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INTRODUCTION

At the latest since the COVID-19 pandemic, nucleic 
acid-based vaccines that contain antigen-encoding 
DNA or messenger RNA (mRNA) represent an al-
ternative to conventional vaccines comprising 
attenuated/inactivated viruses, subunit vaccines, re-
combinant proteins and cell-based vaccines (Chavda 
et al., 2021; Ho et al., 2021; Maslow et al., 2023; Poria 
et  al.,  2024). The generic, rapid, scalable and cost-
effective manufacturing makes them particularly at-
tractive and relevant in situations, where fast and broad 
availability is required. Compared to protein-based 

vaccines, transcription/translation-amplified expres-
sion of antigen in combination with intrinsic immu-
nostimulatory effects of nucleic acid-based vaccines 
may be beneficial in terms of efficacy (Liu,  2019). 
Furthermore, mRNA- and DNA-based vaccines do 
not only serve as prophylactic and protective immu-
nizations, respectively, against infectious diseases 
(Lee et al., 2018) but also in the field of cancer immu-
notherapies (Hager et al., 2020; Lopes et al., 2019), 
and are employed for immune intervention in auto-
immune (Xu et  al.,  2018) and allergic (Scheiblhofer 
et  al.,  2018) diseases. Here, expression of the en-
coded antigen is intended to induce adaptive immune 
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propriate adjuvants; and (iii) improved delivery, for example, by careful choice 
of the administration route, physical methods such as electroporation and na-
nomaterials that may allow cell type-specific targeting. Moreover, combining 
nanoformulated DNA vaccines with other immunotherapies and prime-boost 
strategies may help to enhance success of treatment.
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responses as required in case of infection or cancer 
or to inhibit ongoing unwanted auto-inflammatory and 
allergic reactions, respectively. Table  1 compares 
the differences between prophylactic pathogen- and 
therapeutic tumour-directed vaccination.

The antigen-encoding nucleic acid can be either 
mRNA or DNA, both with specific advantages and dis-
advantages (Lu et al., 2024; Makker et al., 2024; Pagliari 
et al., 2023; Poria et al., 2024). The platform-specific 
advantages and disadvantages of mRNA- and DNA-
based vaccines are outlined in more detail elsewhere 
(Hanke, 2022; Liu, 2019). In comparison to mRNA vac-
cines, DNA vaccines benefit from (i) higher stability, (ii) 
greater amplification rates and the option to encode for 
several antigens, for example, via co-expressed min-
igenes, at the same time (Tiptiri-Kourpeti et al., 2016) 
and (iii) the possibility to choose cell type-specific en-
hancers/promoters to confer transcriptional targeting. 
However, it has to be mentioned that, in recent years, 
enormous efforts have been made to improve the po-
tency and stability of mRNA vaccines, for example, 
by developing self-amplifying mRNA, chemically syn-
thesized minimal mRNA and circular mRNA (Geall 
et al., 2023; Imani et al., 2024; Perenkov et al., 2023; 
Zhou et al., 2023).

Regarding the clinical translation of DNA vaccines, 
regulatory and safety concerns have to be considered 
(Disis et  al.,  2023; Myhr,  2017; Stenler et  al.,  2014). In 
this regard, despite a potential risk of genomic integra-
tion, it was found that, after transfection of plasmid DNA 
(pDNA), insertional mutations occur less frequently than 
spontaneous mutations (Ledwith et  al.,  2000b). On the 

one hand, long-term persistence and long-lasting ex-
pression of DNA could be an issue since for example 
exogenous DNA was detected up to 6 months in muscle 
at non-integrated state (Ledwith et  al.,  2000a). On the 
other hand, this might also be desired in some indications 
such as cancer immunotherapy (Liu,  2019). Bacterial 
sequences within the DNA vector can further induce 
unwanted immune reactions, but these effects may be 
strongly reduced by their removal as for instance in mini-
circle DNA vectors (Stenler et al., 2014). Despite all these 
possible safety issues, DNA vaccines have proved to be 
safe and biocompatible in many preclinical and clinical 
studies, whereas adverse effects were mainly limited to 
mild reactions at the injection site (Kozak & Hu, 2024).

The history of DNA vaccines goes back more than 
30 years. In the early 1990s, Wolff et al. demonstrated 
in preclinical studies direct gene transfer upon intra-
muscular application of naked pDNA in mice (Wolff 
et  al.,  1990), rodents (Wolff et  al.,  1991) and non-
human primates (Jiao et al., 1992). Nabel et al. (1993) 
conducted the first clinical study in melanoma pa-
tients intratumorally injected with liposomes contain-
ing HLA-B7-encoding DNA. Another few years later, 
DNA vaccines for the treatment of human immuno-
deficiency virus type 1 (HIV-1) patients (MacGregor 
et  al.,  1998) and for malaria prophylaxis in healthy 
adult volunteers (Le et  al.,  2000) were tested in 
phase I clinical trials. Since then, many DNA vac-
cine approaches have been evaluated in preclinical 
and clinical trials employing (modified) naked pDNA 
or more advanced nanoformulations and different 
administration routes as reviewed elsewhere (Gary 

TA B L E  1   Distinctions of tumour-targeting and infection-targeting DNA vaccines (Paston et al., 2021; Pollard & Bijker, 2021).

DNA vaccine Tumour-targeting Infection-targeting

Antigen Tumour-associated/specific Pathogen-specific

Immune response Primarily cellular immunity (T cell-mediated) Activation of both humoral (antibody mediated) and cellular 
(T cell-mediated) immunity

Preventive vs. 
therapeutic use

Mainly therapeutic Mainly preventive

Durability of response May require ongoing treatment for sustained 
cancer suppression

Long-term immunity with booster doses

Challenges Identification of tumour-associated/specific 
antigens; avoiding severe autoimmunity

Identification of highly specific, immunogenic pathogen 
antigens

Examples Delayed disease progression in non-
metastatic prostate cancer upon treatment 
with DNA vaccine (pTVG-HP) and 
nivolumab (McNeel et al., 2023); idiotypic 
DNA vaccine using PEI for B-cell lymphoma 
patients (Meleshko et al., 2017); enhanced 
anti-Lewis lung carcinoma effect of MUC1-
VEGFR2 encoding DNA vaccine co-applied 
with GM-CSF as an adjuvant (Ruan 
et al., 2017)

Protection of mice against acute toxoplasmosis with a multi-
epitope encoding DNA vaccine (Cao et al., 2015); protection 
against SARS-CoV-2 variants in preclinical models by 
nanoformulated DNA vaccine (Guimaraes et al., 2024); 
induction of neutralizing antibodies by a DNA vaccine 
encoding envelope glycoproteins of two hantaviruses 
(Hooper et al., 2020)

Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; MUC-1, mucin-1; PEI, polyethylenimine; pTVG-HP, plasmid DNA vaccine 
encoding prostatic acid phosphatase; SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2; VEGFR2, vascular endothelial growth factor 
receptor 2.
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& Weiner, 2020; Kozak & Hu, 2024; Lu et al., 2024; 
Pagliari et  al.,  2023). However, so far, the over-
all success of pDNA vaccines has been rather lim-
ited, mainly due to their low immunogenicity in  vivo 
(Pagliari et al., 2023). It has been shown that >95% 
of pDNA when applied in a non-complexed manner 
remains extracellular and is rapidly degraded by 
tissue (endo)nucleases (Barry et  al.,  1999; Dupuis 
et al., 2000). The nuclear import of internalized DNA 
as a prerequisite for transcription to yield mRNA rep-
resents an additional barrier in the delivery process, 
resulting in an overall lower expression efficiency as 
compared to mRNA vaccines (Liu et al., 2022). In ad-
dition, immune evasion processes may hamper the 
efficiency of DNA vaccines. For example, expres-
sion of a DNA vaccine in immunosuppressive cells 
such as regulatory T cells (Treg), tumour-associated 
macrophages and myeloid-derived suppressor cells 
(MDSCs) may induce unwanted immune tolerance 
(Hager et al., 2020; Shimizu et al., 2018).

Up to now, several DNA vaccines directed against 
a number of viruses like Ebola (Malik et  al.,  2023), 
Zika (Wang, Ling, et al., 2022), hantaviruses (Hooper 
et al., 2020), HIV-1 (Hou et al., 2021) and human pap-
illoma viruses (Tang et al., 2022) have been positively 
evaluated in clinical trials. But so far only some DNA 
vaccines have been licensed for veterinary medicine 
(Kozak & Hu,  2024; Pagliari et  al.,  2023), and in hu-
mans only the Indian ZyCoV-D vaccine against SARS-
CoV-2 has been approved (Blakney & Bekker,  2022; 
Khobragade et al., 2022). The most critical bottleneck 
is the inefficient transfection rate in  vivo (Jorritsma 
et al., 2016). Improvement of the in vivo performance of 
DNA vaccines requires enhancement of their immuno-
genic potential by (i) optimizing the DNA construct itself, 
(ii) usage of appropriate adjuvants and (iii) improved 
delivery to antigen presenting cells (APCs) (Eusébio 
et al., 2021; Hager et al., 2020; Lee et al., 2018; Li & 
Petrovsky, 2016). Moreover, combining pDNA nanovac-
cines with other immunotherapies (Hager et al., 2020; 
Pagliari et al., 2023) and prime-boost strategies (Guo 
et al., 2020) may help to enhance the clinical outcome.

This mini-review aims to wrap up the current state 
of DNA vaccine development for prophylactic vaccina-
tions to prevent infectious diseases and as a therapeu-
tic mean for tumour therapy. The major obstacles for 
their breakthrough are critically reflected and strate-
gies to improve the immunogenicity of DNA vaccines 
are discussed with a focus on nanoformulations that 
allow co-delivery of nucleic acid-based vaccines and, 
for example, immunostimulatory agents and may en-
able targeted transfection of APCs to yield pronounced 
adaptive immune responses. Furthermore, the de-
sign of the DNA vaccine itself may be optimized re-
garding, for example, the deletion of prokaryotic and 
immunomodulatory sequences, the optimized choice 
and design of the antigen-coding sequence and the 

introduction of promoters with cell type-focused activity 
to achieve transcriptional targeting. Finally, consider-
ations and perspectives for future DNA vaccine ap-
proaches are presented.

WORKING MECHANISMS OF DNA 
VACCINES

DNA vaccines can activate both the innate and the 
adaptive immune system and depending on their ad-
ministration route and the transfected cell types, may 
elicit cellular and humoral immune responses (Eusébio 
et al., 2021; Hager et al., 2020; Li & Petrovsky, 2016; 
Pagliari et al., 2023). This may be an advantage over 
protein-based vaccines, which often fail to induce suffi-
cient T-cell responses (Liu, 2019; Pagliari et al., 2023). 
The administration route determines which cell types 
are primarily addressed, and consequently, the main 
antigen processing pathways (Hager et  al.,  2020). In 
this regard, in case of local application of nucleic acid-
based vaccines (commonly, intradermal, subcutaneous 
or intramuscular), keratinocytes (Hengge et al., 1995) 
and myocytes (Marino et  al.,  2011), respectively, are 
the main target cells besides APCs, whereas APCs are 
rather transfected upon systemic intravenous applica-
tion (Glass et al., 2016) (Figure 1).

Among APCs, mature dendritic cells (DCs) repre-
sent the most potent APC population in terms of T-cell 
stimulatory capacity (Banchereau & Steinman,  1998; 
Elwakeel et  al.,  2023). Intradermal application was 
found to promote superior immunogenicity over in-
tramuscular and subcutaneous injections (Zhang 
et  al.,  2015), which both promoted similar immune 
responses in clinical trials (Correa et al., 2022), most 
likely due to the high DC density in the skin, comprising 
epidermal DCs, termed Langerhans cells and dermal 
DC populations (Jorritsma et al., 2016). Intravenous ap-
plication might reach more DCs in secondary lymphoid 
tissues throughout the body, and consequently yield 
more antigen-specific T effector cells that home to the 
target tissue (Zhang, Fan, et al. 2022). This might be 
especially preferable regarding tumour therapies that 
aim also on metastases.

In case of transfected non-immune cells (e.g. kera-
tinocytes, myocytes), the expressed antigen has to be 
released via exosomes or apoptotic bodies to reach 
APCs (Sudowe et  al.,  2009). After internalization by 
the latter, the processed antigen is presented via major 
histocompatibility complex class II (MHC-II), which in 
turn leads to the activation of CD4+ T cells. Some DC 
populations exhibit cross-priming activity and are able 
to present a fraction of antigen of exogenous origin 
via MHC-I (Macri et al., 2023). In case of direct APC 
transfection, the expressed antigen will be loaded onto 
both MHC-I and MHC-II (Coban et al., 2013; Porgador 
et al., 1998).
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Stimulated APCs upregulate MHC-I and MHC-II 
surface expression and migrate into secondary lym-
phoid organs, where T-cell and antibody responses are 

induced (Hill et al., 2021). Limited antigen presentation 
via MHC-I and thereby low cellular immune responses 
are often the reason for low vaccination efficacy 

F I G U R E  1   Mechanisms of DNA vaccine-induced adaptive immune responses. Upon transfection of somatic cells, antigen (illustrated 
as orange dots) may be released via exosomes or apoptotic bodies that are internalized by antigen presenting cells (APCs). Depending 
on the delivery route and formulation, a considerable number of APCs may be transfected directly. After processing, protein-derived 
oligopeptides (illustrated as red dots) can be presented both via major histocompatibility complex class I (MHC-I) to CD8+ T cells and 
via MHC-II to CD4+ T cells, by this triggering T cells whose T-cell receptor (TCR) binds the MHC/antigen complex with sufficient affinity. 
T-cell activation requires concomitant co-stimulation by APCs via co-stimulatory signals such as CD86/CD28 interaction. Activated CD4+ 
T cells support the differentiation of activated CD8+ T cells towards cytotoxic T lymphocytes (CTLs). CTLs recognize infected or malignant 
cells that present the same antigen via MHC-I and kill these by various cytotoxins. B cells are triggered when their B-cell receptor (BCR) 
engages protein antigen, and pre-activated antigen-specific CD4+ T cells confer B-cell co-activation. Derived plasma cells secrete 
antibodies, which in turn bind protein on the surface of pathogens and infected or malignant cells. The antibodies' constant Fc part may 
trigger classical complement activation and via innate immune cells antibody-dependent cellular cytotoxicity (ADCC).
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(Comber & Philip, 2014). For a potent CTL response 
that is particularly relevant in the context of anti-tumour 
therapies and the killing of pathogen-infected cells, 
co-activation of CD8+ T cells by T helper subtype 1 
(Th1) cells is required (Lu et  al.,  2021), whereas for 
a humoral immune response also the Th2 subtype is 
relevant (Hager et al., 2020; Kozak & Hu, 2024). The 
polarization into different CD4+ Th subtypes is regu-
lated by the cytokine milieu during T-cell stimulation 
(Fu et  al.,  2020). For example, APC-derived inter-
leukin (IL-)12 is important to yield Th1 cells (Farhood 
et  al.,  2019). The administration route plays a crucial 
role as well. Intramuscular injection, for instance, was 
found to favour stronger Th1-biased immune responses 
(i.e. CTLs), while intradermal delivery leads to Th2-
biased immune reactions (i.e. antibodies) (Hobernik & 
Bros, 2018; Jorritsma et al., 2016; Kozak & Hu, 2024; 
Shedlock & Weiner, 2000; Zhang, Zhao, et al., 2022).

Antigen-specific B cells are stimulated to differenti-
ate to antibody-producing plasma cells in case the BCR 
engages a protein antigen with sufficient affinity (Lam 
et al., 2020). The B cell is activated by pattern recog-
nition receptors and is co-activated by CD4+ T helper 
cells recognizing protein-derived peptide antigen pre-
sented by the B cell (Kurata et  al.,  2021). Secreted 
antibodies may bind surface proteins of pathogens 
and infected or malignant cells, and targeted killing of 
antibody-opsonized cells is conferred by complement 
activation (Sullivan, 2022) and by innate immune cells 
that recognize the Fc part of the antibodies via Fc recep-
tors and exert several mechanisms like phagocytosis, 
collectively termed antibody-dependent cytotoxicity (de 
Vries et al., 2023). B cells can further function as APCs 
but may require the help of stimulated DCs (Rastogi 
& McNeel,  2023) to activate antigen-specific CD8+ T 
cells (Colluru & McNeel, 2016).

