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Abstract

DNA vaccines offer many advantages over other anti-tumor vaccine approaches due to their 

simplicity, ease of manufacturing, and safety. Results from several clinical trials in patients with 

cancer have demonstrated that DNA vaccines are safe and can elicit immune responses. However, 

to date few DNA vaccines have progressed beyond phase I clinical trial evaluation. Studies into the 

mechanism of action of DNA vaccines in terms of antigen-presenting cell types able to directly 

present or cross-present DNA-encoded antigens, and the activation of innate immune responses 

due to DNA itself, have suggested opportunities to increase the immunogenicity of these vaccines. 

In addition, studies into the mechanisms of tumor resistance to anti-tumor vaccination have 

suggested combination approaches that can increase the antitumor effect of DNA vaccines. This 

review focuses on these mechanisms of action and mechanisms of resistance using DNA vaccines, 

and how this information is being used to improve the anti-tumor effect of DNA vaccines. These 

approaches are then specifically discussed in the context of human prostate cancer, a disease for 

which DNA vaccines have been and continue to be explored as treatments.
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1. INTRODUCTION – DNA VACCINES

DNA vaccines are closed circular DNA plasmids designed to encode an antigen or 

epitope(s) of interest under a strong mammalian promoter (Liu, 2011). Plasmid DNA was 

initially examined as a gene therapy tool to introduce a functional gene in vivo, and quickly 

emerged as a promising therapeutic after surprising observations that simple injection of 

naked plasmid DNA led to profound transgene expression in vivo (Wolff et al., 1990). 

Shortly thereafter, other investigators reported the generation of cross-reactive humoral 

immunity against influenza nucleoproteins encoded by a plasmid (Donnelly et al., 1995; 

Ulmer et al., 1993). Multiple reports of antigen-specific T-cell immunity also followed, 

laying the foundation for plasmid DNA as a simple and promising method to induce strong 

antigen-specific adaptive immunity (Fu et al., 1997; Xiang et al., 1994). These latter findings 

were of significant interest, as plasmid DNA closely mimicked viral infections in that there 
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is endogenous production of the antigen and presentation by MHC-I molecules to potentially 

elicit strong cellular immunity. In contrast, existing vaccination regimens at that time mostly 

consisted of inactivated whole pathogens or recombinant polypeptides that were 

predominantly endocytosed and presented on MHC-II molecules to generate Th2-biased 

cellular and humoral immunity. DNA vaccines were also quickly recognized for harboring 

several distinguishing characteristics and advantages (including low cost, ease and rapidity 

of manufacturing, and stability) making them a method of choice to address future global 

health threats.

DNA vaccination has been extensively explored in multiple animal models of both infectious 

and malignant diseases. Results in preclinical models have been extremely encouraging, 

with strong immunity and therapeutic efficacy generally observed in rats, mice, and non-

human primates (Liu, 2011). DNA vaccines have recently received USDA approval for 

treatment of West Nile virus infection in horses, melanoma in dogs, and infectious necrosis 

virus in fish. The first human DNA vaccine trial was reported in 1998 for the treatment of 

human immunodeficiency virus type I infection, and demonstrated safety and 

immunogenicity (MacGregor et al., 1998). However, this and subsequent human trials of 

DNA vaccines only produced modest immune responses, and no DNA vaccine has yet been 

tested for, or met, the efficacy standard for FDA approval. Initial investigational efforts 

interpreted the low immunogenicity of DNA vaccines in humans as a result of low antigen/

body mass ratio in humans when compared to less massive preclinical models, setting the 

stage for enhancing antigen expression through 1) improvement of transfection efficiency 

and 2) optimization of plasmid vectors. While these methods have yielded significant 

improvements in preclinical models, they have only moderately improved immunogenicity 

in humans. For example, while electroporation of plasmid DNA has been frequently 

reported to improve immunogenicity up to a 1000 fold in mice, translation of this 

technology to human trials has resulted in a modest 2–3 fold enhancement over delivery of 

naked DNA by simple injection (Saade & Petrovsky, 2012). Efforts to leverage chemokine 

and cytokine adjuvants have been similarly less successful. However, recent insights into 

innate immunity and the importance of direct antigen presentation, as well as the role of 

subverting immune regulation in augmenting adaptive immunity, have created several novel 

exciting avenues of investigation that might herald a new generation of DNA vaccine-based 

treatment modalities (Barber, 2011; Iwasaki & Medzhitov, 2010; Kirkwood et al., 2012; 

Pardoll, 2012).

In this review, we will review the modes of action by which DNA vaccines are capable of 

generating cellular immunity, and within that context discuss current novel strategies and 

combinations to enhance DNA vaccination immunogenicity based on these new findings. 

We will then focus on prostate cancer, and the application of DNA vaccines specifically to 

the treatment of human prostate cancer, given that it is a model disease for which several 

clinical trials using DNA vaccines have already been conducted, many are underway, and for 

which another vaccine approach has already been FDA approved. Possible future directions 

and approaches using DNA vaccines for prostate cancer will then be discussed.
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2. DNA VACCINES – MECHANISMS OF ACTION; INCREASING 

IMMUNOGENICITY BY TARGETING ANTIGEN PRESENTATION

2A. Innate immune signaling from bacterial DNA

Recent research has highlighted the link between innate and adaptive immunity and the 

importance of strong innate signaling in establishing a broad adaptive response (Desmet & 

Ishii, 2012; Iwasaki & Medzhitov, 2010). One of the primary advantages of DNA 

vaccination is the “built-in” adjuvant effect, or the ability of bacterial DNA to itself stimulate 

innate immune responses (Kobiyama et al., 2013). Mammalian cells have evolved to 

sequester DNA within the nuclear compartment and its presence in the cytoplasm is 

sufficient to activate several innate immune signaling cascades (Barber, 2011; Nie & Wang, 

2013; Sharma & Fitzgerald, 2011). Toll-like receptor 9 (TLR9) mediates recognition of 

unmethylated CpG islands, which are typically enriched in bacterial DNA, including many 

plasmids (Hemmi et al., 2000). Binding of unmethylated CpG DNA to TLR9 results in the 

release of type I IFNs and in some contexts proinflammatory cytokines (Sasai et al.,2010; 

Wagner, 2004). Studies examining the role of TLR9 signaling in DNA vaccine 

immunogenicity suggested that it may play a role in the enhancement of adaptive immune 

responses, but is not necessary for their induction (Babiuk et al., 2004; Chen et al., 2015; Li 

et al., 2015; Mitsui et al., 2009; Schneeberger et al., 2004; Stan et al., 2001). In our own 

preclinical and clinical studies with DNA vaccines encoding tumor antigens, we have 

enhanced TLR9 signaling by using a plasmid vector (pTVG4) whose backbone was 

modified to contain CpG-rich sequences (Becker et al., 2010a; McNeel et al., 2009a; 

Rekoske et al., 2015; Smith & McNeel, 2011). However, TLR9 is only one of many innate 

DNA sensors.

Cyclic GMP-AMP synthase (cGAS) is the most recently identified DNA sensor (Sun et al., 

2012). Upon binding to DNA, it causes the production of cGAMP from ATP and GTP. 

cGAMP then serves as a second messenger to cause dimerization and translocation of 

STING to the perinuclear region (Ishikawa et al., 2009; Wu et al., 2012). In the context of 

DNA vaccines, TBK1 and immunogenicity. Tbk−/− and IFNar2−/− mice failed to elicit 

antigen-specific T-and B-cell responses after vaccination, establishing this pathway as a 

critical component of successful DNA vaccination. Similar results were obtained with 

STING−/− mice, where a several-fold reduction in antigen-specific antibody titers and 

secretion of IFNγ was observed (Ishikawa et al., 2009). However, a recent report has found 

that cGAS is dispensable for DNA vaccine-induced immunity in vivo, suggesting that even 

cGAS might be a redundant DNA sensor upstream of STING. Further bolstering the 

evidence for the requirement of type I IFN release in DNA vaccine-induced 

immunogenicity, this report highlights the necessity of IRF7 in the generation of an adaptive 

immune response (Suschak et al., 2016). Interestingly, multiple reports described the 

necessity of IRF3 in eliciting T cell immunity, but not antibody responses, after plasmid 

DNA vaccination (Shirotav et al., 2009; Suschak et al., 2016).

AIM2 (absent in melanoma 2) is an interferon-inducible pyrin domain-containing DNA 

sensor initially identified in a melanoma cell line, where its absence caused greater cell 

proliferation and oncogenic potential (Lee et al., 2012; Ratsimandresy et al., 2013). AIM2 
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binds cytoplasmic self and pathogen dsDNA to undergo dimerization that allows the 

recruitment of the ASC adaptor protein through interactions in the pyrin domain (Fernandes-

Alnemri, et al., 2009; Hornung et al., 2009). The binding of AIM2 to ASC leads to the 

formation of the pyroptosome via interactions of its CARD domain, which subsequently 

induces inflammatory cell death in cells via the activation of caspase-1. Caspase-1 activation 

by this pathway further leads to the maturation and release of pro-inflammatory cytokines 

IL-1β and IL-18. By causing inflammatory cell death in a type I IFN inducible manner, the 

AIM2 cascade can reduce the production of type I IFN by abrogation of signaling through 

the cGAS-STING and/or TLR9 pathways. Indeed, a recent report found that AIM2 inhibits 

autophagy and IFNβ production during Mycobacterium bovis infection (Liu et al., 2016). 

