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a b s t r a C t

DNA vaccination is an attractive method for therapeutic 
vaccination against intracellular pathogens and cancer. 
This review provides an introduction into the DNA 
vaccination field and discusses the pre-clinical successes 
and most interesting clinical achievements thus far. 
Furthermore, general attributes, mechanism of action 
and safety of DNA vaccination will be discussed. Since 
clinical results with DNA vaccination so far show room 
for improvement, possibilities to improve the delivery 
and immunogenicity of DNA vaccines are reviewed. In 
the coming years, these new developments should show 
whether DNA vaccination is able to induce clinically 
relevant responses in patients. 
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W H a t  i s  d n a  V a C C i n a t i o n ?

DNA vaccination, or genetic vaccination, is the common 
name for vaccination methods that induce immunity 
by transfecting host cells with DNA that encodes an 
antigen, rather than by injecting antigens in the form of 
protein or peptide. Once transfected, cells of the host start 
producing the protein encoded by the DNA leading to an 
immune response against this protein along similar lines 
as responses that occur against conventional vaccines. 
Nonetheless DNA vaccines have clear advantages that we 
will address in the next paragraphs.
Currently, no DNA vaccines are registered for use in 
humans. Although some DNA vaccines are registered for 
veterinary use (e.g. a prophylactic West Nile virus DNA 

vaccine for horses1,2 and a therapeutic DNA vaccine for 
melanoma in dogs3,4) and plenty of reports show efficacy 
of DNA vaccination in non-human primates, evidence for 
efficacy in humans is scarce. However, there is an ongoing 
research effort aimed at putting the DNA vaccination 
platform to human use. Based on these studies the 
advantageous attributes of DNA vaccines have become 
clear.

G e n e r a l  a t t r i b U t e s  o f  d n a 
V a C C i n e s  a n d  a d V a n t a G e s 
o V e r  a l t e r n a t i V e  V a C C i n a t i o n 
P l a t f o r M s

In contrast to the complicated processes needed for 
vaccines such as attenuated viruses or subunit protein 
vaccines, plasmid DNA (pDNA) is easy to design and 
construct. Moreover, it is cheap and also relatively easy to 
manufacture. Furthermore, pDNA is fairly stable at room 
temperature5 again in contrast to attenuated viral vaccines, 
whose storage and global delivery are complicated by the 
need to keep the vaccines cold. Another attractive feature 
of DNA vaccines is that, since the antigen is made in situ, 
it will inherently get post-translationally modified in a 
similar way as during infection with the cognate pathogen. 
Another important attribute of DNA vaccination is that 
the protection induced by DNA vaccines tends to skew 
towards cellular immunity, which is believed to be crucial 
for successful vaccination against intracellular pathogens 
(e.g. viruses) and cancers.6,7 
Apart from these minor advantageous attributes, one 
feature of DNA vaccines stands out in comparison with 
vaccines based on vector systems such as modified 
vaccinia Ankara (MVA) and adenoviruses. This concerns 
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so-called ‘vector-specific immunity’: the phenomenon that 
pre-existing immunity against the vector decreases the 
efficacy of the vaccine. For example, in a study using an 
MVA-based vector, patients with pre-existing immunity 
against smallpox responded significantly less to vaccination 
than individuals without pre-existing immunity against 
the vector.8 It should be noted that a bias was present in 
this study though, as older patients were overrepresented 
in the group with pre-existing vector-specific immunity 
(smallpox immunisation was terminated in 1980) and 
ageing is associated with decreasing immune responses. 
However, in a study using an adenoviral-based HIV vaccine 
an attenuating effect of pre-existing adenoviral immunity 
was observed as well.9 A variant to this phenomenon 
is the situation in which, during consecutive boosts, 
the immunity directed against irrelevant components 
of a vaccine hampers that against the relevant antigen, 
resulting in loss of efficacy.10 
Besides loss of efficacy, vector-specific immunity may 
result in more serious side effects as illustrated in the 
STEP trial. This clinical trial used a modified adenovirus 
(strain Ad5) encoding HIV antigens11 and included 
individuals with both high and low titres of pre-existing 
antibodies directed against Ad5. The study was stopped 
for futility (i.e. it was obvious that vaccine efficacy would 
not be demonstrable). However, after extended follow-up, 
vaccinees with pre-existing anti-Ad5 antibodies showed 
higher infection rates with HIV within 18 months 
after vaccination than those in the placebo group.12 In 
individuals with low anti-Ad titres, no difference in HIV 
infection rate was observed. It has to be noted that despite 
substantial efforts, no causal link has been established 
between Ad5 seropositivity and HIV infection (PLoS 
One. 2012; 7(4): e33969). Nevertheless, these results 
highlight the need to increase our understanding of the 
role of anti-vector immunity in adenoviral- and MVA-based 
vaccination.
Contrary to adenoviral- and MVA-based vaccines, DNA 
vaccines consist simply of naked pDNA. Sometimes it is 
formulated with a synthetic carrier, but it never contains 
other antigens. Vaccination only leads to the production of 
those proteins that are specifically desired for the immune 
response. Hence, vector-specific immune responses do 
not arise. This facilitates regimens based on multiple 
consecutive boosts. Based on the fact that the majority 
of the current human vaccines require two or more 
administrations, it is unlikely that a single administration 
will suffice for novel vaccines against difficult targets such 
as HIV, mycobacteria or cancer. For such targets, a scenario 
in which multiple boosts are required during a lifetime 
for optimal protection seems more realistic. Even more 
so if protection depends on cellular immunity, as in the 
process of ageing cellular immunity wanes considerably.13 
Currently, only DNA, RNA, subunit and (long) peptide 

vaccines provide optimal ‘boostability’ in this respect since 
these platforms do not expose the vaccinee to potentially 
immunogenic moieties other than the antigen of choice.

