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1. Introduction

   One of the most astonishing and important applications in the 

field of immunology in the last century was the invention and 

development of the vaccines. It was a significant leap forward 

in the prevention of infectious diseases that saved the lives of 

millions of people. The principal study started in this field was 

the experiment conducted by Edward Jenner in 1798, when he 

demonstrated that inoculation with pus from cowpox lesions was 

conferring protection and assurance against smallpox infection. 

This was a milestone ever in the history of immunology[1]. 

Subsequently, this prompts to the extermination of the smallpox 

through an innovative contribution to immunization[2]. 

   As a matter of fact these experiments establish the premise 

of vaccinology, the principle of isolation, inactivation, and 

administration of disease causing pathogens and hence treatment 

of infectious diseases. Later, there has been nonstop advance in 

producing safe and highly efficient vaccines against a number 
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of common diseases. These vaccines contained bacterial toxoids 

(diphtheria and tetanus); killed entire organisms (e.g. typhoid, 

cholera, pertussis and the Salk polio vaccine); or live attenuated 

organisms (reduce its pathogenicity) (e.g. Bacillus Calmette 

Guerin, yellow fever, the Sabin polio vaccine, measles, mumps and 

rubella)[3].

   Currently, with the advance in the biotechnology and the 

utilization of novel techniques in molecular biology, it is 

conceivable to make new vaccines. For instance, the utilization of 

yeast cell to express hepatitis B antigens was the first and strikingly 

fruitful recombinant protein vaccine. This vaccine has been highly 

effective in preventing hepatitis B viral infection and thusly 

became the first vaccine, which has the capability to prevent a 

human cancer, the hepatocellular carcinoma, associated with early-

acquired, persistent hepatitis B infection[4].

   The successful vaccine gives a fruitful opportunity to use it not 

just as a part of the term prophylaxis of infectious diseases but also 

to broaden their purposes in controlling existing and persisting 

infectious diseases. For instance, vaccines are being investigated as 

an approach to control HIV and other incessant viral infections as 

well as treatment of cancer and autoimmune ailments[5-7].

   In spite of all these accomplishment underway in production 

of vaccines, there are major challenges facing with difficulties, 

constraints and drawbacks confronting vaccination.

   Researchers were unable to produce a vaccine for pathogens with 

antigenic hypervariability including serogroup B meningococcus, 

HIV and HCV) or against pathogens with an intracellular phase, 

causing infections that are transcendently controlled by T cells, 

such as tuberculosis and malaria[8]. Likewise, development of 

conventional vaccination can be time and labor intensive, not 

permitting a quick action to the need of a new vaccine, as in the 

occurrence of an influenza pandemics. Also there are likewise 

hypothetical safety concerns linked with the approaches of using 

both non-live and attenuated concepts[9,10]. To overcome all these 

challenges, new approaches amid the most recent 30 years have 

been applied to vaccine advancement. These updated approaches in 

vaccination technology included recombinant DNA, polysaccharide 

chemistry and more recently reverse vaccinology, structural 

vaccinology, and synthetic RNA vaccines are all opening up the 

perspective for the outlining and advancement of “third generation” 

vaccines, beforehand characterized as impossible to make[11].

2. Conventional vaccine 

   Conventional vaccines or traditional vaccines based on inactivated 

or live attenuated microorganisms or on purged pathogen subunits, 

such as toxins, polysaccharides and proteins, have been extremely 

productive in averting infections of pathogens. The mechanism 

by which these vaccines works are fundamentally by inspiring 

functional antibodies that can neutralize viral invasion, neutralize 

bacterial toxins and induce opsono-phagocytosis or complement-

dependent bacteriolysis[12,13]. 

   Today most of the licensed vaccines are conventional vaccine. 

The current use of these vaccines leads to extraordinary 

accomplishments, such as the annihilation and the virtual 

disappearance of smallpox and diseases like diphtheria, tetanus, 

poliomyelitis, pertussis, measles, mumps, rubella and intrusive 

Haemophilus influenzae type B, increasing the life quality and 

expectancy[12,13]. However, using conventional vaccines was 

time consuming and taken a years or decades of research. Also, 

some microorganisms are difficult to cultivate or even to attenuate 

that brings about adverse or undesirable immune responses 

demonstrating that these approaches are unfeasible in some 

instances[14]. Moreover, the vast majority of the techniques used so 

far to acquire and purge the target antigen were failed which result 

in less suitable vaccine candidates[15].

3. Polysaccharide chemistry and glyco-conjugate vaccines

   In the course of the most recent decades, capsular polysaccharides 

have been successfully used in the preparation of antibacterial 

vaccines. The commercialisation of several polysaccharide-protein 

conjugate vaccines was a breakthrough aimed at filling the gaps in 

many areas, which can prevent most childhood deaths. Immunisation 

by vaccines made out of plain bacterial polysaccharides has been 

acquainted subsequent to the 1970s to control diseases caused 

by clinically important bacteria such as Haemophilus influenzae 

type B, Streptococcus pneumoniae (S. pneumoniae) and Neisseria 

meningitidis (N. meningitidis) group[16-18]. 

   Carbohydrates are substantial molecular destination in the 

evolution of vaccines against cancer, viral and bacterial infections, 

and many other diseases. However, one of the major immunological 

problems faced in the development of polysaccharide vaccines 

has been referred or due to that carbohydrates are usually poorly 

immunogenic and cannot induce a T cell-dependent immune 

response that is necessary for protective immunity and therefore, it 

is less effective especially in children (aged below two years) and 

infants who represent the main target population of vaccination[19,20]. 

   To solve this dilemma of poor immunogenicity, the carbohydrate 

molecules have to be coupled to a carrier protein, to enhance their 

immunogenicity. By facilitating access to structures of increasing 

complexity many carbohydrate-protein coupling techniques have 

been applied to develop several polysaccharide-protein conjugate 

vaccines, which filled the gap in many areas, especially for children 

and infant vaccination. The current progress in glycol-chemistry has 

facilitated the design of adequate and highly sophisticated glyco-

conjugate vaccines using synthetic saccharide components, which 

are imitative epitopes that naturally involved such protection[21]. 
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   One of these approaches is an establishment of vaccine based on 

the linkage of an orthogonal azido-protein (the univalent group N3- 

derived from hydrazoic acid) group to the carbohydrate molecule 

during and after their syntheses; such univalent group can be 

selectively reduced to a free amino group, to which a N-pentenoyl 

protecting group can be distinctly and region expressly linked. Since 

the azido group is orthogonal to most conversions that implicated in 

carbohydrate synthesis, it can be introduced at an early stage of the 

synthesis. Furthermore, the link between the 4-pentenoyl group and 

the carbohydrate molecule after synthesis would somewhat facilitate 

the synthetic design of complex carbohydrates, including the 

design of protecting strategy[22]. Subsequently, immunisation with 

protein–polysaccharide conjugate vaccines has the capacity to incite 

a long last immune response, with high affinity IgG antibodies and 

with the ability to be boosted by subsequent immunizations[18,23,24]. 