The significance of this pathway in DNA vaccine sensing has been recently evaluated, and 

the authors found that Aim2−/− deficient mice have impaired T and B cell immunity, in an 

IL-1β and IL-18-dependent manner (Suschak et al., 2014). Altering innate DNA sensing 

mechanisms is one possible approach to increasing the immunogenicity of DNA vaccines, 

either by using agents to activate different sensors, or potentially targeting DNA vaccines to 

individual DNA sensors.

2B. DNA uptake and antigen presentation

2B1. Direct presentation and cross-presentation—DNA vaccines are thought to 

work through both endogenous and exogenous pathways of antigen presentation (Figure 1). 

Classically, the primary pathway for antigen presentation of exogenous proteins is that 

extracellular protein antigens, such as those from bacteria, are endocytosed, lysosomally 

degraded, and presented on MHC molecules to prime T cells. This was the basis for the 

earliest infectious disease and anti-tumor vaccine approaches using protein vaccines. 

However, this pathway favors production of a Th2 type of immune response and a 

subsequent humoral response that results in secretion of protective antibodies, making very 

effective when protection from an antigen bearing pathogen is the goal. On the other hand, 

intracellular antigens, such as those from tumors or viruses, are usually degraded in the 

proteasome, and enter the endogenous presentation pathway, with epitopes being presented 

on MHC-I molecules such that they may elicit cytotoxic T lymphocytes (CTL) capable of 

lysing antigen-expressing diseased cells (Blum et al., 2013). This pathway is the most 

beneficial for cancer immunotherapy in which removal of antigen-expressing cells is the 

goal. Subsequently, it was discovered that there exists a third pathway of antigen 

presentation, whereby endocytosed antigen can escape into the cytosol to be processed as an 

intracellular antigen and presented to CD8+ T cells. This process was named cross-

presentation, and cross-priming, the result of which is similar to the intrinsic pathway in that 

CTL capable of lysing antigen-expressing diseased cells are generated (Allan, 2008; Joffre 

et al., 2012).

A lot of the initial enthusiasm surrounding DNA vaccines arose from their proposed ability 

to result in the production of intracellular antigens that are processed endogenously and able 

to elicit CTL responses (Fu et al., 1997). However, preliminary investigations into the 

mechanism regarding DNA vaccine action revealed that at least a fraction of the CTL 

response arose as the result of presentation by cells other than those that were producing the 

encoded antigen. For example, strong CTL responses were induced following intramuscular 
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injection of a DNA plasmid encoding influenza virus nucleoprotein (NP) or transplantation 

of myoblasts stably transfected with the NP gene (Ulmer et al., 1993). Using bone marrow 

chimaeras, the same group showed that the CTL response against NP peptides could not be 

generated unless the peptides were presented in the context of MHC molecules present on 

professional antigen-presenting cells (APCs) (Fu et al., 1997). This was the first conclusive 

demonstration that antigens produced in non-APCs are able to activate a CTL response via 

cross-presentation to professional APCs (Fu et al., 1997; Ulmer & Otten, 2000). More work 

in this direction led to the discovery that muscle- or skin-specific promoters in the plasmid 

vector did not result in a reduction of antigen-specific immunity when compared to plasmids 

employing ubiquitous promoters (Cho et al., 2001; Corr et al., 1999; Hon et al., 2005). For 

example, Hon et al showed that using a keratinocyte promoter, incapable of expressing an 

antigen in a professional APC, was no worse than a ubiquitous cytomegalovirus (CMV) 

promoter in the generation of a CTL response (Hon et al., 2005). Together, these data 

established that antigen priming after DNA vaccination occurs predominantly by cross-

presentation and not through the traditional endogenous pathway. More recently, insights 

into innate immunity have revealed that direct presentation and associated cell intrinsic 

activation is superior to cross-presentation in eliciting strong adaptive immunity (Iwasaki & 

Medzhitov, 2010). Direct presentation involves the transfection, activation, and endogenous 

production of plasmid-encoded antigen in a professional APC rather than a skin or muscle 

cell. Several investigators have reported the presence of professional APCs, most commonly 

in draining lymph nodes, which express plasmid encoded antigen and have in vivo priming 

capacity (Akbari et al., 1999; Bot et al., 2000; Bouloc et al., 1999; Casares et al., 1997; 

Porgador et al., 1998). For example, Porgador et al demonstrated that after gene gun 

mediated inoculation of plasmid DNA they were able to detect antigen-expressing DCs in 

the draining lymph nodes (Porgador et al., 1998). Similar results were obtained by Akbari et 
al (Akbari et al., 1999). While these data argue that dendritic cells are able to directly 

present plasmid DNA encoded antigen, efforts to use dendritic or myeloid cell promoters 

have given mixed results (Cho et al., 2001; Corr et al., 1999; Hon et al., 2005; Moulin et al., 

2012; Ni et al., 2009). Corr et al and Cho et al demonstrated that use of CD11b or MHC-II 

promoters resulted in a loss of adaptive immunity, in spite of detectable antigen expression 

(Cho et al., 2001; Corr et al., 1999). Hon et al similarly showed that employing a CD11c 

promoter resulted in a loss of humoral or cellular immunity in spite of detectable antigen 

expression in DCs from draining lymph nodes. On the other hand, Ni et al showed that 

inoculation with a plasmid harboring a truncated version of the CD11c promoter, along with 

electroporation, resulted in antigen expression in DCs and immune responses similar to 

those obtained using a ubiquitous viral promoter (Ni et al., 2009). These findings suggest 

that DCs may be capable of directly presenting antigens encoded by DNA but also indicate 

that forcing this pathway in DCs may provide little or no benefit to the generation of CTL.

2B2. Improving direct antigen-presentation—How are these insights into DNA 

uptake by different cell types, and the resulting antigenpresentation, being used to guide the 

development of improved vaccine strategies? One approach has been to evaluate the optimal 

type of professional APC that might mediate both direct antigen presentation and cross-

presentation. A benefit to the use of some bacterial vaccines, including Listeria 
monocytogenes vectors, is that they can directly infect DCs and macrophages leading to 
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direct antigen presentation (Kapadia et al., 2011). As described above, it is clear that DCs 

are required for DNA vaccine immunogenicity, but that effect is predominantly mediated by 

cross-presentation. However, B cells have been shown to directly express and present 

plasmid-encoded antigens. That is, B cells from draining lymph nodes and bone marrow 

have been found to express plasmid encoded antigen after intramuscular DNA vaccination 

(Coelho-Castelo et al., 2003). Filaci et al further demonstrated that human peripheral B 

lymphocytes undergo “spontaneous transgenesis” when co-incubated with naked plasmid 

DNA, and B lymphocytes and B cell lines were able to exhibit plasmid uptake, encode 

antigen mRNA, and express the encoded protein (Filaci et al., 2004). Notably, this ability to 

spontaneously encode the antigen was observed with both IgG (B-cell specific) and CMV 

promoters (Gerloni et al., 2004). This observation also held true in CD11c-DTR DC-

deficient mice, suggesting that B lymphocytes are able to encode and present plasmid 

antigen without DC help (Gerloni et al., 2004). We have recently found that B cells are, in 

fact, preferred direct APCs for DNA following passive transfer. In murine and human 

systems, passive delivery of DNA to B cells, and not DC, resulted in presentation of the 

encoded antigen to expand cognate CD8+ T cells and elicit anti-tumor responses (Colluru et 

al., 2016). Meanwhile, DNA delivered by passive transfer to DC or other myeloid cells was 

predominantly degraded prior to expression (Colluru et al., 2016). These findings suggest 

that efforts to specifically recruit B cells or target DNA vaccines to B cells may be a means 

to increase direct antigen presentation, or using methods to increase lysosomal escape of 

DNA in DC and other myeloid cell types (Garu et al., 2015; Porgador et al., 1998).

2B3. Improving delivery to all cells at site of immunization—Other approaches to 

improve antigen uptake and presentation by professional APCs have relied on methods to 

improve DNA transfection of all cells at the site of immunization, including bystander cells, 

and thus take advantage of increased cross-presentation. Many of these methods, including 

electroporation, particle-mediated delivery by gene-gun, and needle free delivery, have been 

reviewed in greater detail by us and others (Colluru et al., 2013; Liu, 2011; Saade & 

Petrovsky, 2012). Briefly, electroporation is the most popular method and has increased 

DNA vaccine-induced cellular immunity in multiple models, most notably that of human 

papilloma virus (HPV)-induced carcinoma (Lee et al., 2011). It has also been evaluated as a 

DNA vaccine delivery approach in multiple human trials, including for prostate cancer 

(Table 1). The enhancement of vaccine efficacy by electroporation is thought to be mediated 

both by an increase in antigen dose and the adjuvant effect of electroporation itself, which 

leads to expression of inflammatory cytokines by bystander cells as well as copious immune 

infiltration of electroporated tissue (Roos et al., 2009; Lee et al., 2011). Interestingly, 

electroporation seems to primarily increase the quantum of antigen expression, and not the 

duration of expression (Roos et al., 2009; Lee et al., 2011). However, it has several 

drawbacks, including pain at the vaccination site, portability, cost, and scalability; as such 

many other methods to increase DNA uptake in vivo are being explored.

