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Introduction

Adaptive immunity consists of a highly variable repertoire of 
antigen receptors expressed on the surface of CD4+ and CD8+ 
T (cellular response), and B cells (humoral response), which rec-
ognize infected host cells and microbial pathogens, respectively. 
The initiation of an adaptive immune response depends on the 
specific interaction between T cell receptor (TCR) expressed by 
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DNA vaccines have emerged as an attractive strategy to 
promote protective cellular and humoral immunity against 
the encoded antigen. DNA vaccines are easy to generate, 
inexpensive to produce and purify at large-scale, highly stable 
and safe. In addition, plasmids used for DNA vaccines act as 
powerful “danger signals” by stimulating several DNA-sensing 
innate immune receptors that promote the induction of 
protective adaptive immunity. The induction of tumor-specific 
immune responses represents a major challenge for DNA 
vaccines because most of tumor-associated antigens are normal 
non-mutated self-antigens. As a consequence, induction 
of potentially self-reactive T cell responses against such 
poorly immunogenic antigens is controlled by mechanisms 
of central and peripheral tolerance as well as tumor-induced 
immunosuppression. Although several DNA vaccines against 
cancer have reached clinical testing, disappointing results have 
been observed. Therefore, the development of new adjuvants 
that strongly stimulate the induction of antitumor T cell 
immunity and counteract immune-suppressive regulation is an 
attractive approach to enhance the potency of DNA vaccines 
and overcome tumor-associated tolerance. Understanding 
the DNA-sensing signaling pathways of innate immunity that 
mediate the induction of T cell responses elicited by DNA 
vaccines represents a unique opportunity to develop novel 
adjuvants that enhance vaccine potency. The advance of DNA 
adjuvants needs to be complemented with the development 
of potent delivery systems, in order to step toward successful 
clinical application. Here, we briefly discuss recent evidence 
showing how to harness DNA-induced immune response to 
improve the potency of cancer vaccines and counteract tumor-
associated tolerance.
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naïve T cells and a cognate peptide–major histocompatibility 
protein complex (peptide–MHC) on the surface of antigen-pre-
senting cells (APC).1 Among all APCs, dendritic cells (DCs) have 
the unique capacity to efficiently induce the activation of naïve 
CD8+ and CD4+ T cells during an adaptive immune response.2 
Effector CD8+ cytotoxic T lymphocytes (CTLs) recognize and 
kill cells that present the respective epitope/MHC I complex, 
such as infected cells expressing viral or bacterial antigens and 
tumor cells expressing tumor antigens, whereas effector CD4+ T 
helper (Th) cells recognize epitopes in complex with MHC class 
II molecules and secrete diverse cytokines that modulate immune 
responses and thus promote the elimination of pathogens and 
tumors.

Traditional and Recombinant Vaccines

The immune system is highly efficient in recognizing and 
destroying invading pathogens and transformed cells, and 
stimulates strong immune responses specific for such agents 
conferring crucial protection against disease. For more than 
a century vaccines have been the most effective approach to 
prevent and guard against a wide range of diseases caused by 
viruses and bacteria and still continues to be one of the most 
cost-effective public health measures.3 The effectiveness of 
vaccines lies in their ability to induce protective adaptive immune 
responses that can last for decades. More than two centuries 
have passed since 1796, when Edward Jenner generated the first 
vaccine based on the transference of cowpox pus that conferred 
protection against the poxvirus to the patients. The name vaccine 
is derived from this procedure (in latin, vaccinus = cow).4 Almost 
a century later, Louis Pasteur developed the first bacterial vaccine 
utilizing attenuated bacterial cultures for anthrax treatment. 
In the early 1920s, toxoid or protein subunit vaccines appeared 
for the treatment of tetanus and diphtheria and almost two 
decades later, John Franklin Enders and Jonas Salk championed 
the development and production of virus vaccines for polio 
treatment. Current licensed vaccines commonly consist of killed 
(inactivated) or live-attenuated pathogens or pathogen subunits 
that elicit humoral and cellular immune responses. One of the 
most effective vaccines ever made is the live attenuated yellow 
fever-17D vaccine (YF-17D). The great efficacy of this vaccine 
lies in the coordinated activation of multiple pattern recognition 
receptors (PRRs) and downstream master transcription factors 
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plasmid is easy to generate and fairly inexpensive to produce and 
purify in large quantities. The same production platform can 
be used for plasmids encoding any protein, obviating expensive 
purification procedures for each particular antigen. DNA vac-
cines are also very stable, thus facilitating long-term storage. 
Plasmids employed for DNA vaccines are non-infectious, non 
self-replicating (in mammals) and there is virtually no genomic 
integration after plasmid administration. It is no surprise then 
that DNA vaccines have been demonstrated to be safe in clinical 
trials.17 Importantly, plasmids employed for DNA vaccines are 
able to act as a powerful danger signal that trigger several innate 
immune receptors to initiate the production of immune-stimu-
latory molecules, the maturation of APCs and the induction of 
protective adaptive immunity.18

