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DNA vaccines: roles against diseases
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Abstract

Vaccination is the most successful application of immunological principles to human health.
Vaccine efficacy needs to be reviewed from time to time and its safety is an overriding consideration.
DNA vaccines offer simple yet effective means of inducing broad-based immunity. These vaccines work
by allowing the expression of the microbial antigen inside host cells that take up the plasmid. These
vaccines function by generating the desired antigen inside the cells, with the advantage that this may
facilitate presentation through the major histocompatibility complex. This review article is based on a
literature survey and it describes the working and designing strategies of DNA vaccines. Advantages and
disadvantages for this type of vaccines have also been explained, together with applications of DNA
vaccines. DNA vaccines against cancer, tuberculosis, Edwardsiella tarda, HIV, anthrax, influenza,
malaria, dengue, typhoid and other diseases were explored.
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Introduction

Communicable  diseases  represent a
worldwide  problem. The prevention of
communicable diseases is a public health priority.
The primary goal of vaccine research progress in
developing new vaccines is based on improved
understanding of the molecular pathology of
human disease and of the immune response in
mammals. DNA  (deoxyribonucleic  acid)
vaccination is a relatively new technology which
utilizes genetically engineered DNA to produce
an immunologic response. An important strategy
to achieve this aim is to use DNA plasmids
having antigens encoded on them. This antigen-
encoding DNA plasmid can induce humoral and
cellular immune response against parasites,
bacteria and disease-producing viruses.”> The
expression of the antigen-encoding gene can be
controlled by a strong mammalian promoter
which can be used on a plasmid backbone of
bacterial DNA."** Moreover various promoters,
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enhancers, and other elements were designed to
elevate expression of the encoded protein in
vaccine recipients. A number of vectors and the
DNA transfer technologies have been reported by
Khan also.™®

When transfected with DNA vaccines, cells
transcribe, translate, and express the encoded
proteins in the context of selfmajor
histocompatibility ~complex (MHC)."*’  An
important role in inducing immunity is played by
professional antigen presenting cells (APCs),
which are known to migrate to the primary
lymphoid organs when directly transfected in the
skin or muscle. In these organs they initiate an
immune response'®'? and cross-present antigen
produced by transfected non-immune cells such
as muscle cells.>"*"

Still experiments are in progress on nucleic
acid vaccines. This technology has been applied
on various bacterial, virus and parasitic models of
disease. Moreover it was also utilized on several
tumor models."® DNA vaccination emerged as a
strong and efficient means of eliciting cell
mediated and humoral responses in small animal
models against a number of antigens from
parasites and also from bacteria and viruses.'"*
In humans as well as in large outbred animals,
the efficiency of this vaccination has not been so
encouraging. It continues to remain an
immunological problem that has to be
overcome.”!
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This article is based on the modern as well as
the traditional methods for literature survey. The
search engines and databases wused were
ScienceDirect, PubMed, Google Scholar. The
keywords used for the literature review were
“DNA vaccine(s)”, “DNA vaccines, diseases” or
DNA vaccines, applications”. The keywords were
used alone or along with other related topics
(cancer, HIV, dengue, malaria, typhoid, etc). The
author used books as well as journals for the
preparation of this manuscript. The papers cited
in this article were not limited to a particular
region; articles in English, dating back five years,
including the year 2012, were considered, along
with some older papers of historic value.

The aim of this paper was to create awareness
about DNA vaccines, to describe the
construction, working and designing strategies of
DNA vaccines. This article has also explored the
advantages, disadvantages and applications of this
type of vaccines.

Construction of DNA vaccines

Genes of required interest coupled with a
suitable promoter are injected directly into
muscle or coated into gold micro particles and
“shot” into the skin by pressurized gas using a
gene gun. This can induce cellular and humoral
immunity in experimental animals for a longer
period of time. The mechanism appears to be
through uptake and expression of the DNA in
antigen  presenting  cells  (APCs).”  The
diagrammatic representation of DNA vaccines
has been shown in figure 1.

