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There have been dozens of human clinical trials of DNA 
vaccines against infectious and non-infectious diseases such as 
influenza, hepatitis B, HIV, malaria and cancer; however, with 
disappointing outcomes (reviewed in refs. 1–3), suffering from 
lower immunogenicity than that had been observed in other 
mammals. Safety issues such as integration of plasmid DNA into 
genomic DNA, the risk of autoimmunity or antigen tolerance 
were successfully addressed in those studies. It was concluded that 
despite its low immunogenicity, DNA vaccination is a safe form 
of immunization. Therefore, it still has a future for use in humans 
if its immunogenicity can be strengthened. Moreover, successful 
DNA vaccines have been licensed in veterinary applications 
since 2005, including canine melanoma, West Nile viruses in 
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horses and fish hematopoietic necrosis viruses.4-6 The successful 
veterinary applications indicate that selecting an appropriate, 
strongly immunogenic antigen is very important and should 
be considered for improving DNA vaccine immunogenicity in 
humans.

Given such clinical results, understanding the underlying 
mechanism(s) of how DNA vaccines function is remains as a key 
step for its success. Recent studies investigating the immunological 
role of DNA-sensing machinery have brought new interest to 
the DNA vaccine field. It was demonstrated that the presence of 
double-stranded DNA in the cytoplasm of mammalian cells can 
trigger host immune responses by a mechanism involving as yet 
unidentified cytosolic DNA sensor(s).7 This is expected to have 
an important impact on future researches on the cytosolic DNA-
sensing machinery and on technological advance of delivery and 
processing of DNA plasmid.8 In this review, we discuss research 
developments in the understanding of cytosolic DNA sensing 
and its implications for development of DNA vaccines.

Immune Responses Initiated by DNA Vaccination

A DNA vaccine is composed of a bacterial plasmid that encodes 
the protein of interest (an antigen) under a mammalian promoter 
enabling it to function in the transfected mammalian cells. 
DNA vaccination could trigger immune responses through (1) 
the antigen(s) encoded by the DNA plasmid, which is the main 
component of the vaccine and (2) the transfected DNA plasmid 
itself (which has possible unwanted or unexpected, but surprising 
helper [adjuvant] activity of vaccines—to be discussed later).

Antigen(s) encoded by DNA plasmid. As soon as the 
plasmid DNA is administered in vivo, the encoded protein is 
expressed in the host cells under the control of the mammalian 
promoter. In the general understanding, expressed proteins 
can be processed as peptides, bind to MHC class I or class II 
molecules and be presented by antigen presenting cells (APCs) 
such as dendritic cells (DCs) to activate (prime) naïve T cells. 
Alternatively, the expressed, secreted proteins can be processed 
to activate B cells for antibody production. The plasmid DNA, 
administered by various methods, is directly transfected into 
resident stromal cells (e.g., muscle cells) at the injected site, 

Since the introduction of DNA vaccines two decades ago, 
this attractive strategy has been hampered by its low 
immunogenicity in humans. Studies conducted to improve 
the immunogenicity of DNA vaccines have shown that 
understanding the mechanism of action of DNA vaccines might 
be the key to successfully improving their immunogenicity. 
Our current understanding is that DNA vaccines induce innate 
and adaptive immune responses in two ways: (1) encoded 
protein (or polypeptide) antigen(s) by the DNA plasmid can 
be expressed in stromal cells (i.e., muscle cells) as well as DCs, 
where these antigens are processed and presented to naïve 
CD4 or CD8 T cells either by direct or cross presentation, 
respectively; and (2) the transfected DNA plasmid itself may 
bind to an un-identified cytosolic DNA sensor and activate the 
TBK1-STING pathway and the production of type I interferons 
(IFNs) which function as an adjuvant. Recent studies 
investigating double-stranded cytosolic DNA sensor(s) have 
highlighted new mechanisms in which cytosolic DNA may 
release secondary metabolites, which are in turn recognized 
by a novel DNA sensing machinery. Here, we discuss these new 
metabolites and the possibilities of translating this knowledge 
into improved immunogenicity for DNA vaccines.
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free bases to be re-utilized.13 Nucleic acid-derived purine bases 
are further catabolized into uric acid. Malfunctioning of nucleic 
acid utility/recycling may occur for various reasons. Therefore, 
even though nucleic acids are known to be immunologically 
inert during homeostasis, it should be noted that once released 
from microbes or damaged host cells, nucleic acids, together with 
their excess metabolites, could be detected by the immune sys-
tem and result in disease manifestations.13 Recent research has 
been heavily focused on the sensors and mechanisms involved in 
recognition of DNA abnormally present in cytoplasm. Below is a 
summary of recently identified “potential” DNA sensors.