DNA-Mediated Innate Immune Activation

The interaction between DNA and DNA-sensing receptors is 
the initiating step to induce an adaptive immune response. Once 
the antigen-encoding plasmid is delivered to the organism, plas-
mid DNA or the expressed antigen is taken up by APCs, such as 
macrophages or DCs. The DNA-encoded antigen is then pro-
cessed and presented on MHC to T cells.19,20 DNA itself acts as a 
powerful “built-in” adjuvant that provides the pro-inflammatory 
context necessary for maturating APCs that are able to induce 
effective immune responses.18 Accordingly, it was demonstrated 
that the immune-stimulatory effects of alum, one of the few adju-
vants approved for human use, are mediated by immunogenic 
DNA released from dying cells.21

Toll-like receptor (TLR) 9 is the most studied DNA sen-
sor, which preferentially recognizes unmethylated CpG motifs 
from bacterial and viral DNA within endocytic vesicles, a com-
mon entry route for pathogens, and triggers the activation of 
nuclear factor-kappa B (NF-κB) and activating protein-1 (AP-1) 
transcription factors that lead to the production of type I IFNs 
and proinflammatory cytokines.22,23 Although initially TLR9 
was described as a receptor unique in its ability to sense foreign 
DNA, studies showed that TLR9 knockout mice and cells were 
still able to respond to DNA, suggesting that other DNA-sensing 
receptors could be involved in DNA recognition.24 Indeed, new 
DNA sensors have been described, including: DNA-dependent 
activator of interferon-regulatory factors (DAI, also known as 
ZBP1 or DLM-1),25 absent in melanoma 2 (AIM2),26,27 IFI-16,28 
leucine-rich repeat flightless-interacting protein1 (LRRFIP1)29 
and DNA-dependent RNA polymerase III (Pol-III).30,31 DAI rec-
ognizes double-stranded DNA (dsDNA) present in the cytosol 
in a sequence-independent but length-dependent fashion, and 
triggers the expression of type I IFNs, chemokines and proin-
flammatory cytokines via two distinct signaling pathways.32 
One pathway involves DAI mediated phosphorylation of the 
TANK-binding kinase-1 (TBK-1) and subsequent activation of 
the transcription factor IFN regulatory factor (IRF) 3.25,32 The 
second pathway requires phosphorylation of the receptor inter-
acting protein-1 kinase (RIP-1), leading to phosphorylation of 
IκB-α, and the subsequent activation of the transcription fac-
tor NF-κB.33 Similarly, interferon-inducible protein IFI16 also 

that integrate innate and adaptive immunity.5,6 PRRs are a group 
of evolutionary conserved receptors predominantly expressed on 
innate immune cells that detect pathogen-associated molecular 
patterns (PAMPs), and initiate the production of cytokines, type 
I Interferons (IFNs) and chemokines to promote activation and 
maturation of an immune response.7,8

Recombinant DNA technology has proved to be useful in 
the generation of entirely customizable vaccines, allowing for the 
selection and expression of only the desired antigen or antigens. 
This also reduces the risk of exposure to live pathogens during 
the manufacturing process as well as during administration.9 
Thus, using this technology a new generation of vaccines are 
being produced that can be lauded for their safety, simplicity and 
versatility. An important advantage of these kinds of vaccines 
over traditional ones lie in the opportunity to generate vaccines 
against non-infectious diseases, like cancer, in which the specific 
target antigens have been identified. Recombinant antigens can 
be delivered either as purified proteins or encoded in both viral 
and non-viral genetic vectors. The first recombinant protein 
vaccine available was the Hepatitis B vaccine, which consists of 
virus-like particles (VLP) that have Hepatitis B antigen (HBsAg) 
expressed on the surface of the virus. These VLPs are purified 
from cultures of genetically engineered Saccharomyces cerevisiae, 
and are delivered as a vaccine in combination with aluminum 
hydroxide as adjuvant.10,11 This vaccine was licensed in 1986 but 
it took almost 20 years before the second recombinant protein 
vaccine, protecting against the human papilloma virus (based on 
the L1 structural protein), became approved using a very similar 
technical approach.12 One of the main reasons for having such 
a low number of recombinant protein vaccines in the market is 
that these vaccines lack multiple PAMPs. This lack of PAMPs 
leads directly to a decreased stimulation of innate immunity in 
contrast to traditional vaccines and, therefore requires the devel-
opment of more immunogenic adjuvants. Unfortunately, despite 
two centuries of vaccine development, relatively little is known 
about how traditional vaccines stimulate the innate immune sys-
tem and which PRR/PAMP downstream signaling pathways are 
required to induce protective immune responses. For this reason, 
only a few adjuvants have been approved for human use.