Protein–polysaccharide conjugate vaccines were introduced in the 

1980s against Haemophilus influenzae type B, inducing a better and 

persistent antibody response in all age groups[25-27]. Today, different 

approaches to prepare conjugate vaccines can be followed and 

adequate glyco-conjugate vaccines are available for S. pneumoniae 

and the different strains of N. meningitidis[28,29]. 

   On the other hand, although the advancement made in the 

innovation of glyco-conjugate vaccines made the successful control 

of distinctive bacterial infections conceivable, this approach could 

not be utilised to develop N. meningitidis type B (MenB) vaccine[30]. 

Regardless of the availability of effective antibiotics MenB, is 

a major cause of meningitis and sepsis subversive diseases that 

can kill children and young adults within hours[31]. It is a Gram-

negative bacterium part of the commensal flora that colonizes the 

upper respiratory tract of healthy individuals. In a small proportion 

of cases, the bacterium can invade the host bloodstream and, after 

crossing the blood–brain barrier, cause meningitis[32,33]. The 

unsuccessful endeavor of developing a MenB vaccine in view of its 

capsular polysaccharide was to a great extent because of the fact that 

it is identical to the polysialic acid present in human glycoproteins, 

for example, neural cell adhesion molecule. Numerous endeavors 

coordinated to the development of a protein-based vaccine were all 

disappointed by the inconsistency of the data probably due to the 

utmost variability of the well-known surface proteins examined as 

vaccine antigens. 

   Generally speaking new strategies and approaches may open new 

perspectives in vaccine research devoted to prophylactic and/or 

therapeutic applications against bacterial, fungal, parasitic or viral 

infections, and certain cancers. 

4. Reverse vaccinology  

   A critical upheaval in vaccine disclosure is connected to the 

approach of genome sequencing innovations that have changed the 

scene in the gradually advancing field of immunology. The defining 

moment was the publication documented in 1995 of the genome 

arrangement of the first living organism[34]. By sequencing the 

genome and by characterizing the entire antigenic repository of 

the infectious microorganism, several contender protective targets 

could be distinguished and tested for their suitability as vaccine. The 

technique, named reverse vaccinology, has implemented a change 

in the viewpoint of vaccine design. The thought of the reverse 

vaccinology was started to conquer the issues confronted to develop 

vaccine with high adequacy against MenB. The genome sequencing 

of the MenB pernicious strain MC58 permitted a selection to choice 

for the potential vaccine targets from the genomic data bank[35,36]. 

The precept at the foundation of the reverse vaccinology path was 

that, felicitous vaccine targets were proteins either expressed on 

the surface of the microorganism or excreted into the extracellular 

environs. About 600 surface-exposed proteins were predicted and 

successfully expressed using bioinformatics analysis. Of these, about 

350 were cloned in Escherichia coli (E. coli), expressed and used to 

immunize animal model. The sera of such animals were examined 

using a bactericidal assay that is well known to correlate with 

protection. This screening procedure allowing a selection criteria 

which are necessary in order to select the most feasible candidates 

to be discarded are not satisfying quality benchmark. Therefore, 

the process elicited the identification of previously obscure vaccine 

candidates. Through this process three protective antigens that 

are common to multiple MenB strains have been filtered and 

characterised and named as factor H-binding protein, Neisseria 

adhesin A, and neisserial heparin-binding antigen and combined 

with a MenB outer membrane vesicle, resulting in the first universal 

vaccine against MenB[37,38]. 

   This was the first vaccine developed using reverse vaccinology 

technology that holds a positive feedback from the European 

Medicines Agency and has been ratified with the commercial name 

of Bexsero®. Following the success of this project, the reverse 

vaccinology technology has been utilized in a wide range of other 

clinically important pathogens, such as S. pneumoniae[39,40], 

Streptococcus pyogenes[41], Chlamydia pneumonia[42], Chlamydia 

trachomatis[43], Streptococcus agalactiae[44], E. coli[45], and 

Leishmania major[46]. Consequently, the genome-based reverse 

vaccinology approach can rig out adequate and innovative strategies 

to design vaccines that were found to be difficult or even unattainable 

to develop using conventional approaches[46]. 

5. DNA immunization

   Genetic immunization or DNA vaccination, a rapidly developing 

technology which has been described as a third generation of 

vaccines[47], offers new approaches for the prevention and therapy 

of several diseases of both bacterial and viral origin[48,49]. DNA 
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immunisation has also emerged in the last decade as a strikingly 

novel approach to immunoprophylaxis[50], and has been widely used 

in laboratory animals and non-human primates over the last decade 

to induce antibody and cellular immune responses[51]. 

   Successful in vivo transfection of mammalian cells following 

injection of purified DNA was first reported over 40 years ago[52]. 

However, its potential went largely unrealised until 1990 when 

Wolff and colleagues demonstrated that a reporter gene encoding 

an enzyme protein could be expressed in murine skeletal muscle in 

vivo and the tissue retained its transgenic biological activity for up to 

60 days after inoculation[53]. These observations were extended by 

several studies such as those of Tang et al., (1992) who demonstrated 

that mice injected with plasmid DNA encoding human growth 

hormone elicited antigen-specific antibody responses[54]. Based on 

these findings, it is concluded that this technology is promising as it 

can enhance both cellular and humoral immunity against parasites, 

bacteria and disease-producing viruses[55-57].

5.1. Advantages of DNA vaccines  

   The ability of plasmid DNA to induce both cellular and humoral 

immune responses after inoculation has been demonstrated in several 

animal models, and hopes have been raised that its applications will 

lead to new therapies for a range of human diseases[58,59]. Since the 

first published report on the protective immune responses against 

infectious diseases in animals, several studies were performed to 

evaluate the safety and immunogenecity of DNA vaccination in 

humans, and many studies are still ongoing up to date. 

