicate that mRNA vaccination with modified nucleosides is a promising approach (Karikó et al., 2008; Karikó et al., 2011; Thess et al., 2015). Finally, instead of transcription in the nucleus, RNA vaccines undergo mRNA translation into protein in the host cell cytoplasm after direct injection, thereby avoiding nuclear membrane barriers.

In fact, due to the instability of RNA vaccines, the expression of antigens is transient after RNA delivery. The three major challenges in the delivery of RNA vaccines are (1) RNase-mediated degradation, (2) high molecular weight, and (3) electrostatic repulsion resulting from the interaction between the negatively-charged mRNA molecules and the negative charge of the proteoglycan-coated cell membrane (Schlake et al., 2019), which leads to failed passive diffusion across the plasma membrane.




PROGRESS IN NUCLEIC ACID VACCINE DELIVERY

Effective DNA or mRNA delivery in vivo is essential to achieve therapeutic goals. Nucleic acid vaccines have to enter the nucleus or cytoplasm, where transcription or protein expression, respectively, can take place.

As previously mentioned, the greatest challenge of nucleic acid vaccination is low immunogenicity due to cross-membrane barriers. DNA vaccines need to penetrate the nuclear membrane barrier for delivery enhancement, and mRNA vaccines have to cross the lipid-based plasma membrane as efficiently as possible. Hence, several methods to enhance cell delivery and immunogenicity have been developed.


Physical and Chemical Delivery Methods for Nucleic Acid Vaccines

Similar to conventional protein-based vaccines, nucleic acid vaccines can be delivered by a variety of routes, such as intramuscular (IM), intradermal (ID), mucosal, and transdermal delivery. The failure of nucleic acid vaccines to elicit a strong immune response in humans is due to needle injection delivery. Currently, physical delivery methods using a gene gun or intradermal electroporation may facilitate transportation and enhance immunogenicity (Low et al., 2009; Dupuy et al., 2010, 2011; Vasan et al., 2011; Bagarazzi et al., 2012; Grant-Klein et al., 2012, 2015). Prior studies indicate that applying a gene gun or in vivo electroporation for mRNA delivery can induce a strong immune response in mice due to increased mRNA release into the cytoplasm in the context of non-amplifying mRNA or self-amplifying mRNA administration (Qiu et al., 1996; Kofler et al., 2004; Aberle et al., 2005; Steitz et al., 2006; Johansson et al., 2012). In addition, it has been reported that electroporation-enhanced DNA vaccination leads to increased polyfunctional CD8+ T cells numbers in patients who received HPV DNA vaccines expressing the E6 and E7 genes of HPV16 and HPV18, respectively (Vasan et al., 2011).

The efficacy of nucleic acid vaccines can be improved significantly by utilizing chemical delivery methods (i.e., nanocarriers). Currently, the components of nanocarriers used in nucleic acid vaccines can be classified into lipid-based nanosystems (Li and Szoka, 2007; Tseng et al., 2009; Gomes-da-Silva et al., 2012; Jayaraman et al., 2012; Sato et al., 2019), polymeric nanomaterials (Tanner et al., 2011; Shim and Kwon, 2012; Dahlman et al., 2014), inorganic nanoparticles (Dahlman et al., 2014; Lin et al., 2016; Shen et al., 2018), and bioinspired nanovehicles (Yoo et al., 2011; Li et al., 2017). On account of the enhanced permeability and retention (EPR) effect, nanotechnology provides a versatile and targeted system for the efficient and safe delivery of nucleic acid vaccines (Pecot et al., 2011; Mura et al., 2013; Xiong et al., 2018). Thus, nanosystems not only protect DNA or mRNA from degradation by enzymes and immune responses, but also boost RNA accumulation in the tumor site (Pecot et al., 2011; Xiong et al., 2018) and thus promote the sustained release of the delivered vaccines (Aral and Akbuga, 2003; Basarkar et al., 2007). Compared with the physical delivery method, the chemical delivery approach provides a new direction for nucleic acid vaccines. Furthermore, different formulations of DNA have been reported, for instance, incorporation of cationic lipids or cholesterol (Donnelly et al., 2005).