ZBP1/DAI. Z-DNA binding protein 1 (ZBP1), also called 
DNA-dependent activator of IFN-regulatory factors (DAI) or 
DLM-1, was found to bind directly to dsDNA and enhance its 
association with IRF3 and TBK1, resulting in the DNA-mediated 
activation of innate immune responses in vitro.14 However, 
because the role of DAI in DNA-induced IFN production is very 
cell-type specific and DAI-deficient mice induced normal type I 
IFN responses to dsDNA as well as plasmid DNA vaccinations, 
DAI’s role in innate signaling in humans has been questioned 
and remains to be further clarified.9,15

AIM2. Absence in melanoma 2 (AIM2), an IFN-inducible 
gene (HIN)-200 family member, was identified as a cytosolic 
DNA sensor for activation of inflammasomes by inducing 
the apoptotic speck protein containing a caspase recruitment 
domain (ASC)/caspase-1-mediated secretion of IL-1β. However, 
the AIM2 inflammasome is only essential for caspase-1 activa-
tion, but not for type I IFN production in response to cytosolic 
dsDNA.16-19

IFI16. Interferon-gamma inducible protein 16 (also called 
p204) is a member of the PYHIN protein family that contains 
a pyrin domain and two DNA-binding HIN domains. Reports 
have suggested that IFI16 depletion by RNA interference reduces 
the induction of type I IFN by synthetic DNA as well as DNA.20

RNA polymerase III. RNA polymerase III is an enzyme 
responsible for the transcription of DNA, and synthesizes various 
ribosomal and small RNAs in eukaryotes. It was recently shown 
that cytosolic poly(dA-dT) DNA are converted into RNA species 
(namely 5'-triphosphate RNA) by RNA polymerase III and in 
turn induce RIG-I-mediated type I IFN production. Therefore, 
although RIG-I is a cytosolic RNA receptor, RIG-I knockdown 
was associated with reduction in dsDNA-induced type I IFN 
production.21

HMGB. High-mobility group protein B1 (HMGB1) is 
normally localized in the nucleus. It has high DNA-binding 
capacity and recruits other proteins to the DNA-HMGB1 
complex, functioning as a transcription regulator. Once HMGB1 
is released from the nucleus and is present extracellularly, it can 
activate the immune system and might be responsible for various 
autoimmune diseases.22 It was shown that HMGBs (HMGB1, 
HMGB2, and HMGB3) can bind to pathogen-derived nucleic 
acids, and that knockdown of HMGBs in mice is responsible for 
defective type I IFN and inflammatory cytokine induction by 
cytosolic DNA.23

Histone H2B. Histones are essential basic proteins that help 
to form chromatin structure by association with DNA in the 

and can be directly delivered and transfected into APCs such 
as DCs.9 If plasmid DNA is taken up and the antigen directly 
expressed and processed in, and/or secreted by, DCs, then that 
would lead to direct presentation of the encoded antigen(s) to 
CD8+ and/or CD4+ T cells, respectively. On the other hand, 
if plasmid DNA is introduced into stromal cells at the injected 
site such as muscle cells, the antigen may be indirectly captured 
by DCs after release from transfected stromal cells and then 
cross-presented to CD8+ T cells. It is also well accepted that 
the expressed antigen can be captured by B cells to become 
antigen-specific B cells with the help of CD4 Th1 or possibly 
follicular helper T (Tfh) cells. Therefore, it is obvious that the 
mode and the amount of expression of the encoded antigen(s) 
are critical factors for the DNA vaccine immunogenicity. In this 
regard, various transfection modalities have been introduced, a 
promising one of which was the electroporation of plasmid DNA 
in vivo.10,11 Immune responses initiated by DNA vaccination are 
summarized in the figure.

The transfected DNA plasmid. Recognition of foreign DNA 
(i.e., of bacterial origin) has been well-studied by now that for-
eign DNA can bind to TLR9 in the endosome and stimulate the 
production of type I IFNs in DCs. However, recent studies have 
additionally shown that transfected double-stranded DNA into 
cytosol (and/or nucleus) is also immunogenic.7 If introduced into 
the cytosol, double-stranded (ds)DNA derived from host cells 
(mainly in the B-form, a right-handed helical structure), can 
induce immune responses in fibroblasts, macrophages and DCs 
to produce robust amounts of type I IFNs. This effect is inde-
pendent of the CpG motifs and TLR9, but completely dependent 
on TRAF-family-member-associated NF-κB activator (TANK) 
binding kinase 1 (TBK1).7 Interestingly, similar to the dsDNA 
sensing pathway, DNA plasmids, although of bacterial origin, 
also interact with an un-identified cytosolic DNA sensor and 
induce the activation of TBK1 and IκB kinase-ε (IKKε) through 
STING, (stimulator of interferon genes, also called MITA, ERIS 
or TMEM173).9,12 Hence, it was proposed that the recognition 
of the double-stranded backbone of cytosolic plasmid DNA by 
as yet un-identified cytosolic DNA sensors could contribute (i.e., 
have adjuvant activity) to enhanced adaptive immune responses 
induced by DNA plasmids.

Recent studies, on the other hand, have addressed the recogni-
tion of cytosolic DNA and the roles of DNA-mediated secondary 
products. In the light of these new studies of the mechanisms by 
which cytosolic dsDNA and possibly DNA plasmid are sensed, 
we will look into the details of cytosolic DNA sensors.