   It is potentially cheaper to produce than recombinant protein 

vaccines. It is much easier to transport and use, especially in 

developing countries, DNA-based immunisation exhibits several 

important advantages over conventional immunisation strategies 

that involved live-attenuated or killed pathogens, proteins, or 

synthetic peptides. It incorporate many of the most attractive features 

of each approach. One of the important advantages of the DNA 

immunisation[60], is that the immune response to immunisation can 

be directed to elicit either humoral or cellular immune responses 

or both without the need for live vectors or complex biochemical 

production techniques. Other advantages of DNA vaccines are that 

they are highly specific and the expressed immunizing antigen 

is subjected to the same glycosylation and post-translational 

modifications as natural viral infection. Moreover, it is relatively 

easier to insert multiple variants of an antigen into a single array 

of plasmid vaccine[61-63]. Candidate bacterial antigens can now 

be chosen from genomic sequences and plasmid vaccines permit 

much simpler taking advantage of this new data than the alternative 

of developing a good expression system for each antigen and then 

setting up the recombinant protein. This is a considerable advantage 

for curative vaccination against tumor antigens which may be 

identified only as DNA sequences produced from both human and 

cancer genomes[61-63].

   Logistic advantages of DNA vaccines include the relative ease 

and low cost of production and transportation making them more 

suited to production in the developing world than other systems. 

A summary of these perceived advantages of DNA vaccines is 

illustrated in Figure 1[64]. 
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Figure 1. Summary of relative advantages of DNA vaccines over 

conventional vaccines[64].

MHC: Major histocompatibility complex. 

5.2. Disadvantages of DNA vaccines

   The disadvantages of DNA vaccines are based mainly on health 

and safety issues. Most of the safety issues concerning the system 

are based on the activation of oncogenes as a result of genomic 

incorporation of immunising DNA[65], as well as eliciting anti-DNA 

antibodies; however, this has rarely been detected in experimental 

studies[60]. While these issues are of concern and require careful 

monitoring, it would not be applied to DNA immunisation of captive 

animals to produce antibodies, particularly if gene gun is used. This 

is due to the likelihood of eliciting anti-DNA antibodies when use 

of the gene gun is minimised because it requires 100-fold less DNA 

than intramuscular injection to achieve equivalent seroconversion 

efficiencies[66]. Other drawback of plasmid vaccines is the reduced 

level of immunogenicity[67]. Therefore, adequate adjuvants will 

be necessary to overcome this impediment. One of the suggested 

solutions is to integrate the plasmid, genes for those cytokines such 

as interleukin 4 or granulocyte-macrophage colony-stimulating 

factor that enhances immune responses or for C3d oligomers as an 

adjuvant for B-lymphocyte cells. Other likely approach may include 

an ensuing booster immunisation with the relating antigen as a 

protein.

 

5.3. Principles of DNA immunisation

   DNA vaccination involves the introduction of nucleic acid into host 
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cells where it directs the synthesis of its encoded polypeptide(s) and 

stimulates an immune response[68]. Unlike gene therapy, genetic 

integration is not intended. Indeed, the construction of a DNA 

vaccine is designed to permit localized, short-term expression of the 

target antigen. 

   Although several attempts have been made to study the cellular 

pathways for the processing of antigens and their presentation to T 

lymphocytes, the precise mechanism based on cellular and molecular 

events involved in the induction of immune responses following 

DNA immunisation are not fully understood[69]. However, it is 

well documented that the magnitude and type of immune response 

induced after DNA immunisation are influenced by a number of 

different parameters, some of which are represented by the type and 

components of the expression plasmid. 

5.4. Essential components of a DNA plasmid

   A typical “first generation” DNA vaccine plasmid requires (i) 

the incorporation of a strong viral promoter to achieve optimal 

expression in mammalian cells[70], such as cytomegalovirus or 

simian virus 40 which provide the greatest gene expression; (ii) an 

origin of replication allowing plasmid propagation in E. coli; (iii) 

a bacterial antibiotic resistance gene (this allows plasmid selection 

during bacterial culture); and (iv) a transcription-stop sequence such 

as bovine growth hormone 3’-untranslated region (Figure 2)[70]. 

Figure 2. A schematic representation of a simple DNA plasmid[70]. 
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5.5. The influence of mode and site of gene delivery

   Several studies have shown that the type of immune responses 

induced by plasmid immunisation is significantly affected by (i) 

the mode and site of gene delivery, (ii) the dose of plasmid and (iii) 

the administration of booster injections and the interval between 

immunisations[71]. 

   In general, immunisation with DNA can be accomplished in two 

fundamentally different ways. One approach is the use of needle 

injection into different tissues, the most effective route being 

intramuscular injection into the hind leg quadriceps or tibialis 

anterior[72,73], followed by intradermal injection[74-76]. These routes 

usually provoke strong, antigen-specific Th1-biased, humoral and 

cellular immune responses[76,77]. 

   An improvement in efficacy of plasmid transfection was achieved 

by injection of DNA into regenerating skeletal muscle, achieved 

by prior injection of either cardiotoxin or local anaesthetic 

such as bupicaine[51]. Several methods have been investigated 

to improve delivery of DNA vaccines including (i) mechanical 

delivery consisting of microinjection by various types of needles 

including pressure injection, (ii) electrical delivery (electroporation, 

ionophoresis) and (iii) chemical (liposomes and various polymers)

[78-82] and mucosal delivery (Figure 3). Each one of these methods 

of delivery introduces plasmid DNA into distinct areas of immune 

surveillance and therefore primes the immune system in distinct 

ways. 

Figure 3. Schematic illustration of electroporation mediated transfection. 

a: Intramuscular injection; b: Electroporation; c: Transient increased 

permeability of cell membrane (yellow arrows) results in plasmid transfer 

into the cell; d: Resting of cell membrane (red arrow).

(a)

(c) (d)

(b)

   Gene gun delivery of DNA which propels the DNA-coated gold 

particles into the epidermis[83,84] resulted in a more Th2 biased 

antibody isotype response and efficient humoral and cellular 

responses[76,77]. The distinct Th1- or Th2-biased immune responses 

elicited by intramuscular injection or gene gun delivery, respectively, 

are not fully understood. Bacterial DNA contains CpG motifs that 

induce non-specific Th1-dominant responses. Gene gun delivery 

requires 100-1000 fold less DNA to stimulate immune responses 

to that achieved by intramuscular injection. The reduced number 

of Th1-promoting CpG motifs involved in gene gun immunisation 

may therefore explain the Th2-bias response to gene gun DNA 

vaccination. 

5.6. Antigen presentation following DNA immunisation

   An important step in the design of DNA immunisation constructs is 
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to understand the immune correlates of protection. Antigen peptides 

expressed after DNA immunisation are usually presented by antigen-

presenting cells (APCs) in the context of either MHC class II or 

class I molecules to CD4+ and CD8+ T cells, respectively. There 

are at least three means by which MHC class I–restricted cytotoxic 

T-lymphocyte (CTL) might be elicited following administration 

of plasmid DNA: (i) transfection of professional APCs, (ii) antigen 

presentation mediated directly by transfected myocytes or, (iii) cross 

priming[64], as illustrated in Figure 4[69].