Combination With Vaccine Adjuvants

The use of vaccine adjuvants to increase immunogenicity is a widely acknowledged strategy for nucleic acid vaccines. Vaccine adjuvants play a crucial role through a series of mechanisms, including activation of the innate immune system, induction of the expression of various chemokines, enhancement of antigen uptake and presentation by professional APCs, and upregulation of costimulatory surface molecules expression (Petrovsky and Aguilar, 2004). For instance, alum, as a universal vaccine adjuvant since 1926, contributes to an immune danger signal via the induction of phagocytic cell death. It has been reported that the combination of a Toxoplasma gondii DNA vaccine with an alum adjuvant can improve the survival rate of mice (Khosroshahi et al., 2012). In addition, many immunostimulatory molecules encoded by vaccine plasmids, various cytokine genes, and PRR ligands use recombinant DNA technology, which allows them to be co-administered with an antigenic DNA vaccine plasmid to certain cellular compartments or APCs to enhance the immune response (Li and Petrovsky, 2016). For mRNA vaccines, synthetic double-stranded RNA and exogenous RNA extracted from viruses were used as early RNA adjuvants, but severe side effects soon restricted their further application (Field et al., 1967; Absher and Stinebring, 1969). Studies have shown that IVT mRNA can be used as an adjuvant and can be stabilized by compounding or chemical modification (Scheel et al., 2004). In addition, RNA sensor receptors are also effective adjuvant targets. They have evolved to detect and resist viral infections by coordinating the innate and adaptive arms of the immune system (Sadler and Williams, 2008; McCartney and Colonna, 2009). Single and double-stranded RNA molecules are recognized by TLRs 7/8 and 3 in the endosome, respectively (Alexopoulou et al., 2001; Diebold et al., 2004; Heil et al., 2004). However, TLR3 is not only activated by double-stranded RNA, but also activated and transcribed by mRNA released by cells or produced in vitro (Karikó et al., 2004). Therefore, the activation of TLR7 and potentially TLR3 is a key adjuvant signal in immune response triggering.




NUCLEIC ACID VACCINES FOR INFECTIOUS DISEASES AND CANCERS

Based on the characteristics and immune mechanisms of the two types of nucleic acid vaccines, DNA vaccines are more frequently used for infectious diseases in clinical trials, while mRNA vaccines are more common in cancer research. Recently, when we searched the National Library of Medicine (NIH) for “mRNA vaccine for cancer prevention” clinical trials, a total of 92 results US National Library Of Medicine ClinicalTrials.gov (2020) (2007–2020) were retrieved, and for “mRNA vaccine for prevention of infectious diseases” clinical trials, 11 results (2016–2020) were retrieved. A total of 214 results for DNA vaccines were retrieved, corresponding to 66 results (2007–2020) for cancers and 126 results (2007–2020) for infectious diseases (Medicine). Hence, we summarized the nucleic acid vaccines used to against infectious diseases (Supplementary Table 1) and cancer (Supplementary Table 2) during the search time period.


Nucleic Acid Vaccines for Infectious Disease Treatment


DNA Vaccines

In response to a wide variety of infectious diseases that harm humans, a certain number of DNA vaccines have been developed and have entered the clinical trial stage. However, because some fatal shortcomings have not been resolved, most of the DNA vaccines officially approved for use in the market are aimed at animals for veterinary treatment. For instance, it has been reported that a canarypox vaccination used to treat West Nile virus infection can produce an effective immune response in horses and dogs (Grosenbaugh et al., 2004; Karaca et al., 2005; Dauphin and Zientara, 2007). However, there are currently no DNA vaccines approved for prophylactic human therapy. The first phase I clinical trial of DNA vaccines in humans tested an HIV-1 vaccine candidate in HIV-1-infected people and then in volunteers who were not infected with HIV-1. This study reported that DNA vaccine encoded env and rev genes of HIV was well-tolerate in immunizations and no anti-DNA antibody or adverse reactions were observed. Furthermore, cellular and humoral immune response can be detected by measuring antibody-GMTs against gp120, CTL response and T lymphocyte proliferation both in HIV-1 infected and non-infected people, which indicated this DNA vaccines against HIV-1 was effective (MacGregor et al., 1998). Since then, several institutions have conducted clinical trials of other preventive and therapeutic DNA vaccines, including DNA vaccine trials for influenza, malaria, hepatitis B, and other types of HIV-1 candidate viruses. Although these trials have indicated that the DNA vaccine platform is well tolerated and safe, first-generation DNA vaccines failed to induce a high level of vaccine-specific immunity in humans. Researchers are now focused on designing efficient and safe antiviral vaccines, especially focusing on the development of DNA vaccines against various uncontrolled viral pathogens (i.e., HIV, West Nile virus, and hepatitis C virus), as well as DNA vaccines capable of treating bacteria (i.e., tuberculosis and brucellosis) and protozoan diseases (i.e., leishmaniasis, malaria, and toxoplasmosis) (Marć et al., 2015). This article mainly divides DNA vaccines for infectious disease treatment into three types and reports representative clinical trials to indicate their safety and immunogenicity.