Both in case of chronic inflammation and cancer, so-
called tertiary lymphoid structures (TLS) may form that 
play an important role in the induction of T cells and B 
cells, including plasma cell generation, by this evoking 
both cellular and humoral immune responses. Further 
information on TLS is reviewed in detail in Fridman 
et al. (2023).

Parenteral application of DNA vaccines (i.e. intra-
dermal, subcutaneous, intramuscular and intravenous) 
mainly elicits systemic humoral immune responses 
and only limited T-cell-mediated responses and al-
most no induction of local mucosal immunity (Correa 
et  al.,  2022; Zhang et  al.,  2015). The latter, however, 
is thought to be particularly relevant for effective pre-
vention of infection and pathogen transmission (Baker 
et al., 2022; Correa et al., 2022; Knisely et al., 2023; 
Mostaghimi et al., 2022). Mucosal tissue represents the 
port of entry and thus the first biochemical (pH, anti-
microbial peptides, enzymes), physical (epithelium with 
tight junctions) and immunological barrier for the major-
ity of pathogens (Song et al., 2024). Mucosal immune 

defence is thereby mediated by a complex interplay of 
the innate and adaptive immune system (Brandtzaeg 
& Pabst, 2004; Correa et al., 2022; Song et al., 2024), 
comprising tissue-specific immune cells [e.g. alveolar 
macrophages within the lungs (Hussell & Bell,  2014; 
Sudduth et  al.,  2023)], mucosa-associated lymphoid 
tissue (Brandtzaeg & Pabst,  2004), tissue-resident 
memory T and B cells for long-term immunity (Knisely 
et al.,  2023; Künzli et  al.,  2022; Macedo et al.,  2024; 
Mostaghimi et al., 2022; Song et al., 2024) and antigen-
specific neutralizing secretory immunoglobulin A (sIgA) 
as probably the most potent mucosal weapon (Knisely 
et al., 2023; Song et al., 2024). Also, Th17 cells and IL-
17 were reported to be relevant for mucosal immunity by 
promoting elevated sIgA levels (Baker et al., 2022; Song 
et al., 2024). To enhance mucosal immunity, alternative 
application routes to parenteral administration such as 
direct vaccine delivery to the respiratory [i.e. intranasal 
or pulmonary delivery (He, Chen, et al., 2023; Knisely 
et al., 2023; Merkel, 2022; Sudduth et al., 2023)] or gas-
trointestinal tract [i.e. oral delivery (Correa et al., 2022; 
Song et  al.,  2024; Suri et  al.,  2024)] have come into 
focus in recent years. In this regard, innovative vaccine 
formulations such as bioengineered bacteria for oral 
vaccination (Hu et  al.,  2020) or spray-dried nano-in-
microparticles for inhalation with favourable physico-
chemical properties for optimal deposition within the 
lungs (Keil et al., 2019, 2021; Merkel, 2022) as well as 
application devices like nebulizers or inhalers for intra-
tracheal administration (Sudduth et  al.,  2023) are re-
quired for a potent delivery of the vaccine. Moreover, 
mucosal adjuvants may increase the immunogenicity 
of the applied vaccine (Correa et al., 2022; He, Chen, 
et al., 2023; Song et al., 2024). Combined application 
routes as accomplished in heterologous prime-boost 
strategies (e.g. intramuscular plus intradermal or in-
tranasal application) may improve the clinical outcome 
(Haidari et al., 2017; Künzli et al., 2022; Liu et al., 2023).

To evoke effective induction of antigen-specific 
cellular and humoral responses, sufficient stimula-
tion of professional APCs is necessary. This can be 
realized by the use of immunostimulatory adjuvants, 
which address the innate immune system (Grunwald 
& Ulbert, 2015; Hager et al., 2020) as outlined below 
in more detail. A deeper understanding of the interplay 
between the two branches of immunity is necessary to 
improve the immunogenicity of DNA vaccines in terms 
of efficacy and safety.

DELIVERY OF DNA VACCINES

Improved delivery strategies, including viral vectors 
and nonviral physical and chemical delivery systems, 
can increase not only the efficiency but also the bio-
compatibility and safety of DNA vaccines due to dose 
reduction (Eusébio et  al.,  2021; Hager et  al.,  2020; 
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Hobernik & Bros,  2018; Irvine et  al.,  2015; Jorritsma 
et  al.,  2016; Kozak & Hu,  2024; Lee et  al.,  2018; Lu 
et  al.,  2024). Besides conventional injections, other, 
less invasive physical delivery methods were success-
fully tested in preclinical and clinical studies for local 
application of DNA vaccines, including electropora-
tion (Kisakov et  al.,  2024), sonoporation (Delalande 
et  al.,  2015; Shi et  al.,  2023), microneedle arrays 
(Cole et al., 2019; Duong et al., 2018), epidermal tat-
tooing devices (Samuels et  al.,  2017), needle-free 
injection systems such as JET injection (Barolet & 
Benohanian,  2018; Graham et  al.,  2013; Ledesma-
Feliciano et al., 2023) and particle bombardment tech-
niques including particle-mediated epidermal delivery 
[PMED (Alvarez et al., 2016)] and biolistic transfection 
via gene gun (Lambracht-Washington et al., 2017; So 
et  al.,  2024). Physical stress, for example, in case of 
electroporation mediated by short electrical pulses, 
was reported to mediate temporary, reversible cell 
membrane permeabilization and to induce local in-
flammatory processes, thereby activating the im-
mune system (Hager et al., 2020; Kisakov et al., 2024). 
This improved the cellular uptake of the DNA vaccine 
and yielded stronger immune responses. In case of 
ZyCoV-D as the only approved DNA vaccine for hu-
mans, intradermal delivery is efficiently achieved by a 
needle-free injection device (Blakney & Bekker, 2022; 
Khobragade et al., 2022; Sheridan, 2021). For alterna-
tive administration routes like pulmonary delivery, in-
novative devices such as inhalers or nebulizers have 
been developed, mediating local, efficient application 
of mucosal vaccines (Sudduth et al., 2023). All of these 
physical methods can be used to deliver nanoparticles 
(NPs) as outlined in the following.

Nanoformulations protect nucleic acids 
from degradation and may target APCs

Viruses have the evolutionary advantage in effec-
tive transduction and are characterized by a high 
transfection rate and intrinsic immunostimulatory 
effects (Katz et  al.,  2019; Lu et  al.,  2024; Travieso 
et al., 2022). Thus, viral vectors represent highly ef-
fective nucleic acid transport vehicles and are used 
in many preclinical and clinical vaccination studies 
(Afkhami et al., 2022; Cokarić Brdovčak et al., 2022; 
Folegatti et  al.,  2020; Ramasamy et  al.,  2021; Zhu 
et al., 2022). However, their disadvantages such as (i) 
the risk of genome integration; (ii) the sophisticated, 
difficult production; (iii) a limited cargo capacity; 
and (iv) off-target immunogenicity and toxicity, call 
for alternatives. Molecular manipulation techniques 
(e.g. pseudotyping, self-inactivation or gene elimina-
tion) may improve the safety profile (Lu et al., 2024; 
Travieso et  al.,  2022). In recent years, nonviral na-
noparticulate systems have come into greater focus 

for nucleic acid-based vaccine approaches includ-
ing mRNA-delivering lipid nanoparticles (LNPs) that 
proved to be efficient and safe in humans upon local 
application (Baden et al.,  2020; Polack et al.,  2020; 
Schoenmaker et al., 2021). Such NPs are also suit-
able for systemic delivery of DNA vaccines by pro-
tecting the DNA from degradation by nucleases and 
facilitating specific cellular uptake into target cells. 
By now, different NP types have been evaluated 
regarding their suitability to deliver DNA vaccines, 
as reviewed in detail elsewhere (Baker et al.,  2023; 
Lu et al., 2024; Mollé et al., 2022; Tang & Li, 2024). 
Among the various NP carrier systems are polymer-
 [e.g. polyethylenimine (PEI) (Meleshko et  al.,  2017; 
Sun et al., 2021; Zeyn et al., 2023), poly(lactide-co-
glycolide) (PLG) (Spearman et  al.,  2011), poly-d,l-
lactic-co-glycolic acid (PLGA) (Li, Xiong et al., 2016), 
poly(amidoamine) dendrimers (Karpenko et al., 2020; 
Wood et al., 2005), poly(beta-amino esters) (Andorko 
et  al.,  2016; Greenland et  al.,  2005), chitosan (Wu 
et  al.,  2017)], peptide- [e.g. cell-penetrating pep-
tides (CPPs; So et al., 2024)] and lipid-based NPs [li-
posomes, lipoplexes, LNPs (Guimaraes et al., 2024; 
Kimura et  al.,  2021; Liao et  al.,  2024; Quagliarini 
et  al.,  2022; Zhang, Yao, et  al.,  2022)], as well as 
inorganic NPs [e.g. iron oxide (Al-Deen et al., 2014; 
Nawwab Al-Deen et al., 2014), gold (Fogli et al., 2017) 
and mesoporous silica NPs (Xiong & Qiao, 2016)], ex-
tracellular vesicles (EVs)/exosomes derived from vari-
ous cell types (Cecchin et al., 2023; Dietz et al., 2023; 
Hagedorn et al.,  2024; Kalluri & LeBleu, 2020; Kitai 
et al., 2017; Lehmann et al., 2023; Rädler et al., 2023), 
outer membrane vesicles derived from Gram-negative 
bacteria (Van der Ley & Schijns, 2023) and virus-like 
particles (VLPs)/virosomes (de Jonge et  al.,  2007; 
Gargett et al., 2014). Advantages and disadvantages 
of the distinct NP delivery systems are summarized 
in Table 2.

The nanoformulation needs to efficiently compact/
encapsulate the DNA and provide extracellular sta-
bility but disassemble after cellular uptake, releasing 
the DNA vaccine in its active form. Bioresponsive el-
ements within the NP such as pH-, redox- or enzyme-
sensitive motifs might be helpful in this regard (Hager 
& Wagner, 2018). The ease and flexibility of modifica-
tions, and the possibility to simultaneously load distinct 
DNA vaccines into one NP and to co-deliver DNA and 
adjuvants within one nanoformulation, respectively, 
makes this carrier platform particularly attractive (Ho 
et al., 2021). Reasonable NP engineering (e.g. formu-
lation conditions, compositional variations or surface 
modifications) allows to tailor NP properties such as 
size, surface charge, shape, rigidity and hydropho-
bicity (Figure  2). Attachment of targeting ligands or 
shielding agents enables physicochemical passive and 
ligand-mediated active targeting (Ho et al., 2021; Kim 
et al., 2023; Steffens & Wagner, 2022).
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The surface characteristics of a NP determine its 
interaction with blood components and thus the for-
mation of a protein corona in vivo (Berger et al., 2022). 
This in turn affects the biodistribution, transfection ef-
ficiency and biocompatibility. Shielding of the NP sur-
face with, for example, polyethylene glycol (PEG), can 
reduce protein corona formation (Berger et al., 2022) 
but may induce unwanted immune reaction in form 
of anti-PEG antibodies (Zhang et  al.,  2016). NP for-
mulation under increased salt concentrations (Sasaki 
et al., 2022), the incorporation of innovative ionizable 
lipids (Haase et al., 2024), variations of phospholipids 
(LoPresti et  al.,  2022) and the employment of a so-
called SORT (Selective ORgan Targeting) molecule 
(Dilliard et al., 2021; Luozhong et al., 2022), respectively, 
yielded LNPs with selective organ-targeting capability. 
For example, negatively charged NPs were found to 
preferably address secondary lymphoid organs (Dilliard 
et al., 2021; LoPresti et al., 2022; Luozhong et al., 2022). 

Larger NPs with diameters of around 200–500 nm 
turned out to be beneficial for targeting of splenic APCs 
upon intravenous administration (Kranz et  al.,  2016; 
Sasaki et  al.,  2022). Besides that, reticuloendothelial 
system-mediated clearance was reported to evoke NP 
accumulation in the spleen (Kim et al., 2023). Passive 
drainage of NPs into lymph nodes was more effective 
for NPs with sizes of 10–100 nm (Schudel et al., 2019), 
whereas bigger particles were largely retained at the 
application site (Dane et al., 2011).

The size has also an impact on the mechanisms of 
cellular uptake (Chen et al., 2022; Nguyen et al., 2009; 
Xiang et  al.,  2006). Particles with sizes of 0.5–5 μm 
were mostly internalized by macrophages and imma-
ture DCs via macropinocytosis and phagocytosis, while 
smaller particles entered cells via endocytic pathways 
(Nguyen et al., 2009; Xiang et al., 2006). In case of en-
docytosis, efficient endosomal escape is necessary. 
There exist different mechanisms dependent on the 

TA B L E  2   Advantages and disadvantages of NPs for DNA vaccine delivery.

Nanoparticles Advantages Disadvantages/challenges

Viral 
vector-based

•	 High transfection rate
•	 Intrinsic immunostimulatory effects (no need of 

adjuvants)
•	 Genetic modifications to improve safety profile
•	 Different subtypes with different organ/cell tropism

•	 Risk of genome integration
•	 Limited cargo capacity
•	 Off-target immunogenicity, toxicity
•	 Pre-existing antibodies
•	 Low efficiency of re-administration
•	 Sophisticated, difficult manufacturing

Polymer-based •	 Easy manufacturing by rapid mixing
•	 Rapid self-assembly by electrostatic interactions
•	 High nucleic acid binging capability
•	 Chemical diversity
•	 Tunable particle properties/flexible design
•	 Surface modifications

•	 ‘Polyplex dilemma’ (extracellular stability vs. 
intracellular cargo release)

•	 Challenging scale-up (polydispersity)
•	 Delayed clearance of high molecular weight 

polymers
•	 Cation-mediated (cyto)toxicity; immunostimulatory 

potential

Lipid-based •	 Easy manufacturing by rapid mixing
•	 Versatile chemistry
•	 Surface modifications
•	 Combinatorial compositions
•	 Encapsulation of both hydrophilic and hydrophobic 

cargos
•	 Scalability
•	 Good transfection efficiency
•	 Biocompatibility

•	 Challenging storage conditions
•	 Rather low encapsulation efficiency
•	 Strong hepatic tropism
•	 Immunoadjuvant properties of ionizable lipids

Inorganic 
(e.g. gold 
nanoparticles)

•	 Precise control over size, charge, and surface 
modifications (reproducible manufacturing)

•	 Possible polymer-coating for improved transfection 
efficiency

•	 Inertness
•	 Biocompatibility
•	 Optical properties (diagnostics, photothermal 

applications)

•	 Non-biodegradability
•	 Prolonged retention, esp. in the hepatobiliary system 

(toxicity risk)

Extracellular 
vesicles/
exosomes

•	 Biocompatibility
•	 Possible modifications
•	 Endogenous targeting; efficient cellular internalization; 

high delivery rates
•	 Transfection of hard-to-reach targets such as the brain
•	 Low to absent immunogenicity
•	 Prolonged blood circulation times

•	 Inconsistent yield and loading; rather heterogeneous 
compositions

•	 Inefficient package of large genes
•	 Demanding large-scale production
•	 High manufacturing costs
•	 Unknown byproducts of donor cells

Note: References: Chen et al. (2022); Irvine et al. (2015); Kim et al. (2023); Lehmann et al. (2023); Lu et al. (2024); Travieso et al. (2022); Uddin et al. (2021) 
and Wibowo et al. (2021).
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NP type (Bus et  al.,  2018; Degors et  al.,  2019; Grau 
& Wagner,  2024; Hagedorn et  al.,  2024; Winkeljann 
et al., 2022). In case of LNPs, for example, membrane 
fusion and pore formation are considered as the main 
escape processes. Moreover, the kinetic of the endo-
somal escape is impacted by the distinct NP types. 
EVs as intercellular communication vehicles and ‘na-
ture's LNPs’ (Hagedorn et al., 2024; Lu et al., 2024), for 
instance, promote up to 10-fold higher escape rates 
than synthetic LNPs (Bonsergent et al., 2021; Gilleron 
et al., 2013; Hagedorn et al., 2024; Joshi et al., 2020).