M e C H a n i s M 

More than 20 years after its introduction, the mechanism 
of B- and T-cell induction after DNA vaccination is 
still only partly understood. Initial reports suggested 
a mechanism where the injected DNA transfected 
professional antigen presenting cells (pAPCs) present at 
the injection site, leading to their maturation, migration to 
the draining lymph node (DLN) and subsequent priming 
of T and B cells.14 However, this notion was contradicted 
by reports showing that DNA vaccines encoding antigens 
driven by myocyte-specific promoters were equally 
immunogenic as those driven by ubiquitous promoters.15 
Since myocytes can neither migrate to the DLN nor prime 
T cells (they do not express co-stimulatory molecules) it 
quickly became clear that pAPCs can ingest the antigen 
produced by myocytes and then prime the ensuing 
immune response. Surprisingly, apart from priming B 
and CD4+ T cells as part of a humoral response, these 
pAPCs also primed a strong cellular response consisting 
of CD8+ T cells. 
Why is this surprising? Exogenous antigen ingested 
by pAPCs localises to endocytic vesicles that fuse with 
the lysosome, leading to degradation of the contents. 
The antigenic fragments then get loaded onto MHC-II 
molecules to form an MHC-II-peptide complex that is 
targeted back to the cell membrane in order to stimulate 
cognate CD4+ T cells in the DLN (which in turn provide 
help for B-cell priming). The fact that these vesicles are 
known not to contain MHC-I molecules and hence do 
not generate MHC-I-peptide complexes for CD8+ T cell 
stimulation made this ‘priming pathway’ hard to swallow 
as the pathway responsible for CD8+ T-cell priming. 
However, in recent years various molecular mechanisms 
have been described that explain how antigens ingested 
by pAPCs are presented on MHC-I, leading to CD8 T 
cell stimulation. These mechanisms are referred to as 
‘cross-presentation’. The mechanism in which pAPCs 
get transfected themselves (the standard pathway for 
generation of MHC-I-peptide complexes in any cell) 
instead of ingesting the antigen, is referred to as ‘direct 
presentation’. Currently, it is clear that both pathways 
contribute to T-cell priming by DNA vaccines (See figure 

1 for a schematic diagram of antigen expression and 
presentation upon DNA vaccination).
In DNA vaccination the amount of antigen produced is 
very limited due to the low transfection efficiency of host 
cells by the pDNA. This limitation makes the quantity 
of antigen that is expressed by the transfected tissue the 
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figure 1. Schematic diagram of antigen expression and presentation upon DNA vaccination. DNA is taken up by 
cells via endocytosis or via direct cytosolic uptake. After endosomal escape, cytosolic trafficking and nuclear entry, the 
pDNA can be transcribed into mRNA, followed by intracellular translation of the antigen. For T-lymphocyte activation, 
antigens have to be presented in the context of MHC class I or MHC class II molecules in the presence of co-stimulatory 
molecules (such as CD80/86 and CD40). Since professional antigen presenting cells (pAPCs) are the only cell type that 
have both classes of MHC, can express co-stimulatory molecules and can migrate to the lymphatic system, their role 
in antigen presentation and T-lymphocyte activation is crucial. Via extracellular release by non-pAPCs or cell death, 
antigens can enter the MHC II pathway. Antigens produced by direct transfection of pAPCs are presented by MHC I. 
In addition, antigen intracellularly produced by non-pAPCs can enter the MHC class I pathway in pAPCs by a process 
called cross-presentation. (Reprinted from reference 58, with permission from Informa Healthcare)
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Achilles heel of the method. Therefore, it is crucial that the 
little antigen that is produced is maximally available for 
antigen presentation by pAPCs. As efficient presentation 
along each route requires different antigenic properties, 
it is very important to know whether priming occurs 
optimally via direct or cross presentation. At the moment 
this is unclear. Neither do we know what circumstances 
favour each pathway.
Besides the availability of antigen, both cross and direct 
presentations require maturation signals for the pAPCs 
in order to present the antigen. During infection with a 
pathogen these signals are provided by non-self ‘molecular 
patterns’ on the pathogen that are perceived by receptors on 
the pAPCs. These ‘pathogen-associated molecular patterns’ 
(PAMPs) ligate ‘pattern-recognition receptors’ (PRRs) on 
pAPCs leading to their maturation and migration to the 
DLN. Examples of common PAMPs are double-stranded 
RNA, components of the cell wall of gram-negative bacteria 
(LPS) and DNA sequences containing unmethylated 
cytosine-guanine DNA sequences (‘CpG’ sequences). These 
molecules are all scarce or absent in the host and abundant 
in viruses and bacteria. Hence they have evolved to 
provide the first ‘danger signal’ to be perceived by the host 
immune system upon infection. This signal appears to be 
indispensable for mounting a B- or T-immune response. 
In vaccines that do not contain live attenuated pathogens, 
this ‘danger signal’ is provided by so-called ‘adjuvants’. 
These are substances that are added to the formulation in 
order to trigger the PRRs of pAPCs, thereby providing the 
danger signal leading to their maturation and migration to 
the DLN. Contrary to this, DNA vaccines have long been 
thought to have adjuvancy by their own merit. Due to its 
bacterial origin, pDNA is abundant in unmethylated CpG 
sequences, which ligate a PRR on the pAPC that is named 
‘Toll-like receptor 9’ (TLR9). 
Surprisingly, DNA vaccination studies in TLR9 deficient 
(-/-) and proficient (+/+) mice have not pointed out a clear 
role for TLR9 and CpG motifs. Babiuk et al.16 found that 
TLR9+/+ and TLR9-/-mice mounted immune responses of 
similar potency. Most reports show that activation via TLR9 
is not necessary for the generation of immune responses 
by DNA vaccines,17,18 but does increase their potency to 
some extent. An explanation that accounts for this is that 
although CpG-mediated activation of DCs plays a role, 
other danger signals are generated during transfection 
of host tissue, making the TLR9 signal less critical. For 
example, in keratinocytes the presence of pDNA in the 
cytoplasm can be detected by other molecular sensors 
such as DAI (DNA-dependent activator of IFN-regulatory 
factors) and AIM-2 (absent in melanoma-2),19 resulting in 
the activation of a cell stress signalling complex named 
the inflammasome and leading to the production of 
immunogenic cytokines such as IL-1 and IL-18.