The host’s response to administration of
DNA vaccines is interconnected with the main
aim of the vaccine: to act on the immune system
and provide immunity to the host. The humoral
immune response is the host defense that is
mediated by antibodies present in the plasma,
lymph and tissue fluids. It protects against
extracellular bacteria and foreign
macromolecules. The cell mediated immune
response depends on antigen-specific T cells and
on various non specific cells of the immune
system. It protects against intracellular bacteria.

DNA vaccines raise both humoral and
cellular immunity. The injected gene of the
concerned DNA vaccine is expressed in the
injected muscle cell and also in nearby APCs.

The protein is made up of peptides which, after
being processing as endogenous antigens through
the MHC class I pathway, form the protein
encoded by the concerned DNA and are
expressed on the surface of both cell types. Cells
that present the antigen in the context of class I
MHC molecules stimulate development of
cytotoxic T cells. The protein encoded by the
injected DNA is also expressed as a soluble,
secreted protein. This is taken up and finally
processed, and presented through class [I MHC
molecules. This pathway provokes B-cell
immunity and generates antibodies and B-cell
memory against the protein. This response serves
to defend the host from the concerned
microorganism for which the particular DNA
vaccine has been made.”’

A. Gene gun
N B. Gold particle foreign DNA adduct
j induced into target cell
— Gold particle

—_——

Foreign DNA coding for antigen

Foreign DNA

C. Transcription
mRNA
D. Transport from nucleus and translation

Foreign antigen expressed

E. Antigen processing pathway

F. Foreign antigenic peptides presented
on host cell MHC, evoke cell mediated
. and humoral responses

Antigenic peptide

A) A gene gun is an instrument containing gold particles
having DNA coated on it for DNA vaccines. B) The gold
particle fired from the gene gun into the target cell gets
integrated into the DNA of the target cell. C) Transcription
takes place leading to the formation of mRNA. D) mRNA is
transported from the nucleus for translation to the form of
protein antigen. E) The expressed antigen enters into the
antigen-processing pathway. F) The foreign antigenic
peptides presented on host cell MHC evoke cell mediated
and humoral responses.

DNA deoxyribonucleic acid; MHC major histocompatibility
complex; mRNA messenger ribonucleic acid.

Figure 1. Diagrammatic representation for
the production of DNA vaccine
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The researchers later proposed three different
mechanisms  that  contribute  to  the
immunogenicity of DNA vaccines. First, the
antigens encoded by the DNA are presented by
somatic cells (myocytes or keratinocytes) to CD8
T cells through their MHC class 1 pathway.
Second, the DNA immunization results in direct
transfection of professional antigen presenting
cells (APC) (e.g. dendritic cells). Third, cross-
priming results from transfected somatic cells are
phagocytosed by professional APCs which then
present the antigens to T cells. As the muscle
cells are not up to the mark at presenting
antigens through MHC class I, the latter two
mechanisms appear to be more appropriate to
DNA vaccines.™*

Currently, attempts are also underway to
incorporate DNA into the nasal tissue by using
nasal drops. It should be noted that once inside
the cells of the recipient, the plasmid does not
replicate, but only expresses itself, and protein is
produced. Usually, bacterial plasmids are used,
and a gene encoding the antigen is inserted into
the control of mammalian promoter and this
chimeric plasmid is then introduced into the
recipient. The recipient cell then expresses the
foreign antigenic protein coded by the
introduced DNA into the host. The immune
system then responds to the antigen as to any
other antigen entering the body.”

Strategies for DNA vaccines

A number of features have to be kept in
mind while designing a DNA vaccine. The
selection of antigens, vector, delivery route, dose,
timing, adjuvants, and boosting agents will all
affect the outcome of vaccination. The reason
behind this is that they affect the magnitude and
quality of immunity elicited. The selection of
target antigens should be given the first priority
while designing a DNA vaccine. An individual
must select the genes from the pathogen and also
the form of the gene, whether the gene is
mutated or wild type, intracellular or membrane-
bound or secreted. After the selection of the
desired gene, one can proceed for its
modification to achieve the immunogenicity of
the DNA vaccine.