DNA Vaccines

DNA-mediated immunization began in the early ‘90s with dem-
onstrations that in vivo injection of plasmid DNA encoding the 
influenza A nucleoprotein led to protective necleoprotein-specific 
CTL response. This showed that the host’s cellular machinery 
itself could translate, process and present the DNA encoded 
antigens to elicit an adaptive immune response such as occur-
ring during typical virus infection. The CTLs generated were 
able to protect from a subsequent challenge with different strains 
of influenza A virus, as measured by decreased viral lung titers, 
inhibition of mass loss, and increased survival.13-15 Since then, 
DNA vaccines have been developed to treat a broad spectrum of 
diseases including cancer, allergy, autoimmunity and infectious 
diseases.16 This type of vaccine has several advantages over other 
immunization strategies, such as, the desired antigen-encoding 
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TLR9 promotes Signal Transducer and Activator of Transcription 
(STAT) 3 activation in DCs, decreasing the production of pro-
inflammatory cytokines and chemokines thus constraining the 
induction of both innate and adaptive immune responses.38 
As expected, STAT3 ablation in the hematopoietic compart-
ment increases proinflamatory cytokine production and greatly 
improves the therapeutic effect of intratumoral CpG oligonucle-
otide administration.38 Recently, Miles et al. has assigned a direct 
tolerogenic role to TLR9 by driving IL-10 production in B cells 
stimulated with apoptotic cells.39 This effect was abrogated in B 
cells lacking TLR9 or when treating apoptotic cells with DNase, 
showing a direct effect of the DNA recognition over the TLR9-
mediated immunosuppressive effect.39 In another study, IFI16 
has been shown to mediate anti-inflammatory effects observed 
by type I IFNs by directly associating with AIM2 and block-
ing AIM2 functionality by inhibiting the AIM2-ASC inflam-
masome-mediated activation of caspase-1.40 Thus, it seems that 
DNA-induced innate immune activation is a self-limiting process 
that is important for initiating adaptive immune responses but 
needs to be tightly regulated to avoid self-injury.

DNA Vaccination Against Cancer

DNA vaccines have shown to be particularly efficient in induc-
ing specific MHC class I–restricted CTLs and MHC class II–
restricted CD4+ Th1 cells, which are important in controlling 
cells infected with intracellular pathogens and malignantly 
transformed cells. Induction of protective T cell responses has 
been demonstrated in mice immunized against a variety of 
antigens, including hepatitis B surface and core antigens,41-43 
HIV Env and Gag antigens,44,45 listeriolysin O from Listeria 

mediates the induction of IFN-I through the activation of IRF3 
and NF-κB by recruiting the stimulator of interferon genes 
(STING) protein.28 AIM2 recognizes DNA and activates the 
inflammasome, a multiprotein complex that activate caspase-1 
to induce the proteolysis and secretion of interleukin (IL)-1β and 
IL-18.34 The recently described DNA sensor LRRFIP1 recruits 
and phosphorylates β-catenin, promoting IRF3 phosphorylation 
and the induction of type I IFNs.29 Pol-III is different from the 
aforementioned DNA-sensing receptors; since Pol-III transcribes 
AT-rich cytosolic dsDNA into AU-rich dsRNA that in turns acts 
as a ligand for the cytosolic RNA sensor RIG-I, leading to type 
I IFN production.30,31 A summary of DNA signaling pathways is 
schematized in Figure 1.

The importance of DNA-induced innate immune activation 
for the immunogenicity of DNA vaccines is confirmed by studies 
showing that adaptive immune response elicited by DNA vacci-
nation was almost completely abrogated in mice lacking adaptor 
proteins involved in some of these DNA recognition pathways, 
such as TBK-1 or STING.31 These studies have shown that the 
IRF3-type I IFN signaling axis is the main mechanism that dic-
tates the immunogenicity of DNA vaccines.35,36 However, we 
have evidence demonstrating that neither IRF337 nor type I IFN-
receptor but rather NF-κB is essential for the induction of antitu-
mor T cell responses by intradermal DNA vaccination, through 
a cytosolic DNA sensing-mediated mechanism (Ligtenberg et al., 
unpublished data).

Although it is known that DNA promotes the generation of 
immune-stimulatory signals, DNA can also induce immuno-
suppressive pathways involved in the regulation of the immune 
response, which could potentially dampen the immune response 
triggered by DNA vaccines. For example, it has been shown that 

Figure 1. Signaling pathways of innate immunity involved in DNA-sensing. DNA can be recognized by different sensors, including TLR9, DAI, AIM2, 
IFI16 and LRRFIP1. As result of downstream signaling, NF-κB and IRF transcription factors become activated to promote the expression of different 
proinflammatory cytokines and IFN-α/β.
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Tumor-Associated Tolerance  
and Immunosuppression