Several newer technologies have been reported to enhance the transfection of different 

primary cells and might be adapted for in vivo DNA transfer into immune cell types. 

Sonoporation, for example, involves the use of ultrasound to cause a temporary increase in 

cell membrane permeability through the creation of pores, allowing the intracellular 
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diffusion of macromolecules such as DNA (Fan et al., 2014). Sonoporation has recently been 

described for high-efficiency transfection of B cells (Ling Yong et al., 2014) and has been 

employed to increase in vivo delivery of a DNA vaccines to APCs. Using ultrasound (US)-

responsive and APC-selective lipolex capsules to carry plasmid DNA, this targeted delivery 

approach was found to generate potent and sustained effects against solid and metastatic 

melanomas (Un et al., 2011). Another method that has been used both in vitro and in vivo to 

increase cellular uptake of DNA plasmids, and thus direct presentation, is magnetofection. 

This rapidly maturing technology was designed specifically for the efficient intracellular 

delivery of nucleic acids. Magnetofection requires the association of nucleic acid vectors 

with magnetic nanoparticles followed by the use of a magnetic field to move the complex 

across cellular membranes (Plank et al., 2011). The formulation typically consists of 

paramagnetic iron oxide nanoparticles that are coated with a cationic lipoplex that forms 

complexes with the DNA (Scherer et al., 2002). Cells, tissues, or laboratory animals are then 

subjected to a localized magnetic field that causes movement of the magnetic nanoparticles 

and their cargo across biological membranes. This method was first described for non-viral 

gene delivery in 2002 and has been applied for the ex vivo transfection of immune cells 

(Muthana et al., 2008). Furthermore, Xiang and colleagues demonstrated that using 

magnetic nanoparticles to increase the uptake of plasmid DNA vaccine after intramuscular 

injection led to greater adaptive immune responses in vivo (L. Xiang et al., 2007).

2B4. Chemo-attraction of APC—Chemo-attraction of immune cells has long been 

employed as an adjuvant for DNA vaccination, most commonly through encoding of a 

chemokine along with the antigen of interest in a plasmid vector (“genetic” adjuvant), or 

supplying a chemoattractant as a protein adjuvant. Several reports have described the use of 

chemokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

macrophage inflammatory proteins (MIP) for enhancing DNA vaccination in infectious 

disease of HIV, HSV2, and Hepatitis C (Disis et al., 2003). These approaches have been 

reviewed recently (Flingai et al., 2013). In addition to these cytokines, chemokines of the C-

C cytokine family, including CCL19, CCL20, and CCL21, have been evaluated as DNA 

vaccine chemo-attractants. Notably, the migration of antigen-engaged B cells and DCs to 

secondary lymphoid tissues is mediated by CCL19. In a model of Her2/neu expressing 

breast cancer, CCL19 was found to enhance the immunogenicity of a DNA vaccine 

expressing Her2/neu and increase prophylactic efficacy from 22% to 56% when included 

along with the antigen as part of a polycistronic transcript (Nguyen-Hoai et al., 2012). In the 

same model, the investigators later reported that the enhancing effects of CCL19 co-

administration were B-cell dependent and that the increase in prophylactic efficacy was lost 

in a B-cell deficient mouse (Nguyen-Hoai et al., 2012). CCL20 and CCL21 co-

administration similarly reduced tumor growth rate in a therapeutic model of melanoma 

(Igoucheva et al., 2013). Another group demonstrated that injection of a CCL21-encoding 

plasmid up to 24 hours prior to vaccine administration at the same site induced better anti-

tumor responses both therapeutically and prophylactically (Yamano et al., 2007; Tomoki et 

al., 2006). Co-administration, or administration 1–3 days later, did not improve immune 

responses in this model. These findings suggest that the presence of APCs at the site and 

time of vaccination might be necessary for enhancement of immunogenicity by CCL21 and 
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that using chemokines to attract B cells and DC to the site of vaccination might generally be 

useful to improve vaccine efficacy.

2B5. Targeted delivery of DNA to APC—As suggested above in discussing direct 

antigen presentation, another potential method to induce greater immunogenicity with DNA 

vaccines would be to target them specifically to APCs in vivo, rather than relying on cross-

presentation from antigen produced by bystander cells. In its simplest approach this could be 

accomplished by transfecting APC ex vivo with DNA and then transferring these cells, 

similar to the approach of the approved sipuleucel-T vaccine. Alternatively, this could be 

done using agents to target DNA directly to APC subsets in vivo. This approach has usually 

involved a DNA-complexing agent linked to a targeting moiety, such as a peptide or protein 

ligand to a receptor of choice. In recently published studies, engineered cell-derived 

exosomes and synthetic nanoparticle complexes are among the most promising methods for 

such delivery.

Exosomes are extracellular vesicles typically defined as being ~50 − 200nm in diameter and 

of endocytic origin (Théry et al., 2002). The first observation suggesting that exosomes 

might be useful for plasmid DNA delivery came from Valadi et al, who demonstrated that 

exosomes from human and mouse mast cell lines contained RNA from ~1300 genes, many 

of which were not even expressed in the original host cell (Valadi et al., 2007). The transfer 

of this mRNA into recipient cells led to the expression of their associated proteins, proving 

that exosome mRNA can be translated in the recipient cell. Exosomes have been shown to 

play a key role in eliciting adaptive immunity and maintaining immune homoeostasis. In 

fact, the renewed interest in exosome biology was heralded by the finding that Epstein Barr 

Virus (EBV)-transformed B-cell lines secreted exosomes enriched for MHC-II molecules 

that are able to prime CD4+ T cell clones in vitro (Raposo et al., 1996). Soon thereafter it 

was demonstrated that DC-derived exosomes could be pulsed with tumor antigen peptides to 

control tumor growth in vivo (Zitvogel et al., 1998). Since that time, exosomes have been 

described in direct or indirect presentation of antigens to T cells and regulation of immunity 

through transfer of signaling molecules like heat shock protein 60 (HSP60), PDL1 or ICOS 

(inducible T cell co-stimulator) (Robbins & Morelli, 2014). These observations of functional 

nucleic acid delivery and the role of exosomes in antigen transfer are extremely encouraging 

for exosomes as prospective plasmid DNA delivery vehicles. One report recently highlighted 

that tumor cell line-derived exosomes could, in fact, be used as prophylactic vaccines 

(Zhang et al., 2014). In this report, the authors found that this protective immunity depended 

on DNA content of the exosome and resultant STING signaling, suggesting that delivery of 

DNA using exosomes is inherently immunogenic. In addition, recent advances in 

transfection technology have demonstrated that exosomes can be transfected with plasmid 

DNA, indicating that they may be useful in the targeted delivery of DNA vaccines to 

professional APCs (Salama et al., 2014).

Nanoparticles can be employed to allow for controlled, cell-targeted, or even site-specific 

release of plasmid DNA cargo in vivo. They include polymer-, lipid-, liposome-, and 

peptide-based delivery modalities. The mechanism of action and characteristics of each of 

these techniques have been reviewed in detail elsewhere (Dong et al., 2016; Farris et al., 

2016; Shah et al., 2015). Nanoparticle delivery methods have been used to specifically 
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increase direct presentation of plasmid DNA by professional APCs as briefly discussed 

above. DCs and macrophages have been the major targets of plasmid DNA delivery, most 

commonly through specific targeting of the macrophage mannose receptor (MMR), a C-type 

lectin receptor that acts as a pattern recognition receptor (PRR) on professional APCs.

Chitosan is a partially acetylated form of chitin, a polysaccharide of N-acetylglucosamine 

found in the shells of common crustaceans. It has been extensively investigated for delivery 

of DNA in vivo and is particularly suitable due to its inherent positive charge which enables 

facile nanoscale complexing of plasmid DNA (Farris et al., 2016). Layek et al used 

mannosylated L-phenylalanine grafted chitosan (Man-CS-Phe) for delivery of plasmid DNA 

to DCs and macrophages (Layek et al., 2015). Specifically, they observed greater 

transfection and subsequent cellular and humoral immunity against Hepatitis B in vitro 
when compared to a commercial lipid-based reagent. With a liposome-based approach 

utilizing a similar principle, Garu et al demonstrated that a liposomal complex containing 

plasmid DNA was able to specifically cause transgene expression in DCs from draining 

lymph nodes of mice immunized subcutaneously (Garu et al., 2015). They further 

demonstrated that this liposomal carrier complex was able to induce strong prophylactic and 

therapeutic responses in a mouse model of melanoma, although no comparison with naked 

DNA immunization or dependence of anti-tumor efficacy on the presence of DCs was made 

(Gam et al., 2015).