The vectors used for expression of the
antigen can also have a large impact on

immunogenicity. Promoters, enhancers, and
introns can affect the level of antigen expression.
Most DNA vaccine studies use plasmids carrying
promoters that constitutively yield high levels of
protein in most mammalian tissues. Additional
modifications can be made to increase protein
production in transfected host cells. The most
effective of these is codon optimization.

In order for a DNA vaccine to work, it is
essential to incorporate DNA coding an
appropriate antigen, to elicit the required
antibody response of the immune system. A
variety of factors may affect the route of choice.
DNA vaccines can be easily injected with needles.
They can be easily prepared in saline. The main
advantages of biolistic technology, such as Gene
Gun (Bio-Rad, USA) or Biojector 2000 (Bioject
Medical Technologies, USA) lie in the fact that
the technology possesses high efficiency.*

Advantages and disadvantages of DNA
vaccines

DNA vaccines appear to have certain
advantages over conventional vaccines, for
example the ability to induce a wider range of
types of immune response. A number of
advantages and disadvantages are listed in tables I
and II, respectively.

Advantages of DNA vaccines References
Inexpensive 27
Long-term persistence of immunogenicity 19
Subunit vaccination with no risk for infection 28

Antigen presentation by both MHC class I and class I~ 28
molecules

Ability to polarize T-cell help toward type 1 or type 2 28

Ease of development and production 27,28
Immune response focused only on antigen of interest 23
Stability of vaccine for storage and shipping 25

In vivo expression ensures that the protein resembles the 19
normal eukaryotic structure more closely, with
accompanying post-translational modifications

DNA vaccines are safer, more stable, and 29

easy to handle

DNA vaccines induce protective humoral and cellular 30
immune responses

DNA vaccines are heat stable 27
A mixture of plasmids could be used to form a broad 25

spectrum vaccine

Table I: Advantages of DNA vaccines
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Disadvantages of DNA vaccines

References

Limited to protein immunogens (not useful for non- 23
protein based antigens such as bacterial
polysaccharides). Certain vaccines, such as those for
pneumococcal and meningococcal infections, use
protective polysaccharide antigens

Inducing antibody production against DNA 25

May induce immunologic tolerance by antigens 25
expressed inside host body

DNA vaccines may have a relatively poor 31
immunogenicity

Atypical processing of bacterial and parasite proteins 28

Insertion of foreign DNA into the host genome may 25
cause the cell to become cancerous

Table II. Disadvantages of DNA vaccines

Applications of DNA vaccines

Tests of DNA vaccines in animal models
have shown that these vaccines are able to induce
protective immunity against a number of
pathogens including influenza and rabies viruses.
At present, human trials are under way with
several DNA vaccines, including those for
malaria, AIDS, influenza, Ebola and herpesvirus.
The author describes the current studies on DNA
vaccines in a number of diseases.

DNA vaccines against cancer

Cancer is a worldwide leading cause of death,
and several malignancies are incurable by
conventional therapies. Therefore, new anti-
tumor immunotherapies are necessary to improve
the outcome of patients with advanced cancer,
and DNA vaccines are reliable forms of
immunotherapy. DNA vaccines are a valuable
form of antigen-specific immunotherapy, as they
are safe, stable and can be easily produced.
Moreover, tumor-specific antigens are expressed
for a longer period of time as compared to RNA
or protein-based vaccines.’’

DNA vaccination has become an effective
strategy for the development of vaccines against
cancer, including cervical carcinoma (CC).
Persistent infection with human papillomaviruses
(HPV) is the main etiological factor in cervical
cancer, the second most common cancer in
women worldwide.”” The formation of CC is
associated with HPV infection. Viral E6 and E7
oncoproteins are suitable targets for therapeutic
vaccination. In this context, DNA vaccine against
HPV type 16 was reported.”