Update on Cytosolic Double Stranded 
(ds)-DNA-Recognition Sensors

Nucleic acids, namely DNA and RNA, are composed of nucle-
otide chains that convey genetic information important for all 
living organisms. Normally, these genetic molecules are metabo-
lized or recycled and are subsequently re-used. Several endonu-
cleases, phosphodiesterases and nucleoside phosphorylases work 
together to metabolize nucleic acids into polynucleotides, oligo-
nucleotides and free nucleosides and finally into ribose-1-P and 
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TRIF-double deficient mice showed normal responses to DNA 
vaccines. However, TBK1 was the major player in DNA vaccine 
immunogenicity.9 Importantly, studies with STING-deficient 
mice confirmed that STING was a critical molecule for immuno-
genicity of DNA plasmids.12 Collectively, these studies strongly 
suggest that STING and TBK1, the critical components of the 
DNA recognition machinery, are also important for DNA vac-
cine-induced immunogenicity. DNA vaccination requires TBK1 
activation in hematopoietic cells (i.e., DCs) for Th1 and B cell 
responses to the encoded antigen, while TBK1 activity in non-
hematopoietic cells (i.e., muscle cells), not hematopoietic cells, 
is essential for CD8+ T cell activation. 9 Direct presentation and 
cross-presentation of the encoded antigens via hematopoietic and 
non-hematopoietic cells differentially contribute to the genera-
tion of adaptive immune responses to DNA vaccines, and that 
STING-TBK1-dependent type I IFN is required to promote 
both responses (Fig. 1).8,9,34

ZBP1/DAI and its function as an intracellular DNA-sensor 
is controversial because of the differing cell type-dependent 
requirements in mouse and human cells. Nevertheless, DNA 
vaccine immunizations of ZBP1/DAI-deficient mice revealed a 
minimal role for ZBP-1 in innate or adaptive immune responses 
to DNA vaccine in vivo.9

Earlier reports successfully showed that DNA vaccine 
immunogenicity could be improved by incorporation of IL-1 
and caspases into the plasmid backbone.35,36 However, it is less 
likely that the inflammasome components AIM2 and ASC, 
which are important components for cytosolic DNA-mediated 

nucleus. Histone H2B, which mainly localizes to the nucleus, 
recognizes aberrant genomic DNA from damaged cells or 
cytosolic dsDNA generated by DNA viruses and activates TBK1/ 
IRF3 axis to produce type I IFN.24

STING. Upon stimulation by various cytoplasmic dsDNAs, 
an endoplasmic reticulum (ER)-localized molecule, STING 
re-localizes with TBK1 from ER to perinuclear vesicles and 
activates IRF3/IRF7 to stimulate type I IFN production and 
NF-κB activation.25 Recent studies have reported that STING 
could also sense bacterial secondary messenger molecules such as 
c-di-GMP or c-di-AMP.26 This raises the important possibility 
that cytosolic dsDNA stimulation might produce secondary 
products such as c-di-GMP/c-di-AMP that might be recognized 
by STING.

TRIM56. Another interferon-inducible molecule, tripartite-
motif 56 (TRIM56), an interferon-inducible E3 ubiquitin ligase, 
was recently identified as a modulator of STING dimerization 
upstream of TBK1 and to confer dsDNA-mediated type I IFN 
responses.27

DDX41. DDX41 is a member of the DEXDc family of 
helicases. It was found to sense intracellular DNA in myeloid 
dendritic cells (mDCs) and to be responsible for type I IFN and 
cytokine responses to cytosolic DNA and DNA viruses with 
direct co-localization with STING in the cytosol.28 In addition, 
dsDNA from bacteria (small bacterial nucleic acids called cyclic 
dinucleotides) together with cyclic di-GMP and cyclic di-AMP 
were found to bind to central DEAD-box domain (DEADc), 
albeit not directly to STING.28,29 Further studies are needed to 
understand the interactions between DDX41, dsDNA, cyclic 
dinucleotides and STING.30

cGAS. Recently, an enzyme in mammalian cells called cGAS 
was found to directly bind to transfected dsDNA and viral 
DNA. cGAS is a cyclic guanosine monophosphate-adenosine 
monophosphate (cGAMP) synthase that functions in the 
cytoplasm by direct binding to dsDNA. As a result, cGAMP is 
synthesized, binds directly to STING and induces transcription 
factor IRF3 and the induction of type I IFN in a STING-
dependent manner, suggesting that cGAS is a cytosolic DNA 
sensor.31

DNA Sensing Machinery vs. DNA Plasmid-Mediated 
Immunogenicity

To clarify the role of various dsDNA-sensing/signaling molecules 
on the immunogenicity of DNA vaccines, several groups have 
taken advantage of knockout mice to investigate the innate as 
well as adaptive responses evoked by DNA plasmids (Table  1 
summarizes the current knowledge on the dsDNA-sensing 
machinery and its known impact on the mechanism of DNA 
vaccination). The main discovery was that transmembrane-local-
ized foreign DNA receptor, TLR9, had minimal involvement in 
the activity of plasmid DNA in vivo.32-34 Rather, optimal DNA 
vaccine immunogenicity (antigen-specific T and B cell induc-
tion) required type I IFNs, with clear evidence of little or no 
activity of such immunogenicity in IFNαR2-deficient mice.9 
Overall, TLR signaling may play little or no role, as MyD88/