Other methods have also been described to specifically target plasmid DNA to certain cell 

types (Dürrbach et al., 1999; Ye et al., 2014). Ye et al described the use of a small peptide to 

target DNA vaccines to DCs. Specifically, a peptide with known tropism to the acetylcholine 

receptor expressed by macrophages/DCs was fused to a DNA binding protamine residue to 

create a fusion peptide “RVG-P” capable of binding DNA and specific delivering it to DCs. 

They demonstrated transgene expression in, and maturation of, bone marrow-derived DCs, 

along with superior cellular and humoral immunity against vaccinia and West Nile Virus 

antigens when compared to a non-DC targeting protamine fusion peptide (Ye et al., 2014). 

Durrbach et al demonstrated the ability of antibody-mediated targeting to specifically deliver 

plasmid DNA to a tumor cell line of interest, a method they termed “antifection.” A 

biotinylated monoclonal antibody against G250, a surface protein expressed on a renal cell 

carcinoma line, and biotinylated histone H3 to bind the DNA, were complexed to create a 

delivery vector guided by the specificity of the antibody (Dürrbach et al., 1999). These 

findings indicate that strategies to target DNA vaccines to DCs could be utilized to increase 

the immunogenicity of DNA vaccines. After uptake the antigen encoded in the DNA 

plasmid must be expressed.

2C. Changes to the DNA vector construct

2C1. Optimizing/increasing antigen expression—Optimization of transgene 

expression has been major avenue of investigation with DNA vaccines, with the goal of 

increasing the expression of the antigen within the APC after uptake. Optimizing the 

plasmid vector has traditionally involved the use of optimal promoters, introns, codon 

optimization of viral/bacterial antigens, and terminators among others (Choi et al., 1991; 

Melcher et al., 2002; Papadakis et al., 2004; Vandermeulen et al., 2009; Morrissey et al., 
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2013; Garmory et al., 2003). Reviewed elsewhere (Williams, 2013), each of these methods 

has similarly been reported to cause an incremental increase in antigen expression in vivo, 

and corresponding increases in immunogenicity. DNA vaccines can also be optimized to 

include only those codons that are most commonly used in humans which leads to increased 

transcription. This comes into play primarily when the target of the DNA vaccine is of 

nonhuman origin. Codon-optimized DNA vaccines targeting HPV’s E6, E7, or L1 and 

hepatitis C virus NS3 have all shown improved immunogenicity over their native 

counterparts (Frelin et al., 2004; Lin et al., 2006; Lorenz et al., 2015; Mossadegh et al., 

2004). However, targets of DNA vaccines for most cancers have targeted non-viral “self” 

proteins and codon-optimizing approaches have not generally been pursued. Rather, methods 

of antigen optimization are focused on increasing the presentation of the antigen to the T 

cells.

More recent advances in the gene therapy field have given rise to novel vector configurations 

with reduced extra-genic spacer lengths that are able to enhance and sustain transgene 

expression both in vitro and in vivo. These novel gene therapy vectors include minicircle and 

mini-intronic plasmids. Initial observations examining the effect of bacterial DNA (from the 

plasmid backbone) on transgene expression in vivo led to the creation of minicircle vectors 

without the bacterial backbone by employing a phage ψ31 integrase-mediated 

recombination technology (Chen et al., 2003). When used to deliver a therapeutic gene, 

minicircle vectors demonstrated sustained high-level expression for over 2 months, whereas 

plasmids were rapidly silenced after ~1 week (Osborn et al., 2011). Further mechanistic 

studies revealed that conventional plasmid DNA is transcriptionally silenced by deposition 

of repressive heterochromatin on its promoter sequences in a manner that depends on the 

extragenic length of the plasmid backbone (Riu et al., 2007; Maniar et al., 2012; Lu et al., 

2012). Interestingly, the nature or origin of the DNA used to create the extragenic spacer did 

not influence transgene expression, as long as it was 1kb or greater in length. This suggested 

the involvement of transcriptional machinery interactions at the promoter and terminator 

sites that determine transcriptional activity or “gene looping” (Lu et al., 2012). While 

minicircles induced robust transgene expression, they were hard to produce in a pure form 

and involved the use of inefficient recombination techniques that were not amenable to large 

scale production (Kay et al., 2010). In order to overcome these drawbacks, Lu et al designed 

a vector with a bacterial origin of replication and a resistance gene incorporated within an 

intron downstream of the promoter sequence (Luv et al., 2013). This allowed the 

propagation of “mini-intronic” plasmids in bacteria using standard methods, while 

maintaining the benefits of sustained expression achieved with minicircle plasmids. In fact, 

mini-intronic plasmids mediated even greater transgene expression in vivo than minicircles 

(Lu et al., 2013). As genetic vaccines, minicircles encoding ovalbumin were shown to elicit 

greater frequencies of CD8+ T cells when compared to a traditional plasmid vector upon 

DNA tattooing (Dietz et al., 2013). This report further described greater protection upon 

challenge with a Listeria monocytogenes strain expressing ovalbumin using prophylactic 

minicircle immunization. Similarly, Wang et al demonstrated that electroporation of a 

minicircle encoding a codon-optimized HIV1 gag gene elicited greater frequencies of IFNγ-

secreting CD8+ T cells (Wang et al., 2013). These data would suggest that use of minicircle 

or mini-intronic plasmids should similarly yield greater cell mediated immunity and 

Zahm et al. Page 10

Pharmacol Ther. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resultant anti-tumor benefit in tumor models. Surprisingly, we recently found that a mini-

intronic plasmid encoding synovial sarcoma, X breakpoint 2 (SSX2), a tumor-associated 

antigen, mediated an inferior anti-tumor effect despite eliciting greater antigen expression in 
vivo and increased frequencies of antigen-specific CD8+ T cells (Colluru et al., 2016a). We 

found that increasing antigen dose or duration of antigen expression by DNA immunization 

increased the expression of LAG3 on CD8+ T cells and rendered them ineffective against an 

SSX2-expressing tumor. These data suggest that increased gene expression per se may not 

confer additional benefit in the absence of methods to block tumor mechanisms of resistance 

(Colluru et al., 2016b). However, other approaches to increase gene expression are being 

explored.

2C2. Optimizing/increasing antigen presentation—Antigen sequence optimization 

techniques have aimed to increase the immunogenicity of selfantigens by increasing the 

presentation or recognition of the antigen. In order to maintain selftolerance, self-antigens 

are often low affinity for MHC-I and cognate T-cells of high affinity are generally eliminated 

by central tolerance. As a result, most native self-proteins are not presented or recognized 

efficiently. There are currently three main antigen-altering approaches that have attempted to 

increase the immunogenicity of tumor-specific self-antigens by altering their presentation on 

APCs and/or recognition by the cognate T cells via changes made to the amino acids 

encoded by the DNA plasmid.

The first of these approaches has been to make epitope-specific changes encoded within the 

DNA (altered peptide ligand, APL) to modify MHC-I affinity as a means to improve antigen 

presentation (Hoppes et al., 2014; Lazoura et al., 2006; Ma & Kapp, 2001). We recently 

assessed the ability of an MHC-I-optimized DNA vaccine targeting SSX2 by making 

sequence-specific modifications to anchor residues of HLA-A2 epitopes to enhance their 

HLA-A2 binding. We found that increasing the affinity of the APL for HLA-A2 elicited 

increased frequencies of antigen-specific, Th1-biased multifunctional T cells following 

immunization (Smith et al., 2014), however, these same T cells had a surprisingly inferior 

antitumor effect relative to the native vaccine (Rekoske et al., 2015). Both native and 

optimized vaccines led to increased expression of PD-L1 on tumor cells and antigen-specific 

CD8+ T cells from mice immunized with the optimized construct cells expressed higher 

programmed death 1 (PD-1). PD-1 blockade was able to restore the anti-tumor efficacy of 

the high affinity vaccine (Rekoske et al., 2015). This suggests that vaccines incorporating 

epitopes with increased MHC-I affinity may be less useful as anti-tumor vaccines in the 

absence of PD-1/PD-L1 blockade.

Another approach has been to make epitope-specific changes to increase the affinity of the 

antigenic peptide-MHC-I complex for the TCR (Corse et al., 2010; McMahan et al., 2006; 

Simon et al., 2015). Slansky and colleagues showed immunization directly with a tumor-

associated modified peptide that bound to the TCR with high affinity resulted in T-cell 

proliferation but did not control tumor growth. Alternately, APLs of moderate affinity for the 

TCR were capable of preventing tumor growth. The authors found that TIL resulting from 

high affinity vaccination produced less IFNγ in response to ex vivo stimulation with their 

antigen (McMahan et al., 2006). The mechanism for these effects is not known, but may be 
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related to differences in expression of checkpoint receptors on resulting T cells, similar to 

our findings above (Rekoske et al., 2016).