Figure 4. Mechanisms of antigen presentation following DNA 

immunisation[69]. 

a: Antigen presentation mediated directly by transfected myocytes; b: 

Transfection of professional APCs; c: Cross priming.
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5.6.1. Transfection of professional APCs 
   The immune response following DNA immunisation was found to 

be dependent upon professional APCs, specifically bone marrow-

derived dendritic cells (DC)[85]. In 1997, Fu and colleagues[86] 

demonstrated that when parental bone marrow chimeras were 

immunised with plasmid DNA encoding influenza nucleoprotein  

by intramuscular injection and gene gun, CTL responses were 

specific to the peptide presented by the MHC class I molecules 

found on the donor bone marrow[87] (Figure 4b)[69]. Furthermore, 

the same authors reported that, although only a small proportion of 

the DCs were transfected with plasmid DNA, it was noticeable that 

there was general activation (maturation) and migration of large 

number of DCs that had not been transfected. However, whether 

this generalised maturation of untransfected DCs could also present 

antigen via additional mechanisms remains uncertain.

5.6.2. Antigen presentation mediated directly by transfected 

myocytes 
   Ulmer et al. (1993)[88], by demonstrating that direct intramuscular 

inoculation of plasmid DNA induced a strong CD8+ CTL to 

influenza nucleoprotein, provided the first evidence that cellular 

responses could be induced in vivo by DNA immunisation and the 

induced immune responses had a potentially important protective 

role. Subsequent experiments were then undertaken to directly test 

whether DNA-transcribed muscle cells alone are sufficient to prime 

immune response (Figuer 4a)[69]. However, Iwasaki et al. (1997)

[89], reported that muscle cells failed to prime CTLs responses 

when injected with DNA plasmid encoding CD86 or granulocyte-

macrophage colony-stimulating factor only (i.e., without antigen). 

To examine the contribution of both bone marrow- and non-bone 

marrow-derived cells to CTL priming, Agadjanyan et al. (1999)[90] 

found that antigen-specific CTL responses could be induced by 

non-bone marrow-derived (muscle) cells only when mice were 

immunised with DNA encoding either the antigen or CD86. Surgical 

ablation experiments have been used to identify the contribution 

of antigen expression in tissues subjected to DNA immunisation 

by distinct routes. Torres et al. (1997) demonstrated that removing 

the DNA-injected muscle bundle within 10 min of DNA injection 

had no effect on the longevity and magnitude of humoral and CTL 

responses[91], suggesting a rapid migration of transfected cells or 

plasmid DNA from the site of injection. These authors also found 

that excision of the epidermal site 24 h after gene gun bombardment 

abrogated the induction of CTL responses, suggesting that the 

immune response was dependent on the transfected epidermal cells. 

This finding indicates that intramuscular injected plasmid DNA is 

likely to gain rapid access to the lymphatic or circulatory system, 

thus obviating the need for transfection of muscle cells at the site 

of injection. In conclusion, these data indicate that DCs such as 

Langerhans and myocytes play a crucial role in the primary response 

triggered by DNA vaccines. 

5.6.3. Cross priming
   Cross priming has been suggested as a mechanism to explain 

antigenic transfer from DNA-transfected somatic cells to professional 

APCs (Figure 4c)[69]. The concept of cross priming, in which 

triggering of CD8+ T-cells responses can occur without de novo 

antigen synthesis within the APCs, was first described by Ulmer 

(1996)[92] and Fu (1997)[86] and provides an additional mechanism 

by which DNA immunisation can enhance immune responses. 

During cross priming, antigens or peptides expressed by DNA-

transfected myocytes or DCs presented in context of either MHC I or 

II can be taken up by professional APCs to prime T-cell responses. 

Thus, DNA-transfected myocytes or DCs may serve as antigen-

producing “factories” which magnify and maintain the immune 

response via cross priming[93,94]. 

6. Strategy of DNA immunisation in the development of 
clinical trial 

   The remarkable advance and diverse applications of DNA 

immunisation attracted the attention of many researchers as an 

alternative procedure for analysing the structure and expression of 

genes in general[95], studies for improving the treatment of several 

diseases[96-99], and clinical trials soon ensued. 

   Owing to the promise of DNA vaccines in studies using small 

animal model, clinical trials were soon ensued. The primary of a 
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few of phase I trials, performed almost 2 decades back, assessed 

the adequacy of a DNA vaccine targeting HIV-1 for therapeutic and 

prophylactic usage[100]. Subsequent studies conducted after that 

focused on other diseases such as cancer, human papillomavirus, 

hepatitis, malaria, influenza, and other HIV-1 antigens. 

   Nonetheless, the results of these early clinical trials were thwarting. 

The DNA vaccines were intact and well abide, yet they turned 

out to be inadequately immunogenic. The antibody titers induced 

has been found to be very low or absent; CD81 T-cell responses 

were desultory, and CD41 T-cell responses were of low frequency.  

However, these studies provide substantiation of connotation that 

DNA vaccines could safely induce immune responses[100]. Numerous 

improvements have been integrated into the present DNA vaccines, 

and these improvements have assist to gleam a revival of interest 

in the dais. Although the subsequent or the second generation DNA 

vaccines seem to influence towards both humoral and cellular 

immune responses regardless of animal models used, researchers 

suggested that new modified DNA vaccines can be more efficient 

by broadly activate CD8+ CTLs in larger animal models, compared 

with previous approved DNA methods[101]. The reduced level of 

immunogenicity of precocious DNA vaccines is speculated to stem, 

due to the inefficiency of cellular uptake of the inoculated plasmids. 

   Current research is focusing on developing neoteric approaches 

to promote transfection competence and improve other facets of the 

DNA platform. Such neoteric approaches involve optimization of 

the antigens encoded by the plasmids to increase antigen expression 

on a per-cell basis, enhance formulation, and inclusion of molecular 

adjuvants to promote and direct immune responses[99]. Up to date 

there are about 43 clinical trials evaluating DNA vaccines for viral 

and non-viral ailments recorded in the gene database clinical trials. 

The majority of the recorded trials are investigating vaccines for HIV 

and cancers. The remaining are investigating vaccines for human 

papillomavirus, malaria, influenza, and hepatitis B and C viruses[99]. 

Furthermore, in the available trials there is currently a lack of long-

term follow up. Ideally, the availability of data from randomized 

clinical trials featuring robust end points such as biochemical 

response, progression free and overall survival will provide 

categorical evidence for DNA vaccination’s potential.