Figure 1. Current understanding of the mechanism of action of DNA 
vaccines. DNA plasmid transfection into the cytosol (i.e., by electropora-
tion) induces innate and adaptive immune responses by two compo-
nents; Component I: Encoded protein (or polypeptide) antigen(s) by 
the DNA plasmid can be expressed in stromal cells (i.e., muscle cells) as 
well as DCs, where these antigens are processed and presented to naïve 
CD4 or CD8 T cells either by direct or cross presentation, respectively. 
Component II: the transfected DNA plasmid and its metabolites (such 
as cGAS, c-diGMP, RNA polymerase III, and uric acid) interact with an 
unidentified cytosolic DNA receptor and activate the STING-TBK1-IRF 
pathway, with production of type I IFNs or some other unknown func-
tions that act as a built-in adjuvant.
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Incorporation of HMGB1 into DNA plasmids as a genetic 
adjuvant successfully enhanced adaptive immune responses 
against HIV-1 as well as influenza viruses with greater neutraliz-
ing antibody responses against lethal influenza virus challenge.41,42

Although ZBP1/DAI has no role in the immunogenicity 
of DNA vaccines, it has been shown to have a role as a genetic 
adjuvant.43 A recent study has evaluated transcription factors of 
the IRF family (IRF-1, IRF-3, and IRF-7) as adjuvants to DNA 
vaccines. Plasmid DNA encoding IRF-1, but not IRF-3 or IRF-
7, enhanced antigen-specific immune responses.44 A cocktail of 
TBK1-encoding plasmids with plasmids encoding Plasmodium 
antigens might be able to improve humoral responses to malarial 
antigens.34

DNA Plasmid Metabolites: An Adjuvant?

Several studies have independently shown that synthetic non-
coding dsDNA as well as genetic material from dying cells 
could improve the immunogenicity of protein-based vaccines 
and act mainly as adjuvants.8,45,46 However, the studies also 
suggest that other by-products resulting from DNA metabolism 
could be involved in increasing the immunogenicity of the 
vaccines.13 Currently there is no clear evidence as to whether in 
vivo transfection of plasmid DNA could release metabolites that 
are capable of inducing type I IFN production, however, recent 
discoveries have revealed that several DNA metabolites such as 
cGAMP or cyclic-diGMP (c-diGMP) can be immunogenic and 
can interact with DNA sensing machinery such as STING.

Cyclic-di-GMP (c-diGMP) is a small nucleotide second mes-
senger synthesized by bacteria. When c-diGMP is transfected 
into mammalian cells, it strongly induces high levels of type I 
IFN,47 utilizing the same signaling pathway as dsDNA by direct 
binding to DDX41 and STING and activating downstream 
TBK1-IRF3 signaling.28,29,48 c-diGMP was studied for this 
immunogenic property, and shown to be an effective adjuvant 
for vaccines targeting the mucosal route.49,50

As mentioned earlier, not only bacterial DNA metabolites, 
but transfected dsDNA or viral DNA can be catalyzed in the 
cytoplasm by a directly-bound enzyme called cGAS.31 As a result, 
cGAMP is synthesized and directly binds to STING. Although 
currently no study has reported it, cGAMP is expected to have 
adjuvant properties.

IL1β responses, are required for DNA vaccine immunogenicity 
(unpublished observations).

Currently no data are available on the possible involvement of 
IFI16, HMGBs, TRIM56 or DDX41 in the mechanism of DNA 
vaccines, which should be explored in the future by using avail-
able mice that are deficient for those molecules.

In the down-stream signaling of the STING-TBK1 complex, 
IRF3-deficient mice elicited strong antigen-specific humoral 
responses after DNA vaccination, while CD4+ and CD8+ T cell 
responses (including the production of Th1, Th2 and Th17 cyto-
kines) were severely impaired (Table 1).37

Cytosolic DNA Sensing Machinery 
as a Genetic Adjuvant

The discoveries in which cytosolic plasmid DNA-induced immu-
nogenicity was attributed to its adjuvant properties (mediated 
via STING and TBK1 kinase) have led researchers to evaluate 
whether such immunogenicity could be improved by incorpo-
rating overexpression of these signaling molecules as an exter-
nal adjuvant to DNA vaccines. Several incorporation techniques 
(i.e., in the plasmid backbone or by co-immunization) have been 
challenged. The pioneering studies have shown that although 
dispensable for the immune signaling of DNA vaccines, adaptor 
molecules such as the Myeloid Differentiation Primary Response 
Gene (MyD88) or Toll/IL-1 receptor (TIR)-domain-containing 
adaptor inducing interferon-β (TRIF), if incorporated into DNA 
vaccines as dual-promoter plasmids and overexpressed, greatly 
enhance humoral as well as cellular responses to given antigen.38

A similar approach was taken with RIG-I and MDA5, 
although IPS-1-deficiency has not played a role in the 
immunogenicity of DNA vaccines.9 RIG-I is upstream of IPS-
1, and can also recognize dsDNA by involving DNA-dependent 
RNA polymerase III.21 Based on this, Luke et al. have generated 
DNA vaccines co-expressing antigen and potent RIG-I ligands 
from RNA polymerase III promoters as RIG-I agonists.39 The 
resultant vectors potently induced type I IFN production and 
increased influenza-specific serum antibody binding avidity 
of DNA vaccines in mice. Co-administration of influenza-HA 
plasmid and plasmid DNA for MDA5 expression resulted in 
enhanced immunogenicity as well as protection against a lethal 
H5N1 challenge infection in chickens.40

