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INTRODUCTION 
 

Vaccines are success story in modern medicine from decreasing 

the incidence of some diseases like polio virus to completely 

eradicating others like smallpox. The milestone in history of 

vaccine was discovery of small pox vaccine by Edward Jenner 

in 1798, this innovation leads to immunization of animals and 
humans against many diseases in more effective way. Vaccines 

prepare the body to fight against foreign pathogens that 

invade body to cause infection. Conventional vaccines use 

harmless piece of particular pathogen (virus, bacteria) that 

triggers host immune reaction (Paoletti et al. 1984). 

Vaccine development is the most important invention in the last 
century. It saved the people from many infectious diseases and 

plays a significant role as life saver. Vaccination is considered as 

one of the most effective way to combat infectious diseases in 

human and animals (Smith 2011). Advancement in field of 

vaccinology leads to the development of many types of vaccines 

on the basis of principles like inactivated vaccines, live 
attenuated vaccines, recombinant vaccines, subunit vaccines, 

RNA/DNA and peptide vaccines (Hasson et al. 2015). 
 

Conventional Vaccines 
 

Live attenuated, killed or inactivated, subunit vaccines (toxins 

and proteins) are traditional vaccines commonly used for the 

prevention of disease from many years, however, with the 

emergence of new pathogens, pathogenic strains or variants 

there is a dire need to develop novel and better vaccines. 

Conventional vaccines have shown effectiveness in preventing 
many of the infectious diseases but these also have many 

disadvantages; time consuming, difficulty in cultivation of many 

microorganisms, adverse immune response, booster required, 

storage and efficacy (Rappuoli 2000). Inactivated vaccines are 

most widely used traditional vaccines. These are safer but 

necessitate the administration of multiple doses in order to 
achieve strong and long-lasting immunity. Live attenuated 

vaccines develop a strong immune response, but always have 

a risk of infection by becoming a less virulent pathogen to 

more virulent one (Bouazzaoui et al. 2021). 

 

Nucleic Acid Vaccines 
 

Nucleic acid (NA) vaccines, as the name indicates are 

constituted from nucleic acids of a pathogen. NA vaccines can 

be either DNA vaccine or RNA vaccine. The aim to form and 

administer a NA vaccine is to stimulate an immune response 

against the particular from which the NA was taken. Both 

DNA and RNA vaccines work on the basis of central dogma 
i.e DNA after entering the cell transcribes into RNA and then 

is translated to protein whereas RNA vaccine translates to 

specific protein of pathogen (Gurunathan et al. 2000). This 

protein acts as immunogen and activates immune system 

within as well as outside host cell. Eventually host cell’s 

machinery keeps on making the pathogen specific protein 
which later on triggers and activates immune response for a 

longer period of time. NA vaccines have several advantages 

over conventional vaccines including; these vaccines are quick 

and easy to develop, provide both antibody mediated and cell 

mediated immunity, no risk of the vaccine to trigger disease 

and relatively easy to develop (Table 1).  

NA vaccines are also known as “third generation vaccines”. 

This is a relatively new technology. Although DNA and RNA 

vaccines are being developed against various diseases, 

including HIV, Zika virus and COVID-19, so far none of them 

have yet been approved for human use. However, two RNA 

vaccines (Pfizer BioNTech and the Moderna COVID-19) have 

been authorized for emergency use, in the UK at present. 

Several DNA vaccines are licensed for animal use, including a 

horse vaccine against West Nile virus (Chen et al. 2014; 

Regalado 2016).  

Later in the chapter DNA and RNA vaccines will be discussed 

separately in detail. 