Viral DNA vaccines

The viral diseases that are of relatively great concern in clinical trials mainly include AIDS, hepatitis B and C, influenza and warts or cancer caused by human papillomavirus (HPV). Existing research institutions have designed a DNA vaccine for HSV-2, and found that if the DNA vaccine is combined with the adjuvant Vaxfectin (Bal et al., 2012), it can reduce the DNA replication of HSV-2 to a minimal level that is undetectable, while injection without Vaxfectin cannot achieve this. In addition, applying this DNA vaccine with an adjuvant is able to induce higher concentrations of IgG. For HIV-1, the National Institute of Allergy and Infectious Diseases (NIAID) has performed a phase I clinical trial to evaluate the safety and tolerability of the experimental HIV vaccine pGA2/JS2 at two different doses (0.3 and 3.0 mg), which showed that JS2 DNA priming vector was low immunogenicity, good tolerability and safety. Thus, it gives an optimistic prospect for future investigations. For hepatitis B, Maryline Mancini-Bourgine conducted the first clinical trial focused on a hepatitis B vaccine. In recent research, ELISpot technology was used to evaluate the efficacy of an intramuscular DNA vaccine. Ten patients with chronic HBV infection were selected for the trial. The patients were injected intramuscularly three times a day, and response of T cells to the HBV viral antigen was determined with the ELISpot technology. The results showed that after three rounds of injections (three times a day), two patients had T cells in the blood that responded to the viral antigens, and the response rate of specific T cells producing interferon-γ also increased significantly. Quantitative PCR analysis indicated that a decreased serum level of the virus, and no viral infection was found based on a serum test, indicating the effective immune response induced by this vaccine (Karimkhanilouyi and Ghorbian, 2019).



Protozoan DNA vaccines

In some tropical regions, protozoan infection is a considerable threat to human survival. A number of investigations have been carried out to find a DNA vaccine against protozoan infections. For example, to combat malaria caused by Plasmodium falciparum, a clinical trial evaluated different anti-malarial DNA vaccines. In addition, the European research project LEISHDNAVAX was designed to create and test an effective DNA vaccine against leishmaniasis (Sautter et al., 2011).

Some antimicrobial gene vaccines have been explored in both preclinical trials and clinical trials, and clinical trials focused on Mycobacterium tuberculosis have gained increasing attention. Among these trials, a DNA vaccine that expresses the immunogenic M. tuberculosis protein Ag85 has been studied in a phase I trial (Smaill and Xing, 2014). Two groups immunized with BCG or not both were safe and well tolerated. Compared with Ad5Ag85A-vaccinated healthy people, previously BCG-immunized people elicited stronger T cell response, which suggested that Ad5Ag85A can be developed as a boost vaccine after BCG priming.




RNA Vaccines

Unlike DNA vaccines, RNA vaccines have shown the ability to induce effective neutralizing antibody responses in low-dose immunized animals. The following will summarize the clinical trials on non-amplifying mRNA vaccines and self-amplifying mRNA vaccines used against infectious diseases.


Non-amplifying mRNA

Non-amplifying mRNA vaccines can be further divided into dendritic cell mRNA vaccines and directly injected non-amplifying mRNA vaccines delivered by different methods.

(1) Dendritic cell mRNA vaccines.

Infectious disease vaccines developed via DC cells are mainly limited to therapeutic vaccines against HIV-1. A clinical trial in humans evaluated CMV pp65 mRNA-loaded DC vaccination of healthy human volunteers and administration of allogeneic stem cell receptors, and the induction and expansion of the CMV-specific cellular immune response were found (Van Craenenbroeck et al., 2015).