A third approach has been to use DNA encoding xenogeneic antigens, without prior 

knowledge of the specific epitopes that are modified, as this general approach has been 

reported to be able to overcome immunologic tolerance and increase cytolytic T cell (CTL) 

responses (Bowne et al., 1999; Hawkins et al., 2000; Johnson et al., 2012a; Naftzger et al., 

1996; Slovin et al., 1999). In fact, this approach is the basis of the USDA-approved vaccine 

for canine melanoma, a DNA vaccine that encodes human tyrosinase, with the purported 

mechanism of eliciting a crossreactive T-cell response to canine tyrosinase expressed by 

melanomas (Grosenbaugh et al., 2011). In support of this mechanism, Naftzer and 

colleagues reported that immunization of mice with syngeneic gp75 failed to elicit antibody 

or CTL. However, mice immunized with xenogeneic gp75 from insect cells or human gp75 

rejected metastatic melanomas. Gregor and colleagues have explored this approach using 

vaccines encoding prostate-specific membrane antigen (PSMA) in preclinical prostate 

cancer models (Gregor et al., 2004). This approach has also been evaluated in human trials 

for prostate cancer, as further described below. However, a recent study from our group in 

which Lewis rats were immunized with DNA encoding human prostatic acid phosphatase 

(PAP), found that immunization with the DNA encoding the human xenoantigen led to an 

immune response specific to a foreign epitope without cross-reactive response to the native 

antigen, suggesting that this approach may not be uniformly applicable in every 

circumstance (Johnson et al., 2012b).

3. DNA VACCINES – ADJUVANTS AND PRIME-BOOST VACCINATION

3A. Adjuvants for DNA vaccines

Adjuvants are typically used with vaccines to modify or increase the resulting immune 

response from vaccination. Many adjuvants, including traditional adjuvants such alum and 

mineral oil, as well as cytokine and chemokine adjuvants like GM-CSF, have been explored 

when delivered with DNA vaccines, as described above and elsewhere (Disis et al., 2003). In 

this section we review novel DNA vaccine adjuvants that have been more recently identified 

based on the mechanisms of action described above.

3A1. Toll-like receptor (TLR) agonist adjuvants—Based on studies that plasmid 

DNA itself may stimulate TLR9, TLR agonists have been studied as adjuvants for DNA 

vaccines. The use of TLR agonists in vaccine development and cancer immunotherapy have 

been reviewed elsewhere (Dowling & Mansell, 2016; Kaczanowska et al., 2013). TLRs are a 

family of pattern recognition receptors known to stimulate the innate immune system. 

Currently ten human TLRs have been identified (TLR1–TLR10) and 12 in mouse (TLR1–9, 

TLR11–13) (Dowling & Mansell, 2016). The binding of ligands to TLRs expressed by 

APCs can lead to their maturation, induction of inflammatory cytokines, and the priming of 

naïve T cells. Therefore, activation of TLRs promotes both innate inflammatory responses 

and the induction of adaptive immunity. Stimulating TLR signaling during DNA vaccination 

can enhance the induction of vaccine-specific responses (Gableh et al., 2016; Pavlenko et al., 

2007; Sajadian et al., 2014). As described above, plasmid DNA vaccines naturally stimulate 

Zahm et al. Page 12

Pharmacol Ther. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TLR9, which interacts with unmethylated CpG DNA from bacteria, some viruses and 

plasmid DNA. Sajadian and colleagues also demonstrated that the use of either TLR3 and/or 

TLR7 agonists in combination with a DNA vaccine encoding the HPV E7 antigen enhanced 

the anti-tumor capabilities of the vaccine to eliminate HPV-induced tumors in mice. 

Specifically, they showed that DNA vaccine alone resulted in no significant inhibitory 

effects on TC-1 cells in C57BL/6 mice, but the addition of poly (I:C) (TLR3 agonist) or 

resiquimod (TLR7 agonist) resulted in significant tumor regression (Sajadian et al., 2014). 

More recently, Gableh and colleagues found that stimulation of TLR4 with monophophoryl 

lipid A (MPL) significantly increased lymphocyte proliferation, CTL activity, IFN-γ, IL-4 

and IL-12 responses, and tumor protection against TC-1 cells (Gableh et al., 2016). 

Combinations of TLR agonists with DNA vaccines is consequently an interesting approach, 

although the mechanisms of potential synergy using different TLR agonists are currently 

poorly understood.

3A2. Non-TLR molecular adjuvants—The identification of cytoplasmic DNA sensors, 

and the signaling pathways involved to promote adaptive immune responses, has led to the 

evaluation of specific pathway signals as adjuvants for DNA vaccines. Interferon regulatory 

factors (IRF)-1, −3 and −7 have been evaluated as genetic adjuvants for DNA vaccines 

against influenza. Specifically, co-transfection of DNA plasmids encoding IRF3 and IRF7 

with plasmids encoding influenza hemagglutinin and nucleoprotein increased cellular 

immune responses upon intramuscular injection by 10-fold (Sasaki et al., 2002). Similarly, 

Bramson et al showed that plasmids encoding constitutively active forms of IRF3 and IRF7 

increased both cellular and humoral immunity, resulting in greater protection against 

challenge with a recombinant vaccinia virus (Bramson et al., 2003). In other studies, 

coexpression of TBK1 in a DNA vaccine enhanced humoral immune responses (Coban et 

al., 2011). New agonists for the STING pathway have been recently described, and have 

already demonstrated robust adjuvant effects. For example, STING agonistic cyclic 

dinucleotides coadministered with a GM-CSF-secreting cellular vaccine led to the regression 

of poorly immunogenic tumors resistant to PD1 blockade (Fu et al., 2015). This adjuvant 

effect was STING-dependent and led to the direct activation of DCs in vivo. Alternatives to 

cyclic dinucleotides that could be similarly evaluated include interferon stimulatory DNA 

(ISD), a 45bp non-CpG oligomer from the Listeria monocytogenes genome that induces 

potent expression of IFNP upon cellular uptake (Ishikawa et al., 2009), or HSV-60, a 60bp 

oligonucleotide containing viral DNA motifs that also has a similar mechanism of action as 

ISD (Unterholzner et al., 2010). Use of such synthetic molecular adjuvants in combination 

with DNA vaccines to enhance type I IFN signaling is likely to enhance immunogenicity 

and are areas of current and future exploration.

3B. DNA vaccines with other vaccines -Prime-boost

As a means of increasing an antigen-specific immune response, the prime-boost strategy 

uses DNA vaccines in combination with other vaccination approaches. Prime-boost has been 

demonstrated in multiple models to generate greater immune responses to a target antigen 

when compared to DNA alone (Srivastava et al., 2012). Typical prime-boost strategies have 

primed with DNA followed by a boost with a different type of vaccine encoding the same or 

a different antigen. For example, intramuscular electroporation of carcinoembryonic antigen 
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(CEA) DNA vaccine, followed by CEA encoded by adenovirus as a boost, induced the most 

antigen-specific CD4+ and CD8+ T-cell responses in wild-type mice. In a tolerized CEA 

transgenic mouse model, repeated injection of this prime-boost scheme increased antigen-

specific CD8+ T-cell responses (Mennuni et al., 2005). However, a phase 1 study evaluating 

a similar HER2/CEA DNA vaccine prime with adenoviral boost containing the same 

antigens was not found to augment detectable cell-mediated immune responses in adult 

cancer patients (Diaz et al., 2013). Currently successful prime-boost regimens in the clinic 

have included vaccines targeting foreign antigens such as those of influenza, malaria, and 

HIV; with one trial targeting Ap42 for the treatment of Alzheimer disease (Chuang et al., 

2013; Churchyard et al., 2011; Lambracht-Washington et al., 2013; Ledgerwood et al., 

2011).

Prime-boost strategies with DNA vaccines specifically focused on prostate cancer have also 

been reported in preclinical models. Garcia-Hernandez and colleagues assessed a 

heterologous prime/boost strategy in the transgenic adenocarcinoma mouse prostate 

(TRAMP) mouse model. Their prime-boost strategy, focused on prostate stem cell antigen 

(PSCA), used a DNA plasmid encoding prostate-specific antigen (PSA), delivered by gene 

gun, followed by Venezuelan equine encephalitis virus replicons encoding PSCA. Immune 

responses were primarily CD8 mediated and vaccinated TRAMP mice had a 90% survival 

rate at 12 months of age. In contrast, all control mice had succumbed to prostate cancer or 

had heavy tumor loads (Garcia-Hernandez et al., 2008). Another group has evaluated a 

prime-boost approach using recombinant DNA and modified vaccinia (MVA) vectors, both 

encoding either PSCA or six transmembrane epithelial antigen of the prostate 1 (STEAP1). 

Antitumor activity was assessed in the TRAMP-C1 subcutaneous syngeneic tumor model. 