 

DNA Vaccines  

 

Simply the concept of DNA vaccine is that the inserted 

plasmid is expressed in the host cells using cell’s machinery 

and immune response is initiated due to the production and 

later detection of foreign protein in the body and works as 

vaccine (Wolff et al. 1990). DNA vaccine like live attenuated 

vaccine has the ability to activate both types of immune 

responses; cell mediated and humoral immune response 

(Gurunathan et al. 2000). DNA vaccine works as antigen in 

the host body analogous to viral infection. It leads to 

activation of major histocompatibility complex (MHC) class I  

type (cytotoxic T cell) response. The activation of humoral 

immune responses is indicative that mechanisms exist in vivo 

for antigen  presentation  by the (MHC) class II pathway upon 
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Table 1: Difference between Conventional vaccines and Nucleic acid based vaccines 

 Conventional Vaccines Nucleic Acid Vaccine 

1.  Also called traditional or protein vaccines Also called DNA or RNA vaccines 

2.  They contain whole pathogen either virus or bacteria. They contain genetic material of bacteria or viruses. 

3.  
When injected, immune system recognizes pathogen to make 

antibodies for next encounter in future 

When injected, genetic material provides instructions to host cell to 

produce antigen, which is presented by cell of immune system, to 

prepare for next encounter in future 

4.  Weakened or inactivated pathogen is used in vaccine preparation. Pathogens own genes (DNA or RNA) are used in vaccine preparation 

5.  
These take longer time to develop as they rely on actual viruses or 

their proteins. 

These develop rapidly in the lab as these rely on genetic code rather 

than on live virus or bacteria 

6.  
These require use of mammalian cells or tissue culture or  

embryonated eggs and expensive to produce 

They are cheaper to produce as do not require lots of pathogens, 

mammalian cells or embryonated eggs 

7.  
Proteins are more demanding as molecules so slower to produce 

immune response 
Nucleic acid is simpler structure 

8.  They do not incorporate themselves into host genomic program DNA vaccines incorporate themselves into host genomic program 

9.  Less stable in environment & needs refrigeration 
DNA vaccines are more stable in environment & can be stored in 

room temperature without losing activity. 

 

Table 2: Differences between RNA vaccine and DNA vaccine. 

 RNA Vaccine DNA Vaccine 

1.  These contain RNA as mRNA These consist of DNA as plasmids 

2.  
mRNA will enter in cell & cell translates it into pathogens proteins. These 

are recognized by host immune system & a response is generated. 

DNA is transcribed to mRNA, which translates it into 

pathogen’s proteins; detected by host immune system. 

3.  mRNA vaccine has one less step in development than DNA vaccine. 
DNA vaccine has one more step in its development than that 

of RNA vaccine 

4.  RNA vaccine does not integrates into host genetic material 
DNA vaccine integrates into host genetic material so may 

cause permanent change in host DNA sequence 

5.  
RNA molecules expose to RNase in tissue that can degrade RNA and 

deteriorate vaccine. 

Greater amount of DNA vaccine is required to produce 

effective immune response 

 

DNA-mediated immunization. In this way, both of the 

immune responses get activated and responded to DNA 

vaccine and make it more attractive and useful for antigen 

delivery for vaccination purpose (Krishnan 2000). 

 

History of DNA Vaccines 

 

It all started with the strategy devised by Paoletti et al. (1984) 

to produce recombinant DNA vaccines by using genetic 

engineering to transform ordinary smallpox vaccine into 

vaccines that may be able to prevent other diseases. They 

altered the DNA of cowpox virus by inserting a gene from 

other viruses (namely Herpes simplex virus, hepatitis B and 

influenza) (Paoletti et al. 1984). However, direct introduction 

of genes into tissues in vivo, without the use of viral vectors, 

would be useful. Later the idea of DNA inserted in 

expression plasmid, as a vaccine was first described in 1990 

when Wolff et al. (1990), found out that a gene inserted in 

plasmid could be expressed in vivo. It has also demonstrated 

that the expression of the genes in the muscles tissues at 

injection site was lasted for almost 60 days (Wolff et al. 

1990). Ulmer et al. (1993) described that the direct injection 

of plasmid DNA that encoded influenza virus antigen to mice 

protected the animals upon challenge experiments. This 

discovery opened new doors of research in the field of 

vaccinology. Many other scientists used this technique in 

several studies (Prigozy 1993; Wilson and Andrews 2012). 

DNA vaccine against Zika virus was developed and tested in 

2016 (Regalado 2016), DNA vaccine against HIV is also under 

clinical trials (Chen et al. 2014).  