DNA vaccines against tuberculosis

Tuberculosis (TB) remains a major worldwide
health problem.” TB is driven by the acquired
immune response to the tubercle bacillus
Mycobacterium tuberculosis. Use of therapeutic
DNA vaccines is a promising strategy against TB.
DNA vaccine expression of 1L-2 and the HSP65
fusion gene was studied. It elevated the
immunogenicity and protective as well as
therapeutic effects of the HSP65-DNA vaccine
against TB in mice. This was achieved by
improving the Thl-type response’. Addition of
immunostimulatory motifs in the transcribed
region of a plasmid DNA vaccine elevated Th1l
immune responses and the therapeutic effect
against Mpycobacterium tuberculosis in murine
models.”” Recent studies have described the
efficacy of T-bet as Thl-inducing adjuvant in the
context of Ag85B DNA-based vaccination. It
could also prove to be a promising candidate for
DNA vaccine development against TB.*® A novel
TB DNA vaccine was reported to have been
synthesized. This vaccine utilizes an HIV-1 p24
protein backbone. It confers protection against
Mycobacterium  tuberculosis and simultaneously
elicits humoral and cellular response to HIV-1."

DNA vaccines against Edwardsiella tarda

Edwardsiella  tarda is a  Gram-negative
bacterium of the family Enterobacteriaceae. It is a
pathogen with a broad host range that includes
humans, animal, and fish.*** As a human
pathogen, E tarda is known to cause
gastroenteritis and is implicated in septicemia,
meningitis, and wound infections.”” Eta6 and
FliC are the antigens found in E tarda. These two
antigens are homologues to an ecotin precursor
and the FliC flagellin, respectively. They were
identified as a chimeric DNA vaccine. With the
above information, pCE6 was constructed, which
encodes an Eta6 fused inframe to FliC. pCE6
was observed to elicit elevated levels of protection
as compared to pEta6.*

DNA vaccines against HIV

Human immunodeficiency virus (HIV)
causes acquired immunodeficiency syndrome
(AIDS) and remains one of the most serious
threats to global health. Today there are no
vaccines to prevent HIV infection. As far as the
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knowledge of this author is concerned, all of the
candidates explored so far are in the experimental
stage. HIV-negative people were used to study the
effect of preventive vaccine candidates to see if
they can prevent infection.*’ The safety, stability,
and ability for repeated homologous vaccination
encourage the DNA vaccine platform as
important candidate for an effective HIV-1
vaccine. The immunogenicity of DNA vaccines
for HIV has been increased through
improvement of the DNA vector, through the
inclusion of molecular adjuvants, heterologous
prime-boost  strategies, and delivery with
electroporation.” The  principle  behind
electroporation is that it applies a small electric
field across the site of injection that causes
temporary membrane instability and produces an
electric gradient, which elevates the cellular
uptake of DNA. It is a useful technique as it
increases the transfection efficiency of DNA
vaccines in vivo.* Nanoparticles as drug-delivery
systems have also been explained by the Editor-in-
chief of this Journal in a previous editorial.* The
study of nanoparticles provides a strong platform
to combining protein- and DNA-based
vaccines/antiretrovirals which can help the
production, preclinical evaluation and the
clinical testing in the near future.*'

DNA vaccines against anthrax

Anthrax is an infectious zoonotic disease
caused by Bacillus anthracis, a sporeforming
encapsulated bacteria. In human beings, three
forms of anthrax have been recognized. They are
cutaneous, gastroenteritis and  pulmonary
forms.** This disease is not common in western
countries but the countermeasures against this
disease are important because the spores of B
anthracis can be used as bio-terror weapons.®
DNA vaccination resulted in varying degrees of
protection and appears to be a promising
approach in this field.* The immunogenicity and
efficacy of an anthrax/plague  DNA fusion
vaccine in a murine model has been described.*’