The NP surface charge is further relevant for cellular 
internalization. Cationic NPs may be internalized more 
efficiently due to better interaction with the negatively 
charged cell membrane. However, delivery via nega-
tively charged NPs that bind scavenger receptors pres-
ent on APCs (Canton et al., 2013; Peiser & Gordon, 2001; 
Platt & Gordon,  1998; Yu et  al.,  2015) may be more 
cell type selective (Kamegawa et al., 2021; Pattipeiluhu 
et al., 2022). Active APC targeting can be achieved by 
introducing surface receptor targeting ligands to facil-
itate enhanced cellular uptake via receptor-mediated 
endocytosis (Steffens & Wagner, 2022; Wang, Wang, 
et al., 2022).

So far, the main focus of according approaches 
have been DCs (Macri et al., 2023). In several cases, 

the mannose receptor [CD206 (Burgdorf et al., 2006)] 
and DC-SIGN [dendritic cell-specific intercellular 
adhesion molecule-3-grabbing nonintegrin; CD209 
(Appelmelk et  al.,  2003; Geijtenbeek et  al.,  2000; 
Soilleux et  al.,  2002)], both constituting C-type lec-
tin receptors that recognize mannose, fucose, 
N-acetylglucosamine and mannose-mimicking shiki-
moyl units, respectively, have been intensively stud-
ied (Delehedde et al., 2023; Gao et al., 2020; Moku 
et  al.,  2021; Steffens et  al.,  2024; Sun et  al.,  2021; 
Voshavar et al., 2017). Here, it turned out that a high 
density of mannose units on the NP surface was ad-
vantageous (Irache et al., 2008; Mitchell et al., 2001). 
Especially a trimannose motif was identified to be par-
ticularly efficient as shown for example by Wagener 
et al.  (2020) and by White et al.  (2006), exhibiting a 
high affinity towards DC-SIGN (Feinberg et al., 2007). 
As an alternative to directly target DCs, DNA vaccines 
that encode an antigen fused with a single chain vari-
able antibody fragment directed against DC-specific 
surface markers have been investigated in preclini-
cal studies (Chen et  al.,  2017; Wang et  al.,  2015). 
After expression in non-APCs, the secreted fusion 
protein has been reported to target DCs by binding, 
for example, DEC205 (Inaba et al., 1995) and CD11c 
(Villadangos & Schnorrer,  2007), respectively. This 

F I G U R E  2   Nanoparticle (NP) engineering for improved delivery of DNA vaccines—overview of the various adjustment screws. Passive 
targeting of NPs is largely determined by their surface characteristics like size, charge and hydrophobicity, all determining the composition 
of the protein corona in vivo. However, NP surface shielding with polyethylene glycol (PEG) at high density may strongly decrease 
its formation. Active cell targeting may be achieved by conjugation of a cell surface receptor binding moiety such as an antibody or a 
carbohydrate. In general, the rigidity and shape of the NP may modulate the extent of its cellular uptake. The bioactivity of the NP's cargo is 
determined by the time course of release also with regard to endosomal escape. The impact of the different modifications is NP-dependent. 
Further information as well as examples are provided in the text.
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strategy might be a smart way to avoid masking of the 
ligand with a protein corona, which would otherwise 
lead to a decreased targeting effect.

Another approach may be to exploit the in  vivo 
formed protein corona to address specific cell types. 
In this regard, we showed that dextran-coated iron 
NPs were complement-opsonized upon intravenous 
application, inducing complement C3-mediated B-cell 
targeting (Bednarczyk et al., 2021; Shen et al., 2018). 
Targeting of B cells, which act as APCs and in re-
sponse to binding of cognate protein antigen to the 
BCR in combination with sufficient stimulation gen-
erate antigen-specific antibodies (Lam et  al.,  2020), 
might constitute an interesting vaccination approach 
for treatment of antibody-dependent diseases like al-
lergy as demonstrated in mouse models of asthma and 
anaphylaxis (Shen et  al.,  2018). Here, in a therapeu-
tic setting, co-delivery of a model allergen and of im-
munostimulatory CpG oligodeoxynucleotides (ODNs) 
strongly suppressed Th2-dependent allergic reactions 
due to downregulation of IgE production. The same 
complement C3 pathway was responsible for preferred 
expression of tumour antigen-encoding pDNA, encap-
sulated in LNPs, in splenic B cells, leading to both pro-
phylactic and therapeutic anti-tumoral effects (Kimura 
et al., 2021).

NPs may exhibit intrinsic immunogenic potential 
(Chaudhary et al., 2024; Dobrovolskaia & McNeil, 2007; 
Irvine et  al.,  2015; Pondman et  al.,  2023; Sharma 
et  al.,  2024; Zhang et  al.,  2023), for example, by ac-
tivation of the complement system as outlined above, 
triggering of the inflammasome or of toll-like receptors 
(TLRs), or by induction of autophagy. Hydrophobic do-
mains can be recognized as danger signals and initiate 
innate responses as well (Moyano et al., 2012; Seong & 
Matzinger, 2004; Shima et al., 2013). On the one hand, 
this could be exploited as an adjuvant effect to enhance 
the immunogenicity of DNA vaccines. On the other 
hand, excessive immune stimulation may raise safety 
concerns. The cationic polymer PEI, for instance, was 
found to stimulate the immune system via complement 
activation (Merkel et al., 2011; Plank et al., 1996) and 
interaction with TLRs (Chen et al., 2010; Cubillos-Ruiz 
et al., 2009; Huang et al., 2013). Surface modification or 
biodegradable cross-linking may reduce these poten-
tial immunostimulatory effects of PEI (Hall et al., 2017; 
Zeyn et  al.,  2023). For PLG- and PLGA-NPs, activa-
tion of the inflammasome has been reported (Demento 
et al., 2009; Sharp et al., 2009). In case of viral vec-
tors, the immunogenic potential as well as reported 
pre-existing antibodies (e.g. against the capsid) may 
be problematic in terms of re-administration (Katz 
et al., 2019). Furthermore, research has also focused 
on the development of NPs with directed immunogenic 
activity (Huang et  al.,  2022). For example, Anderson 
and co-workers designed ionizable lipids with a het-
erocyclic motif for LNP formulations, which promoted 

potent STING (stimulator of interferon genes)-mediated 
APC stimulation and increased anti-tumour activity 
(Miao et al., 2019).

IMPROVEMENT OF DNA VACCINES

Different strategies to enhance the efficacy of DNA 
vaccines are illustrated in Figure 3 and are outlined as 
follows.

Prokaryotic parts of the vector backbone 
limit DNA vaccine activity

A large part of the backbone of conventional DNA vac-
cines comprises prokaryotic sequences that are re-
quired to confer pDNA replication in Escherichia coli, 
and resistance towards a selection antibiotic to prevent 
loss of pDNA. However, at the same time, the overall 
length of pDNA has been reported to correlate inversely 
with the extent of propagation in E. coli strains (Yang 
& Yang,  2012) but also with transfection efficiency in 
target cells, for example, due to attenuated nuclear 
translocation (Hornstein et al., 2016). Moreover, cryptic 
transcription factor binding sites (Newton et al., 2001) 
and promoter activity (Lemp et  al.,  2012) within the 
backbone may interfere with transgene expression. In 
addition, GC-rich prokaryotic sequences were shown 
to induce methylation-mediated silencing of transgene 
expression (Wang et  al.,  2019). Finally, as described 
below in detail, sequence stretches of prokaryotic origin 
may be recognized by danger receptors, thereby evok-
ing immunogenicity (Shirley et  al.,  2020). Therefore, 
several strategies have been evaluated to minimize 
backbone-associated detrimental effects on DNA vac-
cine efficacy.

Sequence alterations have been shown to prevent 
transcriptional silencing and to minimize intrinsic im-
munostimulatory activity (Suzuki et  al.,  2018). Other 
strategies focused on minimizing the presence of pro-
karyotic sequences to counteract size-associated lim-
itations of DNA vaccine usability. To this end, minicircle 
vectors that harbour recombinase recognition sites at 
either end of the mammalian transgene expression 
cassette have been developed (Alves et  al.,  2021). 
In E. coli strains engineered to express the accord-
ing recombinase in an inducible manner, first the 
pDNA is propagated, followed by administration of the 
recombinase-inducing agent to excise the prokaryotic 
part of the vector and to religate the eukaryotic trans-
gene expression cassette. The antibiotic resistance 
encoding part of DNA vaccines has been omitted in 
so-called nanoplasmid vectors that encode a constitu-
tively expressed silencer RNA-like oligo, termed RNA-
OUT (Williams & Paez,  2023). As a prerequisite for 
nanoplasmid propagation, the bacterial host has been 
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modified to express an enzyme that forms polymers 
of exogenously applied sucrose, which are toxic for 
bacteria. Binding of the RNA-OUT to a complementary 
sequence stretch of the enzyme-coding RNA prevents 
enzyme expression. The potency of nanoplasmids 
to achieve the high levels of immunogenicity in  vivo 
has been demonstrated by Suschak and co-workers 
(Suschak et al.,  2020). Nanoplasmids encoding for a 
viral antigen and an immunostimulatory RNA expres-
sion cassette were applied to mice by intramuscular 
electroporation and exerted protective effects towards 
subsequent viral challenge due to strongly enhanced 
antigen-specific humoral responses.

In general, any DNA vaccine propagated in bac-
teria requires removal of bacterial components like 
endotoxins to prevent unwanted side effects (Costa 
et al., 2023). Therefore, as an alternative, DNA vaccines 
have been generated by PCR-based amplification of 
transgene expression units. In this regard, an early 
study has demonstrated that linear amplicons com-
prising the mammalian expression cassette were suffi-
cient to yield a cellular immune response in vivo (Sykes 
& Johnston,  1999). Dumbbell-shaped DNA vectors 

consist of such linear expression cassettes that are li-
gated on either end via single-stranded hairpin loops 
using according enzymes to prevent exonuclease-
mediated degradation (Loh & Patzel, 2023).

Besides optimization of the DNA vaccine in 
terms of size and sequence, the transfection effi-
ciency may be enhanced by tagging either the DNA 
(Loh & Patzel,  2023) or the complexing NP (Bitoque 
et  al.,  2021) with a CPP that promotes cellular entry 
and endosomal escape (Sun et al., 2023). Furthermore, 
either entity may be coupled with a nuclear localiza-
tion signal (NLS) that confers active nuclear entry (Nie 
et  al.,  2023), respectively. As a further development, 
several peptides have been generated that exert both 
CPP and NLS functions to increase the overall trans-
fection (Li, Hao, et al., 2019).

Eukaryotic promoters confer sustained 
antigen expression

Plasmids used to drive eukaryotic transgene ex-
pression are normally equipped with a virus-derived 

F I G U R E  3   Overview of parameters for the improvement of DNA vaccines. Besides optimization of the vector backbone, including 
the deletion of prokaryotic sequences and the attachment of nuclear localization signals (NLS) to promote nuclear plasmid DNA entry 
for transcription, choosing a eukaryotic promoter may be important in case that long-lasting transgene expression is required and if 
transcriptional targeting is intended, respectively. Furthermore, careful selection of proper antigen(s) and the design of the antigen-encoding 
sequences, for example, in terms of codon optimization are important parameters. The induction and shaping of antigen-specific adaptive 
immune responses requires co-administration of adequate adjuvants. This can be realized by co-delivery in nanoparticles. The delivery 
method as well as the application route further impact the efficacy of DNA vaccines. APC, antigen presenting cell.
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promoter that mediates ubiquitous high-level expres-
sion as, for example, the Simian virus (SV)40 pro-
moter (Grubor-Bauk et  al.,  2016) and the human 
immediate early Cytomegalovirus (CMV) promoter 
(Tretyakova et  al.,  2020), respectively. However, it 
has been frequently observed that these promoters 
are silenced over time by methylation of CpG islands 
and histone deacetylation, resulting in chromatin 
condensation as an innate anti-viral response (Grassi 
et al., 2003). Eukaryotic promoters that are normally 
less active than virus-derived ones as well as viral/
eukaryotic hybrid promotors, developed to maintain 
high-level activity, were reported to be resistant to-
wards silencing and to confer sustained transgene 
expression. Examples for such hybrid promoters are 
the so-called CAG promoter, which is composed of 
the CMV enhancer region and the chicken beta-actin 
promoter (Hollidge et  al.,  2022), as well as a com-
posite promoter composed of the muscle-specific 
creatine kinase gene enhancer fused to the SV40 
promoter (Takeshita et al., 2007).

Conventional DNA vaccine application approaches 
like intramuscular injection result in antigen production 
by non-APCs, and antigen is released by these in form 
of vesicles (Konishi et  al.,  2003). These are internal-
ized, processed and presented by APCs (Shakushiro 
et  al.,  2004). However, one important common im-
mune evasion strategy of pathogens that may cause 
chronic infection like the Hepatitis B virus (Li, Yang, 
et  al.,  2019), Mycobacterium tuberculosis (Cardona 
& Cardona,  2019) and in case of tumours (Glasner 
et  al.,  2023) is to induce and expand immunoregula-
tory cell types (e.g. Treg and MDSCs) that inhibit in-
nate and adaptive immune cells, including APCs (Haist 
et  al.,  2021). Interestingly, also ageing-associated 
immunosenescence affects the immune system in a 
similar manner (Hieber et  al.,  2023). Therefore, both 
in case of therapeutic vaccines that aim to induce an 
immune response during an ongoing disease (Lopes 
et al., 2019) but also in case of prophylactic vaccination 
of elderly (Tanner et al., 2021), it may be advantageous 
to restrict transgene expression to professional APCs 
like DCs (Wculek et  al.,  2020) and B cells (Rastogi 
et  al.,  2022). Coupled delivery of an adjuvant (see 
below) may overcome a pro-tolerogenic state of APCs 
and result in sustained adaptive antigen-specific im-
mune responses (Kaps et al., 2023).

As outlined above, APC-focused transgene expres-
sion may be accomplished by cell type-specific trans-
fection using, for example, nanoformulations that are 
conjugated with targeting moieties (Alam et al., 2021; 
Chen et  al.,  2017) that engage endocytic receptors 
on APC or by passive APC targeting achieved by 
physicochemical NP surface characteristics (Kranz 
et al., 2016). As an additional level of regulation, tran-
scriptional targeting of APCs may be achieved by 
using cellular promoters that are predominantly active 

in these cell types. In this regard, several promoters of 
genes predominantly expressed in DCs as the most 
potent type of APCs (Elwakeel et al., 2023) have been 
used as, for example, dectin-2 (Bonkobara et al., 2001; 
Morita et  al.,  2001), CD11c, Langerin, DC-SIGN and 
DC-STAMP (Moulin et al., 2012). Moreover, we have 
shown that, within the immune compartment, expres-
sion of the murine (Ross et  al.,  1998) and human 
(Ross et  al.,  2000) fascin-1 (Fscn-1) gene is largely 
confined to DCs. Aside from that, Fscn-1 was found to 
be expressed by neuronal cells (Rajan et al., 2023) as 
well as endothelial cell populations (Bai et al.,  2023) 
and metastasizing tumours (Sarantelli et al., 2023). We 
demonstrated that high-level expression of the human 
Fscn-1 gene depended on an enhancer region located 
upstream of the core promoter (Bros et  al.,  2003). 
More recently, we reported that fusion of this enhancer 
region to the core promoter even increased its activity 
specifically in a DC-like cell line as compared to other 
cell types in vitro (Zeyn et al., 2023). In addition, this 
optimized Fscn-1 promoter induced stronger splenic 
reporter expression than the CMV promoter when 
administered intravenously after condensation with 
succinylated branched polyethylenimine (Zintchenko 
et  al.,  2008) that was reflected by higher transgene 
expression in splenic DCs (Zeyn et al., 2023). In other 
studies, we employed the murine Fscn-1 promotor to 
drive expression of antigen in DNA vaccines applied 
by PMED and observed that the induced immune 
responses were of similar intensity as compared to 
DNA vaccines containing the CMV promoter (Höhn 
et  al.,  2013). Furthermore, whereas CMV promoter-
driven immune responses preferably induced Th2 
responses, the Fscn-1 promoter evoked Th1-biased 
adaptive immune reactions (Sudowe et  al.,  2006, 
2020), and immunization with either promoter yielded 
largely comparable CTL induction (Ross et al., 2003; 
Sudowe et al., 2003).