 

DNA Vaccine for Animals 

 

For veterinary use, five DNA vaccines are available in the 

market including hematopoietic necrosis virus in salmon, 

H5N1 DNA vaccine for birds, West Nile virus, melanoma in 

dogs, growth hormone-releasing hormone (GHRH) gene 

therapy for swine (Zhang 2015; Myhr 2017). 

 

DNA Vaccine for Humans 

 

At present DNA vaccines played useful role in veterinary 

medicine but have no widespread achievement in human 

vaccination. The reason is less immunogenicity however 

recent studies increased the value of DNA vaccines in priming 

high-level antigen specific antibody responses. For 

improvement of DNA vaccine in humans, several approaches 

have been used e.g. novel non-mechanical delivery methods, 

improvement in vector design for DNA vaccine, and insertion 

of genetically engineered cytokine as adjuvants. These 

techniques increase the immune response in both models of 

study that are mice and animal models (Suschak et al. 2017). 

ZyCoV-D first human DNA plasmid-based COVID-19 

vaccine, developed by Indian pharmaceutical company was 

approved for restricted use in emergency only in 2021. The 

vaccine contains a DNA plasmid vector that carries the gene 

encoding the spike protein of SARS-CoV-2. As with other 

DNA vaccines, the recipient's cells then produce the spike 

protein, eliciting a protective immune response (Momin et al. 

2021; Rawat 2021).  

The DNA vaccine technology was found highly promising as 

both cellular and humoral immune responses could be 

activated against parasites, bacteria and disease-producing 

viruses in animals as well as humans (Kurath 2005; Coban et 

al. 2011; Ahmad et al. 2012).  

 

Advantages and Disadvantages of DNA Vaccines 

 

DNA vaccines have many advantages as compared to 

conventional  vaccines  due to many reasons including; genetic  
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Fig. 1: Schematic diagram showing mechanism of action of 

conventional and DNA vaccines. 
 

nature, more stable and safer, easy production and mostly no 

need of cold chain. As discussed above, the major advantage 

of DNA vaccines is the ability of the vaccine to induce 

humoral as well as cellular immune response (Fig. 1).  

Route of administration or delivery system is very important 

for the better efficacy of the DNA vaccines but a major 

disadvantage is also faced due to it. Usually, these vaccines are 

preferred to be administered through intramuscular (IM) 

injection. It is difficult for the vaccines to move through cell 

membranes, and a very small amount of vaccine usually 

reaches antigen-presenting cells (APCs) to induce immune 

responses after intramuscular injection. Some clinical trials 

showed that magnitude of immune response produced by 

DNA vaccine is much weak and greater amount of DNA 

vaccine was required for effective immune response (Zhao et 

al. 2014). Antibody titer was also found lower than that with 

traditional vaccines. Also, direct injection of vaccine made the 

process labor intensive. 

 

Mechanism of Action and Components of DNA 

Vaccines 

 

DNA vaccine mimics the natural infection after entering into 

host cell, where it uses the host cell protein synthesis 

mechanism and directs the synthesis of its encoded proteins. 

Later, this protein is delivered to immune system and 

produces a non-inflammatory and noninfectious response 

where antigen is non-proliferating. The APCs with these 

antigens then travel to the lymphnodes and present the 

antigen peptide and co-stimulatory signalling molecules to 

helper T-cells to initiate the immune response. Cytotoxic T 

and B cells with the help of MHC class I and MHC class II 

molecules activate cell mediated and humoral immune 

response respectively (Huebener et al. 2008).  

The region of DNA gene being used to insert in plasmid 

should be immunogenic which can be selected using 

automatic algorithms to optimize codons. For an effective and 

long-lasting DNA vaccine, a strong promoter like SV40 in high 

expression plasmid for better expression of the antigenic 

gene should be used. Addition of poly A tail to stabilize 

mRNA can be useful (Soltani et al. 2018). 

Recent Strategies in Development of DNA Vaccines 

 

In recent years, several strategies have been proposed to 

improve the efficacy of DNA vaccines through optimizing the 

plasmid, improving delivery methods and routes of 

immunization, target cells and antigens for effective antigen 

presentation and utilizing powerful adjuvant to enhance 

immunogenicity.  