i n t e r e s t i n G  t r i a l  r e s U l t s

A number of human clinical trials of DNA vaccines have 
been performed or are ongoing for infectious diseases, 
as well as cancer and autoimmune diseases (reviewed in 
references 20 and 21). We will briefly summarise some of 
the results below. 
After an initial series of disappointing clinical trials in 
the early 1990s, the first moderately successful DNA 
vaccination result in humans was obtained with a malaria-
specific DNA vaccine.22 This trial demonstrated the 
emergence of vaccine specific T cells in the peripheral 
blood of 11 out of 20 malaria-naive volunteers after 
three intramuscular pDNA injections. The study did not 
assess clinical benefit. Similarly, gene gun administration 
of HBV DNA was able to induce antibodies in 12 out 
of 16 patients who had not responded to the licensed 
(recombinant protein based) vaccine.23 Although protection 
against HBV was not assessed, the induced antibody titres 
were considered protective based on data obtained with 
conventional HBV vaccines. 
Various other trials have provided proof of principle for the 
capacity of DNA vaccines to induce humoral and cellular 
immune responses in humans.23-26 However, the immune 
responses measured were not as robust as anticipated from 
the preclinical studies in any of these trials. For example, 
HIV-infected patients with high viral counts mounted 
a modest T-cell response against HIV Nef after DNA 
vaccination with a DNA vaccine encoding several HIV 
antigens,27 without any effect on viral counts. 
In an effort to combine the qualities of DNA vaccines 
with those of adenoviral- or MVA-based vaccines, 
so-called ‘heterologous prime-boost’ regimens have been 
developed. In these regimens the strong but broad (partly 
vector-specific) immunity induced by MVA- or adenoviral-
based vaccines gets focused on the relevant antigens by DNA 
vaccination, which is very specific but less potent. Usually, 
in these regimens the DNA vaccine comes first as a ‘prime’, 
followed by the vector-based vaccine as a ‘boost’. Particularly 
for HIV, where T cells may be the key to protection, many 
such trials have been performed and are ongoing, utilising 
boosts with modified adenoviruses28-30 or MVA.8,31-36

DNA priming followed by MVA boosting has been studied 
clinically37-39 for malaria vaccination with moderate 
success. One study that included a live malarial challenge 
following immunisation demonstrated that a DNA prime 
encoding the ME-TRAP antigen followed by an (ME-TRAP 
recombinant) MVA boost resulted in partial protection 
from challenge with live parasite.37 
Currently, worldwide 27 clinical trials involving DNA 
vaccination are ongoing (table 1, based on www.clinicaltrials.
gov). Notably, 15 of the 27 clinical trials are directed against 
tumour antigens, of which five against virus (HPV) 
derived tumour antigens. This illustrates that over the 
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last 20 years the focus of DNA vaccine development has 
shifted to tumour antigens, probably due to better funding 
opportunities in that field. In the Netherlands no clinical 
DNA vaccination studies are currently recruiting. However, 
in the first half of 2013 a phase I clinical trial will open at 
the Netherlands Cancer Institute/Antoni van Leeuwenhoek 
hospital for HPV-related cancer patients. 

s a f e t y  i n  P a t i e n t s

In general, DNA vaccines are considered safe for both 
patient and environment. Studies have reported good 
tolerability of DNA vaccines in humans and local reactivity 
at the injection site is the most commonly reported side 
effect in clinical trials thus far.26,40-42 Nonetheless, a major 
concern of using DNA vaccines in the clinic is the potential 
risk that genetic information of the plasmid is integrated in 
the host genome of somatic cells. Genomic integration can 
occur during random or homologous recombinations and 
might lead to the activation of oncogenes or the inactivation 
of tumour suppressor genes, potentially resulting in 
neoplastic transformation. This remote risk is worth 
considering when DNA vaccines are applied for therapeutic 
vaccination in young patients.
To provide a context in the assessment of this risk, it 
is generally accepted to compare the integration rate 
of pDNA with the spontaneous mutation frequency of 
autologous genes. Although this spontaneous mutation 
rate varies largely between genes and individuals (based 
on external factors such as smoking or UV exposure) 
2 x 10-6 spontaneous gene-inactivating mutations per 

gene is generally accepted as the standard value. This 
number is adapted from a study by Cole et al. in which the 
mutation frequency of three genes in circulating cells was 
determined in several hundred volunteers.43

To our knowledge, genomic integration of DNA vaccines 
in humans has never been studied in a similar setting, 
probably because of the difficulty to obtain a biopsy from 
the administration site. Nevertheless, several studies have 
analysed the integration of pDNA in animal models such 
as mice, rabbits and guinea pigs.44-49 Although genomic 
integration could be confirmed in these animal studies, 
integration rates were always several-fold lower than the 
spontaneous integration rate. Furthermore, the probability 
that a random integration occurs at a growth-regulatory 
gene (thus initiating oncogenesis) is even lower, since 
many integration events will be innocuous. Multiplying the 
low levels of integration observed with the low probability 
of interfering with growth-regulatory genes results in an 
extremely low risk of oncogenesis. Using mRNA instead of 
plasmid could theoretically annihilate the risk of genomic 
integration.50 Nevertheless, the high production costs and 
lower stability of mRNA constitute a limitation for the 
broad application of RNA vaccination.
Vertical transmission of vaccine-derived pDNA into 
germline cells is another potential risk of DNA vaccines. 
However, this only occurs when pDNA is injected 
directly into the gonads51 and not when DNA vaccines are 
administered in other tissues. This means that vertical 
transmission is not a relevant risk when DNA vaccines 
are administered via the common intramuscular and 
intradermal delivery routes.