Tumour- and pathogen-targeting vaccines 
differ in their antigen requirements

Nucleic acid-based vaccines contain an expression 
cassette that encodes a pathogen- or tumour-derived 
protein or peptide, which may serve as a so-called 
antigen to induce antigen-specific adaptive immune 
responses (Beck et  al.,  2021; Liu,  2019). Expression 
of the whole protein is necessary to induce protein 
antigen-specific antibodies (Ulrich-Lewis et al., 2022), 
whereas derived antigenic peptides are sufficient to 
trigger CD4+ and CD8+ T-cell responses (Liebscher 
et al., 2021). The choice of antigen varies notably be-
tween cancer and pathogen targets, each requiring dis-
tinct considerations for optimal immune recognition and 
response. Distinctions between tumour- and pathogen-
targeting DNA vaccines are summarized in Table 1.
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Concerning the design of pathogen-directed vaccines, 
the antigen must be highly specific to prevent immune re-
actions against self-antigens (Pollard & Bijker, 2021). For 
this, suitable antigens may be identified using bioinformatic 
approaches (Poria et al., 2024) and mass spectrometry-
based immunopeptidomics (Mayer et al., 2022), allowing 
rational vaccine design (Poria et  al.,  2024; Rueckert & 
Guzmán, 2012). In this context, conserved or polyvalent 
epitope sequences are preferable to prevent immune eva-
sion of pathogen variants, as occurring, for example, in 
case of viruses that show high level of mutations like HIV-1, 
or influenza viruses (Kozak & Hu, 2024; Poria et al., 2024; 
Sia et al., 2021). In general, prophylactic vaccines focus 
to induce pathogen-neutralizing antibodies to protect 
against infection (Burton, 2023). The antibody-opsonized 
pathogen may be killed due to classical complement ac-
tivation (Kemper et al., 2023) or immune cell-dependent 
pathogen killing (Charles et al., 2022) via recognition of 
the exposed constant Fc part of the pathogen-opsonizing 
antibodies (i.e. ADCC). In contrast, therapeutic vaccines 
primarily aim to induce cellular immune responses against 
infected (Tang et al., 2022) and malignant cells (Saxena 
et al., 2021), respectively.

With regard to the latter, neoantigens that arise from 
mutations unique to tumour cells constitute optimal 
targets, since these exhibit minimal resemblance to 
self-antigens (Chong et al., 2022), thereby avoiding the 
need to overcome self-tolerance (Zhao et  al.,  2021). 
Associated with this, targeting of tumour-specific neo-
antigens, in contrast to tumour-associated antigens 
that are expressed by non-malignant cells as well, may 
result in autoimmune reactions due to the activation of 
auto-reactive B cells and T cells (Jiang et al., 2019). The 
identification of neoantigens requires patient-specific 
whole exome sequencing of tumour and non-malignant 
cells (de Sousa et al., 2021). Hu et al.  (2021) demon-
strated the presence of persistent memory T cells 
specific to neoantigens up to 4.5 years following neoan-
tigen vaccination, suggesting the potential efficacy of 
neoantigen-driven immunotherapy in providing protec-
tion against and even control of metastases. One ex-
ample of a tumour-associated antigen is prostatic acid 
phosphatase (PAP), which is expressed exclusively in 
prostatic cells. Treatment of castration-resistant pros-
tatic cancer patients with a PAP-encoding DNA vaccine 
yielded significant clinical responses when co-applied 
with granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) as an adjuvant (McNeel et al., 2009), or 
the immune checkpoint inhibitor nivolumab (McNeel 
et al., 2023) to enhance tumour immune cell infiltration.

Therapeutic vaccines may also target immunoregula-
tory cell types that are induced and expanded both upon 
chronic infection (Dorhoi & Du Plessis, 2017; McManus 
& Maizels, 2023) and cancer (Haist et al., 2021), limiting 
innate and adaptive immune responses by various mech-
anisms. In this regard, Treg (He, Miao, et al., 2023) and 
MDSCs (Stevenson et al., 2022) constitute suitable target 

cells. For this, proteins that are specific for these cell types 
are chosen as a source of antigen. For example, Treg 
and MDSCs both express indoleamine 2,3-dioxygenase 
(IDO), which degrades tryptophan and thereby inhibits the 
expansion of activated T cells (Adu-Gyamfi et al., 2019). 
By now, several preclinical and clinical studies have 
confirmed efficacy of IDO-specific anti-tumour vaccines 
(Lorentzen et al., 2023; Nandre et al., 2022).

Codon optimization may amplify expression of the 
encoded antigen and consequently boost the immune 
response (Peng et  al.,  2021). Furthermore, modifica-
tion of the peptide sequence may improve its binding 
to MHC and thereby enhance the interaction between 
the MHC/peptide complex and the T-cell receptor, re-
sulting in improved T-cell activation (Yin et al., 2011). In 
this regard, computational approaches including vari-
ous modelling techniques and in silico simulations may 
significantly contribute to identify epitopes with optimal 
binding affinities to TCRs and BCRs (Poria et al., 2024). 
Increased antigen presentation via MHC-II may be 
achieved by fusing its coding sequence with that of the 
invariant chain (Afridi et al., 2016).

All in all, immunogenicity, influenced by the ability 
of antigens to induce an immune response, is essen-
tial for vaccine efficacy. DNA vaccines, while promising 
due to their stability and ability to mimic natural infec-
tions, face challenges in achieving optimal immunoge-
nicity in human trials (Kutzler & Weiner, 2008; Pagliari 
et  al.,  2023). Nonetheless, several strategies have 
been developed to enhance immunogenicity of DNA 
antigens, as outlined in this mini-review. As discussed 
above, the usage of efficient promoters and coding op-
timization constitute means to improve DNA vaccine ef-
ficacy. For example, the number of immunogenic CpG 
motifs in a gene sequence that are recognized by TLR9 
in B cells, macrophages and DCs can be varied to in-
crease effective immune response (Lopes et al., 2017). 
Besides, soluble or genetic adjuvants (details see 
below) as well as delivery strategies such as electro-
poration and NPs that have been outlined above, are 
verified methods to increase immunogenicity (Shah 
et  al.,  2015). In addition, various delivery routes like 
intradermal or mucosal application aim to enhance 
immunogenicity by improving antigen uptake and pre-
sentation, as highlighted above. Furthermore, various 
strategies such as microneedles and bacterial vectors 
showed promise in overcoming these challenges, of-
fering potential to enhance both humoral and cellular 
immune responses (Porter & Raviprakash, 2017).

Adjuvants shape adaptive immune 
response

Adjuvants are defined as compounds that increase the 
reaction of the immune system towards an antigen. Most 
often, this term is used to describe immunostimulatory 
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agents that are required to induce adaptive immune re-
sponses. However, adjuvants may also serve to induce 
tolerance (Durham & Shamji, 2023). In general, adju-
vants may strongly affect effector functions of innate 
immune cells (Zhao, Cai, et al., 2023).

In case of vaccinations intended to induce T effec-
tor cells and antibody production, adjuvants are applied 
that mimic an infection or inflammation by engaging 
danger receptors expressed by innate immune cells 
(Georg & Sander,  2019). In case of DNA vaccines, 
nucleic acid-derived adjuvants are of considerable in-
terest since these may be integrated into an antigen-
encoding DNA vaccine to ensure co-delivery into the 
same APCs (Colombani et  al.,  2023). However, co-
delivery may also be achieved using nanoformulations 
such as LNPs that contain both the DNA vaccine and 
the adjuvant (Francis et al., 2020). Table 3 depicts the 
characteristics of adjuvants that are used to enhance 
the immunogenicity of DNA vaccines.

DNA itself contains intrinsic immunogenic elements 
that may be recognized by the innate immune system 
as pathogen-associated molecular patterns (PAMPs) 
like cytosolic double-stranded DNA, which acti-
vates the cGAS (cyclic GMP-AMP synthase)/STING 
pathway and CpG motifs that trigger TLR9 (Baker 
et al., 2023; Eusébio et al., 2021; Lee et al., 2019; Li 
& Petrovsky,  2016; Ori et  al.,  2017). CpG motifs are 
specific DNA sequences that are rich in unmethylated 
cytosine and guanine and thereby mimic bacterial DNA 
motifs (Goonewardene et al.,  2020). TLR9 that is ex-
pressed in endolysosomes by innate immune cells as 
well as B cells recognizes these motifs (Fehér, 2019), 
which in turn triggers innate immune responses and 
promotes APCs to confer Th1 polarization (Kocabas 
et  al.,  2020) and CTL induction (Xu et  al.,  2023). 
Interestingly, the backbone of various plasmid vectors 
was reported to exert stimulatory effects due to the 
presence of a CpG-rich motif located in the ampicillin 
resistance gene (Jiang et al., 2006). To further enhance 
adjuvancy, additional CpG motifs may be incorporated 
(Coban et al., 2005). However, it has to be considered 
that CpG-rich motifs were found to differ in their stim-
ulatory potency and signalling induction in a cell type- 
(Martinson et al., 2007) and species- (Verthelyi, 2006) 
specific manner. CpG ODNs are used as the adjuvant 
component of an approved hepatitis B vaccine (Lee & 
Lim, 2021) and has been tested in a number of clini-
cal trials assessing the efficacy of vaccines to evoke 
pathogen-specific (Kayraklioglu et al., 2021) and anti-
tumour immune responses (Dongye et al., 2022).

Besides CpG motifs, also pathogen-derived DNA 
sequences that engage cytosolic DNA sensors (Zahid 
et al., 2020) may exert immunostimulatory activity by ac-
tivating the STING pathway (Zhang, Zhou et al., 2022). 
STING signalling induces interferon-regulatory factor3-
dependent expression of inflammatory genes includ-
ing type I interferons (IFN) that are vital for antiviral 

responses (Mesev et al., 2019). Moreover, STING ac-
tivating adjuvants have been reported to promote anti-
tumour responses in preclinical studies and clinical 
trials on various levels, by elevating tumour antigen 
presentation, enhancing T-cell activation and facilitat-
ing tumour infiltration by T effector cells (Ulrich-Lewis 
et al., 2022).

RNA-based sequences that trigger other danger 
receptors, especially guanosine/uridine (G/U)-rich 
single-stranded RNA, which engages endosomal 
TLR7/8 (Komura et  al.,  2020), and double-stranded 
RNA such as poly (I:C) (polyinosinic:polycytidylic acid) 
that triggers endosomal TLR3 (Lin et al., 2019) as well 
as cytosolic RIG-I (retinoic acid–inducible gene I) and 
MDA-5 (melanoma differentiation–associated antigen 
5) (Bartok & Hartmann, 2020; Besch et al., 2009; Kato 
et al., 2008; Yoneyama et al., 2005) have also served 
as suitable molecular adjuvants in preclinical studies, 
especially when applied as nanoformulations, which on 
the one hand prevent degradation (Eygeris et al., 2022) 
and on the other hand augment the agonist's stimula-
tory activity as compared to application in soluble form 
(Tizard, 2021). These kinds of agonists were reported 
to enhance anti-tumour responses in clinical trials 
(Migliorini et al., 2019; Sun et al., 2022). In general, the 
co-delivery of adjuvants that engage distinct PAMP 
types may yield hyper-additive stimulatory effects as 
exemplified for CpG ODNs in combination with various 
other danger signals (Nigar & Shimosato, 2019).

As an alternative to nucleic acid-based sequences 
that trigger intracellular danger receptors, the DNA 
vaccine may comprise an additional expression unit 
that encodes for a signalling adaptor protein-like 
MyD88 (Collinson-Pautz et al., 2016) or a transcription 
factor like NF-κB [nuclear factor ‘kappa-light-chain-
enhancer’ of activated B cells (Shedlock et al., 2014)] 
that act downstream of danger receptors to confer 
APC activation. In case that such minigenes are in-
corporated into the DNA vaccine, these may be tran-
scriptionally regulated by a separate promoter (Mavi 
et al., 2019). Alternatively, such an expression unit may 
be linked to the antigen-coding sequence downstream 
of the stop codon by an internal ribosomal entry site 
(IRES) to confer cap-independent translation (Zhao, 
Sun, et  al.,  2023). Furthermore, both open reading 
frames may be fused and separated by a self-cleaving 
2A peptide (Meas et al., 2021). By this approach, bi-
cistronic and even multicistronic DNA vaccines can be 
generated (Shaimardanova et al., 2019).

All these adjuvants serve to achieve sustained im-
mune cell activation, resulting in an upregulation of var-
ious effector proteins, comprising both transmembrane 
receptors such as MHC-I and MHC-II that present an-
tigenic peptides to T cells and co-stimulatory receptors 
like CD86 as well as cytokines like IL-12 that promote 
the polarization of stimulated CD4+ T cells towards 
Th1 (Mirlekar & Pylayeva-Gupta,  2021). However, 
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numerous clinical trials have confirmed that vaccine 
immunogenicity may also be enhanced by forced over-
expression of single effector proteins like IL-12 (De 
Rosa et al., 2020; Jacobson et al., 2023). Likewise, pre-
clinical studies have shown that co-administration of a 
pDNA encoding for CD40 or CD63 can boost immune 

responses to a DNA vaccine against bovine viral diar-
rhoea virus in mice (Leng et al., 2022).

In a complementary approach, DNA vaccines 
may comprise a short hairpin (sh)RNA encoding 
cassette (Setten et  al.,  2019) that inhibits immuno-
regulatory proteins. After processing, one strand of 

TA B L E  3   Chemical and molecular adjuvants to enhance immunogenicity of DNA vaccines.

Adjuvant class Example Mechanism References

Chemical adjuvants Aluminium salt Induction of cytokines, activation of 
complement system, induction of Th2 
response

Eusébio et al. (2021); Grunwald & 
Ulbert (2015); Pagliari et al. (2023)

Manganese Elevation of metabolic immune cell 
activity (micronutrient), antioxidant 
defence, induction of cGAS-STING

Huang et al. (2023)

NPs Immunostimulatory potential (diverse 
mechanisms, including interactions with 
TLRs, complement activation, induction 
of autophagy); targeted and enhanced 
antigen delivery

Irvine et al. (2015); Liao et al. (2022)

Oil-in-water 
emulsions (e.g. 
MF59)

Immunostimulatory potential, induction of 
cytokine production, depot effect

Eusébio et al. (2021); Hosseinipour 
et al. (2021); Ko and Kang (2018)

Molecular adjuvants 
(nucleic acids; proteins 
directly applied or 
DNA-encoded)

Poly(I:C) TLR3, MDA-5 and RIG-I agonist; 
activation of NK cells, enhanced antigen 
presentation by DCs, induction of CD8+ 
T-cell response

Bartok and Hartmann (2020); Besch 
et al. (2009); Eusébio et al. (2021); Kato 
et al. (2008); Lin et al. (2019); Yoneyama 
et al. (2005)

CpG ODNs TLR9 agonist; enhanced humoral 
immune response, induction of Th1 
response and CTLs

Eusébio et al. (2021); Fehér (2019); 
Goonewardene et al. (2020); Kocabas 
et al. (2020); Xu et al. (2023)

IL-12 Cytokine; induction of Th1 response De Rosa et al. (2020); Jacobson 
et al. (2023); Mirlekar and 
Pylayeva-Gupta (2021)

TNF-α Cytokine; maturation and recruitment of 
immune cells

Nimal et al. (2006); Pagliari et al. (2023)

IFN-γ Cytokine; activation of immune cells 
(including T, B and NK cells), and other 
phagocytes, activation APCs, enhanced 
expression of MHC molecules

Pagliari et al. (2023); Tovey and 
Lallemand (2010)

GM-CSF Growth factor; recruiting of APCs, 
stimulation of DC maturation

Eusébio et al. (2021); Ruan et al. (2017)

RANTES (CCL5) Chemokine; activation of DCs and T cells Cao et al. (2015); Eusébio et al. (2021)

NF-κB Transcription factor; regulation of 
cytokine expression, induction of DC 
maturation, activation of adaptive 
immune responses

Shedlock et al. (2014)

MyD88 TLR signalling adaptor protein; induction 
of innate immune responses

Collinson-Pautz et al. (2016)

CD40 Co-stimulatory receptor; induction of 
cytokine production by DCs, activation 
of B cells