 

Routes of Administration and DNA Vaccine Delivery 

Methods 

 

Similar to other conventional vaccines, DNA vaccines can be 

administered by a variety of routes. Physical delivery methods 

for DNA vaccine include intramuscular (IM) needle injection, 

intradermal (ID) electroporation, mucosal, intranasal and 

transdermal whereas chemical delivery methods include 

nanocarriers (lipid based nanocarriers, inorganic nanopaticles, 

polymeric nanoparticles etc.) and liposomes.  

Among physical delivery system, needle injection is the most 

widely used delivery system. Needle injections help in 

inducing Th1 immune response, however, for longer and 

stronger immune response, booster doses are required. Gene 

gun delivery is another effective method of DNA vaccine 

delivery into host cells. It requires less amount of DNA (1-

3ug). Plasmid DNA is absorbed on gold microparticles and 

compressed helium gives momentum to the particles to allow 

penetration into the tissues first and then into the cell. It is 

often used to induce Th2 responses (Donate et al. 2011).  

Just like needle injection, the electroporation (EP) method 

induces Th1 immune response but this response was found to 

be much stronger as compared to other vaccination methods 

(Geiben Lynn et al. 2011). A non-invasive modification of EP 

known as multi-electrode array (MEA) has been found more 

effective after intradermal DNA vaccination in guinea pigs 

against hepatitis B infection (Donate et al. 2011; Saadh et al. 

2019). Intradermal and intra muscular EP techniques are 

usually used for the DNA vaccine delivery. Many cell types 

have been used for this purpose but muscle cells were found 

highly effective and expressed the plasmid coded protein for 

many months. Intradermal DNA EP has also shown to 

produce high immunogenicity due to presence of APCs 

(dendritic and langerhans cells) (March 2006).  

Intranasal is another method of vaccine delivery. Plasmid 

DNA is breathed through the nose and absorbed to 

respiratory tract surfaces. After intranasal inoculation of 

Plasmid with HIV envelop gene, envelop gene transcripts and 

proteins have been found in lungs, liver and spleen 

(Vanniasinkam et al. 2006). Non-needle Co2 biojector is also 

used as delivery method. It induces Th2 and CD8+ T cell 

immune response. Topical application of Plasmid DNA 

vaccine has also been found simple, useful, painless and cost-

effective method in case of HIV, HSV and matrix gene of 

influenza in mouse model but level of immunization achieved 

was very low (Firouzamandi et al. 2016; Liu 2003). 

 

Safety of DNA Vaccines  

 

DNA vaccines are safe and stable as compared to 

conventional vaccines. Plasmids are non-living, unable to 

replicate so has no or little risk of reversion. There are less 

chances of re-infection or secondary infection. Studies have 

shown that anti-DNA immune response, genomic integration 
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and auto-immunity have not been reported in case of DNA 

vaccination. Overall DNA vaccines are well tolerated and 

have desirable safety records (Plotkin 2011). 

 

DNA Vaccines and Adjuvants 

 

The term adjuvant is derived from the Latin word “adjuvare” 

which means “help” or “develop.” Adjuvants are usually low 

in toxicity and can be absorbed slowly from the site of 

injection into the host body. This helps in the slow release of 

antigen which gives a long-term immune response against the 

antigens. Adjuvants are immunostimulants and increase the 

immunogenicity of vaccines not only due to slow release, 

inflammatory response but also due to the direct induction of 

some important cytokines. Two types of adjuvants are being 

used and tested for improvement of DNA vaccines; chemical 

and genetic adjuvants (protein encoded by DNA plasmid). 

 

Genetic Adjuvants 

 

Genetic adjuvant found more effective than chemical adjuvant. 

Cytokines can be used as genetic adjuvants in the DNA 

vaccines as a part of the same plasmid DNA or a separate 

plasmid. The effects of plasmid encoding cytokines such as 

interleukin (IL)-10, IL-12 or IFN-γ together with DNA 

vaccines have enhanced the immunogenic effect of DNA 

vaccine in recent studies in animals (Peeridogaheh et al. 