Table 1. Current known signaling molecules in the DNA vaccine-induced immune responses

Knockout mice
DNA vaccine-

Reference
Antigen Route Ab responses CD4+ T cells CD8+ T cells

TLR9 LacZ i.m e.p. → → → [9]

MyD88/TRIF LacZ i.m e.p. → → → [9]

ZBP-1 (DAI) LacZ i.m e.p. → → → [9]

STING OVA i.m e.p. ↓ ↓ ↓ [12]

TBK1 LacZ NP i.m e.p. ↓ ↓ ↓ [9]

IRF3 OVA-Luc i.m.* → ↓ ↓ [37]

IFNαR2 LacZ i.m. e.p. ↓ ↓ ↓ [9]

*This data is available only by i.m. route of immunization which might be different than i.m. e.p. immunization.
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10-carboxymethyl-9-acridanone (CMA) was highlighted as 
potent type I IFN inducer via the STING-TBK1-IRF3 axis.54 
Interestingly, both DMXAA and CMA have a species-specific 
mode of action in binding to the STING pocket where c-diGMP 
also binds. Perhaps that is a clue to future understanding of the 
immunogenicity of DNA vaccines in different species.54,55

Overall, our understanding of how DNA vaccines might 
function is continuously improving along with recent 
developments in the investigation of the DNA sensors. Discovery 
of adjuvant properties of DMXAA, a compound with high 
similarity to DNA-mediated metabolites, is a promising advance 
in the field of DNA vaccines and adjuvants and for the generation 
of successful vaccines.
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Uric acid is a nucleic acid metabolite of degraded purine 
nucleotides. However, aberrant cell death under certain 
conditions could lead increased uric acid levels and DC 
activation.51 Un-excreted crystalized uric acid results in disease 
like gout. Uric acid crystals, but not soluble uric acid, could 
function as adjuvant (unpublished observation). However, it is 
unclear whether DNA plasmids produce uric acid and/or crystals 
in the transfected cells.

These studies have revealed that not only DNA, but its 
metabolites could target DNA sensing machinery, intrigued a 
hypothesis that synthetic compounds that target the DNA sensing 
pathway might be capable of inducing type I IFN responses and 
may function as an adjuvant. 5,6-dimethylxanthenone-4-acetic 
acid (DMXAA) is a good example. DMXAA is a small synthetic 
molecule and a potent type I IFN inducer that resembles viral 
infections and dsDNA in the inflammatory signaling events 
it triggers.52 Furthermore, DMXAA utilizes the TBK1-IRF3 
signaling pathway without the involvement of TLRs or RNA 
helicases in its mechanism of type I IFN induction. Experience 
with DMXAA as adjuvant in protein immunizations suggest that 
it could indeed act as a vaccine adjuvant. Its unique property as a 
soluble innate immune activator and its adjuvant effect are directly 
dependent on the IRF3-mediated production of type I IFNs.53 
Of note, very recently another known anti-viral compound, 

References
1.	 Liu MA. DNA vaccines: an historical perspective and 

view to the future. Immunol Rev 2011; 239:62-84; 
PMID:21198665; http://dx.doi.org/10.1111/j.1600-
065X.2010.00980.x

2.	 Ferraro B, Morrow MP, Hutnick NA, Shin TH, Lucke 
CE, Weiner DB. Clin Infect Dis 2011; 53:296-302; 
http://dx.doi.org/10.1093/cid/cir334.

3.	 Li L, Saade F, Petrovsky N. The future of human 
DNA vaccines. J Biotechnol 2012; 162:171-82; 
PMID:22981627; http://dx.doi.org/10.1016/j.
jbiotec.2012.08.012

4.	 Davis BS, Chang GJ, Cropp B, Roehrig JT, Martin 
DA, Mitchell CJ, et al. West Nile virus recombinant 
DNA vaccine protects mouse and horse from virus 
challenge and expresses in vitro a noninfectious 
recombinant antigen that can be used in enzyme-
linked immunosorbent assays. J Virol 2001; 75:4040-
7; PMID:11287553; http://dx.doi.org/10.1128/
JVI.75.9.4040-4047.2001

5.	 Bergman PJ, McKnight J, Novosad A, Charney S, 
Farrelly J, Craft D, et al. Long-term survival of 
dogs with advanced malignant melanoma after DNA 
vaccination with xenogeneic human tyrosinase: a 
phase I trial. Clin Cancer Res 2003; 9:1284-90; 
PMID:12684396

6.	 Corbeil S, Lapatra SE, Anderson ED, Jones J, 
Vincent B, Hsu YL, et al. Evaluation of the protective 
immunogenicity of the N, P, M, NV and G proteins 
of infectious hematopoietic necrosis virus in rainbow 
trout oncorhynchus mykiss using DNA vaccines. Dis 
Aquat Organ 1999; 39:29-36; PMID:11407402; 
http://dx.doi.org/10.3354/dao039029

7.	 Ishii KJ, Coban C, Kato H, Takahashi K, Torii Y, 
Takeshita F, et al. A Toll-like receptor-independent 
antiviral response induced by double-stranded B-form 
DNA. Nat Immunol 2006; 7:40-8; PMID:16286919; 
http://dx.doi.org/10.1038/ni1282