(2) Direct injection of non-amplifying mRNA vaccines.

In an animal trial, researchers used the protamine-based RNActive platform that encodes the rabies virus glycoprotein for immunization. The results showed that in mice, the vaccine was able to induce protective immunity against rabies virus, which can cause fatal inflammation in the brain of mice and produce an effective neutralizing antibody response in pigs (Schnee et al., 2016). Other infectious disease vaccines have successfully used lipid or polymer delivery systems. For example, PEI-complexed mRNA can be effectively delivered to mice, thereby separately inducing an HIV-1-specific immune response. Kranz et al. (2016) also used the lipid-complexed mRNA to encode influenza virus HA to immunize mice intravenously. Both studies showed excellent immune activity. Direct injection of non-amplifying mRNA vaccines is an attractive form of vaccination, because the delivery method is simple and economical compared to other methods in the case of limited resources.



Self-amplifying mRNA

A study found that with a prime-boost immunization regimen, viral delivery of self-amplifying mRNA proved that factors such as timing and dose affect the phenotype of the immunization-induced memory T cell population by characterizing the intensity and cellular phenotype of the CD8+ T cell response (Knudsen et al., 2014). Another study found that protective immune responses occurred in mouse and ferret animal models after vaccination with self-amplifying mRNA encoding influenza virus haemagglutinin, which proved that vaccine-specific antibodies play a crucial role in protecting against homologous influenza virus strains. Additionally, vaccine-specific T cells were also found to support the control of heterotypic infections (Brazzoli et al., 2016). Self-amplifying mRNA, encoding influenza antigens can be modified with chitosan-containing LNP or polyethyleneimine (PEI), which can elicit T and B cell immune responses in mice after subcutaneous injection (McCullough et al., 2014; Démoulins et al., 2016). Chahal et al. (2016) confirmed that vaccination with a self-amplifying mRNA encoding Zika virus prM-E could produce antigens recognized by mouse-specific antibodies and trigger CD8+ T cell responses by using an LNPs89 delivery platform consisting of chemically modified ionizable dendritic cell complexes.

Currently, the novel coronavirus, SARS-CoV-2, have spread rapidly since December 2019 and gained the attention of researchers worldwide due to its strong infectivity and lethality rate. The development of a vaccine against the new coronavirus is urgently needed. A large number of vaccines against the new coronavirus have entered clinical trials. Multiple strategies are applied to produce vaccines against COVID-19. The commonest is exposed spike (S) glycoprotein or S protein which serves as the main trigger of neutralizing antibody, such as full-length S protein or S1 receptor binding domain (RBD) and expressing in virus-like particles (VLP), DNA or viral vector (Graham et al., 2013). Moderna developed a novel lipid nanoparticle (LNP)-encapsulated mRNA-based vaccine, mRNA-1273, which encoded the S protein of SARS-CoV-2. Recent studies reported that mRNA-1273 vaccines showed 94.1% efficacy in preventing COVID-19 and no severe adverse reactions except for local and systemic reactions (Baden et al., 2020), which indicated that mRNA vaccines provided a effective and stable platform in infectious diseases treatments.





Nucleic Acid Vaccines for Cancer Treatment


DNA Vaccines

One of the earliest clinical trials on cancer treatment using DNA vaccines was conducted in 1998 (MacGregor et al., 1998). This trial, specific for prostate cancer, used a prostate membrane antigen as the cancer antigen, as well as adenoviral vectors and GM-CSF as an adjuvant. Since then, the results of a certain number of clinical trials have indicated that DNA vaccines used to treat cancer are well tolerated and do not cause severe adverse reactions. Additionally, the cost-effectiveness of DNA vaccines is considerable, and thus repeated vaccination can be performed for long-term protection (Yang et al., 2014). The DNA vaccines that have entered the clinical trial stage for several cancers will be described below.