d e l i V e r y  o f  d n a  V a C C i n e s

As discussed above, the clinical responses upon DNA 
vaccination thus far are rather disappointing. To overcome 
this, the DNA vaccination field is putting a lot of focus on 
optimisation of the delivery methods, carrier molecules 
and genetic optimisation of the construct used. Two 
administration routes are commonly used for the 
administration of DNA vaccines: intramuscular (IM) and 
intradermal (ID). Upon IM administration, the encoded 
antigen will primarily be produced in myocytes that 
can potentially transfer their antigen to pAPCs for cross 
presentation. This administration route will result in the 
highest levels of antigen expression but may not be the 
most immunogenic, since the frequency of pAPCs in 
muscle tissue is rather low. Although ID delivery of DNA 
vaccines does not lead to the amount of protein production 
that is obtained upon IM injection, it is potentially much 
more immunogenic, since the skin is the natural port 
d’entrée of pathogens and full with pAPCs ready to take up 
and present antigens. 

table 1. Number of trials worldwide involving DNA 
vaccination that are actively recruiting patients

disease number of trials 
currently open

HIV 8

CIN / Cervical cancer 4

Hepatitis B 1

Hepatitis C 1

HPV-related head/neck cancer 1

Influenza 1

Leukaemia 1

Lymphoma 2

Breast cancer 1

Prostate cancer 3

NET of skin (Merkel cell carcinoma) 1

Ovarian cancer 1

Pancreatic cancer 1

Allergy for Japanese Red Cedar 1

Cin = cervical intraepithelial neoplasia; HiV = human immunodefi-
ciency virus.
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In the past decade a large number of technical devices have 
been developed for IM and ID delivery of DNA vaccines. 
The ‘gene gun’, also referred to as biolistic particle delivery 
system, is a commonly used tool. This so-called ‘particle-
mediated epidermal delivery’ (PMED) method requires the 
pDNA to be coated onto cold particles in order to be shot 
into the skin.52 In a similar fashion DNA can been shot in 
surgically exposed muscle tissue.
Furthermore, electroporation (EP) is used as a strategy 
to increase the transfection of DNA vaccines upon IM 
or ID administration. EP uses short electrical pulses to 
destabilise cell membranes. Under optimal conditions, this 
will lead to the formation of transient pores, which allows 
the entrance of macromolecules such as DNA into the 
cell. It is thought that electro-permeabilisation is followed 
by electrophoretic displacement of the negatively charged 
DNA molecule into the cytoplasm of the cell. Several 
research groups and companies are developing EP-based 
devices for the delivery of DNA vaccines and some of 
these devices have already been tested in the clinic.26,42 
Jet injection, ultrasound and micro needles are other 
mechanical delivery methods that are currently under 
development for the delivery of DNA vaccines.53-55

Our group has developed a technique called DNA tattooing 
for the intradermal administration of DNA vaccines.56 We 
have shown that this strategy is highly immunogenic in 
mice and non-human primates.57 The potency of DNA 
tattooing is probably mediated by the abundance of danger 
signals that are generated in the damaged skin upon 
mechanical disruption by the tattoo needles. Clinical trials 
that are currently running should prove whether DNA 
tattooing is also immunogenic in patients. 
In addition to technical delivery devices, naked pDNA 
is often formulated into a synthetic carrier molecule/
nanoparticle composed of lipids or polymers, in order to 
increase pDNA stability and cellular uptake (reviewed in 
reference 58).

e f f o r t s  t o  i M P r o V e  d n a  V a C C i n e s 

Another common way to improve DNA vaccines is to 
increase the immunogenicity of the encoded antigen. 
Roughly two methods can be distinguished, 1) the addition 
of genetic adjuvants and 2) the modification of the gene 
encoding the antigen itself. A genetic adjuvant is a protein 
with adjuvant properties that is encoded by the pDNA 
together with the antigen and hence co-expressed with 
the antigen, bolstering the immune response towards this 
antigen. Examples are GM-CSF59-61 HGMB162 and IL-15.61 
Most often these adjuvants are encoded for by a separate 
plasmid that is admixed with the DNA vaccine. A more 
sophisticated way is to combine the genetic adjuvant and 
the antigen in one plasmid (i.e. in a bicistronic cassette). 
This last method ensures that any transfected cells express 
both the antigen and the adjuvant. 
Many different modification strategies have been suggested 
in order to optimise the immunogenicity of the antigen 
itself. We shall briefly discuss three common approaches, 
i.e. codon optimisation,63 addition of signal sequences64,65 
and genetic fusion to an entire protein or protein domain, 
referred to as a carrier protein. Codon optimisation means 
that the gene encoding the antigen is rewritten for optimal 
transcription and translation in the species that the vaccine 
is meant for. Within the redundancy of the genetic code 
the optimal tRNA for any amino acid varies from species 
to species. Especially when native prokaryotic or viral 
genes are used in DNA vaccines, codon optimisation can 
considerably augment its transcription in the eukaryotic 
cells of the vaccinated host.66

The addition of signal sequences can target the antigen to 
different subcellular compartments, thereby improving the 
immunogenicity of DNA vaccines.64,65,67 Moreover, by the 
addition of motifs with affinity for receptors on pAPCs that 
are involved in antigen uptake, antigens may be targeted 

table 2. Selected examples of carrier proteins known to improve the immunogenicity of HPV16 E7 or E6 encoding 
DNA vaccines

