
In the last 15 years, there have been many advances in the
fi eld of DNA vaccines, with thousands of publications and
numerous clinical trials for a variety of diseases such as 
HIV, hepatitis B (HBV) and malaria. In July 2005 the USDA 
licensed the fi rst DNA-based vaccine for West Nile virus for 
horses, illustrating the potential of this technology for pre-
vention of infectious disease. However, there are no current 
DNA vaccine approaches in Phase 3 studies for treatment or 
prevention of human disease and consequently improvements 
in this vaccine platform are important.

Comparisons with traditional vaccines
In theory, DNA vaccines have several advantages over tradi-
tional vaccination strategies. Their safety profi le is attractive. 
Hazards with live attenuated viral vaccines, including rever-
sion to virulent forms, spread to unintended individuals and 
integration into the hosts do not occur with DNA vaccines 
and acute minor side-effects of vaccine-associated replication, 
such as fevers, pain at the injection site and malaise, may 
be less prevalent. This could change as more adjuvanted 
forms of DNA are developed. Also, plasmid vector engineer-
ing is much easier than the viral manipulation required to 
develop live attenuated and killed viral vaccines, since any 
antigen can be encoded in a simple-to-manipulate plasmid 
form.

 It is also possible to induce immune responses to viral 
antigens that are not seen in natural infection. Many viruses, 
such as smallpox, have genes that are involved in immune 
evasion which can redirect the immune response, thus prevent-
ing or modulating it in favour of the pathogen. However, 
DNA vaccines can deliver the antigen free of the constraints 
of viral replication, thus driving immune responses against 
less dominant antigens and epitopes. Inducing immune res-
ponses to antigens not seen due to immune evasion by a 
pathogen presents important options for vaccine design.
 As plasmid-delivered antigens are produced in vivo they are 
customized by the host and can assume native conformations. 
This is a clear advantage for the induction of neutralizing anti-
bodies which are highly dependent on antigen structure. 
This advantage can also facilitate novel antigen design which 
uses host processing pathways to facilitate antigen folding in 
vivo.
 Plasmid vaccines allow mixing of multiple plasmids which 
can drive immune responses against diverse antigen cocktails 
in a single formulation. Furthermore, plasmids that encode 
immune adjuvants to enhance the response can be included 
as part of the same vaccine platform. Plasmid vectors can also 
be produced in large quantities using bacterial fermentation 
in a process where isolation of the fi nal product is relatively 
simple. In future, improved DNA synthesis approaches, with 
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F
or decades in viral and tu-
mour biology studies, DNA
and RNA have been deliv-
ered in vivo, resulting in
gene expression and sero-
conversion to the delivered 

antigens. In 1985 Dubensky and col-
leagues demonstrated in vivo expres-
sion after plasmid delivery and in 1990 
Wolff and colleagues, demonstrated 
that an intramuscular (IM) injection 
of plasmid DNA was able to express a 
plasmid-encoded gene. These fi ndings 
shifted the focus of in vivo vector 
delivery and soon these approaches 
were being applied to vaccine delivery 
which resulted in successful elicitation 
of immune responses in vivo.

 Computer artwork of a DNA molecule 
unwinding. Phanatomix / Science Photo 
Library
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the consequent removal of subsequent
purifi cation steps, may further simpli-
fy the production process and improve
the cost benefi t ratio. The high stability 
and ease of transport of the DNA are 
also important aspects of products des-
tined for vaccine development, especi-
ally those for vaccines that will be 
administered in the developing world.
 Even with these advantages, there 
are still challenges to be overcome for 
this platform to reach its potential. Al-
though DNA vaccines have proved to 
be highly immunogenic in small ani-
mal models, the same level of immuno-
genicity has yet to be seen in non-human 
primate models and more important-
ly in human clinical trials. Another 
challenge facing the fi eld is increas-
ing the antibody responses induced 
by DNA immunization, which have been 
particularly weaker than expected in 
primates and humans based on the 
results from mice. While there are many 
important approaches being pursued 
to address these problems (Table 1), 
here we will focus on two methods just 
entering the clinic and being intensively 
watched: plasmid-encoded cytokine 
adjuvants and enhancement of DNA 
delivery through electroporation.

Cytokine adjuvants
Cytokines enhance the immune res-
ponse to an antigen in a number of 
important ways. They can aid in the 
antigen-specifi c activation and prolifer-
ation of immune cells, thus improv-
ing T cell help, and can also specifi cally 
tailor the immune response using 
individual cytokines that stimulate 
different arms of the immune response. 

Cytokines that have been tested as DNA 
vaccine adjuvants can be divided into 
two categories according to the cell type 
on which they act: antigen-presenting 
cells (APCs) or T lymphocytes.
 Of the cytokines that recruit, activate,
and enhance the function of APCs, gran-
ulocyte-macrophage colony-stimulating 
factor (GM-CSF) has been extensively 
studied. In murine models, plasmid GM-
CSF elicits stronger responses from CD4 
T cells and recruits cellular infi ltrates 
of dendritic cells and can improve inter-
feron production from CD8 T cells 
in an antigen-specifi c manner. It has 
been studied as a plasmid vaccine adju-
vant in non-human primates and as 
an adjuvant in Phase I clinical trials for 
a malaria vaccine. In contrast to its 
potent boosting activity in mice, pri-
mate studies showed only minimal 
immune enhancement of antibody res-
ponses and in humans it is unclear 
if plasmid-delivered GM-CSF signifi -
cantly improves vaccine responses. The 
reasons for these differences are un-
known, but refl ect the diffi culty of 
specifi c translation of mouse results to 
primates.
 More recently, plasmid-encoded 
chemokines, such as MIP-1 and 
RANTES, have also been used as adju-
vants in HIV and herpes simplex 
virus (HSV) vaccine studies where they 
were shown to increase cellular im-
mune responses. A recent study by 
Baruch and colleagues at Harvard 
combined these approaches by inclu-
ding in their DNA vaccine a chemo-
kine to attract APC and a maturation 
factor for DC Flt3L. This resulted 
in improved immunogenicity in vivo