7. Conclusions

   Development of the vaccines is one of the most astonishing 

and important applications in the field of immunology in the last 

century. It was a major achievement in the prevention of infectious 

diseases that saved the lives of millions of people. currently most of 

the licensed vaccines are conventional. DNA vaccine is potentially 

cheaper to produce than recombinant protein vaccines. It is much 

easier to transport and use, especially in developing countries. 

Importantly, DNA-based immunisation exhibits several advantages 

over conventional immunisation strategies that involved live-

attenuated or killed pathogens, proteins, or synthetic peptides. It 

incorporate many of the most attractive features of each approach. 

One of the important advantages of the DNA immunisation is that 

the immune response to immunisation can be directed to elicit either 

humoral or cellular immune responses or both without the need for 

live vectors or complex biochemical production techniques. The 

disadvantages of DNA vaccines are based mainly on the activation 

of oncogenes as well as elicitation of anti-DNA antibodies and low 

immunogenicity in vaccines. However, these issues are of concern 

and required to be resolved based on both scientific and clinical 

research studies.  
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Comments 

Background
   The review is mainly focused on the scientific and clinical 

approach in both the conventional and the new approach of DNA 

vaccines. During the last two decades, there has been formidable 

progress in the field of DNA immunization. This has been an 

outcome of new and better vectors, distinctive types of delivery 

strategies, which is activated by either the expression of DNA 

plasmid itself and/or by encoded proteins. The present review brings 

together primary data and up-to-date summaries and outlines the 

great leaps forward in utilizing DNA plasmids for immunizations and 

immune-therapies.

  

Research frontiers
   The present review depicts and illustrates the past and current 

trends of DNA vaccine, denoting the last two decades since the 

early substantiation of preclinical protection of vaccine. In general 

the present review brings together primary data and up-to-date 

summaries and outlines leaps forward in utilizing DNA plasmids for 

immunizations and immune-therapies. In addition the review gives 

sufficient information for the clinicians as well as the researchers to 

exploit the therapeutic drugs for the prophylaxis against the untreated 

diseases.

Related reports
   A large number of articles are available on immunization and DNA 

vaccination. However, the present work is different from previously 

published reports and reviews in the fact that it gives detailed 

information of the scientific and clinical applications as well as the 

updated technology of both conventional and DNA immunization. 

Also it reflects the basis of recent and excellent research works in 

such field with an excellent flow of data since an early stages of 

immunization.

Innovations and breakthroughs
   The authors have tried to present the history, current work and 

the future trends of immunisation with the new technology of 

DNA vaccine. The authors also illustrated the main advantages and 
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disadvantages of the old and new era of immunization and DNA 

vaccine in general, showing that the current conventional treatments 

are not satisfactory and are full of adverse effects. Moreover, the 

authors have taken note of the old and current reports with adequate 

references to build strong statements and polymerize our knowledge 

on the concept of DNA immunization by providing an excellent 

prediction of the future of DNA vaccination to understand. It is really 

interesting to see a review that summarizes and brings together 

all what has been said from an early stage of immunisation to the 

prediction of our future concept on DNA technology and vaccination.

  
Applications
   From the literature survey, the authors tried to demonstrate the 

applications with their drawbacks based on DNA vaccination, and 

showed the future prospects that whether or not it is safe or need an 

attention to rectify any major or minor issues related to human health 

and safety.

Peer review
   This is a valuable and systematic review in which the authors 

have clearly focused on the scientific and the clinical applications of 

DNA immunizations. The manuscript was witten in a way that was 

informative and unbiased with the general and current principles and 

concept of DNA vaccines technology and provided a summary of the 

novel approaches to the DNA vaccine, in parallel with its descriptive 

mechanism(s) of protective immunity induced.

References

[1]    Smith KA. Edward Jenner and the small pox vaccine. Front Immunol 

2011; 2: 21. 

[2]    Lakhani S. Early clinical pathologists: Edward Jenner (1749-1823). J 

Clin Pathol 1992; 45: 756-8.

[3]    Swayne DE, Spackman E. Current status and future needs in diagnostics 

and vaccines for high pathogenicity avian influenza. Dev Biol (Basel) 

2013; 135: 79-94.

[4]    McAleer WJ, Buynack EB, Maigetter RZ, Wampler DE, Miller WJ, 

Hilleman MR. Human hepatitis B vaccine from recombinant yeast. 

Nature 1984; 307: 178-80.

[5]    Lehner T, Bermeier L, Wang Y, Tao L, Mitchell E. A rational basis for 

mucosal vaccination against HIV infection. Immunol Rev 1999; 170: 

183-96.

[6]    Stevenson FK. DNA vaccines against cancer: from genes to therapy. Ann 

Oncol 1999; 10: 1413-8.

[7]    Waldmann PH, Cobbold S. T-cell regulation and transplantation 

tolerance. Curr Opin Organ Transplant 2000; 5: 83-9.

[8]    Matthews QL, Fatima A, Tang Y, Perry BA, Tsuruta Y, Komarova S, et 

al. HIV antigen incorporation within adenovirus hexon hypervariable 2 

for a novel HIV vaccine approach. PLoS One 2010; 5(7): e11815.

[9]    Rappuoli R. From Pasteur to genomics: progress and challenges in 

infectious diseases. Nat Med 2004; 10: 1177-85.

[10]  Sadanand S. Vaccination: the present and the future. Yale J Biol Med 

2011; 84(4): 353-9.

[11]  Kumar U, Kumar S, Varghese S, Chamoli R, Barthwa P. DNA Vaccine: 

a modern biotechnological approach towards human welfare and clinical 

trials. Int J Res Biomed Biotechnol 2013; 3(1): 17-20.

[12]  Germain RN. Vaccines and the future of human immunology. Immunity 

2010; 33: 441-50.

[13]  André FE. Vaccinology: past achievements, present roadblocks and 

future promises. Vaccine 2003; 21: 593-5.

[14]  Purcell AW, McCluskey J, Rossjohn J. More than one reason to rethink 

the use of peptides in vaccine design. Nat Rev Drug Discov 2007; 6: 

404-14.

[15]  Rappuoli R. Reverse vaccinology. Curr Opin Microbiol 2000; 3: 445-50.

[16]  Conaty S, Watson L, Dinnes J, Waugh N. The effectiveness of 

pneumococcal polysaccharide vaccines in adults: a systematic review 

of observational studies and comparison with results from randomized 

controlled trials. Vaccine 2004; 22: 3214-24. 

[17]  Lepow ML, Goldschneider I, Gold R, Randolph M, Gotschlich EC. 