DNA prime/MVA boost immunization against either PSCA or STEAP1 delayed tumor 

growth. Furthermore, simultaneous vaccination with both antigens produced a stronger anti-

tumor effect than vaccination with either PSCA or STEAP1 alone. Most importantly, 

concurrent DNA prime/MVA boost vaccination regimen with those antigens significantly 

decreased primary tumor burden in TRAMP mice without producing any apparent adverse 

effects (Krupa et al., 2011).

4. DNA VACCINES – MECHANISMS OF RESISTANCE; COMBINATION 

THERAPIES TO PREVENT TUMOR EVASION

The discussion above has focused on how the understanding of mechanisms of action of 

DNA vaccines have led to approaches to improve on their immunogenicity. These 

approaches are primarily intrinsic to DNA vaccination. However, common to all anti-tumor 

vaccines, the development of an anti-tumor immune response can be met with tumor 

resistance mechanisms and evasion of immune-mediated destruction. Hence there has been 

much effort to combine vaccines, including DNA vaccines, with methods to prevent tumor 

immune evasion. In this section we discuss these approaches, focusing on combinations with 

immune checkpoint inhibitors, and focusing on methods to decrease regulatory cell 

populations and the regulatory molecules secreted by these cell populations, as methods to 

increase the anti-tumor efficacy of DNA vaccines.
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4A. Immune checkpoints

Immune checkpoints function to shape the expansion and efficacy of T cells following 

antigen encounter and activation. Normally these checkpoints prevent auto-immunity but 

they can also interfere with a productive anti-tumor immune response. Among the many 

immune checkpoint pathways that have recently been discovered, the two major targets that 

have shown clinical efficacy following blockade in clinical trials are the cytotoxic T 

lymphocyte-associated protein 4 (CTLA-4) and PD-1 pathways. CTLA-4 was the first to be 

described and evaluated, and an antibody blocking CTLA-4, ipilimumab, was granted FDA 

approval in 2011 after it demonstrated the ability to improve survival in patients with 

metastatic melanoma (Hodi et al., 2010; Robert et al., 2011). However, as a monotherapy for 

prostate cancer it has been shown to be less ineffective. Despite individual patients having 

evidence of treatment response, and despite an increase in progression-free survival, a 

randomized phase III that evaluated ipiplimumab in patients with castration-resistant 

prostate cancer (CRPC) following chemotherapy and radiation therapy failed to demonstrate 

an improvement in overall survival (Kwon et al., 2014). A second phase III trial, conducted 

in CRCP patients prior to treatment with chemotherapy, has completed accrual, but results 

have not yet been reported at the time of this writing (NCT01057810). However when 

combined with prostate cancer vaccines, CTLA-4 blocking antibodies have shown efficacy 

in preclinical models (Curran & Allison, 2009; Hurwitz et al., 2000) and a human clinical 

trial (Eertwegh et al., 2012), suggesting that DNA vaccination targeting a prostate cancer 

antigen could benefit from the combination with anti-CTLA-4 antibodies.

There are currently two anti-PD-1 antibodies that have been FDA approved. Nivolumab was 

approved for the treatment of advanced melanoma, non-small cell lung cancer, and renal cell 

carcinoma, and pembrolizumab has been approved for the treatment of advanced melanoma 

and non-small cell lung cancer (Borghaei et al., 2015; Garon et al., 2015; Krupa et al., 2011; 

Motzer et al., 2015; Robert et al., 2015; Robert et al., 2015; Weber et al., 2015). Neither 

agent led to objective responses in patients with advanced prostate cancer treated in phase I 

trials (Brahmer et al., 2010; Topalian et al., 2012). In preclinical studies using tumors 

expressing the SSX2 tumor antigen we have found that vaccination, and DNA vaccination in 

particular, can lead to expression of PD-1 on antigen-specific CD8+ T cells (Rekoske et al., 

2015). Combining PD-1 or PD-L1 blockade with DNA vaccination led to greater anti-tumor 

responses than either treatment alone (Rekoske et al., 2015). Similarly, we have 

demonstrated that modifications to DNA vaccines that led to increased antigen expression 

resulted in increased expression of another checkpoint inhibitor, LAG-3, on antigen-specific 

CD8+ T cells. Combining LAG-3 blockade with DNA vaccination similarly elicited greater 

anti-tumor activity than either treatment alone (Colluru et al., 2016b). We have also found 

that patients with prostate cancer, treated with a DNA vaccine, developed PD-1-regulated 

antigen-specific T-cell responses, and increases in PD-L1 on circulating tumor cells 

(Rekoske et al., 2016). Consequently, the combination of checkpoint blockade with DNA 

vaccines is a rational approach for clinical trials.

4B. Depletion of regulatory immune cells and immunosuppressive molecules

In addition to regulation via the immune checkpoints, there are regulatory immune cell 

populations that can be recruited into the tumor microenvironment and function to suppress 
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CTL. As such removal of these regulatory immune cell populations is an attractive 

mechanism by which one might increase the anti-tumor efficacy of DNA vaccines. The two 

major classes of tumor-infiltrating regulatory immune cells are regulatory T cells (Tregs) 

and myeloid-derived suppressor cells (MDSC). Tregs are a subpopulation of T cells, 

typically CD4+CD25hiFoxP3+ cells, which modulate the immune system, maintain 

tolerance to self-antigens, and prevent autoimmune disease. On the other hand, increased 

numbers of Tregs in cancer patients have been associated with negative outcomes (Adeegbe 

& Nishikawa, 2013). Similarly, MDSCs are a heterogeneous group of immune cells 

comprised of undifferentiated myeloid cells. MDSCs strongly expand in pathological 

situations such as chronic infections and cancer as a result of an altered hematopoiesis. 

Unlike differentiated myeloid cells (macrophages, dendritic cells), MDSCs possess strong 

immunosuppressive activities (Gabrilovich et al., 2012).

Tregs have been shown to suppress the response to anti-cancer DNA vaccines and play an 

important role in the regulation of prostate cancer growth in both people and mice (Akins et 

al., 2010; Jacob et al., 2009; Kiniwa et al., 2007; Klyushnenkova et al., 2014; Kursar et al., 

2002; Miller et al., 2006; Niri et al., 2016; Qin et al., 2015; Rolla et al., 2010; Tang et al., 

2012). The classic method of Treg depletion has been to use an anti-CD25 antibody. 

Interestingly, in a murine prostate cancer model, the use of systemic anti-CD25 treatment 

alone was shown to leave intratumoral Tregs unaffected (Akins et al., 2010). More recently, 

Niri et al. demonstrated the ability of a DNA vaccine targeting Foxp3 to efficiently decrease 

these regulatory T cells systemically in mice (Niri et al., 2016), an approach which may be 

useful in combination with tumor antigen-specific DNA vaccines. Others have focused on 

Treg-specific chemokines and their receptors to prevent Tregs from accumulating in the 

tumor microenvironment. The best understood chemokines are the CXCR and CCR families 

(Debnath et al., 2013; Highfill et al., 2014; Katoh et al., 2013; Peled et al., 2014; 

Weitzenfeld & Ben-Baruch, 2014). CXCR4 has been associated with the accumulation of 

Tregs and poor prognosis (Yan et al., 2011), while CCR5 on T cells supports the 

accumulation of Tregs and the progenitors for tumor-associated macrophages (TAMs) and 

MDSCs (Weitzenfeld & Ben-Baruch, 2014). Maraviroc is a small-molecule CCR5 

antagonist that has been studied extensively in clinical trials and was approved in 2007 for 

the treatment of HIV. While it has itself been evaluated in the treatment of colorectal cancer 

(NCT01736813), studies combining maraviroc with vaccines have not yet been reported.

The effects of MDSCs, their function, and targeting in clinical cancer therapy has recently 

been reviewed elsewhere (Baniyash, 2016). Within the scope of prostate cancer, the presence 

of MDSCs within the tumor microenvironment has been shown to contribute to disease 

progression and potentially resistance to immunotherapy (Pal & Kortylewski, 2015; 

Santegoets et al., 2014). In addition, the suppression or elimination of MDSCs has been 

shown to enhance the response to DNA vaccination (Diniz et al., 2016; Sakamaki et al., 

2014; Yan et al., 2014; Yu et al., 2015). There are many methods to reduce the presence of 

MDSCs in the tumor microenvironment: blockade of IL-4 receptor-α (IL4Rα), 

tasquinimod, iNOS inhibitors, and multiple kinase inhibitors have all been explored. IL4Rα 
is critical for MDSCs suppressive function and in tumor-bearing mice an anti-IL4Rα 
aptamer preferentially targeted MDSCs for apoptosis and promoted their elimination. This 

effect that was associated with an increased number of tumor-infiltrating T cells and a 
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reduction in tumor growth (Roth et al., 2012). Tasquinimod is a S100 calcium-binding 

protein A9 (S100A9) inhibitor and has been shown to reduce the infiltration of MDSCs into 

the tumor microenvironment. Preclinical studies showed that tasquinimod can suppress the 

cross-talk between cancer and tumor-infiltrating host cells such as MDSCs and macrophages 

resulting in anti-angiogenesis, immunomodulation and inhibition of metastasis (Dalrymple 

et al., 2007; Isaacs et al., 2013; Olsson et al., 2010; Shen et al., 2015). Given that 

tasquinimod has already been evaluated alone as an anti-cancer therapy, specifically in the 

treatment of CRPC, it is a logical choice for combination therapies (Mehta & Armstrong, 

2016).