8.	 Desmet CJ, Ishii KJ. Nucleic acid sensing at the 
interface between innate and adaptive immunity in 
vaccination. Nat Rev Immunol 2012; 12:479-91; 
PMID:22728526; http://dx.doi.org/10.1038/nri3247

9.	 Ishii KJ, Kawagoe T, Koyama S, Matsui K, Kumar 
H, Kawai T, et al. TANK-binding kinase-1 delineates 
innate and adaptive immune responses to DNA 
vaccines. Nature 2008; 451:725-9; PMID:18256672; 
http://dx.doi.org/10.1038/nature06537

10.	 Sardesai NY, Weiner DB. Electroporation delivery 
of DNA vaccines: prospects for success. Curr Opin 
Immunol 2011; 23:421-9; PMID:21530212; http://
dx.doi.org/10.1016/j.coi.2011.03.008

11.	 Gothelf A, Gehl J. What you always needed to know 
about electroporation based DNA vaccines. Hum Vaccin 
Immunother 2012; 8:1694-702; PMID:23111168; 
http://dx.doi.org/10.4161/hv.22062

12.	 Ishikawa H, Ma Z, Barber GN. STING regulates 
intracellular DNA-mediated, type I interferon-
dependent innate immunity. Nature 2009; 461:788-
92; PMID:19776740; http://dx.doi.org/10.1038/
nature08476

13.	 Ishii KJ, Akira S. Potential link between the immune 
system and metabolism of nucleic acids. Curr Opin 
Immunol 2008; 20:524-9; PMID:18662775; http://
dx.doi.org/10.1016/j.coi.2008.07.002

14.	 Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, 
Ban T, et al. DAI (DLM-1/ZBP1) is a cytosolic DNA 
sensor and an activator of innate immune response. 
Nature 2007; 448:501-5; PMID:17618271; http://
dx.doi.org/10.1038/nature06013

15.	 Lippmann J, Rothenburg S, Deigendesch N, Eitel 
J, Meixenberger K, van Laak V, et al. IFNbeta 
responses induced by intracellular bacteria or cytosolic 
DNA in different human cells do not require ZBP1 
(DLM-1/DAI). Cell Microbiol 2008; 10:2579-88; 
PMID:18771559; http://dx.doi.org/10.1111/j.1462-
5822.2008.01232.x

16.	 Bürckstümmer T, Baumann C, Blüml S, Dixit E, 
Dürnberger G, Jahn H, et al. An orthogonal proteomic-
genomic screen identifies AIM2 as a cytoplasmic 
DNA sensor for the inflammasome. Nat Immunol 
2009; 10:266-72; PMID:19158679; http://dx.doi.
org/10.1038/ni.1702

17.	 Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri 
ES. AIM2 activates the inflammasome and cell death in 
response to cytoplasmic DNA. Nature 2009; 458:509-
13; PMID:19158676; http://dx.doi.org/10.1038/
nature07710

18.	 Hornung V, Ablasser A, Charrel-Dennis M, 
Bauernfeind F, Horvath G, Caffrey DR, et al. AIM2 
recognizes cytosolic dsDNA and forms a caspase-
1-activating inflammasome with ASC. Nature 
2009; 458:514-8; PMID:19158675; http://dx.doi.
org/10.1038/nature07725

19.	 Roberts TL, Idris A, Dunn JA, Kelly GM, Burnton 
CM, Hodgson S, et al. HIN-200 proteins regulate 
caspase activation in response to foreign cytoplasmic 
DNA. Science 2009; 323:1057-60; PMID:19131592; 
http://dx.doi.org/10.1126/science.1169841

20.	 Unterholzner L, Keating SE, Baran M, Horan KA, 
Jensen SB, Sharma S, et al. IFI16 is an innate immune 
sensor for intracellular DNA. Nat Immunol 2010; 
11:997-1004; PMID:20890285; http://dx.doi.
org/10.1038/ni.1932

21.	 Chiu YH, Macmillan JB, Chen ZJ. RNA polymerase 
III detects cytosolic DNA and induces type I interferons 
through the RIG-I pathway. Cell 2009; 138:576-
91; PMID:19631370; http://dx.doi.org/10.1016/j.
cell.2009.06.015

22.	 Scaffidi P, Misteli T, Bianchi ME. Release of chromatin 
protein HMGB1 by necrotic cells triggers inflammation. 
Nature 2002; 418:191-5; PMID:12110890; http://
dx.doi.org/10.1038/nature00858

23.	 Yanai H, Ban T, Wang Z, Choi MK, Kawamura 
T, Negishi H, et al. HMGB proteins function as 
universal sentinels for nucleic-acid-mediated innate 
immune responses. Nature 2009; 462:99-103; 
PMID:19890330; http://dx.doi.org/10.1038/
nature08512