Leng et al. (2022)

shRNA, siRNA RNA interference; immune induction by 
targeting of immunoinhibitory proteins

Almeida et al. (2015); Goel et al. (2024); 
Li & Petrovsky (2016); Setten 
et al. (2019)

Abbreviations: APC, antigen presenting cell; CCL, chemokine (C-C motif) ligand; CD, cluster of differentiation; cGAS, cyclic GMP-AMP synthase; DC, dendritic 
cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MHC, major histocompatibility complex; MyD88, myeloid 
differentiation primary response 88; NF-κB, nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells; NK cells, natural killer cells; NPs, nanoparticles; 
ODNs, oligodeoxynucleotides; poly(I:C), polyinosinic:polycytidylic acid; RANTES, regulated upon activation, normal T cell expressed and presumably 
secreted; shRNA, short hairpin RNA; siRNA, small interfering RNA; STING, stimulator of interferon genes; Th1, T helper cell type 1; Th2, T helper cell type 2; 
TLR, toll-like receptor; TNF-α, tumour necrosis factor-alpha.
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shRNA-derived silencer (si)RNA will be incorporated 
into a RNA-induced silencing complex (RISC) that en-
gages sequence-complementary mRNA stretches and 
either shortens half-life or attenuates translation of the 
target mRNA (Friedrich & Aigner, 2022). Interestingly, 
Almeida and co-workers showed that transfected pDNA 
triggered the STING pathway, which subsequently 
induced APOBEC (apolipoprotein B mRNA editing 
enzyme catalytic subunit) in an IFN-γ dependent man-
ner (Almeida et  al.,  2015). APOBEC family members 
constitute single-stranded DNA cytosine deaminases 
that inhibit the replication of RNA and DNA viruses (Xu 
et al., 2020). APOBEC significantly reduced DNA trans-
fection efficiencies, which was counteracted when using 
bicistronic vectors containing a APOBEC2-specific 
shRNA (Almeida et al., 2015). In order to promote im-
mune responses, immunoinhibitory proteins may be tar-
geted by shRNA. For example, the transcription factor 
STAT3 (signal transducer and activator of transcription 
3) promotes tumorigenesis on the one hand by favour-
ing tumour growth, establishment and maintenance of 
the tumour microenvironment (Dong et al., 2023), and 
on the other hand by imprinting a pro-tolerogenic state 
in APCs (Sohrabi et al., 2023). Co-delivery of tumour 
antigenic peptides, immunostimulatory CpG ODNs 
and STAT3-targeting shRNA synergistically enhanced 
anti-tumour responses in mice as compared to single 
treatment (Zhu et al., 2017). Furthermore, the efficacy 
of a pDNA encoding for GM-CSF and comprising an 
shRNA targeting furin that constitutes a pro-convertase 
of tolerance-promoting transforming growth factor 
beta protein boosted patients' anti-tumour immune re-
sponses in a number of clinical trials addressing distinct 
cancer types (Anderson et al., 2023; Barve et al., 2022; 
Ghisoli et al., 2015, 2016; Nemunaitis et al., 2014). In 
most preclinical and clinical studies, however, siRNA 
has been applied instead of shRNA, either alone or in 
combination with other agents to target pro-tumorigenic 
factors (Goel et al., 2024).

Finally, the mode of DNA vaccine delivery may affect 
and shape its adjuvancy as described above. For ex-
ample, nanocarriers used for the delivery of DNA vac-
cines like liposomes (Gandhapudi et al., 2023), LNPs 
(Verbeke et al., 2022), PLGA NPs (Casey et al., 2019; 
Thirumalaikumar et  al.,  2023) and VLPs (Gupta 
et  al.,  2023; Pitoiset et  al.,  2017) may yield immuno-
stimulatory activity. A broad overview of nanocarriers 
with adjuvant functions is given, for example, in Liao 
et al. (2022) and Zhang et al. (2024).

CONCLUDING REMARKS AND 
PERSPECTIVES FOR DNA 
VACCINE DESIGN

DNA vaccines have a broad therapeutic indication field, 
ranging from prevention of infections over treatment 

of infectious, allergic and autoimmune diseases to tu-
mour immunotherapies (Eusébio et  al.,  2021). They 
offer several advantages as compared to mRNA-
based vaccines, especially in terms of stability, 
transcriptional targeting and long-term expression 
(Hanke, 2022; Liu, 2019). Polyvalent plasmid design 
allows for co-expression of several antigens or anti-
gen plus adjuvant, respectively (Kozak & Hu, 2024). 
Safety concerns such as genome integration or im-
munotoxicity have been refuted in many preclinical 
and clinical studies (Kozak & Hu, 2024). However, the 
efficacy of DNA vaccines in humans is still low and 
has to be increased for successful implementation 
in clinics (Pagliari et al., 2023). Poor immunogenicity 
as the major shortfall may be overcome by nanofor-
mulated administration that enables coupled delivery 
of suitable adjuvants into the same target cell, spe-
cific APC targeting and efficient endosomal escape 
of the cargo after internalization (Ho et al., 2021; Lu 
et al., 2024; Mollé et al., 2022). Advances in NP engi-
neering in the last years allow for tailor-made delivery 
systems with improved, specific physicochemical and 
biological properties. NPs can serve both as protec-
tive shuttles for the DNA vaccines and as immune 
stimulants. Furthermore, optimization of the DNA 
construct itself, including the deletion of prokaryotic 
sequences, employment of promoters with APC-
focused activity and attachment of NLS to improve 
nuclear entry for enhanced expression may serve to 
increase transgene expression (Hager et  al.,  2020). 
Concerted implementation of these complementary 
optimization steps may increase the success of DNA 
vaccination in a synergistic manner. Also, alterna-
tive, topical administration routes (e.g. mucosal vac-
cines to enhance mucosal immunity as first barrier 
for pathogens) and innovative delivery devices (e.g. 
needle-free injection systems or inhalers), the com-
bination with other (immuno)therapies, homologous 
or heterologous prime-boost strategies as well as 
optimized vaccination protocols (regarding applica-
tion site, dose, frequency etc.) may enhance the clini-
cal outcome of DNA vaccines (Lu et al., 2024; Zhang 
et al., 2015). A deeper understanding of the complex 
mechanisms of immunity is essential in terms of im-
proved vaccine design and immunization/treatment 
regimes. Furthermore, interindividual differences 
in clinical responses have to be considered. In this 
regard, personalized medicine may be the solution, 
which can be realized by identification of individual 
(neo)antigens via bioinformatic and sequencing tools.

With view to the future, effective vaccination strat-
egies are needed for existing and newly emerging 
infectious diseases (Gary & Weiner, 2020). DNA vac-
cines may provide here an optimal answer, especially 
when applied via innovative mucosal administration 
routes (e.g. intranasal, intratracheal or oral) since mu-
cosal membranes are the first barrier for most of the 
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pathogens (Correa et  al.,  2022). Their cost-effective, 
easy, fast and scalable production allows for use in 
pandemics, where availability in short time, accessi-
bility for a broad range of people (i.e. mass vaccina-
tion) and convenient application (i.e. painless and 
self-application/without special training) are pursued 
(Kozak & Hu, 2024; Lu et al., 2024). Yet, the storage 
issue (cold chain vs. room temperature, solid vs. liq-
uid state) has to be addressed for worldwide use in 
different climate zones. Also, the field of tumour immu-
notherapies may benefit from DNA-based vaccines. 
Particularly, combinations with other approaches such 
as immune checkpoint inhibitors or chimeric antigen-
receptor (CAR) T-cell therapies represent promising 
treatment strategies (Butterfield & Najjar, 2024; Lopes 
et al., 2019; Pandya et al., 2023).

All in all, the future of DNA vaccines looks encouraging. 
It remains exciting how this whole field will progress in the 
next years; further market approvals can be expected.

AUTH O R CO NTR I BUT I O N S
Simone Berger: Conceptualization; visualization; 
writing – original draft; writing – review and editing. 
Yanira Zeyn: Visualization; writing – original draft. 
Ernst Wagner: Conceptualization; writing – review 
and editing; funding acquisition. Matthias Bros: 
Conceptualization; funding acquisition; visualization; 
writing – original draft; writing – review and editing.

ACK N OW LE DG E M E NT S
The authors acknowledge support by the German 
Research Foundation (DFG) SFB1032 (project-ID 
201269156) subproject B4 (to E.W.), SFB1066 sub-
projects B5 (to E.W. and M.B.) and B15 (to M.B.) and 
BMBF Cluster for Future ‘CNATM—Cluster for Nucleic 
Acid Therapeutics Munich’ (to E.W.). The illustrations 
were created with Biore​nder.​com.

CO N FLI CT O F I NT E R EST STAT E M E NT
The authors declare no conflict of interest and no com-
peting financial interest.

O RCI D
Simone Berger   https://orcid.
org/0000-0002-3572-7205 
Yanira Zeyn   https://orcid.org/0000-0002-2501-8149 
Ernst Wagner   https://orcid.
org/0000-0001-8413-0934 
Matthias Bros   https://orcid.
org/0000-0002-4662-0542 

R E FE R E N C E S
Adu-Gyamfi, C.G., Savulescu, D., George, J.A. & Suchard, M.S. 

(2019) Indoleamine 2, 3-dioxygenase-mediated tryptophan 
catabolism: a leading star or supporting act in the tuberculo-
sis and HIV pas-de-deux? Frontiers in Cellular and Infection 
Microbiology, 9, 372.

Afkhami, S., D'Agostino, M.R., Zhang, A., Stacey, H.D., Marzok, 
A., Kang, A. et  al. (2022) Respiratory mucosal delivery of 
next-generation COVID-19 vaccine provides robust protection 
against both ancestral and variant strains of SARS-CoV-2. Cell, 
185(5), 896–915.e9.

Afridi, S., Hoessli, D.C. & Hameed, M.W. (2016) Mechanistic under-
standing and significance of small peptides interaction with MHC 
class II molecules for therapeutic applications. Immunological 
Reviews, 272(1), 151–168.

Alam, M.M., Jarvis, C.M., Hincapie, R., McKay, C.S., Schimer, J., 
Sanhueza, C.A. et al. (2021) Glycan-modified virus-like particles 
evoke T helper type 1-like immune responses. ACS Nano, 15(1), 
309–321.

Al-Deen, F.N., Selomulya, C., Ma, C. & Coppel, R.L. (2014) 
Superparamagnetic nanoparticle delivery of DNA vaccine. 
Methods in Molecular Biology, 1143, 181–194.

Almeida, R.R., Raposo, R.A., Coirada, F.C., da Silva, J.R., de Souza 
Ferreira, L.C., Kalil, J. et al. (2015) Modulating APOBEC expres-
sion enhances DNA vaccine immunogenicity. Immunology and 
Cell Biology, 93(10), 868–876.

Alvarez, R.D., Huh, W.K., Bae, S., Lamb, L.S., Jr., Conner, M.G., Boyer, 
J. et al. (2016) A pilot study of pNGVL4a-CRT/E7(detox) for the 
treatment of patients with HPV16+ cervical intraepithelial neopla-
sia 2/3 (CIN2/3). Gynecologic Oncology, 140(2), 245–252.

Alves, C.P.A., Prazeres, D.M.F. & Monteiro, G.A. (2021) Minicircle 
biopharmaceuticals – an overview of purification strategies. 
Frontiers in Chemical Engineering, 2, 612594.

Anderson, P., Ghisoli, M., Crompton, B.D., Klega, K.S., Wexler, L.H., 
Slotkin, E.K. et al. (2023) Pilot study of recurrent Ewing's sar-
coma management with vigil/temozolomide/irinotecan and 
assessment of circulating tumor (ct) DNA. Clinical Cancer 
Research, 29(9), 1689–1697.

Andorko, J.I., Hess, K.L., Pineault, K.G. & Jewell, C.M. (2016) Intrinsic 
immunogenicity of rapidly-degradable polymers evolves during 
degradation. Acta Biomaterialia, 32, 24–34.

Appelmelk, B.J., van Die, I., van Vliet, S.J., Vandenbroucke-Grauls, 
C.M., Geijtenbeek, T.B. & van Kooyk, Y. (2003) Cutting edge: 
carbohydrate profiling identifies new pathogens that interact with 
dendritic cell-specific ICAM-3-grabbing nonintegrin on dendritic 
cells. Journal of Immunology, 170(4), 1635–1639.

Baden, L.R., El Sahly, H.M., Essink, B., Kotloff, K., Frey, S., Novak, R. 
et al. (2020) Efficacy and safety of the mRNA-1273 SARS-CoV-2 
vaccine. New England Journal of Medicine, 384(5), 403–416.

Bai, W., Ren, J.S., Xia, M., Zhao, Y., Ding, J.J., Chen, X. et al. (2023) 
Targeting FSCN1 with an oral small-molecule inhibitor for treat-
ing ocular neovascularization. Journal of Translational Medicine, 
21(1), 555.

Baker, A., Lorch, J., VanderWeele, D. & Zhang, B. (2023) Smart nano-
carriers for the targeted delivery of therapeutic nucleic acid for 
cancer immunotherapy. Pharmaceutics, 15(6), 1743.

Baker, J.R., Jr., Farazuddin, M., Wong, P.T. & O'Konek, J.J. (2022) 
The unfulfilled potential of mucosal immunization. The Journal 
of Allergy and Clinical Immunology, 150(1), 1–11.

Banchereau, J. & Steinman, R.M. (1998) Dendritic cells and the con-
trol of immunity. Nature, 392(6673), 245–252.

Barolet, D. & Benohanian, A. (2018) Current trends in needle-free 
jet injection: an update. Clinical, Cosmetic and Investigational 
Dermatology, 11, 231–238.

Barry, M.E., Pinto-González, D., Orson, F.M., McKenzie, G.J., Petry, 
G.R. & Barry, M.A. (1999) Role of endogenous endonucleases 
and tissue site in transfection and CpG-mediated immune acti-
vation after naked DNA injection. Human Gene Therapy, 10(15), 
2461–2480.

Bartok, E. & Hartmann, G. (2020) Immune sensing mechanisms that 
discriminate self from altered self and foreign nucleic acids. 
Immunity, 53(1), 54–77.

Barve, M., Aaron, P., Manning, L., Bognar, E., Wallraven, G., Horvath, 
S. et al. (2022) Pilot study of combination gemogenovatucel-T 

http://biorender.com
https://orcid.org/0000-0002-3572-7205
https://orcid.org/0000-0002-3572-7205
https://orcid.org/0000-0002-3572-7205
https://orcid.org/0000-0002-2501-8149
https://orcid.org/0000-0002-2501-8149
https://orcid.org/0000-0001-8413-0934
https://orcid.org/0000-0001-8413-0934
https://orcid.org/0000-0001-8413-0934
https://orcid.org/0000-0002-4662-0542
https://orcid.org/0000-0002-4662-0542
https://orcid.org/0000-0002-4662-0542


      |  17 of 26EFFICIENT DNA VACCINES

(vigil) and durvalumab in women with relapsed BRCA-wt triple-
negative breast or ovarian cancer. Clin Med Insights Oncol, 16, 
11795549221110501.

Beck, J.D., Reidenbach, D., Salomon, N., Sahin, U., Türeci, Ö., 
Vormehr, M. et al. (2021) mRNA therapeutics in cancer immu-
notherapy. Molecular Cancer, 20(1), 69.

Bednarczyk, M., Medina-Montano, C., Fittler, F.J., Stege, H., 
Roskamp, M., Kuske, M. et al. (2021) Complement-opsonized 
nano-carriers are bound by dendritic cells (DC) via complement 
receptor (CR)3, and by B cell subpopulations via CR-1/2, and 
affect the activation of DC and B-1 cells. International Journal 
of Molecular Sciences, 22(6), 2869.

Berger, S., Berger, M., Bantz, C., Maskos, M. & Wagner, E. (2022) 
Performance of nanoparticles for biomedical applications: the 
in vitro/in vivo discrepancy. Biophysics Reviews, 3(1), 011303.

Besch, R., Poeck, H., Hohenauer, T., Senft, D., Häcker, G., Berking, 
C. et  al. (2009) Proapoptotic signaling induced by RIG-I and 
MDA-5 results in type I interferon-independent apoptosis in 
human melanoma cells. The Journal of Clinical Investigation, 
119(8), 2399–2411.