Persistence of antibody following immunization of children with groups 

A and C meningococcal polysaccharide vaccines. Pediatrics 1977; 60: 

673-80.

[18]  Peltola H, Kayhty H, Virtanen M, Makela PH. Prevention of  

Hemophilus influenzae type b bacteremic infections with the capsular 

polysaccharide vaccine. N Engl J Med 1984; 310: 1561-6.

[19]  Makela PH, Peltola H, Kayhty H, Jousimies H, Pettay O, Ruoslahti E, 

et al. Polysaccharide vaccines of group A Neisseria meningtitidis and 

Haemophilus influenzae type b: a field trial in Finland. J Infect Dis 

1977; 136(Suppl): S43-50.

[20]  Peltola H, Makela H, Kayhty H, Jousimies H, Herva E, Hällström K, et 

al. Clinical efficacy of meningococcus group A capsular polysaccharide 

vaccine in children three months to five years of age. N Engl J Med 

1977; 297: 686-91. 

[21]  Makela PH, Kayhty H. Evolution of conjugate vaccines. Expert Rev 

Vaccines 2002; 1: 399-410.

[22]  Lai Z, Schreiber JR. Antigen processing of glycoconjugate vaccines; 

the polysaccharide portion of the pneumococcal CRM (197) conjugate 

vaccine co-localizes with MHC II on the antigen processing cell surface. 

Vaccine 2009; 27: 3137-44.

[23]  Avci FY, Kasper DL. How bacterial carbohydrates influence the adaptive 

immune system. Annu Rev Immunol 2010; 28: 107-30.

[24]  Pollard AJ, Perrett KP, Beverley PC. Maintaining protection against 

invasive bacteria with protein-polysaccharide conjugate vaccines. Nat 

Rev Immunol 2009; 9: 213-20.

[25]  Black SB, Shinefield HR, Hiatt RA, Fireman BH. Efficacy of 

Haemophilus influenzae type b capsular polysaccharide vaccine. Pediatr 

Infect Dis J 1988; 7: 149-56.  

[26]  Eskola J, Peltola H, Takala AK, Käyhty H, Hakulinen M, Karanko V, et 

al. Efficacy of Haemophilu sinfluenzae type b polysaccharide-diphtheria 

toxoid conjugates vaccine in infancy. N Engl J Med 1987; 317: 717-22. 

[27]  Schneerson R, Barrera O, Sutton A, Robbins JB. Preparation, 

characterization, and immunogenicity of Haemophilus influenzae type b 

polysaccharide-protein conjugates. J Exp Med 1980; 152: 361-76.

[28]  Costantino P, Norelli F, Giannozzi A, D’Ascenzi S, Bartoloni A, Kaur 

S, et al. Size fractionation of bacterial capsular polysaccharides for their 

use in conjugate vaccines. Vaccine 1999; 17: 1251-63.

[29]  Lakshman R, Finn A. Meningococcal serogroup C conjugate vaccine. 

Expert Opin Biol Ther 2002; 2: 87-96.

[30]  Black S, Klein NP, Shah J, Bedell L, Karsten A, Dull PM. 

Immunogenicity and tolerability of a quadrivalent meningococcal 

glycoconjugate vaccine in children 2-10 years of age. Vaccine 2010; 28: 



Sidgi Syed Anwer Abdo Hasson et al./Asian Pac J Trop Biomed 2015; 5(5): 344-353352

657-63.

[31]  Harrison LH, Trotter CL, Ramsay ME. Global epidemiology of 

meningococcal disease. Vaccine 2009; 27(Suppl2): B51-63.

[32]  Lo H, Tang CM, Exley RM. Mechanisms of avoidance of host 

immunity by Neisseria meningitidis and its effect on vaccine 

development. Lancet Infect Dis 2009; 9: 418-27.

[33]  Stephens DS. Biology and pathogenesis of the evolutionarily 

successful, obligate human bacterium Neisseria meningitidis. Vaccine 

2009; 27(Suppl2): B71-7. 

[34]  Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, 

Kerlavage AR, et al. Whole-genome random sequencing and assembly 

of Haemophilus influenzae Rd. Science 1995; 269: 496-512.

[35]  Tettelin H, Saunders NJ, Heidelberg J, Jeffries AC, Nelson KE, Eisen 

JA, et al. Complete genome sequence of Neisseria meningitidis 

serogroup B strain MC58. Science 2000; 287: 1809-15.

[36]  Pizza M, Scarlato V, Masignani V, Giuliani MM, Aricò B, Comanducci 

M, et al. Identification of vaccine candidates against serogroup B 

meningococcus by whole-genome sequencing. Science 2000; 287: 

1816-20.

[37]  Giuliani MM, Adu-Bobie J, Comanducci M, Aricò B, Savino S, 

Santini L, et al. A universal vaccine for serogroup B meningococcus. 

Proc Natl Acad Sci U S A 2006; 103: 10834-9.

[38]  Bambini S, Muzzi A, Olcen P, Rappuoli R, Pizza M, Comanducci 

M. Distribution and genetic variability of three vaccine components 

in a panel of strains representative of the diversity of serogroup B 

meningococcus. Vaccine 2009; 27: 2794-803.

[39]  Barocchi MA, Ries J, Zogaj X, Hemsley C, Albiger B, Kanth A, et 

al. A pneumococcal pilus influences virulence and host inflammatory 

responses. Proc Natl Acad Sci U S A 2006; 103: 2857-62.

[40]  Gianfaldoni C, Censini S, Hilleringmann M, Moschioni M, Facciotti 

C, Pansegrau W, et al. Streptococcus pneumoniae pilus subunits protect 

mice against lethal challenge. Infect Immun 2007; 75: 1059-62.

[41]  Mora M, Bensi G, Capo S, Falugi F, Zingaretti C, Manetti AGO, et 

al. Group A Streptococcus produce pilus-like structures containing 

protective antigens and Lancefield T antigens. Proc Natl Acad Sci U S 

A 2005; 102: 15641-6.

[42]  de Alvarenga Mudadu M, Carvalho V, Leclercq SY. Nonclassically 

secreted proteins as possible antigens for vaccine development: a 

reverse vaccinology approach. Appl Biochem Biotechnol 2015; 175: 

3360-70. 

[43]  Finco O, Frigimelica E, Buricchi F, Petracca R, Galli G, Faenzi E, 

et al. Approach to discover T- and B-cell antigens of intracellular 

pathogens applied to the design of Chlamydia trachomatis vaccines. 

Proc Natl Acad Sci U S A 2011; 108: 9969-74.