Carrier protein antigen Proposed mode of action reference

Mycobacterium tuberculosis HSP-70 E7 Provision of CD4+ T-cell help, increased antigen 
uptake by DC

Chen et al., 2000

Heat shock protein 60 E6, E7 Increased antigen uptake by DC Huang et al., 2007

Calreticulin E6, E7 Targeting of antigen into the antigen presentation 
pathway

Cheng et al., 2001; 
Peng et al., 2004

Extracellular domain of Flt3 ligand E7 Altered subcellular localisation/ increased antigen 
uptake by DC

Hung et al., 2001b

HSV VP22 E7 Antigen spreading, improved antigen stability Michel et al., 2002

E. coli β-glucoronidase E7 Enhanced stability/ altered subcellular localisation Smahel et al., 2004

Pseudomonas aeruginosa exotoxin A (domain II) E7 Enhanced cross presentation Hung et al., 2001a

Invariant chain with PADRE epitope insertion E6 Provision of CD4+ T cell help Wu et al., 2011

IP-10 E7 Enhanced antigen presentation, chemoattraction Kang et al., 2011

TTFC E6, E7 Provision of CD4+ help, increased antigen stability Oosterhuis et al., 2011; 
Stevenson et al., 2004
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to pAPCs with the intention to make their presentation 
more efficient.68

Fusion of the antigen to a carrier protein is another trick 
that is often employed in the design of DNA vaccines. To 
illustrate this, table 2 summarises popular carrier proteins 
used for fusions with HPV-16 E6 and E7. Although many 
different mechanisms have been postulated to explain 
the positive effect of such fusions on the immunogenicity 
of an antigen, we propose three mechanisms to be 
most important in this respect. Firstly, genetic fusions 
often affect the half-life of the antigen.69-71 We have 
shown that antigen half-life is a critical determinant of 
DNA vaccine immunogenicity.72 Allegedly this is because 
antigens that accumulate in the transfected cell are more 
efficiently cross-presented. Secondly, these carriers are 
often foreign proteins that are likely to contain CD4+ 
helper epitopes. Since DNA vaccine-induced CD8+ T-cell 
responses are strictly dependent on CD4+ T-cell help (as 
illustrated by the fact that MHC class II deficient mice 
do not mount detectable T-cell responses upon DNA 
vaccination73) at least part of the potentiating effect of any 
foreign carrier protein can be explained by the addition 
of CD4+ T-cell help. Thirdly, a carrier protein can affect 
the subcellular localisation of the antigen. Many of the 
commonly used carrier proteins (such as calreticulin and 
invariant chain) are likely to impact on the subcellular 
localisation of the antigen and hence may act via this 
mechanism. In this regard, localisation of E6 and E7 to the 
endoplasmic reticulum (ER) of a cell can increase the T-cell 
responses measured in peripheral blood by an unknown 
mechanism.74,75

We have recently developed so-called modular DNA 
vaccines74 and demonstrate that the addition of ER 
localisation/retention signals combined with a set of 
minimal CD4+ T-cell epitopes can tremendously improve 
the immunogenicity of HPV16 E6 and E7 encoding 
DNA vaccines. The key advantage of this approach is that 
besides the antigen only minimal additional sequences are 
added, thereby preventing off-target immune responses. 
In conclusion it can be said that many different strategies 
can be applied to improve the immunogenicity of antigens 
encoded in DNA vaccines. As the molecular mechanisms 
are being unravelled, the opportunities to rationally 
improve DNA vaccines become manifold. 

C o n C l U s i o n s

As discussed, DNA vaccines form an interesting platform 
for therapeutic vaccination against viral infections 
and cancers. Since mice to men translation appears 
to be extremely complex in DNA vaccination, future 
widespread clinical application depends on the successful 
development of new delivery techniques, adjuvants and 

the genetic optimisation of the plasmids used. Hopefully 
these improvements will eventually lead to DNA vaccine 
products that are immunogenic enough to be applied as a 
standalone modality in the clinic. 

r e f e r e n C e s

1. Davis BS, Chang GJ, Cropp B, et al. West Nile virus recombinant DNA 
vaccine protects mouse and horse from virus challenge and expresses 
in vitro a noninfectious recombinant antigen that can be used in 
enzyme-linked immunosorbent assays. J Virol. 2001;75:4040-7.

2. Kilpatrick AM, Dupuis AP, Chang G-JJ, Kramer LD. DNA vaccination of 
American robins (Turdus migratorius) against West Nile virus. Vector 
Borne Zoonotic Dis. 2010;10:377-80.

3. Bergman PJ, McKnight J, Novosad A, et al. Long-term survival of 
dogs with advanced malignant melanoma after DNA vaccination 
with xenogeneic human tyrosinase: a phase I trial. Clin Cancer Res. 
2003;9:1284-90.

4. Liao JCF, Gregor P, Wolchok JD, et al. Vaccination with human tyrosinase 
DNA induces antibody responses in dogs with advanced melanoma. 
Cancer Immun. 2006;6:8.

5. Naked Plasmid DNA Formulation: Effect of Different Disaccharides on 
Stability after Lyophilisation. AAPS Pharm Sci Tech. 2010;11:344-50.

6. Dudley ME, Wunderlich JR, Robbins PF, et al. Cancer Regression and 
Autoimmunity in Patients After Clonal Repopulation with Antitumor 
Lymphocytes. Science. 2002;298:850-4.

7. Ahmed R, Akondy RS. Insights into human CD8(+) T-cell memory using 
the yellow fever and smallpox vaccines. Immunol Cell Biol. 2011;89:340-5.