One of the key characteristics of the immune system is the 
ability to discriminate between self and non-self-antigens. 
During the establishment of central tolerance in the thymus, 
self-reactive T cell clones are deleted by a process known as 
negative selection.66 Alternatively, self-reactive T cells can be 
transformed into natural Foxp3+ regulatory T cells (nTregs), a 
T cell subset with immunosuppressive properties that limit the 
magnitude of effector T cell responses.67 As consequence of 
central tolerance, tumor-specific T cell precursors are present at 
low frequencies, display sub-optimal TCR affinity or present an 
immunosuppressive phenotype. Potentially self-reactive T cells 
that escape from central tolerance are controlled in the periphery 
by steady-state APCs, which present tumor antigens to T cells 
in the absence of costimulatory signals (e.g., CD40 and CD86) 
or in the presence of coinhibitory receptors [e.g., Programmed 
cell death ligands (PD-L1 and PD-L2)], rendering T cells hypo-
responsive (anergic) or transforming them into inducible Tregs 
(iTregs). Both nTregs and iTregs further suppress self-reactive T 
cells by antigen-specific and non-specific mechanisms that involve 
the secretion of anti-inflammatory cytokines, such as TGF-β 
and IL-10, and the expression of inhibitory molecules, such 
as Cytotoxic T-Lymphocyte Antigen (CTLA)4, that suppress 
DC-mediated induction and function of effector T cells.37,68,69

Moreover, tumors can actively promote an immunosuppres-
sive microenvironment that strongly limit infiltration and effec-
tor function of T cells.70 This tumor-induced immunosuppression 
is achieved by secretion of different cytokines, recruitment and 
activation of immunosuppressive cells, and by modulating the 
phenotype of myeloid populations and DCs.71 This microen-
vironment promotes tumor progression through immune and 
non-immune mechanisms that include the production of pro-
angiogenic factors, matrix metalloproteases (MMPs)72 as well as 
by hematopoiesis deregulation that render cell-mediated anti-
tumor immunity dysfunctional.73 This dysfunction extends to 
tumor antigen-specific T cells as well as components of the innate 
immune system such as natural killer (NK) cells, macrophages 
and monocytes. Tumors induce the accumulation of a heteroge-
neous population of immature myeloid cells with a suppressive 
phenotype, called myeloid-derived suppressor cells (MDSCs), 
which can be found in high frequencies within the tumor micro-
environment and also in distant lymphatic organs and peripheral 
blood of tumor-bearing individuals.74 MDSCs have been found 
to accumulate in mice with transplanted or spontaneous tumors 
and in patients with different types of cancer,57 where MDSC lev-
els correlate with clinical cancer stage and prognosis.75 MDSCs 
directly suppress antigen-specific T cell responses76 through the 
production of reactive oxygen and nitrogen species,77,78 cyste-
ine77,78 and tryptophan79 depletion and mechanisms involving 
the production of IL-10 and TGF-β.49,72 Tregs also accumu-
late within the tumor microenvironment inhibiting antitumor 
immune responses.80,81 There are several examples of cancer 
associated with increased frequencies of Tregs in circulation or in 
the tumor tissues.82,83 Tumor-infiltrating DCs and macrophages 

monocytogenes,46 as well as tumor antigens47 providing CTL-
mediated tumor protection in different cancer models. CTLs 
can specifically eliminate malignantly transformed cells 
expressing tumor antigens without affecting other tissues. 
Accordingly, intratumoral CTL infiltration is often associ-
ated with favorable clinical outcomes such as decreased disease 
recurrence and prolonged survival in diverse malignancies.48-53 
Furthermore, trials using adoptive transfer of tumor-specific 
CTLs that control disease progression in metastatic melanoma 
patients have provided direct evidence about the therapeutic 
efficacy of CTLs.54 Several clinical trials have shown that gen-
erating tumor-reactive CTLs in patients with different types 
of cancer is possible.55,56 However, these responses seem to be 
insufficient to prevent or cause regression of tumor growth and 
metastasis. Therefore, DNA vaccines represent a cost-effective 
alternative to initiate or boost anti-tumor T cell responses that 
promise to significantly reduce the side effects associated with 
current cancer therapies.

Since the characterization of the first tumor antigen termed 
melanoma antigen (MAGE)-1 in 1991,57 the identification of 
a growing amount of tumor antigens and the availability of 
genomic and bioinformatics tools has prompted the development 
of gene-based vaccines encoding tumor antigens. Tumor-specific 
antigens, resulting from random somatic mutations, carcinogenic 
substances or splicing aberrations that are exclusively expressed by 
tumors and absent in normal cells are very rare and heterogeneous 
among different individuals. In effect, most tumor antigens that 
are overexpressed in malignant cells can also be present in normal 
tissues, though at lower levels or at specific stages during lifetime 
and development. Examples of such kind of antigens, also called 
tumor-associated antigens (TAAs), are carcinoembryonic antigen 
(CEA),58 human epidermal growth factor receptor 2 (HER2/neu) 
protein,59 cancer-testis (CT) antigens,59,60 as well as tissue-specific 
differentiation antigens, such as tyrosinase61 and prostate-specific 
antigen (PSA).62 In order to help and guide the proper antigen 
selection, the National Cancer Institute (NCI) has elaborated 
a priority-ranked list of cancer antigens using a structured 
technique and mathematical model known as the Analytic 
Hierarchy Process that includes criteria such as therapeutic 
potential, immunogenicity, and role in oncogenicity, specificity, 
among others.63 Although none of the 75 antigens evaluated have 
met all of the characteristics of the ideal tumor antigen, the top 
ten ranking, in descending order, are as follows: WT1, MUC1, 
LMP2, HPV E6 E7, EGFRvIII, HER-2/neu, Idiotype, MAGE 
A3, p53 non-mutant and NY-ESO-1.64