2019). A higher level of IgG antibody was also detected in a 

group of mice which received DNA vaccine and IL-2 

expressive plasmid (Flingai et al. 2013). Immune signaling 

molecules also act as genetic adjuvants and activate the 

immune response by binding with Toll Like Receptors (TLRs). 

Two genetic adjuvants MyD88 and TRIF were incorporated 

into plasmid of DNA vaccine have been found to enhance 

immune response against influenza and rabies. Cellular 

immune response of Influenza DNA vaccine was improved by 

mitochondrial antiviral-signaling protein activated by RIG-1. 

Some other adjuvants like chemokines, complementary 

system components and protein aggregating domains are also 

used for enhancement of immune response (Grunwald and 

Ulbert 2015). 

 

Chemical Adjuvants 

 

Many adjuvants like saponins, alums, aluminium hydroxide gels 

etc. have been used to check their effect to increase 

immunogenicity of DNA vaccine. Adjuvants mixed with 

antigen form a depot effect (slow release) at administration 

site. Alum used in many cases but in large animals trials have 

not been found very effective. A DNA vaccine against 

envelope gene of HIV-1 was developed in combination with 

saponin adjuvant. Significantly higher levels of IgG antibodies 

were found (Sasaki et al. 1998). An adjuvant known as 

cationic lipid formulation vaxfectin mixed in DNA vaccine, 

enhanced the immune response against measles and influenza 

(Gurunathan et al. 2000). 

Some carrier molecules like mineral salts, emulsions, 

liposomes, biodegradable polymer nanoparticles and immune 

stimulating complexes (ISCOMs) have been found useful for 

delivery of DNA vaccine. These carrier molecules can entrap 

the plasmid DNA and convert their soluble nature to 

particulate nature. Professional APCs can easily capture and 

process particulate antigens and present the antigen through 

MHC class I or MHC class II and eventually activate antibody 

mediated or cell mediated immune system. Most of these 

carrier molecules can provide a depot effect to facilitate the 

long-term retention and sustained release of antigens at the 

site of administration (Marasini 2017; Suschak et al. 2017). 

 

RNA Vaccines 

 

On contrary, scientists have developed a novel type of 

vaccine in which molecule called messanger RNA (mRNA) is 

used rather than actual virus or bacteria. Messenger RNA is 

an RNA type that is required for protein production. It uses 

information in genes to generate a blueprint for designing 

proteins. Like DNA vaccines, RNA vaccines show good 

potential in becoming a novel therapeutic option for many 

pathological conditions like cancers, allergies and infectious 

diseases (Blackburn 2018). Cancer vaccines are type of 

immunotherapy that triggers immune reaction targeting the 

cancer cells, cancer causing pathogens or gene coding for 

cancer specific antigens. Many clinical trials for RNA-based 

vaccines have been done including melanoma, prostate cancer 

and blood cancers.  

 

History of RNA Vaccine 

 

RNA vaccines share a common history with DNA vaccines 

(As discussed earlier in the section of “History of DNA 

vaccines”). In this section, important events related to RNA 

vaccine will be discussed. In 1990, first report was published 

about IVT (in-vitro transcribed) mRNA in mice, where 

mRNAs were injected in body and protein translation was 

seen. 1n 1992, it was demonstrated in rats that vasopressin 

encoding mRNA was administered in hypothalamus and it has 

produced a physiological response (Pardi 2018). In 2013, the 

mRNA vaccine for rabies is tested in humans. Up till now, 

RNA vaccines have been used against many viruses like zika 

virus, ebola virus, influenza virus and rabies virus and 

currently against coronavirus. 

 

Mechanism of Immune Response of RNA Vaccine  

 

Conventional vaccines work by introducing inactivated 

disease-causing organism or its proteins, which inside body 

mimic the infectious agent. The body recognizes it and 

stimulates immune response, thus when body is exposed to 

infectious agent, it is primed to respond in more effective way. 

Unlike conventional vaccines, RNA vaccines have different 

approach. They mimic the process that a cell uses to make its 

own proteins. Generally, body cells use DNA as a template to 

make messenger RNA that is translated to produce proteins. 