DNA vaccines against influenza

Each year, particularly in the months of
February and September, the World Health
Organization (WHO) recommends the influenza
viruses to be included in influenza vaccines for

the forthcoming winters in the Northern and
Southern hemispheres respectively. Generally,
influenza vaccines are often updated so as to be
most effective against newly emerging strains of
human influenza viruses that are likely to
circulate in the forthcoming influenza season.*
Influenza viruses A and B are associated with
significant morbidity and mortality in humans.
Influenza virions contain two major surface
glycoproteins,  hemagglutinin ~ (HA)  and
neuraminidase (NA), and these are the
predominant antigens of these viruses. Several
influenza genes have been evaluated as potential
DNA vaccine candidates, including HA, NA,
matrix protein (M1), nucleoprotein (NP) or
nonstructural protein  (NS1).*¥ An epidermal
DNA vaccine for influenza, immunogenic in
humans, has been reported.” Intramuscular
influenza HA DNA vaccines have been shown to
be immunogenic in preclinical models.”
Preparation and immunological effectiveness of a
swine influenza DNA vaccine encapsulated in
chitosan nanoparticles has also been reported.’’
Complete protection against a H5N2 avian
influenza virus by a DNA vaccine expressing a
fusion protein of HIN1 HA and M2e has been
described.”

DNA vaccine and malaria

Malaria is a major cause of disease and death.
Approximately half of the world's population is at
risk of malaria.”” The United States National
Institute of Health is supporting about ten
International Centers of Excellence for Malaria
Research throughout the world.” In South Asia,
India has more than three million square
kilometers of land, and vast amounts of these
lands are well suited for the breeding of
mosquitoes, leading to the propagation of
malaria parasites.”® Various strategies have been
developed to prevent this burden, aimed at
diagnosis, treatment, and vector control. DNA
vaccination is one of the novel approaches for
developing new generation vaccines against
malaria. Coated DNA vaccines have been shown
to exhibit good immunogenicity and show
protective levels of antigen-specific IgG, an
elevated proportion of CD4+, CD8+ T cells, INF-
vy and IL-12 levels in the serum and cultured
splenocyte supernatant, as well as INFy-
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producing cells in the spleen. An effective
delivery system for malaria vaccination has been
described for an NP-coated, MSP-1 DNA-based
vaccine which confers protection against lethal
Plasmodium yoelii infection in mouse models
across various routes of administration.”
Molecular adjuvants for malaria DNA vaccines
based on the modulation of hostcell apoptosis
have been described.” Field literature describes
Vaxfectin (Vical, USA) as having the ability to
elevate antibody response and T cell response to
each component of a 5-gene Plasmodium
falciparum plasmid DNA vaccine mixture.” It has
been hypothesized by some of the researchers
that a malaria therapeutical vaccine targeting the
erythrocyte stage of the parasite through
erythrocyte sickling can lower the parasite density
and also control the progression and severity of
this disease.”®

DNA vaccine against dengue

Dengue is a mosquito-transmitted infectious
disease. It also has an important impact on
human health globally. This disease has increased
dramatically in the past century throughout the
globe, and is now among the most common
causes of febrile illness in travelers.”” The human
immune system produces antibodies against a
number of dengue proteins, namely C, prM, E,
NS1, NS3, NS4B and NS5. Most of the anti-
dengue neutralizing antibody epitopes have been
mapped to the E protein. That is why the E gene
has been chosen for constructing DNA vaccines.
It has also been reported that the prM gene is
essential for the proper processing and folding of
the E protein and hence the prM gene has also
been included.®®" A number of DNA dengue
vaccine have also been studied and presented®
and a West Nile virus CD4+ T cell epitope
appears to improve the immunogenicity of
dengue  virus  serotype = 2
Immunogenicity and protective efficacy of a
Vaxfectin-adjuvanted tetravalent dengue DNA
vaccine has also been discussed.®*

DNA vaccine against typhoid

Salmonella  infection is a food borne

vaccines.®”

infection.” Typhoid fever is a prolonged febrile
illness caused by bacterium Salmonella typhi. It has
a global distribution and is a worldwide problem

as described by Khan et al.**” Typhoid can be
treated by using antibiotics.®*™ Vaccination®™
and herbal drugs®®® ™ also showed interesting
results.** A number of plants have been reviewed
by this author for their medicinal
assessment.”""™ Recently, a number of vaccines
against Salmonella have been developed including
live-attenuated as well as DNA vaccines and their
clinical trials exhibited promising results.”