Despite the encouraging results obtained in preclinical 
models, very few studies using cancer DNA vaccines have shown 
objective clinical responses. Although T cells have the potential 
to eliminate cells expressing tumor antigens, they need to be 
present in sufficient amounts and display an activated phenotype. 
One major obstacle for successful cancer vaccination is that 
most tumor-associated antigens are non-mutated self-antigens 
expressed in normal cells. Therefore, induction of potentially 
self-reactive T cell responses against such antigens is controlled 
by mechanisms of self-tolerance, which involves central and 
peripheral tolerance.65
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patient represents a time-consuming and expensive strategy, 
which promoted the development of DNA vaccines encoding 
tumor antigens that were more broadly expressed. There are 
several examples of clinical studies using DNA vaccines encoding 
tumor antigens such as HER-2/neu for breast cancer,101 gp100 for 
melanoma,102 or E7 for cervical cancer,103 among others. As an 
example, a plasmid containing the prostate-specific membrane 
antigen (PSMA) fused to a domain of Fragment C of tetanus 
toxin has shown to elicit both CD4+ (directed to tetanus toxin) 
and CD8+ (directed to PSMA) T cell responses in 3 of 3 patients 
with recurrent prostate cancer.104 Another phase I/IIa clinical 
trial using a DNA vaccine encoding prostatic acid phosphatase 
(PAP) together with 200 μg of GM-CSF were co-administrated 
to 22  prostate cancer patients. Interestingly, 41% of these 
patients developed PAP-specific CD4+ and/or CD8+T-cell 
response, and it was also accompanied by increased prostate-
specific antigen doubling time, which is associated with a good 
prognosis and lower risk of death from prostate cancer.105 These 
studies, as summarized in Table 1, showed that this approach is 
well tolerated by the patients, safe and without evident adverse 
events. However the low immunogenicity observed has prompted 
the development of new delivery approaches, optimization of 
antigen design strategies, novel formulations and the inclusion 
of immune adjuvants in the same plasmid to induce a strong 
immune response against tumors.106,107 Clinical results from DNA 
vaccine trials have been able to show immunological responses to 
antigens targeted for treatment.108-110 These responses have not 
been able to result in significant improvements to patient clinical 
outcomes as shown in Table 1. The hurdles that DNA vaccines 
must overcome to be successful are starting to be addressed. The 
first obstacle that needs to be surmounted is the issue of scale, 
and translating success from rodent models to human patients. 
Where preclinical rodent models use DNA doses ranging around 
10–100 μg, human clinical studies have wildly ranging doses 
from 8 μg (NCT00988559) to 8 mg (NCT00680589), though 
typically dose escalation studies end around 1 mg (Table 1). This 
10–100-fold increase is still low compared with the 2,000-fold 
escalation than could be expected, considering average rodent  
(35 g) compared with human weight (70 kg).111 Though it is 
generally accepted that there must be a considerable increase 
in DNA dose between preclinical to clinical, what is often 
neglected is an appreciable increase in the volume of vaccination. 
Considering an injection volume as low as 10 ul for administrating 
DNA vaccines in rodents, a volume of 20 ml would be expected 
to be used in humans resulting from the 2,000-fold rodent-to-
human escalation. Volume issue is not generally being addressed 
by clinical trials but can certainly limit an adequate rodent-to-
human escalation and impact the efficacy of DNA vaccines.

Another daunting hurdle is patient selection and treatment. 
In many preclinical models rodents are used and treated with 
DNA vaccination either therapeutically or prophylactically. In 
the prior this is typically a transplanted tumor model in healthy 
young mice followed by DNA vaccine treatment commencing 
once the tumor is palpable; in the later, spry rodents are treated 
with DNA vaccines and then challenged with matching tumor 
models. Either case does not come close to mimicking the true 

are to be likely involved in the local activation and expansion 
of Tregs inside tumor lesions.84 Accordingly, deletion of Tregs 
results in efficient anti-tumor immune responses leading com-
plete tumor regression.80,85 Tregs counteract anti-tumor func-
tions of immune effector cells through both contact-dependent 
and independent mechanisms. Contact-dependent mechanisms 
include upregulation of CTLA-4 which interacts with CD80 
and CD86 on DC surface with higher affinity than CD28 and 
therefore out-compete CD28-CD80/86 stimulatory signaling.86 
Furthermore, Tregs induce indoleamine 2,3-dioxygenase (IDO) 
expression in DCs via interaction with CD80 and CD86, which 
generates immunosuppressive metabolites, attenuating T cell 
function.37,69,87 Contact independent mechanism include the pro-
duction of cytokines, such as IL-10, TGF-β and IL-35, which 
promote the switch of effector T cells to regulatory-like T cells.88