8. Gudmundsdotter L, Nilsson C, Brave A, et al. Recombinant Modified 
Vaccinia Ankara (MVA) effectively boosts DNA-primed HIV-specific 
immune responses in humans despite pre-existing vaccinia immunity. 
Vaccine. 2009;27:4468-74.

9. Frahm N, DeCamp AC, Friedrich DP, et al. Human adenovirus-specific 
T cells modulate HIV-specific T cell responses to an Ad5-vectored HIV-1 
vaccine. J Clin Invest. 2012;122:359-67.

10. Walsh SR, Seaman MS, Grandpre LE, et al. Impact of anti-orthopoxvirus 
neutralizing antibodies induced by a heterologous prime-boost HIV-1 
vaccine on insert-specific immune responses. Vaccine. 2012;31:114-9.

11. Buchbinder SP, Mehrotra DV, Duerr A, et al. Efficacy assessment of a 
cell-mediated immunity HIV-1 vaccine (the Step Study): a double-blind, 
randomised, placebo-controlled, test-of-concept trial. Lancet. 
2008;372:1881-93.

12. Duerr A, Huang Y, Buchbinder S, et al. Extended follow-up confirms 
early vaccine-enhanced risk of HIV acquisition and demonstrates waning 
effect over time among participants in a randomized trial of recombinant 
adenovirus HIV vaccine (Step study). J Infect Dis. In press.

13. Blackman MA, Woodland DL. The narrowing of the CD8 T cell repertoire 
in old age. Curr. Opin Immunol. 2011;23:537-42.

14. Garg S, Oran A, Wajchman J, et al. Genetic tagging shows increased 
frequency and longevity of antigen-presenting, skin-derived dendritic cells 
in vivo. Nat Immunol. 2003;4:907-12.

15. Loirat D, Li Z, Mancini M, Tiollais P, Paulin D, Michel ML. Muscle-specific 
expression of hepatitis B surface antigen: no effect on DNA-raised 
immune responses. Virology. 1999;260:74-83.

16. Babiuk S, Mookherjee N, Pontarollo R, et al. TLR9-/- and TLR9+/+ mice 
display similar immune responses to a DNA vaccine. Immunology. 
2004;113:114-20.

17. Tudor D, Dubuquoy C, Gaboriau V, Lefèvre F, Charley B, Riffault S. TLR9 
pathway is involved in adjuvant effects of plasmid DNA-based vaccines. 
Vaccine. 2005;23:1258-64.

18. Spies B, Hochrein H, Vabulas M, et al. Vaccination with plasmid DNA 
activates dendritic cells via Toll-like receptor 9 (TLR9) but functions in 
TLR9-deficient mice. J Immunol. 2003;171:5908-12.



116

a p r i l  2 0 1 3 ,  v o l .  7 1 ,  n o  3

Bins et al. Recent advances in clinical application of DNA vaccines.

19. Hornung V, Ablasser A, Charrel-Dennis M, et al. AIM2 recognizes 
cytosolic dsDNA and forms a caspase-1-activating inflammasome with 
ASC. Nature. 2009;458:514-8.

20. Liu MA. DNA vaccines: an historical perspective and view to the future. 
Immunol Rev. 2011;239:62-84.

21. Liu MA, Ulmer JB. Human clinical trials of plasmid DNA vaccines. Adv 
Genet. 2005;55:25-40.

22. Wang R, Doolan DL, Le TP, et al. Induction of antigen-specific 
cytotoxic T lymphocytes in humans by a malaria DNA vaccine. Science. 
1998;282:476-80.

23. Rottinghaus ST, Poland GA, Jacobson RM, Barr LJ, Roy MJ. Hepatitis 
B DNA vaccine induces protective antibody responses in human 
non-responders to conventional vaccination. Vaccine. 2003;21:4604-8.

24. Low L, Mander A, McCann K, et al. DNA vaccination with electroporation 
induces increased antibody responses in patients with prostate cancer. 
Hum Gene Ther. 2009;20:1269-78.

25. Roy MJ, Wu MS, Barr LJ, et al. Induction of antigen-specific CD8+ T cells, 
T helper cells, and protective levels of antibody in humans by particle-
mediated administration of a hepatitis B virus DNA vaccine. Vaccine. 
2000;19:764-78.

26. Chudley L, McCann K, Mander A, et al. DNA fusion-gene vaccination 
in patients with prostate cancer induces high-frequency CD8(+) 
T-cell responses and increases PSA doubling time. Cancer Immunol 
Immunother. 2012;61:2161-70.

27. Calarota SA, Leandersson AC, Bratt G, et al. Immune responses in 
asymptomatic HIV-1-infected patients after HIV-DNA immunization 
followed by highly active antiretroviral treatment. J Immunol. 
1999;163:2330-8.

28. Asmuth DM, Brown EL, DiNubile MJ, et al. Comparative cell-mediated 
immunogenicity of DNA/DNA, DNA/adenovirus type 5 (Ad5), or Ad5/
Ad5 HIV-1 clade B gag vaccine prime-boost regimens. J Infect Dis. 
2010;201:132-41.

29. Jaoko W, Karita E, Kayitenkore K, et al. Safety and immunogenicity study 
of Multiclade HIV-1 adenoviral vector vaccine alone or as boost following 
a multiclade HIV-1 DNA vaccine in Africa. PLoS ONE 2010;5:e12873.

30. Kibuuka H, Kimutai R, Maboko L, et al. A phase 1/2 study of a multiclade 
HIV-1 DNA plasmid prime and recombinant adenovirus serotype 5 
boost vaccine in HIV-Uninfected East Africans (RV 172). J Infect Dis. 
2010;201:600-7.