Breast cancer

The Mammaglobin-A (Mam-A) cDNA vaccine can induce antitumour- immunity in breast cancer. The vaccine encoding Mam-A cDNA can generate a Mam-A-specific CD8+ T cell immune response. A phase I clinical trial evaluating the Mam-A cDNA vaccine (Tiriveedhi et al., 2013) observed that the vaccine had immune activity in patients with stage 4 metastatic breast cancer. Some research institutions have conducted phase I/II clinical trials using DNA vaccines encoding human prostatic acid phosphatase (PAP). In one trial, the subjects were 22 patients with biochemical recurrence of prostate cancer. After receiving treatment, three patients developed papi-specific IFNgC CD8+ T cells, and nine patients exhibited proliferation of papi-specific CD4+ and CD8+ T cells, which suggested that the DNA vaccine had biological activity that could induce an antitumor immune response. In addition, no obvious adverse reactions occurred after vaccination, and the serum prostate-specific antigen doubling time (PSA DT) of several patients increased. These results illustrated the safety of the DNA vaccine and suggested that it might have an impact on the tumor growth rate (McNeel et al., 2009).



Cervical cancer

In a phase I clinical trial, the highly optimized DNA vaccine VGX-3100, encoding the human papillomavirus (HPV) 16 and 18 E6/E7 antigens, was tested. This trial evaluated 18 postresection patients with grade 2/3 cervical intraepithelial neoplasia (CIN) who received a three-dose regimen (0.6, 2, or 6 mg of DNA per dose) via three intramuscular injections. An IFN-γ ELISpot assay found that 78% of subjects had an increased T helper 1 (TH1)-biased cellular immune response. In the different dose groups, the average peak value of the T cell response induced by VGX-3100 was 642 to 1458 SFU per 106 PBMCs. The results showed that the vaccine induced strong and extensive cellular immunity. In addition, no serious adverse reactions, grade 3/4 adverse reactions or injection site reactions were observed, which showed the safety of VGX-3100 (Bagarazzi et al., 2012).




RNA Vaccines

In vitro, DC loading is an essential method for generating cellular immunity in organisms to fight cancer. Boczkowski et al. (1996) reported for the first time that electroporation of dendritic cells with mRNA could induce an effective immune response against tumor antigens. Since then, a variety of immunomodulatory proteins have been identified, and they exist in the form of mRNA-encoded adjuvants, which can enhance the immune activity of DC cancer vaccines. At present, many clinical trials of DC vaccines against various cancer types have been conducted, such as vaccines for metastatic prostate cancer, brain cancer, metastatic lung cancer, acute myeloid leukemia, renal cell carcinoma, melanoma, and pancreatic cancer (Van Lint et al., 2015). A new research direction has emerged for vaccine development. It is the combination of electroporation of mRNA into dendritic cells with conventional cemotherapeutic drugs or immune checkpoint inhibitors. In a clinical trial, patients with stage III or stage IV melanoma were treated with a mixture that contained ipilimumab, which is an anti-CTL antigen 4 (CTLA4) monoclonal antibody, DCs and an adjuvant TriMix mRNA encoding three immune-activating proteins: CD70, CD40 ligand (CD40L), and constitutively active TLR4 (Wilgenhof et al., 2016). The mixture can be combined with antigen-encoded mRNA or mRNAs132 for treatment via electroporation. The data used to determine the 6-month disease control rate (51%) and the overall tumor response rate (38%) showed highly durable antitumour activity, which suggested that the overall survival of patients with advanced melanoma was improved.

The route and method of administration of mRNA vaccines will have significant influences on the immune effect. A variety of formats of mRNA cancer vaccines have been developed using traditional (e.g., subcutaneous, intradermal, and intramuscular) and non-traditional (e.g., intranasal, intravenous, and intratumoural) routes. Several studies have shown that naked mRNA injected intranasally can be selectively absorbed by DCs, thereby causing an effective prophylactic or therapeutic antitumor T cell response (Bialkowski et al., 2016). In prior research, patients with metastatic melanoma received DC electroporation by intranasal administration of mRNA encoding melanoma-associated TAA (tyrosinase and gp100) together with TriMix mRNA encoding CD40L, CD70, and caTLR4 (constitutively active TLR4). The results proved the safety of this method. However, the method induced limited antitumour responses against tyrosinase and gp100 (Bol et al., 2015). Therefore, the efficacy of mRNA vaccines can be enhanced via various administration methods and combinations with chemotherapy or other antitumor therapies.