Tumor-associated macrophages (TAMs) are another group 
of cells present in tumors capable of suppressing immune 
responses.89 These cells constitute an important part of the 
tumor-infiltrating immune cells,90 derived from monocytic pre-
cursors circulating in blood and recruited to tumor site by chemo-
kines like Chemokine (C-C motif) Ligand (CCL) -5 and CCL2, 
VEGF and Granulocyte-Macrophage Colony-Stimulating Factor 
(GM-CSF).91 TAMs have an immune-regulatory function asso-
ciated with the production of epidermal growth factor (EGF), 
TGF-β, IL-10 and VEGF, which contribute to the growth of 
blood vessels that are essential for tumor proliferation and neo-
angiogenesis.92 TAMs also secrete metalloproteinases and cathep-
sins that favor tumor expansion, motility and invasion.89 Studies 
in different types of cancer, including intestinal gastric cancer,93 
thyroid cancer94 and pancreatic cancer95 indicate that the pres-
ence of TAMs in the tumor environment is associated with a poor 
prognosis.

There is an association between the presence of Tregs in tumors 
and TAMs. It has been shown that Tregs begin to infiltrate the 
tumor at an early stage of tumor development. The homing to 
the tumor is due to increased CCL20 production by TAMs in the 
tumor environment and the concomitant expression of high lev-
els of Chemokine Receptor 6 (CCR6) by Tregs.96 When TAMs 
were conditionally eliminated, a decreased expression of CCL20 
was observed as well as a marked decrease in FoxP3 positive Tregs 
infiltration of the mouse colorectal cancer, resulting in a signifi-
cant inhibition of colorectal cancer.97

Clinical Trials Using DNA Vaccines Against Cancer

The first clinical trials of cancer DNA vaccines involved the 
immunization against the idiotypic portion of the B cell receptor 
expressed by human B-cell lymphomas.98 The intramuscular 
injection of this DNA vaccine to patients with follicular 
lymphoma in clinical remission following chemotherapy, 
promoted anti-idiotypic antibody production in 38% of the 
patients.98,99 A second approach involved the fusion of the 
single-chain variable fragment (scFv) with IgG2a and κ mouse 
heavy- and light-chain constant regions, promoting cellular and 
humoral immune response in 50% of the patients.100 However, 
the preparation of specific idiotypic DNA vaccines for every 
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radiation therapy; both can lead to severe immune-dysfunction. 
Clinicians are often trying to elicit a strong anti-tumor immune 
response from a severely hampered immune system. DNA vac-
cines may be better suited to early stage and less aggressive cancers 
or patients with minimal residual disease after classical therapies.

patient situation. For patients enrolled in most clinical trials the 
tumor has had ample time to establish itself83,112 leading to the 
above-described immune-suppressive environment. Concurrent 
with this immune-suppressive environment the patient typically 
has undergone “classical” therapies including chemotherapy or 

Table 1. DNA vaccination clinical trials targeting cancer

Tumor Target
Site of  

administration
Device DNA dose

Treatment 
dose

Immunological Response NCT Listing

Melanoma

Tyrosinase IM + EP
TriGrid delivery 

System
N.D. 5 doses N.D. NCT00471133

Tyrosinase IM N.D
0.5, 2.0, 4.0, 

8.0 mg
6 doses N.D. NCT00680589

gp100 IM or PMED
Biojector2000 
or PowderMed

1 mg (IM) 
or 0.002 mg 

(PMED)
16 doses

5/27 CD8+ tetramer+ 
response, PMED shows 

trend to  
increased CD8+ IFN-γ  
generation (Ginsberg  

et al., 2010)

NCT00398073

gp100 IM Biojector2000 0.1, 0.5, 1.5 mg 6 doses
5/19 CD8+ tetramer+ 

response NCT00104845

(Yuan et al., 2009)

Tyrosinase IM Biojector2000 0.1, 0.5, 1.5 mg 6 doses
7/18 CD8+ tetramer+ 

response NCT00698100

(Wolchok et al., 2007)

Cervical 
Intraepithelial 

Neoplasia

HPV16/18 
E6/E7

IM + EP Cellectra
0.6, 2.0,  
6.0 mg

3 doses N.D. NCT00685412

HPV16 E7 ID or IM or IL GeneGun

0.008 or 0.016 
mg (ID),  

1 or 3 mg (IM), 
1 or 3 mg (IL)

4 doses N.D. NCT00988559

HPV16 E7 IM N.D.
0.5, 1.0,  
3.0 mg

3 doses

No Vaccine induced  
antibodies,

5/9 IFN-γ Elispot (Trimble 
et al., 2009)

Prostate Cancer

PSA ID + EP DermaVAX
0.05, 0.15,  

0.4, 1.0 mg
5 doses N.D. NCT00859729

PSMA IM + EP
Elgen 

Twinjector
0.8, 1.6, 3.2 

mg
3 doses

16/32 PSMA specific CD8+ 
response, 21/32 vaccine 

induced antibodies, trend 
to improved clinical out-

come (Chudley et al., 2012)