Bitoque, D.B., Morais, J., Oliveira, A.V., Sequeira, R.L., Calado, 
S.M., Fortunato, T.M. et  al. (2021) Human-derived NLS en-
hance the gene transfer efficiency of chitosan. Bioscience 
Reports, 41(1), BSR20201026.

Blakney, A.K. & Bekker, L.G. (2022) DNA vaccines join the fight 
against COVID-19. Lancet, 399(10332), 1281–1282.

Bonkobara, M., Zukas, P.K., Shikano, S., Nakamura, S., Cruz, 
P.D., Jr. & Ariizumi, K. (2001) Epidermal Langerhans cell-
targeted gene expression by a dectin-2 promoter. Journal of 
Immunology, 167(12), 6893–6900.

Bonsergent, E., Grisard, E., Buchrieser, J., Schwartz, O., Théry, C. 
& Lavieu, G. (2021) Quantitative characterization of extracellu-
lar vesicle uptake and content delivery within mammalian cells. 
Nature Communications, 12(1), 1864.

Brandtzaeg, P. & Pabst, R. (2004) Let's go mucosal: communication 
on slippery ground. Trends in Immunology, 25(11), 570–577.

Bros, M., Ross, X.L., Pautz, A., Reske-Kunz, A.B. & Ross, R. (2003) 
The human fascin gene promoter is highly active in mature 
dendritic cells due to a stage-specific enhancer. Journal of 
Immunology, 171(4), 1825–1834.

Burgdorf, S., Lukacs-Kornek, V. & Kurts, C. (2006) The mannose re-
ceptor mediates uptake of soluble but not of cell-associated an-
tigen for cross-presentation. Journal of Immunology, 176(11), 
6770–6776.

Burton, D.R. (2023) Antiviral neutralizing antibodies: from in vitro to 
in vivo activity. Nature Reviews. Immunology, 23(11), 720–734.

Bus, T., Traeger, A. & Schubert, U.S. (2018) The great escape: how 
cationic polyplexes overcome the endosomal barrier. Journal 
of Materials Chemistry B, 6(43), 6904–6918.

Butterfield, L.H. & Najjar, Y.G. (2024) Immunotherapy combination 
approaches: mechanisms, biomarkers and clinical observa-
tions. Nature Reviews Immunology, 24(6), 399–416.

Canton, J., Neculai, D. & Grinstein, S. (2013) Scavenger receptors 
in homeostasis and immunity. Nature Reviews. Immunology, 
13(9), 621–634.

Cao, A., Liu, Y., Wang, J., Li, X., Wang, S., Zhao, Q. et al. (2015) 
Toxoplasma gondii: vaccination with a DNA vaccine encoding 
T- and B-cell epitopes of SAG1, GRA2, GRA7 and ROP16 elic-
its protection against acute toxoplasmosis in mice. Vaccine, 
33(48), 6757–6762.

Cardona, P. & Cardona, P.J. (2019) Regulatory T cells in 
Mycobacterium tuberculosis infection. Frontiers in Immunology, 
10, 2139.

Casey, L.M., Kakade, S., Decker, J.T., Rose, J.A., Deans, K., 
Shea, L.D. et  al. (2019) Cargo-less nanoparticles program 
innate immune cell responses to toll-like receptor activation. 
Biomaterials, 218, 119333.

Cecchin, R., Troyer, Z., Witwer, K. & Morris, K.V. (2023) Extracellular 
vesicles: the next generation in gene therapy delivery. 
Molecular Therapy, 31(5), 1225–1230.

Charles, W.Z., Faries, C.R., Street, Y.T., Flowers, L.S. & McNaughton, 
B.R. (2022) Antibody-recruitment as a therapeutic strategy: 
a brief history and recent advances. Chembiochem, 23(16), 
e202200092.

Chaudhary, N., Kasiewicz, L.N., Newby, A.N., Arral, M.L., Yerneni, 
S.S., Melamed, J.R. et al. (2024) Amine headgroups in ionizable 
lipids drive immune responses to lipid nanoparticles by binding to 
the receptors TLR4 and CD1d. Nature Biomedical Engineering.

Chavda, V.P., Pandya, R. & Apostolopoulos, V. (2021) DNA vaccines 
for SARS-CoV-2: toward third-generation vaccination era. 
Expert Review of Vaccines, 20(12), 1549–1560.

Chen, B.-Y., Zhou, G., Li, Q.-L., Lu, J.-S., Shi, D.-Y., Pang, X.-B. 
et al. (2017) Enhanced effects of DNA vaccine against botu-
linum neurotoxin serotype a by targeting antigen to dendritic 
cells. Immunology Letters, 190, 118–124.

Chen, G., Zhao, B., Ruiz, E.F. & Zhang, F. (2022) Advances in the 
polymeric delivery of nucleic acid vaccines. Theranostics, 
12(9), 4081–4109.

Chen, H., Li, P., Yin, Y., Cai, X., Huang, Z., Chen, J. et al. (2010) The 
promotion of type 1 T helper cell responses to cationic poly-
mers in  vivo via toll-like receptor-4 mediated IL-12 secretion. 
Biomaterials, 31(32), 8172–8180.

Chong, C., Coukos, G. & Bassani-Sternberg, M. (2022) Identification 
of tumor antigens with immunopeptidomics. Nature 
Biotechnology, 40(2), 175–188.

Coban, C., Ishii, K.J., Gursel, M., Klinman, D.M. & Kumar, N. (2005) 
Effect of plasmid backbone modification by different human 
CpG motifs on the immunogenicity of DNA vaccine vectors. 
Journal of Leukocyte Biology, 78(3), 647–655.

Coban, C., Kobiyama, K., Jounai, N., Tozuka, M. & Ishii, K.J. (2013) 
DNA vaccines: a simple DNA sensing matter? Human Vaccines 
& Immunotherapeutics, 9(10), 2216–2221.

Cokarić Brdovčak, M., Materljan, J., Šustić, M., Ravlić, S., Ružić, 
T., Lisnić, B. et al. (2022) ChAdOx1-S adenoviral vector vac-
cine applied intranasally elicits superior mucosal immunity 
compared to the intramuscular route of vaccination. European 
Journal of Immunology, 52(6), 936–945.

Cole, G., Ali, A.A., McErlean, E., Mulholland, E.J., Short, A., 
McCrudden, C.M. et  al. (2019) DNA vaccination via RALA 
nanoparticles in a microneedle delivery system induces a po-
tent immune response against the endogenous prostate can-
cer stem cell antigen. Acta Biomaterialia, 96, 480–490.

Collinson-Pautz, M.R., Slawin, K.M., Levitt, J.M. & Spencer, D.M. 
(2016) MyD88/CD40 genetic adjuvant function in cutaneous 
atypical antigen-presenting cells contributes to DNA vaccine 
immunogenicity. PLoS One, 11(10), e0164547.

Colluru, V.T. & McNeel, D.G. (2016) B lymphocytes as direct antigen-
presenting cells for anti-tumor DNA vaccines. Oncotarget, 
7(42), 67901–67918.

Colombani, T., Haudebourg, T. & Pitard, B. (2023) 704/DNA vac-
cines leverage cytoplasmic DNA stimulation to promote 
anti-HIV neutralizing antibody production in mice and strong 
immune response against alpha-fetoprotein in non-human pri-
mates. Molecular Therapy - Nucleic Acids, 32, 743–757.

Comber, J.D., & Philip, R. (2014) MHC class I antigen presentation 
and implications for developing a new generation of therapeutic 
vaccines. Therapeutic Advances in Vaccines, 2(3), 77–89.

Correa, V.A., Portilho, A.I. & De Gaspari, E. (2022) Vaccines, 
adjuvants and key factors for mucosal immune response. 
Immunology, 167(2), 124–138.

Costa, J.P., Jesus, S., Colaço, M., Duarte, A., Soares, E. & Borges, 
O. (2023) Endotoxin contamination of nanoparticle formu-
lations: a concern in vaccine adjuvant mechanistic studies. 
Vaccine, 41(23), 3481–3485.



18 of 26  |      BERGER et al.

Cubillos-Ruiz, J.R., Engle, X., Scarlett, U.K., Martinez, D., Barber, 
A., Elgueta, R. et  al. (2009) Polyethylenimine-based siRNA 
nanocomplexes reprogram tumor-associated dendritic cells via 
TLR5 to elicit therapeutic antitumor immunity. The Journal of 
Clinical Investigation, 119(8), 2231–2244.

Dane, K.Y., Nembrini, C., Tomei, A.A., Eby, J.K., O'Neil, C.P., Velluto, 
D. et al. (2011) Nano-sized drug-loaded micelles deliver pay-
load to lymph node immune cells and prolong allograft survival. 
Journal of Controlled Release, 156(2), 154–160.

de Jonge, J., Leenhouts, J.M., Holtrop, M., Schoen, P., Scherrer, 
P., Cullis, P.R. et  al. (2007) Cellular gene transfer mediated 
by influenza virosomes with encapsulated plasmid DNA. The 
Biochemical Journal, 405(1), 41–49.

De Rosa, S.C., Edupuganti, S., Huang, Y., Han, X., Elizaga, M., 
Swann, E. et al. (2020) Robust antibody and cellular responses 
induced by DNA-only vaccination for HIV. JCI Insight, 5(13), 
e137079.

de Sousa, E., Lérias, J.R., Beltran, A., Paraschoudi, G., Condeço, 
C., Kamiki, J. et al. (2021) Targeting Neoepitopes to treat solid 
malignancies: immunosurgery. Frontiers in Immunology, 12, 
592031.

de Vries, R.D., Hoschler, K. & Rimmelzwaan, G.F. (2023) ADCC: 
an underappreciated correlate of cross-protection against in-
fluenza? Frontiers in Immunology, 14, 1130725.

Degors, I.M.S., Wang, C., Rehman, Z.U. & Zuhorn, I.S. (2019) 
Carriers break barriers in drug delivery: endocytosis and endo-
somal escape of gene delivery vectors. Accounts of Chemical 
Research, 52(7), 1750–1760.

Delalande, A., Leduc, C., Midoux, P., Postema, M. & Pichon, C. 
(2015) Efficient gene delivery by sonoporation is associated 
with microbubble entry into cells and the clathrin-dependent 
endocytosis pathway. Ultrasound in Medicine & Biology, 41(7), 
1913–1926.

Delehedde, C., Ciganek, I., Rameix, N., Laroui, N., Gonçalves, C., 
Even, L. et  al. (2023) Impact of net charge, targeting ligand 
amount and mRNA modification on the uptake, intracellular 
routing and the transfection efficiency of mRNA lipopolyplexes 
in dendritic cells. International Journal of Pharmaceutics, 647, 
123531.

Demento, S.L., Eisenbarth, S.C., Foellmer, H.G., Platt, C., Caplan, 
M.J., Mark Saltzman, W. et al. (2009) Inflammasome-activating 
nanoparticles as modular systems for optimizing vaccine effi-
cacy. Vaccine, 27(23), 3013–3021.

Dietz, L., Oberländer, J., Mateos-Maroto, A., Schunke, J., Fichter, 
M., Krämer-Albers, E.M. et  al. (2023) Uptake of extracellular 
vesicles into immune cells is enhanced by the protein corona. 
Journal of Extracellular Vesicles, 12(12), e12399.

Dilliard, S.A., Cheng, Q. & Siegwart, D.J. (2021) On the mecha-
nism of tissue-specific mRNA delivery by selective organ tar-
geting nanoparticles. Proceedings of the National Academy 
of Sciences of the United States of America, 118(52), 
e2109256118.

Disis, M.L.N., Guthrie, K.A., Liu, Y., Coveler, A.L., Higgins, D.M., 
Childs, J.S. et  al. (2023) Safety and outcomes of a plasmid 
DNA vaccine encoding the ERBB2 intracellular domain in pa-
tients with advanced-stage ERBB2-positive breast cancer: a 
phase 1 nonrandomized clinical trial. JAMA Oncology, 9(1), 
71–78.

Dobrovolskaia, M.A. & McNeil, S.E. (2007) Immunological prop-
erties of engineered nanomaterials. Nature Nanotechnology, 
2(8), 469–478.

Dong, Y., Chen, J., Chen, Y. & Liu, S. (2023) Targeting the STAT3 
oncogenic pathway: cancer immunotherapy and drug repur-
posing. Biomedicine & Pharmacotherapy, 167, 115513.

Dongye, Z., Li, J. & Wu, Y. (2022) Toll-like receptor 9 agonists and 
combination therapies: strategies to modulate the tumour im-
mune microenvironment for systemic anti-tumour immunity. 
British Journal of Cancer, 127(9), 1584–1594.

Dorhoi, A. & Du Plessis, N. (2017) Monocytic myeloid-derived sup-
pressor cells in chronic infections. Frontiers in Immunology, 8, 
1895.

Duong, H.T.T., Yin, Y., Thambi, T., Nguyen, T.L., Giang Phan, V.H., 
Lee, M.S. et  al. (2018) Smart vaccine delivery based on mi-
croneedle arrays decorated with ultra-pH-responsive copoly-
mers for cancer immunotherapy. Biomaterials, 185, 13–24.

Dupuis, M., Denis-Mize, K., Woo, C., Goldbeck, C., Selby, M.J., 
Chen, M. et al. (2000) Distribution of DNA vaccines determines 
their immunogenicity after intramuscular injection in mice. 
Journal of Immunology, 165(5), 2850–2858.

Durham, S.R. & Shamji, M.H. (2023) Allergen immunotherapy: 
past, present and future. Nature Reviews. Immunology, 23(5), 
317–328.

Elwakeel, A., Bridgewater, H.E. & Bennett, J. (2023) Unlocking den-
dritic cell-based vaccine efficacy through genetic modulation-
how soon is now? Genes (Basel), 14(12), 2118.

Eusébio, D., Neves, A.R., Costa, D., Biswas, S., Alves, G., Cui, Z. 
et al. (2021) Methods to improve the immunogenicity of plasmid 
DNA vaccines. Drug Discovery Today, 26(11), 2575–2592.

Eygeris, Y., Gupta, M., Kim, J. & Sahay, G. (2022) Chemistry of 
lipid nanoparticles for RNA delivery. Accounts of Chemical 
Research, 55(1), 2–12.

Farhood, B., Najafi, M. & Mortezaee, K. (2019) CD8(+) cytotoxic T 
lymphocytes in cancer immunotherapy: a review. Journal of 
Cellular Physiology, 234(6), 8509–8521.

Fehér, K. (2019) Single stranded DNA immune modulators with un-
methylated CpG motifs: structure and molecular recognition by 
toll-like receptor 9. Current Protein & Peptide Science, 20(11), 
1060–1068.

Feinberg, H., Castelli, R., Drickamer, K., Seeberger, P.H. & Weis, W.I. 
(2007) Multiple modes of binding enhance the affinity of DC-SIGN 
for high mannose N-linked glycans found on viral glycoproteins. 
The Journal of Biological Chemistry, 282(6), 4202–4209.

Fogli, S., Montis, C., Paccosi, S., Silvano, A., Michelucci, E., Berti, 
D. et al. (2017) Inorganic nanoparticles as potential regulators 
of immune response in dendritic cells. Nanomedicine, 12(14), 
1647–1660.

Folegatti, P.M., Ewer, K.J., Aley, P.K., Angus, B., Becker, S., Belij-
Rammerstorfer, S. et al. (2020) Safety and immunogenicity of 
the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: a prelim-
inary report of a phase 1/2, single-blind, randomised controlled 
trial. Lancet, 396(10249), 467–478.

Francis, J.E., Skakic, I., Dekiwadia, C., Shukla, R., Taki, A.C., 
Walduck, A. et al. (2020) Solid lipid nanoparticle carrier plat-
form containing synthetic TLR4 agonist mediates non-viral 
DNA vaccine delivery. Vaccines (Basel), 8(3), 551.

Fridman, W.H., Meylan, M., Pupier, G., Calvez, A., Hernandez, I. 
& Sautès-Fridman, C. (2023) Tertiary lymphoid structures 
and B cells: an intratumoral immunity cycle. Immunity, 56(10), 
2254–2269.

Friedrich, M. & Aigner, A. (2022) Therapeutic siRNA: state-of-the-
art and future perspectives. BioDrugs, 36(5), 549–571.