MDSCs also produce high levels of inducible nitric oxide synthase (iNOS) with 

immunosuppressive function. Studies in which tumor-bearing mice were treated with AT38, 

an iNOS inhibitor to block intratumoral reactive nitrogen species, demonstrated a large 

influx of T lymphocytes into tumors. Combining AT38 with an adoptive cell transfer of 

antigen-specific CD8+ T cells increased the magnitude and duration of T-cell infiltration 

into tumors (Molon et al., 2011). The use of agents to block the production of iNOS, and 

other immunosuppressive molecules, with DNA vaccines is an area of active investigation.

Multiple other kinase inhibitors have also been shown to reduce MDSC accumulation in 

tumors. Sorafenib, an inhibitor of several tyrosine protein kinases, such as VEGFR (vascular 

endothelial growth factor receptor), PDGFR (platelet-derived growth factor receptor) and 

Raf family kinases was demonstrated to reduce the number of MDSCs in a murine liver 

cancer model (Cao et al., 2011). Sunitinib similarly has been demonstrated to reduce the 

accumulation of MDSC in tumors of patients with renal cell cancer (Ko et al., 2009). 

Clinical studies targeting the BRAF signaling pathway have also revealed decreased levels 

of circulating MDSCs and decreased IL-1-driven immunosuppression in patients with 

melanoma treated with vemurafenib (Khalili et al., 2012; Schilling et al., 2013) along with 

enhanced antigen presentation and an increase in CD8+ TIL in patients with metastatic 

melanoma treated with either vemurafenib (BRAF inhibitor) or the combination of 

dabrafenib (BRAF and MEK inhibitor) plus trametinib (MEK inhibitor) (Frederick et al., 

2013). Taken together these data provide a compelling argument for the combination of anti-

tumor DNA vaccines with tyrosine kinase inhibitors already in common use for cancers, but 

strategically aimed at reducing the number of, or suppressing the function of, Tregs and/or 

MDSCs.

5. PROSTATE CANCER – A MODEL DISEASE FOR DNA VACCINES

Prostate cancer is a significant worldwide health problem. In the United States it is the most 

commonly diagnosed malignancy in men, and the second leading cause of cancer-related 

death in men (Siegel et al., 2016). While the majority of newly diagnosed, organ-confined 

prostate cancer can be cured with surgery and/or radiation therapy, approximately one third 

of patients will have recurrent disease. At present there is no approved adjuvant therapy that 

prevents recurrence following definitive local therapy. The first evidence of recurrence is 

usually detected by a rise in the serum PSA blood test, the so-called D0/M0 stage of disease. 

The majority of patients in this setting have no symptoms from their disease and enter 

surveillance with serial PSA blood tests and periodic radiographic staging studies. 
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Ultimately, with a median of 8 years, metastases can be detected, predominantly in the axial 

skeleton or pelvic/retroperitoneal lymph nodes (Pound et al., 1999). For recurrent prostate 

cancer, usually once radiographic metastases are detected but sometimes with PSA 

recurrence alone, androgen deprivation therapy is used. While androgen deprivation causes 

tumor regression in the vast majority of patients, unfortunately the disease becomes 

refractory to this therapy, typically within 3 years. The median survival of patients with 

metastatic, castration-resistant prostate cancer (mCRPC) is less than 3 years.

Over the last decade, several agents have been approved as treatments for prostate cancer. 

These have included chemotherapy agents docetaxel and cabazitaxel (Bono et al., 2010; 

Petrylak et al., 2004), androgen receptor targeted agents abiraterone and enzalutamide (Bono 

et al., 2011; Scher et al., 2012), bone-targeted radiation therapy with radium-223 (Parker et 

al., 2013), and an autologous cellular vaccine sipuleucel-T (Kantoff et al., 2010). All of 

these have been evaluated and approved for patients with advanced mCRPC given the 

current paradigm that increased survival has been the major metric for new drug approval. 

Unfortunately, with each of these therapies the median survival benefit has been only a few 

weeks to a few months. Hence there is a need for new therapies, and therapies in earlier 

stages of disease that might prevent or significantly delay the establishment of metastases. 

This is particularly important for prostate cancer because the development of metastases is a 

major turning point in the disease where quality of life may be impacted by either symptoms 

from the disease or by the use of androgen deprivation therapy.

Immune-based treatments, and vaccines in particular, have been of interest as therapies for 

prostate cancer for many reasons. First, as described above, prostate cancer typically has a 

long natural history. The slower growth of the disease makes it more amenable to treatments 

that require time to develop an anti-tumor response, such as therapeutic vaccination (Madan 

et al., 2010). Moreover, prostate cancer is a disease typically of older men keen to avoid side 

effects from androgen deprivation or chemotherapy, and who may otherwise have no 

symptoms from the disease. The safety that has been observed with vaccines in clinical trials 

has been particularly appealing in this situation. In addition, prostate cancer can be detected 

at a minimal residual disease setting by serum PSA, before the disease is apparent with 

radiographically detectable metastases. Studies in animal models suggest that vaccines may 

have their greatest anti-tumor efficacy when employed with small tumor volumes, and hence 

these may be more appropriate settings for anti-tumor vaccination (Wen et al., 2012). 

Moreover, the prostate is an expendable organ. As such there is less of a concern for 

autoimmune toxicity to normal prostate tissue, particularly since most patients undergo 

extirpative therapy at the time of diagnosis. Finally, many prostate-tissue specific proteins 

have been identified, and many other proteins are known to be overexpressed in prostate 

cancer. As such there are many known candidate targets for anti-tumor vaccines.

Several different vaccine approaches have been explored in preclinical models and clinical 

trials for patients with prostate cancer. We have previously reviewed these different vaccine 

approaches(McNeel & Disis, 2000; McNeel, 2007; McNeel & Malkovsky, 2005). Three 

separate vaccine approaches have been or are being explored in phase III clinical trials for 

patients with advanced, mCRPC. These have included the whole tumor cell vaccine 

approach known as GVAX (Ward & McNeel, 2007), and antigen-specific vaccine 
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approaches, including a poxviral vaccine (Prostvac-VF) targeting PSA (Madan et al., 

2009a). As described above, an autologous cellular vaccine targeting the prostate-specific 

protein prostatic acid phosphatase (PAP, sipuleucel-T) was FDA approved in 2010 on the 

basis of an improved survival in patients with mCRPC treated with sipuleucel-T compared 

to placebo (Kantoff et al., 2010). Collectively, these findings demonstrate that anti-tumor 

vaccines can have an impact on the treatment of prostate cancer, and may have greater 

impact still in patients with earlier stages of disease, following debulking therapies, or in 

combination with other immune-targeted therapies or other conventional therapies (Madan et 

al., 2009b). In this regard, using DNA vaccines as a simple methods of antigen delivery has 

been a particularly attractive approach.

6. CLINICAL TRIALS WITH DNA VACCINES FOR PROSTATE CANCER

We have previously reviewed clinical trials using DNA vaccines as treatments for prostate 

cancer (McNeel et al., 2012). These completed and ongoing clinical trials are summarized in 

Table 1. These trials are briefly described here, highlighting how the methods described 

above to improve the immunogenicity of DNA vaccines are being incorporated into clinical 

trials.

The first clinical trial using a DNA vaccine encoding a prostate cancer antigen opened in 

1998. This phase I/II toxicity-dose escalation study assessed the ability of DNA encoding 

PSMA, in various combinations with a plasmid encoding CD86 and soluble GM-CSF as 

adjuvants, to generate antigen-specific immune responses (Mincheff et al., 2000). 

Subsequent trials have also been conducted using DNA vaccines targeting the PSMA 

antigen. One trial evaluated DNA constructs encoding murine or human PSMA, delivered in 

prime-boost sequences as described above, in patients with advanced prostate cancer. No 

evidence of immunity elicited by this approach has been reported (S. Slovin et al., 2007). A 

third investigator group has evaluated the delivery of specific epitopes derived from PSMA 

fused to a domain of the tetanus toxin, to provide CD4+ T cell help, and delivered with or 

without electroporation in patients with early PSA-recurrent, non-metastatic prostate cancer. 

They have reported that this approach elicited immune responses to both moieties of the 

fusion construct, including cytolytic CD8+ T cells specific for the PSMA epitopes, and this 

was associated with increases in PSA doubling time after immunization, irrespective of 

whether electroporation was used (Chudley et al., 2012; Low et al., 2009).