31. Cebere I, Dorrell L, McShane H, et al. Phase I clinical trial safety of DNA- 
and modified virus Ankara-vectored human immunodeficiency virus type 
1 (HIV-1) vaccines administered alone and in a prime-boost regime to 
healthy HIV-1-uninfected volunteers. Vaccine. 2006;24:417-25.

32. Goonetilleke N, Moore S, Dally L, et al. Induction of multifunctional 
human immunodeficiency virus type 1 (HIV-1)-specific T cells capable of 
proliferation in healthy subjects by using a prime-boost regimen of DNA- 
and modified vaccinia virus Ankara-vectored vaccines expressing HIV-1 
Gag coupled to CD8+ T-cell epitopes. J Virol. 2006;80:4717-28.

33. Guimarães-Walker A, Mackie N, et al. Lessons from IAVI-006, a phase I 
clinical trial to evaluate the safety and immunogenicity of the pTHr.HIVA 
DNA and MVA.HIVA vaccines in a prime-boost strategy to induce HIV-1 
specific T-cell responses in healthy volunteers. Vaccine. 2008;26:6671-7.

34. Jaoko W, Nakwagala FN, Anzala O, et al. Safety and immunogenicity of 
recombinant low-dosage HIV-1 A vaccine candidates vectored by plasmid 
pTHr DNA or modified vaccinia virus Ankara (MVA) in humans in East 
Africa. Vaccine. 2008;26:2788-95.

35. Peters BS, Jaoko W, Vardas E, et al. Studies of a prophylactic HIV-1 
vaccine candidate based on modified vaccinia virus Ankara (MVA) with 
and without DNA priming: effects of dosage and route on safety and 
immunogenicity. Vaccine. 2007;25:2120-7.

36. Sandström E, Nilsson C, Hejdeman B, et al. Broad immunogenicity of 
a multigene, multiclade HIV-1 DNA vaccine boosted with heterologous 
HIV-1 recombinant modified vaccinia virus Ankara. J Infect Dis. 
2008;198:1482-90.

37. Dunachie SJ, Walther M, Epstein JE, et al. A DNA prime-modified 
vaccinia virus ankara boost vaccine encoding thrombospondin-related 
adhesion protein but not circumsporozoite protein partially protects 
healthy malaria-naive adults against Plasmodium falciparum sporozoite 
challenge. Infect Immun. 2006;74:5933-42.

38. Moorthy VS, Imoukhuede EB, Milligan P, et al. A randomised, 
double-blind, controlled vaccine efficacy trial of DNA/MVA ME-TRAP 
against malaria infection in Gambian adults. PLoS Med. 2004;1:e33.

39. Vuola JM, Keating S, Webster DP, et al. Differential immunogenicity of 
various heterologous prime-boost vaccine regimens using DNA and viral 
vectors in healthy volunteers. J Immunol. 2005;174:449-55.

40. Vardas E, Stanescu I, Leinonen M, et al. Indicators of therapeutic effect 
in FIT-06, a Phase II trial of a DNA vaccine, GTU(®)-Multi-HIVB, in 
untreated HIV-1 infected subjects. Vaccine. 2012;30:4046-54.

41. Kalams SA, Parker S, Jin X, 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:e29231.

42. Bagarazzi ML, Yan J, Morrow MP, et al. Immunotherapy Against HPV16/18 
Generates Potent TH1 and Cytotoxic Cellular Immune Responses. Sci 
Transl Med. 2012;4:155ra138.

43. Cole J, Skopek TR. International Commission for Protection Against 
Environmental Mutagens and Carcinogens. Working paper no. 3. Somatic 
mutant frequency, mutation rates and mutational spectra in the human 
population in vivo. Mutat Res. 1994;304:33-105.

44. Pal R, Yu Q, Wang S, et al. Definitive toxicology and biodistribution study 
of a polyvalent DNA prime/protein boost human immunodeficiency virus 
type 1 (HIV-1) vaccine in rabbits. Vaccine. 2006;24:1225-34.

45. Manam S, Ledwith BJ, Barnum AB, et al. Plasmid DNA vaccines: tissue 
distribution and effects of DNA sequence, adjuvants and delivery method 
on integration into host DNA. Intervirology. 2000;43:273-81.

46. Martin T, Parker SE, Hedstrom R, et al. Plasmid DNA malaria vaccine: 
the potential for genomic integration after intramuscular injection. Hum 
Gene Ther. 1999;10:759-68.

47. Nichols WW, Ledwith BJ, Manam SV, Troilo PJ. Potential DNA vaccine 
integration into host cell genome. Ann N Y Acad Sci. 1995;772:30-9.

48. Wang Z, Troilo PJ, Wang X, et al. Detection of integration of plasmid 
DNA into host genomic DNA following intramuscular injection and 
electroporation. Gene Ther. 2004;11:711-21.

49. Sheets RL, Stein J, Manetz TS, et al. Biodistribution of DNA plasmid 
vaccines against HIV-1, Ebola, Severe Acute Respiratory Syndrome, or 
West Nile virus is similar, without integration, despite differing plasmid 
backbones or gene inserts. Toxicol Sci. 2006;91:610-9.

50. Ulmer JB, Mason PW, Geall A, Mandl CW. RNA-based vaccines. Vaccine. 
2012;30:4414-8.

51. Gao Y-S, Huang T-H, Wang D, Xie Q-D, Kang X-J. In vivo study on vertical 
transmission of the HIV-1 gag gene via mouse oocytes. Curr HIV Res. 
2009;7:562-8.

52. Jones S, Evans K, McElwaine-Johnn H, et al. DNA vaccination protects 
against an influenza challenge in a double-blind randomised placebo-
controlled phase 1b clinical trial. Vaccine. 2009;27:2506-12.