Fu, S.H., Chien, M.W., Hsu, C.Y., Liu, Y.W. & Sytwu, H.K. (2020) 
Interplay between cytokine circuitry and transcriptional regu-
lation shaping helper T cell pathogenicity and plasticity in in-
flammatory bowel disease. International Journal of Molecular 
Sciences, 21(9), 3379.

Gandhapudi, S.K., Shi, H., Ward, M.R., Bush, J.P., Avdiushko, M., 
Sundarapandiyan, K. et  al. (2023) Recombinant protein vac-
cines formulated with enantio-specific cationic lipid R-DOTAP 
induce protective cellular and antibody-mediated immune re-
sponses in mice. Viruses, 15(2), 432.

Gao, H., Goncalves, C., Gallego, T., Francois-Heude, M., Malard, 
V., Mateo, V. et al. (2020) Comparative binding and uptake of 
liposomes decorated with mannose oligosaccharides by cells 
expressing the mannose receptor or DC-SIGN. Carbohydrate 
Research, 487, 107877.



      |  19 of 26EFFICIENT DNA VACCINES

Gargett, T., Grubor-Bauk, B., Miller, D., Garrod, T., Yu, S., 
Wesselingh, S. et al. (2014) Increase in DNA vaccine efficacy 
by virosome delivery and co-expression of a cytolytic protein. 
Clinical & Translational Immunology, 3(6), e18.

Gary, E.N. & Weiner, D.B. (2020) DNA vaccines: prime time is now. 
Current Opinion in Immunology, 65, 21–27.

Geall, A.J., Kis, Z. & Ulmer, J.B. (2023) Vaccines on demand, part 
II: future reality. Expert Opinion on Drug Discovery, 18(2), 
119–127.

Geijtenbeek, T.B., Torensma, R., van Vliet, S.J., van Duijnhoven, 
G.C., Adema, G.J., van Kooyk, Y. et al. (2000) Identification 
of DC-SIGN, a novel dendritic cell-specific ICAM-3 recep-
tor that supports primary immune responses. Cell, 100(5), 
575–585.

Georg, P. & Sander, L.E. (2019) Innate sensors that regulate vaccine 
responses. Current Opinion in Immunology, 59, 31–41.

Ghisoli, M., Barve, M., Mennel, R., Lenarsky, C., Horvath, S., 
Wallraven, G. et al. (2016) Three-year follow up of GMCSF/bi-
shRNA(furin) DNA-transfected autologous tumor immunother-
apy (vigil) in metastatic advanced Ewing's sarcoma. Molecular 
Therapy, 24(8), 1478–1483.

Ghisoli, M., Barve, M., Schneider, R., Mennel, R., Lenarsky, C., 
Wallraven, G. et al. (2015) Pilot trial of FANG immunotherapy in 
Ewing's sarcoma. Molecular Therapy, 23(6), 1103–1109.

Gilleron, J., Querbes, W., Zeigerer, A., Borodovsky, A., Marsico, 
G., Schubert, U. et  al. (2013) Image-based analysis of lipid 
nanoparticle-mediated siRNA delivery, intracellular traffick-
ing and endosomal escape. Nature Biotechnology, 31(7), 
638–646.

Glasner, A., Rose, S.A., Sharma, R., Gudjonson, H., Chu, T., Green, 
J.A. et  al. (2023) Conserved transcriptional connectivity of 
regulatory T cells in the tumor microenvironment informs new 
combination cancer therapy strategies. Nature Immunology, 
24(6), 1020–1035.

Glass, J.J., Kent, S.J. & De Rose, R. (2016) Enhancing dendritic cell 
activation and HIV vaccine effectiveness through nanoparticle 
vaccination. Expert Review of Vaccines, 15(6), 719–729.

Goel, A., Rastogi, A., Jain, M. & Niveriya, K. (2024) RNA-based 
therapeutics: past, present and future prospects, challenges in 
cancer treatment. Current Pharmaceutical Biotechnology, 25, 
2125–2137.

Goonewardene, K., Ahmed, K.A., Gunawardana, T., Popowich, S., 
Kurukulasuriya, S., Karunarathna, R. et  al. (2020) Mucosal 
delivery of CpG-ODN mimicking bacterial DNA via the in-
trapulmonary route induces systemic antimicrobial immune 
responses in neonatal chicks. Scientific Reports, 10(1), 5343.

Graham, B.S., Enama, M.E., Nason, M.C., Gordon, I.J., Peel, S.A., 
Ledgerwood, J.E. et  al. (2013) DNA vaccine delivered by a 
needle-free injection device improves potency of priming for 
antibody and CD8+ T-cell responses after rAd5 boost in a ran-
domized clinical trial. PLoS One, 8(4), e59340.

Grassi, G., Maccaroni, P., Meyer, R., Kaiser, H., D'Ambrosio, E., 
Pascale, E. et  al. (2003) Inhibitors of DNA methylation and 
histone deacetylation activate cytomegalovirus promoter-
controlled reporter gene expression in human glioblastoma cell 
line U87. Carcinogenesis, 24(10), 1625–1635.

Grau, M. & Wagner, E. (2024) Strategies and mechanisms for endo-
somal escape of therapeutic nucleic acids. Current Opinion in 
Chemical Biology, 81, 102506.

Greenland, J.R., Liu, H., Berry, D., Anderson, D.G., Kim, W.K., 
Irvine, D.J. et al. (2005) Beta-amino ester polymers facilitate 
in vivo DNA transfection and adjuvant plasmid DNA immuniza-
tion. Molecular Therapy, 12(1), 164–170.

Grubor-Bauk, B., Yu, W., Wijesundara, D., Gummow, J., Garrod, T., 
Brennan, A.J. et al. (2016) Intradermal delivery of DNA encod-
ing HCV NS3 and perforin elicits robust cell-mediated immunity 
in mice and pigs. Gene Therapy, 23(1), 26–37.

Grunwald, T. & Ulbert, S. (2015) Improvement of DNA vaccination 
by adjuvants and sophisticated delivery devices: vaccine-
platforms for the battle against infectious diseases. Clin Exp 
Vaccine Res, 4(1), 1–10.

Guimaraes, L.C., Costa, P.A.C., Scalzo Júnior, S.R.A., Ferreira, H.A.S., 
Braga, A.C.S., de Oliveira, L.C. et al. (2024) Nanoparticle-based 
DNA vaccine protects against SARS-CoV-2 variants in female 
preclinical models. Nature Communications, 15(1), 590.

Guo, Q., Wang, L., Xu, P., Geng, F., Guo, J., Dong, L. et al. (2020) 
Heterologous prime-boost immunization co-targeting dual anti-
gens inhibit tumor growth and relapse. Oncoimmunology, 9(1), 
1841392.

Gupta, R., Arora, K., Roy, S.S., Joseph, A., Rastogi, R., Arora, N.M. 
et al. (2023) Platforms, advances, and technical challenges in 
virus-like particles-based vaccines. Frontiers in Immunology, 
14, 1123805.

Haase, F., Pöhmerer, J., Yazdi, M., Grau, M., Zeyn, Y., Wilk, U. et al. 
(2024) Lipoamino bundle LNPs for efficient mRNA transfection 
of dendritic cells and macrophages show high spleen selectiv-
ity. European Journal of Pharmaceutics and Biopharmaceutics, 
194, 95–109.

Hagedorn, L., Jürgens, D.C., Merkel, O.M. & Winkeljann, B. (2024) 
Endosomal escape mechanisms of extracellular vesicle-based 
drug carriers: lessons for lipid nanoparticle design. Extracellular 
Vesicles and Circulating Nucleic Acids, 5(3), 344–357.

Hager, S., Fittler, F.J., Wagner, E. & Bros, M. (2020) Nucleic acid-
based approaches for tumor therapy. Cells, 9(9), 2061.

Hager, S. & Wagner, E. (2018) Bioresponsive polyplexes - chemi-
cally programmed for nucleic acid delivery. Expert Opinion on 
Drug Delivery, 15(11), 1067–1083.

Haidari, G., Cope, A., Miller, A., Venables, S., Yan, C., Ridgers, H. 
et al. (2017) Combined skin and muscle vaccination differentially 
impact the quality of effector T cell functions: the CUTHIVAC-001 
randomized trial. Scientific Reports, 7(1), 13011.

Haist, M., Stege, H., Grabbe, S. & Bros, M. (2021) The functional 
crosstalk between myeloid-derived suppressor cells and regu-
latory T cells within the immunosuppressive tumor microenvi-
ronment. Cancers (Basel), 13(2), 210.

Hall, A., Lächelt, U., Bartek, J., Wagner, E. & Moghimi, S.M. (2017) 
Polyplex evolution: understanding biology, optimizing perfor-
mance. Molecular Therapy, 25(7), 1476–1490.

Hanke, T. (2022) New vector and vaccine platforms: mRNA, DNA, 
viral vectors. Current Opinion in HIV and AIDS, 17(6), 338–344.

He, J., Miao, R., Chen, Y., Wang, H. & Liu, M. (2023) The dual role 
of regulatory T cells in hepatitis B virus infection and related 
hepatocellular carcinoma. Immunology, 171(4), 445–463.

He, X., Chen, X., Wang, H., Du, G. & Sun, X. (2023) Recent ad-
vances in respiratory immunization: a focus on COVID-19 vac-
cines. Journal of Controlled Release, 355, 655–674.

Hengge, U.R., Chan, E.F., Foster, R.A., Walker, P.S. & Vogel, J.C. 
(1995) Cytokine gene expression in epidermis with biological 
effects following injection of naked DNA. Nature Genetics, 
10(2), 161–166.

Hieber, C., Grabbe, S. & Bros, M. (2023) Counteracting 
immunosenescence-which therapeutic strategies are promis-
ing? Biomolecules, 13(7), 1085.

Hill, A., Beitelshees, M. & Pfeifer, B.A. (2021) Vaccine delivery and 
immune response basics. Methods in Molecular Biology, 2183, 
1–8.

Ho, W., Gao, M., Li, F., Li, Z., Zhang, X.Q. & Xu, X. (2021) Next-
generation vaccines: nanoparticle-mediated DNA and mRNA 
delivery. Advanced Healthcare Materials, 10(8), e2001812.

Hobernik, D. & Bros, M. (2018) DNA vaccines—how far from clinical 
use? International Journal of Molecular Sciences, 19(11), 3605.

Höhn, Y., Sudowe, S. & Reske-Kunz, A.B. (2013) Dendritic cell-
specific biolistic transfection using the fascin gene promoter. 
Methods in Molecular Biology, 940, 199–213.



20 of 26  |      BERGER et al.

Hollidge, B.S., Carroll, H.B., Qian, R., Fuller, M.L., Giles, A.R., 
Mercer, A.C. et  al. (2022) Kinetics and durability of trans-
gene expression after intrastriatal injection of AAV9 vectors. 
Frontiers in Neurology, 13, 1051559.

Hooper, J., Paolino, K.M., Mills, K., Kwilas, S., Josleyn, M., Cohen, M. 
et al. (2020) A phase 2a randomized, double-blind, dose-optimizing 
study to evaluate the immunogenicity and safety of a bivalent DNA 
vaccine for hemorrhagic fever with renal syndrome delivered by in-
tramuscular electroporation. Vaccines (Basel), 8(3), 377.

Hornstein, B.D., Roman, D., Arévalo-Soliz, L.M., Engevik, M.A. & 
Zechiedrich, L. (2016) Effects of circular DNA length on trans-
fection efficiency by electroporation into HeLa cells. PLoS One, 
11(12), e0167537.

Hosseinipour, M.C., Innes, C., Naidoo, S., Mann, P., Hutter, J., 
Ramjee, G. et  al. (2021) Phase 1 human immunodeficiency 
virus (HIV) vaccine trial to evaluate the safety and immunoge-
nicity of HIV subtype C DNA and MF59-adjuvanted subtype C 
envelope protein. Clinical Infectious Diseases, 72(1), 50–60.

Hou, J., Wang, S., Li, D., Carpp, L.N., Zhang, T., Liu, Y. et al. (2021) 
Early pro-inflammatory signal and T-cell activation associate 
with vaccine-induced anti-vaccinia protective neutralizing anti-
bodies. Frontiers in Immunology, 12, 737487.

Hu, X., Yang, G., Chen, S., Luo, S. & Zhang, J. (2020) Biomimetic 
and bioinspired strategies for oral drug delivery. Biomaterials 
Science, 8(4), 1020–1044.

Hu, Z., Leet, D.E., Allesøe, R.L., Oliveira, G., Li, S., Luoma, A.M. 
et al. (2021) Personal neoantigen vaccines induce persistent 
memory T cell responses and epitope spreading in patients 
with melanoma. Nature Medicine, 27(3), 515–525.

Huang, S., Zhu, Y., Zhang, L. & Zhang, Z. (2022) Recent advances 
in delivery systems for genetic and other novel vaccines. 
Advanced Materials, 34(46), e2107946.

Huang, Y., Ruan, Y., Ma, Y., Chen, D., Zhang, T., Fan, S. et al. (2023) 
Immunomodulatory activity of manganese dioxide nanoparti-
cles: promising for novel vaccines and immunotherapeutics. 
Frontiers in Immunology, 14, 1128840.

Huang, Z., Yang, Y., Jiang, Y., Shao, J., Sun, X., Chen, J. et al. (2013) 
Anti-tumor immune responses of tumor-associated macro-
phages via toll-like receptor 4 triggered by cationic polymers. 
Biomaterials, 34(3), 746–755.

Hussell, T. & Bell, T.J. (2014) Alveolar macrophages: plasticity in 
a tissue-specific context. Nature Reviews. Immunology, 14(2), 
81–93.

Imani, S., Tagit, O. & Pichon, C. (2024) Neoantigen vaccine nano-
formulations based on chemically synthesized minimal mRNA 
(CmRNA): small molecules, big impact. npj Vaccines, 9(1), 14.

Inaba, K., Swiggard, W.J., Inaba, M., Meltzer, J., Miryza, A., 
Sasagawa, T. et al. (1995) Tissue distribution of the DEC-205 
protein that is detected by the monoclonal antibody NLDC-145: 
I. Expression on dendritic cells and other subsets of mouse 
leukocytes. Cellular Immunology, 163(1), 148–156.

Irache, J.M., Salman, H.H., Gamazo, C. & Espuelas, S. (2008) 
Mannose-targeted systems for the delivery of therapeutics. 
Expert Opinion on Drug Delivery, 5(6), 703–724.

Irvine, D.J., Hanson, M.C., Rakhra, K. & Tokatlian, T. (2015) 
Synthetic nanoparticles for vaccines and immunotherapy. 
Chemical Reviews, 115(19), 11109–11146.

Jacobson, J.M., Zahrieh, D., Strand, C.A., Cruz-Correa, M., 
Pungpapong, S., Roberts, L.R. et al. (2023) Phase I trial of a 
therapeutic DNA vaccine for preventing hepatocellular carci-
noma from chronic hepatitis C virus (HCV) infection. Cancer 
Prevention Research (Philadelphia, Pa.), 16(3), 163–173.

Jiang, T., Shi, T., Zhang, H., Hu, J., Song, Y., Wei, J. et al. (2019) 
Tumor neoantigens: from basic research to clinical applica-
tions. Journal of Hematology & Oncology, 12(1), 93.

Jiang, W., Reich, C.F. & Pisetsky, D.S. (2006) In vitro assay of im-
munostimulatory activities of plasmid vectors. Methods in 
Molecular Medicine, 127, 55–70.

Jiao, S., Williams, P., Berg, R.K., Hodgeman, B.A., Liu, L., Repetto, 
G. et al. (1992) Direct gene transfer into nonhuman primate my-
ofibers in vivo. Human Gene Therapy, 3(1), 21–33.

Jorritsma, S.H.T., Gowans, E.J., Grubor-Bauk, B. & Wijesundara, 
D.K. (2016) Delivery methods to increase cellular uptake and 
immunogenicity of DNA vaccines. Vaccine, 34(46), 5488–5494.

Joshi, B.S., de Beer, M.A., Giepmans, B.N.G. & Zuhorn, I.S. (2020) 
Endocytosis of extracellular vesicles and release of their cargo 
from endosomes. ACS Nano, 14(4), 4444–4455.