by both attracting and maturing 
APC.
 Cytokines that increase the activation, 
proliferation and function of T cells 
have been tested in numerous vaccine 
studies. The importance of IL-2 in T 
cell proliferation made it one of the fi rst 
cytokine adjuvants to be tested. Other 
Th1 cytokines have also been used as 
they regulate the T-cell-mediated im-
mune response. In particular both IL-12
and IL-15 as plasmid adjuvants are 
moving into clinical study. Both have 
improved cellular immune responses 
of plasmid antigens in non-human 
primate studies. Accordingly, the out-
come of these early human studies will 
be eagerly awaited.
 Some safety concerns have been 
raised regarding the administration of 
cytokine adjuvants, including persist-
ent cytokine expression, chronic im-
mune stimulation, anti-cytokine anti-
body induction and cytokine-specifi c 
toxicities. However, such outcomes 
have not yet been observed in pre-
clinical toxicology studies in several 
species, including primates, nor in 
clinical studies.

Electroporation
Enhancing plasmid delivery to target 
cells is another strategy for improving 
the effi cacy of DNA vaccines. In 
vivo electroporation following plasmid 
injection is one method. It utilizes 
electrical pulses to temporarily induce 
pores in cellular membranes, which 
facilitates DNA delivery to target cells. 
The two most common routes of ad-
ministration are intramuscular and 
intradermal.

 Electroporation has been used in the delivery of DNA
vaccines for HBV, HIV, infl uenza and prostate cancer among 
others. Although no standard conditions are yet agreed for 
electroporation as reported by different research groups, many 
reports show an increase in cellular and humoral responses 
over that observed by DNA vaccine immunization alone.
 There have been several reports that DNA vaccine delivery 
with electroporation substantially increases antibody res-
ponses in mice and non-human primates. When compared 
to intramuscular injection alone, electroporation is able to 
induce higher antibody production with signifi cantly less 
DNA (Fig. 1). In a mouse infl uenza model, a single immun-
ization with plasmid-encoded neuraminidase followed by 
electroporation was able to protect mice from lethal challenge. 
Furthermore, electroporation of bioactive plasmids directly 
into tumours has shown promise in animal models.
 However there are concerns that the use of electroporation 
in DNA vaccine delivery will increase the chances that vaccin-
ation will drive plasmid integration. One study identifi ed 
four integration events in mice which were injected with 
a plasmid containing the erythropoietin gene and then 
electroporation was applied. This is an increase compared 
to the background rates of integration observed for intra-
muscular injection alone. While this is a concern, the in-
creased rate of integration is still below the environmental 
spontaneous rate of mutation. It is important to develop new 
electroporation protocols and probes that minimize the risk 
of integration.
 There is a degree of trauma associated with most 
current forms of electroporation. This limits its use in the 
prophylactic arena. To make this technology feasible for 
broader human vaccination studies, the trauma induced by 
electroporation must be minimized. More benign methods, 
such as intradermal delivery, lower voltage and shorter pulse 
lengths that produce similar delivery and immune potency 
should be pursued to make this technology more acceptable 
for routine vaccinations. Studies in non-human primates are 
critically important in this regard. However, it is likely that 
the current technology is important in immune therapy such 
as the treatment of cancer, which has recently entered human 
clinical study. The results are eagerly anticipated. Studies 
should be designed to monitor both disease outcome and 

quantitative humoral and cellular immune potency to allow 
comparisons with data from other DNA vaccines studies in 
prophylactic settings.

Summary
DNA vaccines have the potential to be a safer and more 
effective alternative to current vaccine modalities. However 
several problems must be addressed before there is a licensed 
human DNA vaccine. Increasing the immunogenicity of DNA 
vaccines is the most important challenge facing the fi eld. 
While we have discussed only a few current approaches, 
clearly this is a very exciting area that is likely to continue to 
surprise and fascinate vaccine researchers for years to come. 
Undoubtedly one of the strategies outlined in Table 1 will be 
used in the fi rst large-scale human studies of a DNA vaccine. 
Their ease of use combined with the inherent fl exibility of 
engineering DNA will provide many opportunities for clinical 
programme development of this important technology. It is 
likely that DNA vaccines will ultimately contribute greatly to 
the control and treatment of human infectious disease and 
cancer.
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Table 1. Some current approaches to increasing DNA vaccine potency.

Antigen expression Gene optimization; codon bias changes for mammalian cells; improved mRNA 
stability; vector optimization; leader sequence design; RNA export systems

Adjuvants Cytokines; chemokines; co-stimulatory molecules; toll-targeting adjuvants 
(CPG); saponins

Vaccination strategy Combining DNA prime with a protein or live viral or bacterial vector boost

Plasmid delivery Electroporation; gene gun; formulations – PLG microspheres; lipids; 
microcarriers; lipofectins; local anaesthetics

 Fig. 1. Groups of mice (n=5), were immunized twice with poxviral 
antigens by either intramuscular (IM) injection alone () or 
IM injection followed by electroporation (). Mice that were 
immunized with electroporation received 5 µg of each antigen 
and mice that were immunized with IM injection alone were given 
100 µg of each antigen. Sera were collected from mice after each 
immunization and antibody responses to the poxviral antigen were 
determined by ELISA. Although the amount of DNA used in the 
electroporated group was 20 times less than that of the IM group, 
antibody responses following immunization in this group were up to 
fi vefold higher than the response induced by IM injection alone.
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