53. Bahloul C, Taieb D, Diouani MF, et al. Field trials of a very potent rabies 
DNA vaccine which induced long lasting virus neutralizing antibodies and 
protection in dogs in experimental conditions. Vaccine. 2006;24:1063-72.

54. Taniyama Y, Tachibana K, Hiraoka K, et al. Development of safe and 
efficient novel nonviral gene transfer using ultrasound: enhancement of 
transfection efficiency of naked plasmid DNA in skeletal muscle. Gene 
Ther. 2002;9:372-80.

55. Prow TW, Chen X, Prow NA, et al. Nanopatch-targeted skin vaccination 
against West Nile Virus and Chikungunya virus in mice. Small. 
2010;6:1776-84.

56. Bins AD, Jorritsma A, Wolkers MC, et al. A rapid and potent DNA 
vaccination strategy defined by in vivo monitoring of antigen expression. 
Nat Med. 2005;11:899-904.

57. Verstrepen BE, Bins AD, Rollier CS, et al. Improved HIV-1 specific T-cell 
responses by short-interval DNA tattooing as compared to intramuscular 
immunization in non-human primates. Vaccine. 2008;26:3346-51.

58. Van den Berg JH, Nuijen B, Schumacher TN, et al. Synthetic vehicles for 
DNA vaccination. J Drug Target. 2010;18:1-14.

59. Loudon PT, Yager EJ, Lynch DT, et al.. GM-CSF increases mucosal and 
systemic immunogenicity of an H1N1 influenza DNA vaccine administered 
into the epidermis of non-human primates. PLoS ONE 2010;5:e11021.



117

a p r i l  2 0 1 3 ,  v o l .  7 1 ,  n o  3

Bins et al. Recent advances in clinical application of DNA vaccines.

60. Katae M, Miyahira Y, Takeda K, et al. Coadministration of an interleukin-12 
gene and a Trypanosoma cruzi gene improves vaccine efficacy. Infect 
Immun. 2002;70:4833-40.

61. Eickhoff CS, Vasconcelos JR, Sullivan NL, et al. Co-administration of a 
plasmid DNA encoding IL-15 improves long-term protection of a genetic 
vaccine against Trypanosoma cruzi. PLoS Negl Trop Dis. 2011;5:e983.

62. Fagone P, Shedlock DJ, Bao H, et al. Molecular adjuvant HMGB1 
enhances anti-influenza immunity during DNA vaccination. Gene Therapy. 
2011;18:1070-7.

63. Ko H-J, Ko S-Y, Kim Y-J, Lee E-G, Cho S-N, Kang C-Y. Optimization of 
Codon Usage Enhances the Immunogenicity of a DNA Vaccine Encoding 
Mycobacterial Antigen Ag85B. Infect Immun. 2005;73:5666-74.

64. Brulet J-M, Maudoux F, Thomas S, et al. DNA vaccine encoding 
endosome-targeted human papillomavirus type 16 E7 protein generates 
CD4+ T cell-dependent protection. Eur J Immunol. 2007;37:376-84.

65. Ji H, Wang T-L, Chen C-H, et al. Targeting Human Papillomavirus Type 16 
E7 to the Endosomal/Lysosomal Compartment Enhances the Antitumor 
Immunity of DNA Vaccines against Murine Human Papillomavirus Type 
16 E7-Expressing Tumors. Hum Gene Ther. 1999;10:2727-40.

66. Uchijima M, Yoshida A, Nagata T, Koide Y. Optimization of codon 
usage of plasmid DNA vaccine is required for the effective MHC class 
I-restricted T cell responses against an intracellular bacterium. J Immunol. 
1998;161:5594-9.

67. Loera-Arias MJ, Martínez-Pérez AG, Barrera-Hernández A, et al. Targeting 
and retention of HPV16 E7 to the endoplasmic reticulum enhances 
immune tumour protection. J Cell Mol Med. 2010;14:890-4.

68. Deliyannis G, Boyle JS, Brady JL, Brown LE, Lew AM. A fusion DNA vaccine 
that targets antigen-presenting cells increases protection from viral 
challenge. Proc Natl Acad Sci. U.S.A. 2000;97:6676-80.

69. Michel N, Osen W, Gissmann L, Schumacher TN., Zentgraf H, Müller 
M. Enhanced Immunogenicity of HPV 16 E7 Fusion Proteins in DNA 
Vaccination. Virology. 2002;294:47-59.

70. S̆mahel M, Pokorná D, Macková J, Vlasák J. Enhancement 
of immunogenicity of HPV16 E7 oncogene by fusion with E. coli 
β-glucuronidase. J Gene Med. 2004;6:1092-101.

71. Oosterhuis K, Öhlschläger P, Van den Berg JH, et al. Preclinical 
development of highly effective and safe DNA vaccines directed against 
HPV 16 E6 and E7. Int J Cancer. 2011;129:397-406.

72. Bins AD, Wolkers MC, Van den Boom MD, Haanen JBAG, Schumacher 
TNM. In Vivo Antigen Stability Affects DNA Vaccine Immunogenicity. J 
Immunol. 2007;179:2126-33.

73. Wolkers MC, Brouwenstijn N, Bakker AH, Toebes M, Schumacher TNM. 
Antigen bias in T cell cross-priming. Science. 2004;304:1314-7.

74. Oosterhuis K, Aleyd E, Vrijland K, Schumacher TN, Haanen JB. Rational 
Design of DNA Vaccines for the Induction of Human Papillomavirus 
Type 16 E6- and E7-Specific Cytotoxic T-Cell Responses. Hum Gene Ther. 
2012;23:1301-12.

75. Isaji K, Kawase A, Matono M, Guan X, Nishikawa M, Takakura Y. Enhanced 
CTL response by controlled intracellular trafficking of antigen in dendritic 
cells following DNA vaccination. J Control Release. 2009;135:227-33.