RNA vaccine responds by introducing mRNA sequence that is 

specifically coded for a viral protein usually found on outer 

membrane of virus, into the patients’ body. This mRNA 

molecule tells body’s cells to build the antigen protein, which 

is then presented on APCs, where it confronted by other cells 

of immune system (Fig. 2). Immune system then prepares body 

to fight if the real antigen enters (Blackburn 2018).  

 

COVID-19 mRNA Vaccine 

 

During COVID-19 outbreak, in 2020 and 2021, Food and 

Drug Administration USA has authorized two mRNA 

vaccines; 1. the Pfizer-BioNTech (BNT162b2) vaccine, and the  
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Fig. 2: Schematic diagram showing mechanism of producing immune 

response of RNA vaccines 
 

Moderna (mRNA-1273 vaccine). These two were given first 

historic authorization for use in emergency, while another 

mRNA based vaccine; CVnCoV is still under clinical phase 3 

testing (Kadali et al. 2022). Both vaccines, BNT162b2 and 

mRNA-1273, consist of genetically engineered mRNA that 

gives instructions to the cells to make viral spike glycoprotein 

of SARS-CoV-2. After vaccination, patients muscle cells begin 

making these spike proteins and displaying on cell surfaces. 

So, if one gets infected by covid-19, body recognizes the spike 

protein present of SARS-CoV-2 and immediately starts 

making antibodies against it (Verbeke et al. 2021). 

 

Types of RNA Vaccines 

 

Non-replicating/amplifying mRNA Vaccine 

 

It is a simplest form of an RNA-based vaccine where 

messenger RNA is injected in the host body, then taken up by 

body cells to build the antigen proteins. It usually has one gene 

or one open reading frame which encodes antigen protein 

(Wang et al. 2021). 

 

In-vivo Self-replicating/amplifying Messenger RNA 

Vaccine 

 

Additional RNA strands are packaged along with pathogen 

mRNA that will make sure that pathogen mRNA is copied 

when vaccine gets inside the cell. Thus, greater amount of 

antigen proteins are built from a little quantity of vaccine, 

ensuring a robust immune reaction. Self-amplifying RNA 

vaccine will be discussed in detail in the section 4.6.1.  

 

In-vitro Dendritic Cell non-replicating/amplifying 

 

Dendritic cells are APCs that present antigen, recognized by 

other immune cells, stimulating an immune reaction. 

Dendritic cells are removed from patient’s blood and then 

transfected with the vaccine and later introduced back into 

body to generate an immune response.  

 

Challenges and Approaches in Development of RNA 

Based Vaccine 

 

Clinical trials of RNA-based vaccines against different viral 

infections are conducted in various studies (Scorza and Pardi 

2019; Zhou et al. 2019; Maurya et al. 2020). Researchers are 

facing some challenges. Major challenges encountered were 

related with the vaccine delivery and its stability due to RNA 

degradation, cold chain maintenance and its mode of delivery 

into the cells. RNA vaccines direct their translation in 

cytoplasm so they can eliminate the chromosomal integration. 

After injection of vaccine, RNA is exposed to RNase in the 

tissue that deteriorates the vaccine which can restrict uptake 

of functional mRNA by cells. It compromises the treatment 

efficacy (Renuka et al. 2022).  

The challenges related to delivery and stability have been 

tried to address by various techniques including encapsulation 

of RNA molecules by nanoparticles, lipids and polymers, 

targeting APCs, modification of RNA structure by altering 

RNA base sequence to avoid degradation and using self-

amplifying RNA (just like ssRNA viruses have self-replicating 

RNA) (Lundstrom 2018). These RNA improvements are 

discussed in detail as follows: 

 

Cap Analog 

 

Cap 5’7 methylguanosine triphosphate is important for RNA 

stability. When cap analogs are used in-vitro for RNA 

transcription, a reverse orientation cap analog incorporation 

can disable efficiently transcribe mRNAs. But with designing 

of anti-reverse cap analogs (ARCAs) having only 3’-OH group 

rather than two of 3’OH groups in cap analog have prevented 

reverse orientation incorporation (Wadhwa et al. 2020). 