The next antigen that was evaluated as a target for DNA vaccines was PSA. The first phase I 

trial opened in 2000, assessing the safety and immunological effect of a DNA vaccine 

encoding PSA in combination with recombinant GM-CSF and IL-2 protein administered 

systemically as adjuvants (M Pavlenko et al., 2004). This study found that two of three 

patients that received the highest DNA vaccine dose (900 μg) had a significant increase in 

IFNγ response after vaccination; no responses were obtained with other doses (Miller et al., 

1997; Pavlenko et al., 2004). A subsequent trial, conducted by the same investigator group, 

evaluated a similar vaccine, encoding the rhesus PSA as a xenoantigen, and delivered by 

electroporation. While no safety concerns were identified, there was little evidence of 

induced immunity given that most subjects had pre-existing immunity to PSA (Eriksson et 

al., 2013).
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Our group has investigated a DNA vaccine encoding human PAP (pTVG-HP). The first trial 

targeting this antigen opened in 2005. In that trial, conducted in patients with PSA-recurrent 

nonmetastatic prostate cancer, CD4+ and CD8+ T-cell responses to hPAP were detected, and 

the presence of persistent hPAP-specific IFNγ-secreting T cells detected by enzyme-linked 

immunoSpot (ELISPOT) was associated with prolonged PSA doubling time (Becker et al., 

2010; McNeel et al., 2009). A subsequent trial, conducted in patients with castrate-resistant, 

nonmetastatic prostate cancer, demonstrated that immunization could be continued over 

many months with induction of Th1-biased antigen-specific immunity and similar changes 

in PSA doubling time (McNeel et al., 2014).

While not specific to prostate cancer, another group has evaluated a DNA vaccine encoding 

the cancer-testis antigen NY-ESO-1 in patients with non-small cell lung cancer, esophageal 

carcinoma, or prostate adenocarcinoma. Ten patients with prostate cancer were included. 

The vaccine induced both antigen-specific effector CD4+ and/or CD8+ T-cell responses in 

93% (14 of 15) of patients who did not have detectable pre-vaccine immune responses, 

however little evidence of clinical activity was observed (Gnjatic et al., 2009).

To our knowledge, at the time of this writing there are currently six ongoing trials assessing 

DNA vaccines as treatments for prostate cancer (Table 1). The most advanced of these are 

three trials using pTVG-HP. The first of these (NCT 01341652), which opened in 2011, is a 

randomized phase II trial being conducted in patients with PSA-recurrent, non-metastatic 

prostate cancer with rapid PSA doubling time. The primary endpoint of that trial is 2-year 

metastasis-free survival, and patients receive either vaccine with GM-CSF protein as 

adjuvant, or just GM-CSF protein alone. This is the first DNA vaccine targeting a “self” 

tumor antigen to be evaluated in a randomized trial for a phase 2 clinical endpoint. A second 

trial (NCT 01706458), opened in 2012, is evaluating in a pilot trial the use of this vaccine in 

a prime-boost fashion with the sipuleucel-T vaccine, an FDA-approved vaccine that 

similarly targets the hPAP antigen. A third trial (NCT 02499835) is evaluating this DNA 

vaccine in combination or in sequence with the PD-1 blocking antibody pembrolizumab, and 

is being evaluated in patients with metastatic, castration-resistant prostate cancer (McNeel et 

al., 2016).

Other prostate cancer DNA vaccine trials currently underway are phase I trials. The first of 

these (NCT 02411786), sponsored by Madison Vaccines, Inc., is a DNA vaccine encoding 

the ligandbinding domain of the androgen receptor (pTVG-AR, MVI-118) and is being 

evaluated in patients with newly metastatic prostate cancer. This trial is focused on the 

evaluation of a new target vaccine antigen, the androgen receptor, the primary driver of 

prostate cancer, and is evaluating two different schedules of administration. Another trial 

(NCT02514213), sponsored by Inovio Pharmaceuticals, is testing a dual-antigen DNA 

vaccine (INO-5150) that contains partially xenogeneic sequences for PSMA and PSA. The 

consensus sequence for these antigens was designed based on human and macaque 

sequences with the idea that using a partially nonhuman version of the antigens will generate 

greater cross-reactive immune response than purely “self” or xenoantigen sequences. The 

vaccine is administered intramuscularly with and without a DNA-based IL-12 immune 

activator (INO-9012) followed by electroporation. Finally, another trial, sponsored by Pfizer, 

is a large phase 1 trial (NCT02616185) testing a multiple combination approach including a 
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DNA vaccine encoding PSMA delivered by electroporation, with sunitinib, and an anti-

CTLA-4 antibody (tremelimumab).

7. SUMMARY AND FUTURE DIRECTIONS – PROSTATE CANCER DNA 

VACCINES

In summary, plasmid DNA vaccines offer significant advantages over other anti-tumor 

vaccine approaches in terms of simplicity, manufacturing, and the absence of potentially 

infectious agents. The cost of DNA vaccines relative to autologous cellular vaccines 

suggests that they can be more feasibly integrated into the long-term management of 

prostate cancer, and other cancers, when used alone or with other therapies. Several clinical 

trials using DNA vaccines as treatments for prostate cancer have been conducted and these 

have uniformly demonstrated safety and immunogenicity; some have demonstrated possible 

clinical effects. Results from studies beyond phase I evaluation, where clinical benefit can be 

rigorously evaluated, are eagerly awaited. Notwithstanding, preclinical studies have shed 

new insights into mechanisms of action and mechanisms of resistance that have led to 

approaches that are just now entering clinical trial evaluation, and suggest logical directions 

for future exploration and future improvements. In particular, we believe that current efforts 

studying the APC populations able to directly present and cross-present DNA-encoded 

antigens will produce superior methods to target DNA vaccines, potentially to one or more 

APC types. In addition, we expect that studies of the immunogenicity of bacterial DNA 

itself will provide new molecular adjuvants, targeting innate signaling pathways, that will 

produce greater magnitude and quality of tumor-specific T cells. Finally, ongoing studies 

evaluating the means by which tumors avoid immune detection, and whether some of these 

mechanisms are used preferentially by prostate cancer, will provide the most rational 

combination treatments using DNA vaccines in combination with agents targeting specific 

mechanisms of resistance. Specifically, we believe that trials combing DNA vaccines with 

checkpoint inhibitors, including agents targeting CTLA-4, PD-1/PD-L1, and/or LAG3, will 

be most effective given recent results in murine studies (Rekoske et al., 2015; Colluru et al., 

2016b). Moreover, a combination of a DNA vaccine with PD-1 blockade has recently 

demonstrated encouraging findings with objective clinical responses observed in patients 

with advanced stage prostate cancer, NCT 02499835 (McNeel et al., 2016).
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ABBREVIATIONS

AIM2 absent in melanoma 2

APC antigen-presenting cell

APL altered peptide ligand

CD cluster of differentiation
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CEA carcinoembryonic antigen

cGAS cyclic GMP-AMP synthase

CpG cytosine and guanine separated by only one phosphate - 5′
—C—phosphate—G—3

CRPC castrate-resistant prostate cancer

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic T lymphocyte-associated protein 4

CXCR CXC receptor

DNA deoxyribonucleic acid

FDA Food and Drug Administration

GM-CSF granulocyte-macrophage colony-stimulating factor

HER2 human epidermal growth factor receptor 2

HIV human immunodeficiency virus

HLA-A2 human leukocyte antigen A2

hPAP human prostatic acid phosphatase

HPV human papilloma virus

HSV2 herpes simplex virus 2

IFN interferon

IL interleukin

IRF Interferon regulatory factor

LAG3 lymphocyte-activation gene 3

mCRPC metastatic castration-resistant prostate cancer

MDSC myeloid-derived suppressor cells

MHC major histocompatibility complex

mRNA messenger ribonucleic acid

MVA modified vaccinia Ankara

NCT clinicalTrials.gov registry number

PAP prostatic acid phosphatase

PD-1 programmed death 1
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PD-L1 programmed death ligand 1

PSCA prostate stem cell antigen

PSA prostate-specific antigen

PSMA prostate-specific membrane antigen

pTVG-AR (MVI-118) DNA vaccine encoding the ligand-binding domain of the 

androgen receptor

pTVG-HP DNA vaccine encoding human prostatic acid phosphatase

RNA ribonucleic acid

SSX2 synovial sarcoma, X breakpoint 2 protein

STEAP1 six transmembrane epithelial antigen of the prostate 1 

protein

TAM tumor-associated macrophages

TCR T-cell receptor

Th2 type 2 helper T cell

Th1 type 1 helper T cell

TIL tumor-infiltrating lymphocyte

TLR toll-like receptor

TRAMP transgenic adenocarcinoma of the mouse prostate Tregs - 

regulatory T cells

USDA United States Department of Agriculture

US ultrasound
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Figure 1. Model for DNA vaccine mechanism of action
Shown is a schema of the presumed mechanism of action of DNA vaccines acting by either 

direct antigen presentation or crosspresentation following cellular uptake. Highlighted are 

areas of potential intervention, discussed in this review, to increase the resulting cellular 

immune response.
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