PAP ID N.D.
0.1, 0.5,  
1.5 mg

6 doses
3/22 CD8 antigen specific 

IFNg NCT00582140

(McNeel et al., 2009)

PSA ID + IM N.D.
0.1, 0.3,  
0.9 mg

5 doses

PSA specific antibodies, 
2/9 IFN gamma response 

to PSA (Pavlenko et al., 
2004)

IM, intramuscular; ID, intradermal; IL, intralesional; IC, intracutaneous; EP, electroporation; N.D., not described; PMED, particle-mediated epidermal 
delivery; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; PAP, prostatic acid phosphatase.
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muscle128 in biological models from rodents to non-human pri-
mates. Electroporation of DNA encoding immune-stimulatory 
molecules, such as IL-12, have been tested in preclinical and clini-
cal studies.129,130 Interestingly, DNA electroporation induces the 
infiltration of immune cells and the production of pro-inflamma-
tory cytokines and chemokines that contribute to the induction 
of adaptive immune responses against the encoded antigen.131,132 
A recent clinical trial using DNA electroporation in patients 
with prostate cancer showed enhanced humoral and CD8+ T 
cell responses against prostate cancer compared with DNA vac-
cine alone.104,133 Another study showed increased immunogenicity 
of an HIV-1 DNA vaccine injected intramuscularly followed by 
electroporation in healthy volunteers.48 Employing electropora-
tion directly following may have an impact on DNA vaccine trials. 
Chudley et al. have shown that intramuscular injection followed 
by electroporation resulted in increased specific CTL response,133 
and outcomes from other clinical trials utilizing electroporation 
are eagerly awaited. Although most of the studies have been con-
ducted using intramuscular delivery, intradermal electroporation 
with plasmids encoding tumor antigens has shown to be highly 
efficient in inducing specific CD8+ T cell responses and conferring 
protection against tumors in mouse models.134,135 Several clinical 
studies testing the efficacy of intradermal DNA electroporation 
are currently ongoing.

According to the Journal of Gene Medicine, naked DNA 
vectors are currently the third most used gene transfer approach 
for clinical trials (18.5% of clinical trials) only exceeded by 
adenovirus (23.3%) and retrovirus (20%) mediated gene-
transfer. (www.wiley.com//legacy/wileychi/genmed/clinical/). 
Approximately 337 clinical trials worldwide have used naked 
DNA, with 146 of them are focused on cancer diseases, to 
date there have been no reports of problems related with vector 
immunity. Moreover, DNA vaccines have been commercially 
approved by the FDA for veterinary use in dogs, fish and horses29 
whereas, DNA vaccines for humans are being tested in clinical 
trials.

Electroporation, an Efficient Method for Delivering 
DNA Vaccines

DNA vaccines have shown a limited response in clinical trials, in 
part because of the low in vivo transfection efficiency and there-
fore the development of potent delivery systems is a necessary step 
toward clinical application.106,107,113 Delivery methods that use 
needles and syringes can be classified into transcutaneous, epider-
mal, intradermal, subcutaneous and intramuscular. The World 
Health Organization highlights the use of intradermal delivery as 
it is easier to administer and being more immunogenic than intra-
muscular or subcutaneous delivery because intradermally deliv-
ered vaccines would be more likely to be taken up by APCs such 
as Langerhans cells and other DC subsets.114 Immunogenicity of 
vaccines delivered by intramuscular and intradermal injections 
was compared by Arnou et al. using the same quantity of anti-
gen but less volume during intradermal injection, which showed 
a higher immune response in the latter.115

In vivo electroporation has emerged as a simple, efficient 
and clinically applicable method for delivering DNA vaccines 
that greatly enhances plasmid uptake, antigen expression and 
immune responses.113 Electroporation was initially described in 
the ‘70s116 as the application of controlled brief electric pulses 
of high intensity to induce transient membrane permeabiliza-
tion without compromising cell integrity.117 This permeabiliza-
tion allows for the entrance of small molecules like hydrophilic 
chemotherapeutic drugs that otherwise would not penetrate into 
the cell.118 Permeabilization also facilitates the entrance of large 
molecules, such as plasmid DNA, which was first described in the 
early ‘80s.119 Since then, electroporation has emerged as a promis-
ing technique due to its simplicity and efficiency. The first clini-
cal trials involving electroporation began in the ‘90s in which 
this technique was applied for the introduction of chemothera-
peutic drugs into tumors in cancer patients.120,121 Electroporation 
has been widely used to deliver plasmid DNA to skin, testis, 
cartilage, liver,122,123 brain,124,125 cornea,126,127 prostate and skeletal 

Table 1. DNA vaccination clinical trials targeting cancer

Tumor Target
Site of  

administration
Device DNA dose

Treatment 
dose

Immunological Response NCT Listing

Ovarian and 
Breast Cancer

Her-2/Neu ID N.D. 0.01, 0.1 mg 3 doses

13/21 Her2 specific Tcell 
response

NCT00436254
J Clin Oncol 27:15s, 2009 

(suppl; abstr 3054)