Compared with conventional analogs, ARCAs application 

provides more than double efficiency in transcription. It has 

been also reported that in-vitro use of ARCAs improves the 

duration and levels of protein expression, which can 

eventually help in stabilizing mRNA for optimum vaccine 

delivery and expression (McNamara et al. 2015). 

 

Poly (A) Tail 

 

For stability of RNA molecules, poly(A) tail is engineered at 

3’end of mRNA. It is seen that poly(A) tail acts in harmony 

with the 5’m7G cap sequences by joining with PABP (poly(A)-

poly(A) binding complex). PABP interacts with eukaryotic 

translation initiation factor (TIF) and makes a TIF complex 

with 5’m7G cap & eIF4E. These poly(A) tails can be 

engineered on mRNA either by encoding poly(A) tail on 

DNA template or by using recombinant poly(A) polymerase 

to lengthen RNA after transcription in-vitro (Hoang et al. 

2018). Drawback of this technique is that by application of 

recombinant poly(A) polymerase, various lengths poly(A) tails 

are generated ranging from 33-35 to 120-150 however short 

or long lengths both gave RNA stability and high translational 

efficiency (Lima et al. 2017; Kon et al. 2022). With tail 

engineering, increased length of poly(A) tail enhances 

efficiency of polysome formation which has impact on level of 

expression of protein (Trepotec et al. 2019).  

 

5′ & 3′ Untranslated Regions (UTRs) 

 

UTRs have a very significant role in regulation of post-

transcriptional gene expression. It includes mRNA transport 

modulation from the nucleus and RNA translational efficiency, 

sub-cellular localization and mRNA stability. Selection of 

UTRs is also needed in mRNA vaccine preparation because 

important regulatory elements are present in 5′ UTRs and 3′ 

UTRs. However, incorporation of β-globin at 3’ end provides 
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enhanced translational efficiency and enhanced mRNA 

stability (Gergen and Petsch 2021). 

 

Chemically Modified Nucleosides  

 

Therapeutic properties of RNA can be improved by addition 

of natural nucleosides during post translational processing of 

RNA. It has proven beneficial as it made the RNA less 

immunogenic in-vitro to stop the stimulation of RNA vaccine. 

It has been reported that mRNA containing modified 

pseudouridine has shown improved RNA stability and 

translation. Normally, RNA has ability to stimulate immune 

system by stimulation of TLRs (toll like receptors) but 

incorporation of these nucleosides has reduced this activation, 

resulting in lesser cytokine levels (Kariko et al. 2005). So, this 

approach halts identification of RNA by receptors i.e. TLR8, 

TLR7, TLR3 and decreases immune reactions against in-vitro 

transcribed RNA (Kariko et al. 2008).  

 

Route of Administration and RNA Delivery System 

 

RNA vaccine can be administered through various routes just 

like DNA vaccines including needle injections into muscles, 

blood, lymph node (LN) or directly into organs; by nasal 

spray. The exact optimal route for vaccine administration is 

not fully known yet (Blackburn 2018). The delivery of RNA 

vaccine has more difficulties as compared to that of DNA 

vaccines section (discussed earlier). An efficient delivery 

system of RNA vaccine is much needed for RNA stabilization 

and vaccine development. Many approaches have been tested 

to improve mRNA delivery like injection strategies, gene gun-

based injection, RNA adjuvants, encapsulation of RNA in 

nanoparticles etc. Some of these have been already discussed 

in section “DNA Vaccine” and very similar for RNA vaccines. 