SAFETY AND PROSPECTS OF NUCLEIC ACID VACCINES IN CLINICAL PRACTICE

People have long been concerned about the safety of DNA vaccines, mainly due to the stable integration of transfected DNA into the genome of somatic or germinal cells, which may lead to dysregulation of gene expression and gene mutation. The overall safety of DNA vaccine has been fully demonstrated in several clinical trials, and adverse reactions are limited to local reactions at the injection site (Fioretti et al., 2014). Therefore, the main research direction for clinical trials of DNA vaccines has become proving their effectiveness.

Although clinical trials using DNA vaccines have found that these vaccines can effectively induce cellular and humoural responses, the strength of these reactions is usually not sufficient to produce significant clinical benefit. Additionally, due to tumor immune tolerance to endogenous autoantigens, DNA vaccines still need to be improved in regard to inducing effective antigen-specific cellular immune responses. Therefore, the development of a method to bypass immune tolerance is warranted in DNA vaccine development. In addition, DNA vaccines can be used in combination with other cancer treatments to further fight against tumors (Yang et al., 2014).

Because there are no toxic chemicals involved in the production of mRNA, and the environment of the platform is clean and free of foreign virus contamination, the production risk of mRNA is significantly lower than that of other vaccine platforms (i.e., live virus, viral vector, subunit protein vaccine, and inactivated virus). After vaccination, the theoretical risk of infection and integration of the vector into host cells will not exist, unlike in DNA vaccination (Pardi et al., 2018). In short, mRNA vaccines are a relatively safe form. There have been clinical trials studying several different mRNA vaccines from phase I to phase IIb, and the results of these studies have shown their safety and tolerability (Supplementary Table 1). However, recent human trials have shown that different mRNA platforms show different degrees of adverse reactions at the injection site or throughout the body after vaccination (Bahl et al., 2017). mRNA vaccines based on some platforms can induce potent type I interferon responses, which may be related to inflammation and autoimmunity (Abd El-Aziz and Stockand, 2020). Another safety issue is related to extracellular RNA, which can increase the permeability of endothelial cells, resulting in oedema (Fischer et al., 2007). Therefore, the instability of RNA itself and the presence of other physiological obstacles inhibit the transmission and transfection of RNA, hindering its clinical application in cancer treatment (Rosenblum et al., 2018). In addition, exogenous RNA may be cleared by the body’s own immune system. However, the preparation of the mRNA candidate vaccines evaluated in clinical trials has not been involved a delivery system, which indicates the need to further improve the delivery system for mRNA vaccines (Wadhwa et al., 2020). To overcome these obstacles and ensure the safe delivery of RNA therapeutics to target sites, a nanoparticle-based delivery system has been explored as a potential RNA delivery tool for preclinical applications (Chen et al., 2017). This technology has been successful in preclinical research, followed by clinical trials of cancer immunotherapy with different forms of RNA-mediated nano-delivery systems (Lin et al., 2020).



CONCLUSION AND PERSPECTIVES

Currently, nucleic acid vaccines are undergoing rapid development for the treatment of infectious diseases and cancers. Pandemics and malignant tumors, such as HIV, AIDS, Ebola, COVID-19, breast cancer, and melanoma, have raised people’s awareness of the global threats to human health and promoted the development of nucleic acid vaccine platforms, enabling researchers to cope with the challenges of severe situations. The dozens of preclinical and clinical studies indicate that nucleic acid vaccines not only have a significant efficacy in the treatment of infectious diseases, but also have demonstrated potency in cancer applications. Although nucleic acid vaccines provide a certain number of advantages over conventional vaccines, further optimization is necessary before they become the main treatment strategy for human patients. This article summarizes the optimization strategies based on the shortcomings of nucleic acid vaccines from three perspectives: physical methods (i.e., a gene gun or electroporation), chemical methods (i.e., lipid or polymer-based nanocarriers), and adjuvants. Therefore, the uptake and membrane-penetrating capacity of nucleic acid vaccines can be promoted, resulting in a stronger immune response. An increasing number of molecular adjuvants, such as adhesion molecules, cytokines, chemokines, and transcription factors, are undergoing safety and tolerability assessment. Similarly, the continuous development of vaccine delivery methods is promising and worthy of further research. While it seems unlikely that a technology that can provide a suitable solution for every single patient will be developed, combining existing technology and constantly improving the understanding of human immunology will provide better tools to fight known and emerging global threats.
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