24.	 Kobiyama K, Takeshita F, Jounai N, Sakaue-Sawano A, 
Miyawaki A, Ishii KJ, et al. Extrachromosomal histone 
H2B mediates innate antiviral immune responses 
induced by intracellular double-stranded DNA. J Virol 
2010; 84:822-32; PMID:19906922; http://dx.doi.
org/10.1128/JVI.01339-09



www.landesbioscience.com	 Human Vaccines & Immunotherapeutics	 2221

46.	 Marichal T, Ohata K, Bedoret D, Mesnil C, Sabatel 
C, Kobiyama K, et al. DNA released from dying host 
cells mediates aluminum adjuvant activity. Nat Med 
2011; 17:996-1002; PMID:21765404; http://dx.doi.
org/10.1038/nm.2403

47.	 McWhirter SM, Barbalat R, Monroe KM, Fontana 
MF, Hyodo M, Joncker NT, et al. A host type I inter-
feron response is induced by cytosolic sensing of the 
bacterial second messenger cyclic-di-GMP. J Exp Med 
2009; 206:1899-911; PMID:19652017; http://dx.doi.
org/10.1084/jem.20082874

48.	 Smith HA, Klinman DM. The regulation of DNA 
vaccines. Curr Opin Biotechnol 2001; 12:299-303; 
PMID:11404109; http://dx.doi.org/10.1016/S0958-
1669(00)00215-9

49.	 Chen W, Kuolee R, Yan H. The potential of 3',5'-cyclic 
diguanylic acid (c-di-GMP) as an effective vaccine 
adjuvant. Vaccine 2010; 28:3080-5; PMID:20197136; 
http://dx.doi.org/10.1016/j.vaccine.2010.02.081

50.	 Pedersen GK, Ebensen T, Gjeraker IH, Svindland 
S, Bredholt G, Guzmán CA, et al. Evaluation of the 
sublingual route for administration of influenza H5N1 
virosomes in combination with the bacterial second 
messenger c-di-GMP. PLoS One 2011; 6:e26973; 
PMID:22069479; http://dx.doi.org/10.1371/journal.
pone.0026973

51.	 Shi Y, Evans JE, Rock KL. Molecular identification of 
a danger signal that alerts the immune system to dying 
cells. Nature 2003; 425:516-21; PMID:14520412; 
http://dx.doi.org/10.1038/nature01991

52.	 Roberts ZJ, Goutagny N, Perera PY, Kato H, Kumar 
H, Kawai T, et al. The chemotherapeutic agent 
DMXAA potently and specifically activates the TBK1-
IRF-3 signaling axis. J Exp Med 2007; 204:1559-
69; PMID:17562815; http://dx.doi.org/10.1084/
jem.20061845

53.	 Tang CK, Aoshi T, Jounai N, Ito J, Ohata K, Kobiyama 
K, et al. The chemotherapeutic agent DMXAA as a 
unique IRF3-dependent type-2 vaccine adjuvant. PLoS 
One 2013; 8:e60038; PMID:23555875; http://dx.doi.
org/10.1371/journal.pone.0060038

54.	 Cavlar T, Deimling T, Ablasser A, Hopfner KP, 
Hornung V. Species-specific detection of the antiviral 
small-molecule compound CMA by STING. EMBO 
J 2013; 32:1440-50; PMID:23604073; http://dx.doi.
org/10.1038/emboj.2013.86

55.	 Conlon J, Burdette DL, Sharma S, Bhat N, Thompson 
M, Jiang Z, et al. Mouse, but not human STING, binds 
and signals in response to the vascular disrupting agent 
5,6-dimethylxanthenone-4-acetic acid. J Immunol 
2013; 190:5216-25; PMID:23585680; http://dx.doi.
org/10.4049/jimmunol.1300097

37.	 Shirota H, Petrenko L, Hattori T, Klinman DM. 
Contribution of IRF-3 mediated IFNbeta production 
to DNA vaccine dependent cellular immune responses. 
Vaccine 2009; 27:2144-9; PMID:19356618; http://
dx.doi.org/10.1016/j.vaccine.2009.01.134

38.	 Takeshita F, Tanaka T, Matsuda T, Tozuka M, 
Kobiyama K, Saha S, et al. Toll-like receptor adaptor 
molecules enhance DNA-raised adaptive immune 
responses against influenza and tumors through 
activation of innate immunity. J Virol 2006; 80:6218-
24; PMID:16775309; http://dx.doi.org/10.1128/
JVI.00121-06

39.	 Luke JM, Simon GG, Söderholm J, Errett JS, August JT, 
Gale M Jr., et al. Coexpressed RIG-I agonist enhances 
humoral immune response to influenza virus DNA 
vaccine. J Virol 2011; 85:1370-83; PMID:21106745; 
http://dx.doi.org/10.1128/JVI.01250-10

40.	 Liniger M, Summerfield A, Ruggli N. MDA5 can 
be exploited as efficacious genetic adjuvant for DNA 
vaccination against lethal H5N1 influenza virus 
infection in chickens. PLoS One 2012; 7:e49952; 
PMID:23227156; http://dx.doi.org/10.1371/journal.
pone.0049952

41.	 Muthumani G, Laddy DJ, Sundaram SG, Fagone P, 
Shedlock DJ, Kannan S, et al. Co-immunization with 
an optimized plasmid-encoded immune stimulatory 
interleukin, high-mobility group box 1 protein, 
results in enhanced interferon-gamma secretion by 
antigen-specific CD8 T cells. Immunology 2009; 
128(Suppl):e612-20; PMID:19740322; http://dx.doi.
org/10.1111/j.1365-2567.2009.03044.x