[44]  Maione D, Margarit I, Rinaudo CD, Masignani V, Mora M, Scarselli 

M, et al. Identification of a universal Group B Streptococcus vaccine 

by multiple genome screen. Science 2005; 309: 148-50.

[45]  Moriel DG, Bertoldi I, Spagnuolo A, Marchi S, Rosini R, Nesta B, et 

al. Identification of protective and broadly conserved vaccine antigens 

from the genome of extra intestinal pathogenic Escherichia coli. Proc 

Natl Acad Sci U S A 2010; 107: 9072-7.

[46]  Raman VS, Duthie MS, Fox CB, Matlashewski G, Reed SG. Adjuvants 

for Leishmania vaccines: from models to clinical application. Front 

Immunol 2012; 3: 144.

[47]  Delany I, Rappuoli R, De Gregorio E. Vaccines for the 21st century. 

EMBO Mol Med 2014; 6(6): 708-20.

[48]  Gurunathan S, Klinman DM, Seder RA. DNA vaccines: immunology, 

application, and optimization. Annu Rev Immunol 2000; 18: 927-74.

[49]  Delany I, Rappuoli R, Seib KL. Vaccines, reverse vaccinology, and 

bacterial pathogenesis. Cold Spring Harb Perspect Med 2013; 3(5): 

a012476.

[50]  Ramsay AJ, Ramshaw IA, Ada GL. DNA immunization. Immunol Cell 

Biol 1997; 75(4): 360-3.

[51]  Donnelly J, Berry K, Ulmer JB. Technical and regulatory hurdles for 

DNA vaccines. Int J Parasitol 2003; 33(5-6): 457-67.

[52]  Atanasiu P, Orth G, Rebiere JP, Boiron M, Paoletti C. [Production 

of tumors in the hamster by inoculation of desoxyribonucleic acid 

extracted from tissue cultures infected with polyoma virus]. C R Hebd 

Seances Acad Sci 1962; 13: 4228-30. French.

[53]  Wolff JA, Malone RW, Williams P, Chong W, Acsadi G, Jani A, et al. 

Direct gene transfer into mouse muscle in vivo. Science 1990; 247: 

1465-8.

[54]  Tang DC, DeVit M, Johnston SA. Genetic immunization is a simple 

method for eliciting an immune response. Nature 1992; 356(6365): 

152-4.

[55]  Wilson PC, Andrews SF. Tools to therapeutically harness the human 

antibody response. Nat Rev Immunol 2012; 12: 709-19.

[56]  Coban C, Kobiyama K, Aoshi T, Takeshita F, Horii T, Akira S, et al. 

Novel strategies to improve DNA vaccine immunogenicity. Curr Gene 

Ther 2011; 11(6): 479-84.

[57]  Ahmad S, Sweeney P, Sullivan GC, Tangney M. DNA vaccination 

for prostate cancer, from preclinical to clinical trials-where we stand? 

Genet Vaccines Ther 2012; 10(1): 9.

[58]  Koprowski H, Weiner DB. DNA vaccination/genetic vaccination. Curr 

Top Microbiol Immunol 1998; 226: V-XIII.

[59]  Khan KH. DNA vaccines: roles against diseases. Germs 2013; 3(1): 

26-35. 

[60]  Redding L, Weiner DB. DNA vaccines in veterinary use. Expert Rev 

Vaccines 2009; 8(9): 1251-76.

[61]  Becker PD, Noerder M, Guzmán CA. Genetic immunization: bacteria 

as DNA vaccine delivery vehicles. Hum Vaccin 2008; 4(3): 189-202.

[62]  Plotkin SA. Vaccines: past, present and future. Nat Med 2005; 11: 

S5–11.

[63]  Williams JA. Vector design for improved DNA vaccine efficacy, safety 

and production. Vaccines 2013; 1: 225-49.

[64]  Gurunathan S, Wu CY, Freidag BL, Seder RA. DNA vaccines: a key 

for inducing long-term cellular immunity. Curr Opin Immunol 2000; 

12(4): 442-7. 

[65]  Harrison RA, Bianco AE. DNA immunization with Onchocerca 

volvulus genes, Ov-tmy-1 and OvB20: serological and parasitological 

outcomes following intramuscular or GeneGun delivery in a mouse 

model of onchocerciasis. Parasite Immunol 2000; 22(5): 249-57.

[66]  Kalams SA, Parker S, Jin X, Elizaga M, Metch B, Wang M, et al. 

Safety and immunogenicity of an HIV-1 gag DNA vaccine with or 

without IL-12 and/or IL-15 plasmid cytokine adjuvant in healthy, 

HIV-1 uninfected adults. PLoS One 2012; 7(1): e29231.

[67]  Miura N, Shaheen SM, Akita H, Nakamura T, Harashima H. A KALA-

modified lipid nanoparticle containing CpG-free plasmid DNA as 

a potential DNA vaccine carrier for antigen presentation and as an 

immune-stimulative adjuvant. Nucleic Acids Res 2015; 43(3): 1317-



Sidgi Syed Anwer Abdo Hasson et al./Asian Pac J Trop Biomed 2015; 5(5): 344-353 353

31.

[68]  Van Drunen Littel-van den Hurk S, Loehr BI, Babiuk LA. 

Immunization of livestock with DNA vaccines: current studies and 

future prospects. Vaccine 2001; 19(17-19): 2474-9.

[69]  Liu MA. DNA vaccines: a review. J Intern Med 2003; 253(4): 402-10.

[70]  McDonnell WM, Askari FK. DNA vaccines. N Engl J Med 1996; 334: 

42-5.

[71]  Dhama K, Mahendran M, Gupta PK, Rai A. DNA vaccines and their 

applications in veterinary practice: current perspectives. Vet Res 

Commun 2008; 32: 341-56. 

[72]  Chuang I, Sedegah M, Cicatelli S, Spring M, Polhemus M, Tamminga 

C, et al. DNA prime/adenovirus boost malaria vaccine encoding P. 

falciparum CSP and AMA1 induces sterile protection associated with 

cell-mediated immunity. PLoS One 2013; 8(2): e55571.

[73]  Wang B, Ugen KE, Srikantan V, Agadjanyan MG, Dang K, Refaeli Y, 

et al. Gene inoculation generates immune responses against human 

immunodeficiency virus type 1. Proc Natl Acad Sci U S A 1993; 90(9): 

4156-60.

[74]  Raz E, Carson DA, Parker SE, Parr TB, Abai AM, Aichinger G, et al. 

Intradermal gene immunization: the possible role of DNA uptake in 

the induction of cellular immunity to viruses. Proc Natl Acad Sci U S 

A 1994; 91(20): 9519-23.