Other diseases

A recent study has reported the efficacy of
DNA  vaccinegenerated  duck  polyclonal
antibodies as postexposure prophylaxis to
prevent hantavirus pulmonary syndrome.** The
development of DNA vaccines against foot-and-
mouth disease has also been studied in detail.”
The efficacy of Leishmania donovani ribosomal P1
gene as DNA vaccine in experimental visceral
leishmaniasis  has also been  reported.®
Development of a DNA vaccine targeting Merkel
cell polyomavirus has also been studied.** A
number of DNA vaccines against different
antigens and the concerned system in which the
vaccine was tested are listed in table III.

Name of DNA  Antigen against which System in which References

vaccine the DNA vaccine was the DNA vaccine
directed was experimented
e Eta6 Fish 40
peE!s FliC Fish 40
S iniae DNA Sial0 Fish (turbot 83
vaccine in the model -
form of plasmid Scophthalmus
pSial0 maximus)
pcDNA3-LT MCPyV Mice 82
DNA vaccine large T antigen (LT)
(aal-258)
pIDSial0 Sial0 Fish 83
pIDOmpU OmpU Fish 83
pSiVal Sial0 and OmpU Fish 83
Table III. DNA vaccines against different
antigens

Guidance on prophylactic DNA vaccines
The Center for Biologics Evaluation and
Research of the US Food and Drug

Administration (CBER/FDA) governs the
progress of clinical development of DNA
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vaccines. The function of CBER is to set and also
to implement vaccine policy by keeping in
consideration a number of laws and guidelines.**
Before proceeding for a human clinical trial, a
DNA vaccine has to be declared safe and
immunogenic. The CBER policy is to observe
and accumulate preclinical data in relevant
animal models. Mice can be used as a model for
preclinical study to confirm the immunogenicity
of the vaccine. Rabbits can be also used as an
animal model to study the acute and chronic
toxicity of the DNA vaccine.

A guideline was released in 1996 by the FDA
to assist the people engaged in developing DNA
vaccines. The name of the guidance document is
“Points to consider on plasmid DNA vaccines for
preventive infectious disease indications”.”™ The
document provided necessary information
regarding the pre-clinical and clinical issues
concerned with the development of DNA
vaccines. Moreover it also raised the safety
concerns to be taken into account by workers
before the starting of clinical trials. Further, the
guidance was revised in the year 2007 to
understand more preclinical and clinical issues
for DNA vaccine manufacturing.®*

The main aim of FDA guidance is to have a
full watch on the methods, processes and
facilities availed to manufacture vaccines so that
the vaccine be pure and potent. It also checks the
safety of vaccine before it goes on to clinical trial.

The guidance document framed during the
year 2007 explained that there is no requirement
of sponsor to perform a preclinical trail to assess
the effect of a vaccine on autoimmunity. It
further concluded that the established clinical
monitoring procedures were enough to asses any
adverse effect. Moreover the adverse effect also
includes autoimmune disease. Once a claim has
been made that the vaccination induces
protection in adults, preclinical studies in
appropriate animal models can help to study in
forward direction in younger individuals.

Conclusion

The field of DNA vaccination has recorded
significant progress during the past decades.
Better-designed constructs and promoters, as well
as novel delivery technologies have been tested in
animal models and advanced in the clinic. The

author explored the strategies for construction
and working of DNA vaccines. The applications
of DNA vaccines in different diseases were
highlighted. Much stress has to be required by
the researcher to develop DNA vaccines against
various diseases. It is also the requirement of the
present time to develop ways and means to
develop the vaccine in a limited period of time,
in order to help eradicate emerging infectious
diseases.
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