42.	 Fagone P, Shedlock DJ, Bao H, Kawalekar OU, Yan J, 
Gupta D, et al. Molecular adjuvant HMGB1 enhances 
anti-influenza immunity during DNA vaccination. 
Gene Ther 2011; 18:1070-7; PMID:21544096; http://
dx.doi.org/10.1038/gt.2011.59

43.	 Lladser A, Mougiakakos D, Tufvesson H, Ligtenberg 
MA, Quest AF, Kiessling R, et al. DAI (DLM-1/
ZBP1) as a genetic adjuvant for DNA vaccines that 
promotes effective antitumor CTL immunity. Mol 
Ther 2011; 19:594-601; PMID:21157438; http://
dx.doi.org/10.1038/mt.2010.268

44.	 Castaldello A, Sgarbanti M, Marsili G, Brocca-Cofano 
E, Remoli AL, Caputo A, et al. Interferon regulatory 
factor-1 acts as a powerful adjuvant in tat DNA 
based vaccination. J Cell Physiol 2010; 224:702-
9; PMID:20432465; http://dx.doi.org/10.1002/
jcp.22169

45.	 Ishii KJ, Suzuki K, Coban C, Takeshita F, Itoh Y, 
Matoba H, et al. Genomic DNA released by dying 
cells induces the maturation of APCs. J Immunol 2001; 
167:2602-7; PMID:11509601

25.	 Barber GN. Cytoplasmic DNA innate immune 
pathways. Immunol Rev 2011; 243:99-108; 
PMID:21884170; http://dx.doi.org/10.1111/j.1600-
065X.2011.01051.x

26.	 Burdette DL, Monroe KM, Sotelo-Troha K, Iwig 
JS, Eckert B, Hyodo M, et al. STING is a direct 
innate immune sensor of cyclic di-GMP. Nature 
2011; 478:515-8; PMID:21947006; http://dx.doi.
org/10.1038/nature10429

27.	 Tsuchida T, Zou J, Saitoh T, Kumar H, Abe T, Matsuura 
Y, et al. The ubiquitin ligase TRIM56 regulates innate 
immune responses to intracellular double-stranded 
DNA. Immunity 2010; 33:765-76; PMID:21074459; 
http://dx.doi.org/10.1016/j.immuni.2010.10.013

28.	 Parvatiyar K, Zhang Z, Teles RM, Ouyang S, Jiang 
Y, Iyer SS, et al. The helicase DDX41 recognizes 
the bacterial secondary messengers cyclic di-GMP 
and cyclic di-AMP to activate a type I interferon 
immune response. Nat Immunol 2012; 13:1155-61; 
PMID:23142775; http://dx.doi.org/10.1038/ni.2460

29.	 Ouyang S, Song X, Wang Y, Ru H, Shaw N, Jiang Y, 
et al. Structural analysis of the STING adaptor protein 
reveals a hydrophobic dimer interface and mode of 
cyclic di-GMP binding. Immunity 2012; 36:1073-
86; PMID:22579474; http://dx.doi.org/10.1016/j.
immuni.2012.03.019

30.	 Bowie AG. Innate sensing of bacterial cyclic 
dinucleotides: more than just STING. Nat Immunol 
2012; 13:1137-9; PMID:23160208; http://dx.doi.
org/10.1038/ni.2469

31.	 Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-
AMP synthase is a cytosolic DNA sensor that activates 
the type I interferon pathway. Science 2013; 339:786-
91; PMID:23258413; http://dx.doi.org/10.1126/
science.1232458

32.	 Babiuk S, Mookherjee N, Pontarollo R, Griebel 
P, van Drunen Littel-van den Hurk S, Hecker R, 
et al. TLR9−/− and TLR9+/+ mice display similar 
immune responses to a DNA vaccine. Immunology 
2004; 113:114-20; PMID:15312142; http://dx.doi.
org/10.1111/j.1365-2567.2004.01938.x

33.	 Rottembourg D, Filippi CM, Bresson D, Ehrhardt 
K, Estes EA, Oldham JE, et al. Essential role for 
TLR9 in prime but not prime-boost plasmid DNA 
vaccination to activate dendritic cells and protect from 
lethal viral infection. J Immunol 2010; 184:7100-
7; PMID:20483769; http://dx.doi.org/10.4049/
jimmunol.0803935

34.	 Coban C, Kobiyama K, Aoshi T, Takeshita F, 
Horii T, Akira S, et al. Novel strategies to improve 
DNA vaccine immunogenicity. Curr Gene Ther 
2011; 11:479-84; PMID:22023477; http://dx.doi.
org/10.2174/156652311798192815

35.	 Okuda K, Kawamoto S, Fukushima J. Cytokine and 
costimulatory factor-encoding plasmids as adjuvants 
for DNA vaccination. Methods Mol Med 2000; 
29:197-204; PMID:21374321

36.	 Sasaki S, Amara RR, Oran AE, Smith JM, Robinson 
HL. Apoptosis-mediated enhancement of DNA-raised 
immune responses by mutant caspases. Nat Biotechnol 
2001; 19:543-7; PMID:11385458; http://dx.doi.
org/10.1038/89289