[75]  Sato Y, Roman M, Tighe H, Lee D, Corr M, Nguyen MD, et 

al. Immunostimulatory DNA sequences necessary for effective 

intradermal gene immunization. Science 1996; 273(5273): 352-4.

[76]  Diniz MO, Ferreira LC. Enhanced anti-tumor effect of a gene gun-

delivered DNA vaccine encoding the human papillomavirus type 16 

oncoproteins genetically fused to the herpes simplex virus glycoprotein 

D. Braz J Med Biol Res 2011; 44(5): 421-7.

[77]  Babiuk S, Baca-Estrada M, Babiuk LA, Ewen C, Foldvari M. 

Cutaneous vaccination: the skin as an immunologically active tissue 

and the challenge of antigen delivery. J Control Release 2000; 66(2-3): 

199-214.

[78]  Fiszer-Kierzkowska A, Vydra N, Wysocka-Wycisk A, Kronekova Z, 

Jarząb M, Lisowska KM, et al. Liposome-based DNA carriers may 

induce cellular stress response and change gene expression pattern in 

transfected cells. BMC Mol Biol 2011; 12: 27.

[79]  Garren H. DNA vaccines for autoimmune diseases. Expert Rev 

Vaccines 2009; 8(9): 1195-203. 

[80]  Ando S, Putnam D, Pack DW, Langer R. PLGA microspheres 

containing plasmid DNA: preservation of supercoiled DNA via 

cryopreparation and carbohydrate stabilization. J Pharm Sci 1999; 

88(1): 126-30.

[81]  Aggarwal N, HogenEsch H, Guo P, North A, Suckow M, Mittal SK. 

Biodegradable alginate microspheres as a delivery system for naked 

DNA. Can J Vet Res 1999; 63(2): 148-52.

[82]  Zhang L, Li L, Hoffmann GA, Hoffman RM. Depth-targeted efficient 

gene delivery and expression in the skin by pulsed electric fields: an 

approach to gene therapy of skin aging and other diseases. Biochem 

Biophys Res Commun 1996; 220(3): 633-6.

[83]  Wahren B, Liu MA. DNA Vaccines: recent developments and the 

future. Vaccines 2014; 2: 785-96.

[84]  Ault A, Zajac AM, Kong WP, Gorres JP, Royals M, Wei CJ, et al. 

Immunogenicity and clinical protection against equine influenza by 

DNA vaccination of ponies. Vaccine 2012; 30: 3965-74. 

[85]  Cao J, Jin YQ, Li W, Zhang B, He Y, Liu HQ, et al. DNA vaccines 

targeting the encoded antigens to dendritic cells induce potent 

antitumor immunity in mice. BMC Immunol 2013; 14: 39.

[86]  Fu TM, Ulmer JB, Caulfield MJ, Deck RR, Friedman A, Wang S, et 

al. Priming of cytotoxic T lymphocytes by DNA vaccines: requirement 

for professional antigen presenting cells and evidence for antigen 

transfer from myocytes. Mol Med 1997; 3(6): 362-71.

[87]  Condon C, Watkins SC, Celluzzi CM, Thompson K, Falo LD Jr. DNA-

based immunization by in vivo transfection of dendritic cells. Nat Med 

1996; 2(10): 1122-8.

[88]  Ulmer JB, Donnelly JJ, Parker SE, Rhodes GH, Felgner PL, Dwarki 

VJ, et al. Heterologous protection against influenza by injection of 

DNA encoding a viral protein. Science 1993; 259(5102): 1745-9.

[89]  Iwasaki A, Torres CA, Ohashi PS, Robinson HL, Barber BH. The 

dominant role of bone marrow-derived cells in CTL induction 

following plasmid DNA immunization at different sites. J Immunol 

1997; 159(1): 11-4.

[90]  Agadjanyan MG, Kim JJ, Trivedi N, Wilson DM, Monzavi-Karbassi B, 

Morrison LD, et al. CD86 (B7-2) can function to drive MHC-restricted 

antigen-specific CTL responses in vivo. J Immunol 1999; 162(6): 

3417-27.

[91]  Torres CA, Iwasaki A, Barber BH, Robinson HL. Differential 

dependence on target site tissue for gene gun and intramuscular DNA 

immunizations. J Immunol 1997; 158(10): 4529-32.

[92]  Ulmer JB, Sadoff JC, Liu MA. DNA vaccines. Curr Opin Immunol 

1996; 8: 531-6.

[93]  Chattergoon M, Boyer J, Weiner DB. Genetic immunization: a new era 

in vaccines and immune therapeutics. FASEB J 1997; 11(10): 753-63.

[94]  Li W, Wang SX, Lu S. Pilot study on the use of DNA priming 

immunization to enhance Y. pestis LcrV-specific B cell responses 

elicited by a recombinant LcrV protein vaccine. Vaccines 2014; 2: 36-

48. 

[95]  Harrison RA. Development of venom toxin-specific antibodies by 

DNA immunisation: rationale and strategies to improve therapy of 

viper envenoming. Vaccine 2004; 22(13-14): 1648-55.

[96]  Iyer SS, Amara RR. DNA/MVA vaccines for HIV/AIDS. Vaccines 

2014; 2: 160-78. 

[97]  Hammer SM, Sobieszczyk ME, Janes H, Karuna ST, Mulligan MJ, 

Grove D, et al. Efficacy trial of a DNA/rAd5 HIV-1 preventive vaccine. 

N Engl J Med 2013; 369: 2083-92. 

[98]  Nilsson C, Godoy-Ramirez K, Hejdeman B, Bråve A, Gudmundsdotter 

L, Hallengärd D, et al. Broad and potent cellular and humoral immune 

responses after a second late HIV-modified vaccinia virus Ankara 

vaccination in HIV-DNA-primed and HIV-modified vaccinia virus 

Ankara-boosted Swedish vaccinees. AIDS Res Hum Retroviruses 2014; 

30: 299-311. 

[99]   Felber BK, Valentin A, Rosati M, Bergamaschi C, Pavlakis GN. HIV 

DNA vaccine: stepwise improvements make a difference. Vaccines 

2014; 2: 354-79.

[100] Ferraro B, Morrow MP, Hutnick NA, Shin TH, Lucke CE, Weiner DB. 

Clinical applications of DNA vaccines: current progress. Clin Infect 

Dis 2011; 53(3): 296-302.

[101] Wang R, Doolan DL, Le TP, Hedstrom RC, Coonan KM, Charoenvit 

Y, et al. Induction of antigen-specific cytotoxic T lymphocytes in 

humans by a malaria DNA vaccine. Science 1998; 282: 476-80.