The different ones will be discussed below: 

The administration of naked RNA was achieved by needle 

injection (intra-muscularly), initially done in-vivo in mice by 

inoculating a reporter gene and getting its expression later 

(Wolff et al. 1990). But this approach has limitations due to 

rapid RNA degradation seen in other animal models where 

antibodies and T cell responses have been elicited (Steitz et 

al. 2006). To overcome this limitation, gene gun-based 

delivery was evaluated (Section 3.1.4.1). The gene gun is 

utilized to bombard the cell wall with many DNA coated 

metal (like gold) particles by using compressed helium as the 

propellant. Another approach is protamine condensation of 

RNA that saves RNA from degradation and reduces 

stimulation of immune reaction via TLR8 and TLR7 dependent 

pathways. Protamine condensation stimulated the production 

of antigen specific Ig-G antibodies and stimulation of cytotoxic 

T-lymphocyte reaction (Lundstrom 2018). To improve 

delivery and RNA stability encapsulation techniques have been 

used. Cationic liposomes have been used in vaccines for RNA 

entrapment or encapsulation. Nano-particles have also been 

shown to improve RNA stability, reduces RNA degradation 

and increases cellular uptake. Targeting dendritic cells using 

nanoparticles has also been found helpful in stimulation of 

immune response against vaccine.  

 

Self-Amplifying RNA 

 

Self-amplifying RNA genome is unique characteristic of some 

families of viruses. These viruses make copies of RNA 

genome and encode proteins from a single RNA template. 

Owing to this capacity of RNA for self-amplification, ssRNA 

viruses have been used for vaccine development. These self-

amplifying RNA viruses have a single strand of (+) sense RNA 

template encapsulated by protein/lipid envelope. Viral RNA 

encodes RNA replicase. This RNA replicase is 

autoproteolytic polyprotein that cleaves viral RNA into 4 

non-structural components. Upon infection, initially viral RNA 

translates the replicase complex and which later on causes its 

own RNA replication. Later (-) strand/ anti sense RNA is 

synthesized by replicase complex, which acts as template for 

synthesis of (+) strand RNA and sub-genomic RNA encoding 

structural viral proteins. As a result, RNA copies are formed, 

(up-to 200,000 within single cell in 4 hours) and expression of 

encoded antigen can be detected that is usually 25% of the 

total cell protein. This replication occurs in cytoplasm of host 

cell. It is independent of replication system of host. To create 

powerful replicase based vaccine, gene for antigen of interest 

can be placed in place of genes for structural proteins of virus 

(Leitner et al. 1999). 

 

Advantages 

 

Compared with traditional vaccines, RNA vaccines are 

cheaper and faster to produce. RNA vaccines production is 

lab based. They are produced from DNA template with 

readily available materials, thus faster and cheaper than 

traditional vaccines that require use of mammalian cells or 

chicken eggs.  

 

Safety  

 

It is safer to use an RNA based vaccine since it is non-

infectious. RNA strand neither enters nucleus nor 

incorporates itself into patients’ genome and is deteriorated 

once protein is produced.  

 

Efficacy 

 

Results of clinical trials have shown that RNA vaccines 

produce a reliable immune reaction and have fewer side 

effects, so well tolerated in individuals. The main aim of the 

RNA vaccines is to provide instant translation in patient’s 

cells, providing a long-term expression of genes and 

production of antibody for therapeutic purpose.  

 

Production 

 

RNA vaccines are low cost, can be produced more rapidly in 

laboratory processes that can be easily standardized and 

scaled, thus improving responsiveness to emerging epidemics 

and large outbreaks. RNA vaccines are effective against 

pandemics as they provide more flexibility to treat or prevent 

rapidly evolving pathogens. According to WHO, it takes 

approximately 5-6 months to develop an influenza vaccine.  

 

Conclusion 

 

DNA and RNA based vaccines opened new avenues in drug 

discovery. These have wide application range in prophylactic 

interventions for number of infectious diseases where use of 

conventional vaccines has limitations. However, a good and 

clear understanding of mechanism of immune response 
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produced by nucleic acid vaccines is necessary for 

improvement of efficacy of these vaccines. Recent studies 

suggested that new techniques will enhance the efficacy of 

vaccines and these are safe to use. Cycokines, chemokines, 

adhesion molecules, delivery methods, electroporation, 

adjuvants and many other strategies are used for 

improvement of these vaccines. These approaches will 

redefine the field of vaccinology. Still there is lot of research 

to be done on DNA and RNA stability and delivery methods 

before these vaccines can truly become standard treatments. 

Self-amplifying mRNA viruses give this possibility a significant 

alternative in future medicine development. 
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