Her-2/Neu IM + IC N.D.
0.03 (IC) and 

0.27 (IM)
3 doses

Measurable T cell response, 
increased Her-2 specific 

binding antibodies

(Norell et al., 2010)

Hematological 
Malignancy

WT1 IM + EP N.D. 1 mg 6 x 4 doses N.D. NCT01334060

Idiotype IM + ID Biojector
0.2, 0.6, 1.8 

mg
3 doses

8/12 T-cell or Antibody 
specific response to MsIG 
(Timmerman et al., 2002)

IM, intramuscular; ID, intradermal; IL, intralesional; IC, intracutaneous; EP, electroporation; N.D., not described; PMED, particle-mediated epidermal 
delivery; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; PAP, prostatic acid phosphatase.

(continued)
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overexpression of DAI can be used as an adjuvant strategy to 
stimulate innate immunity and promote the generation of effec-
tor and memory CTLs as well as CD4+ Th1 responses against 
tumor-associated antigens, conferring long-term antitumor pro-
tection.37 Strategies using dual-promoter plasmids co-expressing 
adaptor molecules such as the Toll-interleukin-1 receptor domain-
containing adaptor-inducing β interferon (TRIF) or myeloid dif-
ferentiation factor 88 (MyD88) along with influenza HA antigen 
or the tumor-associated antigen E7 have shown to enhance anti-
gen-specific cellular and humoral immune responses and confer 
superior protection. Examples of co-expression of transcriptional 
factors downstream to PRRs, include the IRF-1, IRF-3 and IRF-
7, which increase IFN-γ-producing CD8+ and CD4+ T cells.142,143

RNA interference (RNAi) technology can also be used to 
modulate the type and magnitude of the immune responses. 
Studies targeting either proapototic80,144 or immunosuppressive145 
molecules in DCs, have shown to enhance Th1 and CTL anti-
tumor immune responses. RNAi-based genetic adjuvants silenc-
ing molecules that inhibit DC function and/or T cell activation 
represent a different strategy to enhance DNA vaccine potency. A 
study showed that targeting the key immunosuppressive molecule 
IDO enhances antitumor protective immunity with or without 
co-administrating a DNA vaccine encoding a tumor-associated 
antigen.146,147 Multiple immunosuppressive molecules could be 
targeted for RNAi, including receptors involved in blocking 
T cell activation, such as CTLA-4 or PD-1, or their ligands, 
like PD-L1 or PD-L2.148,149 Additionally, transcriptional fac-
tor such as FOXO3, a negative regulator of DC function, could 
be targeted for suppression in order to promote strong adaptive 
immune responses.150 Further research is required to evaluate the 
potential of using RNAi against key immune-suppressive target, 
as an approach to generate more potent and specific DNA vaccine 
adjuvants that promote strong immune responses against cancer 
(Fig. 2). Already preclinical models are showing how plasmid 
encoded adjuvants, such as DAI,37 or combinations with RNAi 
technologies targeting immune-suppressive factors can potentiate 
the immune system.146 Taking these considerations into account 
and moving new techniques from the preclinical setting to the 
patients should effectively protect and eliminate cancer.
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Genetic Adjuvants to Boost the Potency of DNA 
Vaccines

The versatility of gene-based vaccines facilitates the co-delivery 
of genetic adjuvants encoding immune-stimulatory molecules. 
Historically, genes encoding single cytokines and chemokines, 
typically IL-2 and GM-CSF have been extensively used as 
genetic adjuvants.136-138 However, strategies conceiving the 
concerted action of several molecules achieve a more potent and 
broader activation of the immune responses.138 The production 
of several immune-stimulatory molecules can be achieved by 
stimulation of innate immune PRRs and promote long-lasting 
protective adaptive immunity.5,6,139 Understanding how DNA 
vaccines trigger the innate-immune system to drive an adaptive 
anti-tumor immune response will be essential in designing 
potent DNA vaccines to treat later stage patients. Despite the 
fact that DNA vaccines act as adjuvants by themselves, strategies 
that boost innate immune signaling by co-expressing DNA-
sensing PRRs, intracellular adaptor molecules and downstream 
transcription factors have been shown to further enhance DNA 
vaccine potency.140

Among the DNA-sensing PRRs, coexpression of high-
mobility group box 1 protein (HMGB1), a nuclear protein that 
cooperates in sensing nucleic acids,52 has shown strong adjuvant 
activity by acting as a potent maturation signal for DCs and 
inducing immunity against influenza.141 We have shown that 

Figure 2. Genetic adjuvants for enhancing the potency of DNA vaccines 
against cancer: Overexpression vs. silencing. Genetic (DNA-encoded) 
adjuvants used for DNA vaccines can be designed to either overexpress 
immune-stimulatory molecules (left side of the scale), or downregulate 
the gene expression of inhibitory molecules (right side of the scale).
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