Kalluri, R. & LeBleu, V.S. (2020) The biology, function, and biomed-
ical applications of exosomes. Science, 367(6478), eaau6977.

Kamegawa, R., Naito, M., Uchida, S., Kim, H.J., Kim, B.S. & Miyata, 
K. (2021) Bioinspired silicification of mRNA-loaded Polyion 
complexes for macrophage-targeted mRNA delivery. ACS 
Applied Bio Materials, 4(11), 7790–7799.

Kaps, L., Limeres, M.J., Schneider, P., Svensson, M., Zeyn, Y., 
Fraude, S. et  al. (2023) Liver cell type-specific targeting by 
nanoformulations for therapeutic applications. International 
Journal of Molecular Sciences, 24(14), 11869.

Karpenko, L.I., Apartsin, E.K., Dudko, S.G., Starostina, E.V., 
Kaplina, O.N., Antonets, D.V. et  al. (2020) Cationic polymers 
for the delivery of the Ebola DNA vaccine encoding artificial 
T-cell immunogen. Vaccines (Basel), 8(4), 718.

Kato, H., Takeuchi, O., Mikamo-Satoh, E., Hirai, R., Kawai, T., 
Matsushita, K. et  al. (2008) Length-dependent recognition 
of double-stranded ribonucleic acids by retinoic acid–induc-
ible gene-I and melanoma differentiation–associated gene 5. 
Journal of Experimental Medicine, 205(7), 1601–1610.

Katz, M.G., Fargnoli, A.S., Gubara, S.M., Fish, K., Weber, T., 
Bridges, C.R. et al. (2019) Targeted gene delivery through the 
respiratory system: rationale for intratracheal gene transfer. 
Journal of Cardiovascular Development and Disease, 6(1), 8.

Kayraklioglu, N., Horuluoglu, B. & Klinman, D.M. (2021) CpG oli-
gonucleotides as vaccine adjuvants. Methods in Molecular 
Biology, 2197, 51–85.

Keil, T.W., Zimmermann, C., Baldassi, D., Adams, F., Friess, W., 
Mehta, A. et  al. (2021) Impact of crystalline and amorphous 
matrices on successful spray drying of siRNA polyplexes for 
inhalation of nano-in-microparticles. Advanced Therapeutics 
(Weinh), 4(6), 2100073.

Keil, T.W.M., Feldmann, D.P., Costabile, G., Zhong, Q., da Rocha, 
S. & Merkel, O.M. (2019) Characterization of spray dried 
powders with nucleic acid-containing PEI nanoparticles. 
European Journal of Pharmaceutics and Biopharmaceutics, 
143, 61–69.

Kemper, C., Ferreira, V.P., Paz, J.T., Holers, V.M., Lionakis, M.S. 
& Alexander, J.J. (2023) Complement: the road less traveled. 
Journal of Immunology, 210(2), 119–125.

Khobragade, A., Bhate, S., Ramaiah, V., Deshpande, S., Giri, K., 
Phophle, H. et al. (2022) Efficacy, safety, and immunogenicity 
of the DNA SARS-CoV-2 vaccine (ZyCoV-D): the interim effi-
cacy results of a phase 3, randomised, double-blind, placebo-
controlled study in India. Lancet, 399(10332), 1313–1321.

Kim, J., Eygeris, Y., Ryals, R.C., Jozić, A. & Sahay, G. (2023) 
Strategies for non-viral vectors targeting organs beyond the 
liver. Nature Nanotechnology, 19, 428–447.

Kimura, S., Khalil, I.A., Elewa, Y.H.A. & Harashima, H. (2021) Novel 
lipid combination for delivery of plasmid DNA to immune cells 
in the spleen. Journal of Controlled Release, 330, 753–764.

Kisakov, D.N., Belyakov, I.M., Kisakova, L.A., Yakovlev, V.A., 
Tigeeva, E.V. & Karpenko, L.I. (2024) The use of electro-
poration to deliver DNA-based vaccines. Expert Review of 
Vaccines, 23(1), 102–123.

Kitai, Y., Kawasaki, T., Sueyoshi, T., Kobiyama, K., Ishii, K.J., Zou, 
J. et  al. (2017) DNA-containing exosomes derived from can-
cer cells treated with topotecan activate a STING-dependent 
pathway and reinforce antitumor immunity. The Journal of 
Immunology, 198(4), 1649–1659.



      |  21 of 26EFFICIENT DNA VACCINES

Knisely, J.M., Buyon, L.E., Mandt, R., Farkas, R., Balasingam, S., Bok, 
K. et al. (2023) Mucosal vaccines for SARS-CoV-2: scientific gaps 
and opportunities—workshop report. npj Vaccines, 8(1), 53.

Ko, E.J. & Kang, S.M. (2018) Immunology and efficacy of MF59-
adjuvanted vaccines. Human Vaccines & Immunotherapeutics, 
14(12), 3041–3045.

Kocabas, B.B., Almacioglu, K., Bulut, E.A., Gucluler, G., Tincer, G., 
Bayik, D. et al. (2020) Dual-adjuvant effect of pH-sensitive lipo-
somes loaded with STING and TLR9 agonists regress tumor 
development by enhancing Th1 immune response. Journal of 
Controlled Release, 328, 587–595.

Komura, F., Okuzumi, K., Takahashi, Y., Takakura, Y. & Nishikawa, 
M. (2020) Development of RNA/DNA hydrogel targeting toll-
like receptor 7/8 for sustained RNA release and potent immune 
activation. Molecules, 25(3), 728.

Konishi, E., Terazawa, A. & Fujii, A. (2003) Evidence for antigen 
production in muscles by dengue and Japanese encephalitis 
DNA vaccines and a relation to their immunogenicity in mice. 
Vaccine, 21(25–26), 3713–3720.

Kozak, M. & Hu, J. (2024) DNA vaccines: their formulations, engi-
neering and delivery. Vaccines (Basel), 12(1), 71.

Kranz, L.M., Diken, M., Haas, H., Kreiter, S., Loquai, C., Reuter, 
K.C. et  al. (2016) Systemic RNA delivery to dendritic cells 
exploits antiviral defence for cancer immunotherapy. Nature, 
534(7607), 396–401.

Künzli, M., O'Flanagan, S.D., LaRue, M., Talukder, P., Dileepan, T., 
Stolley, J.M. et al. (2022) Route of self-amplifying mRNA vaccina-
tion modulates the establishment of pulmonary resident memory 
CD8 and CD4 T cells. Science Immunology, 7(78), eadd3075.

Kurata, I., Matsumoto, I. & Sumida, T. (2021) T follicular helper cell 
subsets: a potential key player in autoimmunity. Immunological 
Medicine, 44(1), 1–9.

Kutzler, M.A. & Weiner, D.B. (2008) DNA vaccines: ready for prime 
time? Nature Reviews. Genetics, 9(10), 776–788.

Lam, J.H., Smith, F.L. & Baumgarth, N. (2020) B cell activation and 
response regulation during viral infections. Viral Immunology, 
33(4), 294–306.

Lambracht-Washington, D., Fu, M., Frost, P. & Rosenberg, R.N. 
(2017) Evaluation of a DNA Aβ42 vaccine in adult rhesus mon-
keys (Macaca mulatta): antibody kinetics and immune profile 
after intradermal immunization with full-length DNA Aβ42 tri-
mer. Alzheimer's Research & Therapy, 9(1), 30.

Le, T.P., Coonan, K.M., Hedstrom, R.C., Charoenvit, Y., Sedegah, 
M., Epstein, J.E. et al. (2000) Safety, tolerability and humoral 
immune responses after intramuscular administration of a ma-
laria DNA vaccine to healthy adult volunteers. Vaccine, 18(18), 
1893–1901.

Ledesma-Feliciano, C., Chapman, R., Hooper, J.W., Elma, K., 
Zehrung, D., Brennan, M.B. et al. (2023) Improved DNA vac-
cine delivery with needle-free injection systems. Vaccine, 11, 
280. Available from: https://​doi.​org/​10.​3390/​vacci​nes11​020280

Ledwith, B.J., Manam, S., Troilo, P.J., Barnum, A.B., Pauley, C.J., 
Griffiths, T.G., 2nd et al. (2000a) Plasmid DNA vaccines: inves-
tigation of integration into host cellular DNA following intramus-
cular injection in mice. Intervirology, 43(4–6), 258–272.

Ledwith, B.J., Manam, S., Troilo, P.J., Barnum, A.B., Pauley, C.J., 
Griffiths, T.G., 2nd et al. (2000b) Plasmid DNA vaccines: assay 
for integration into host genomic DNA. Developmental Biology 
(Basel), 104, 33–43.

Lee, G.H. & Lim, S.G. (2021) CpG-adjuvanted hepatitis B vaccine 
(HEPLISAV-B®) update. Expert Review of Vaccines, 20(5), 
487–495.

Lee, J., Arun Kumar, S., Jhan, Y.Y. & Bishop, C.J. (2018) Engineering 
DNA vaccines against infectious diseases. Acta Biomaterialia, 
80, 31–47.

Lee, J.-H., Chiang, C. & Gack, M.U. (2019) Endogenous nucleic 
acid recognition by RIG-I-like receptors and cGAS. Journal of 
Interferon & Cytokine Research, 39(8), 450–458.

Lehmann, T.P., Golik, M., Olejnik, J., Łukaszewska, M., Markowska, 
D., Drożdżyńska, M. et  al. (2023) Potential applications of 
using tissue-specific EVs in targeted therapy and vaccinology. 
Biomedicine & Pharmacotherapy, 166, 115308.

Lemp, N.A., Hiraoka, K., Kasahara, N. & Logg, C.R. (2012) Cryptic 
transcripts from a ubiquitous plasmid origin of replication con-
found tests for cis-regulatory function. Nucleic Acids Research, 
40(15), 7280–7290.

Leng, D., Yamada, S., Chiba, Y., Yoneyama, S., Sakai, Y., Hikono, 
H. et al. (2022) Co-administration of a plasmid encoding CD40 
or CD63 enhances the immune responses to a DNA vaccine 
against bovine viral diarrhea virus in mice. The Journal of 
Veterinary Medical Science, 84(9), 1175–1184.

Li, L. & Petrovsky, N. (2016) Molecular mechanisms for enhanced 
DNA vaccine immunogenicity. Expert Review of Vaccines, 
15(3), 313–329.

Li, Q., Hao, X., Wang, H., Guo, J., Ren, X.K., Xia, S. et al. (2019) 
Multifunctional REDV-G-TAT-G-NLS-Cys peptide sequence 
conjugated gene carriers to enhance gene transfection ef-
ficiency in endothelial cells. Colloids and Surfaces. B, 
Biointerfaces, 184, 110510.

Li, T.Y., Yang, Y., Zhou, G. & Tu, Z.K. (2019) Immune suppression in 
chronic hepatitis B infection associated liver disease: a review. 
World Journal of Gastroenterology, 25(27), 3527–3537.

Li, Z., Xiong, F., He, J., Dai, X. & Wang, G. (2016) Surface-
functionalized, pH-responsive poly(lactic-co-glycolic acid)-
based microparticles for intranasal vaccine delivery: effect 
of surface modification with chitosan and mannan. European 
Journal of Pharmaceutics and Biopharmaceutics, 109, 24–34.

Liao, H.C., Shen, K.Y., Yang, C.H., Chiu, F.F., Chiang, C.Y., Chai, 
K.M. et  al. (2024) Lipid nanoparticle-encapsulated DNA 
vaccine robustly induce superior immune responses to the 
mRNA vaccine in Syrian hamsters. Molecular Therapy – 
Methods & Clinical Development, 32(1), 101169.

Liao, Z., Huang, J., Lo, P.C., Lovell, J.F., Jin, H. & Yang, K. (2022) 
Self-adjuvanting cancer nanovaccines. J Nanobiotechnology, 
20(1), 345.

Liebscher, L., Weißenborn, C., Langwisch, S., Gohlke, B.O., 
Preissner, R., Rabinovich, G.A. et al. (2021) A minigene DNA 
vaccine encoding peptide epitopes derived from galectin-1 has 
protective antitumoral effects in a model of neuroblastoma. 
Cancer Letters, 509, 105–114.

Lin, S.F., Jiang, P.L., Tsai, J.S., Huang, Y.Y., Lin, S.Y., Lin, J.H. et al. 
(2019) Surface assembly of poly(I:C) on polyethyleneimine-
modified gelatin nanoparticles as immunostimulatory car-
riers for mucosal antigen delivery. Journal of Biomedical 
Materials Research. Part B, Applied Biomaterials, 107(4), 
1228–1237.

Liu, J., Fu, M., Wang, M., Wan, D., Wei, Y. & Wei, X. (2022) Cancer 
vaccines as promising immuno-therapeutics: platforms and cur-
rent progress. Journal of Hematology & Oncology, 15(1), 28.

Liu, M.A. (2019) A comparison of plasmid DNA and mRNA as vac-
cine technologies. Vaccines (Basel), 7(2), 37.

Liu, W., Li, H., Liu, B., Lv, T., Yang, C., Chen, S. et al. (2023) A new 
vaccination regimen using adenovirus-vectored vaccine con-
fers effective protection against African swine fever virus in 
swine. Emerging Microbes & Infections, 12(2), 2233643.

Loh, P.S. & Patzel, V. (2023) Non-covalent linkage of helper func-
tions to dumbbell-shaped DNA vectors for targeted delivery. 
Pharmaceutics, 15(2), 370.

Lopes, A., Vandermeulen, G. & Préat, V. (2019) Cancer DNA vac-
cines: current preclinical and clinical developments and fu-
ture perspectives. Journal of Experimental & Clinical Cancer 
Research, 38(1), 146.

Lopes, A., Vanvarenberg, K., Preat, V. & Vandermeulen, G. (2017) 
Codon-optimized P1A-encoding DNA vaccine: toward a ther-
apeutic vaccination against P815 mastocytoma. Molecular 
Therapy – Nucleic Acids, 8, 404–415.

https://doi.org/10.3390/vaccines11020280


22 of 26  |      BERGER et al.

LoPresti, S.T., Arral, M.L., Chaudhary, N. & Whitehead, K.A. (2022) 
The replacement of helper lipids with charged alternatives in 
lipid nanoparticles facilitates targeted mRNA delivery to the 
spleen and lungs. Journal of Controlled Release, 345, 819–831.

Lorentzen, C.L., Kjeldsen, J.W., Ehrnrooth, E., Andersen, M.H. 
& Marie Svane, I. (2023) Long-term follow-up of anti-PD-1 
naïve patients with metastatic melanoma treated with IDO/
PD-L1 targeting peptide vaccine and nivolumab. Journal for 
Immunotherapy of Cancer, 11(5), e006755.

Lu, B., Lim, J.M., Yu, B., Song, S., Neeli, P., Sobhani, N. et al. (2024) 
The next-generation DNA vaccine platforms and delivery 
systems: advances, challenges and prospects. Frontiers in 
Immunology, 15, 1332939.

Lu, Y.-J., Barreira-Silva, P., Boyce, S., Powers, J., Cavallo, K. & 
Behar, S.M. (2021) CD4 T cell help prevents CD8 T cell ex-
haustion and promotes control of Mycobacterium tuberculosis 
infection. Cell Reports, 36(11), 109696.

Luozhong, S., Yuan, Z., Sarmiento, T., Chen, Y., Gu, W., McCurdy, 
C. et al. (2022) Phosphatidylserine lipid nanoparticles promote 
systemic RNA delivery to secondary lymphoid organs. Nano 
Letters, 22(20), 8304–8311.

Macedo, B.G., Masuda, M.Y. & Borges da Silva, H. (2024) Location 
versus ID: what matters to lung-resident memory T cells? 
Frontiers in Immunology, 15, 1355910.

MacGregor, R.R., Boyer, J.D., Ugen, K.E., Lacy, K.E., Gluckman, 
S.J., Bagarazzi, M.L. et al. (1998) First human trial of a DNA-
based vaccine for treatment of human immunodeficiency virus 
type 1 infection: safety and host response. The Journal of 
Infectious Diseases, 178(1), 92–100.

Macri, C., Jenika, D., Ouslinis, C. & Mintern, J.D. (2023) Targeting 
dendritic cells to advance cross-presentation and vaccination 
outcomes. Seminars in Immunology, 68, 101762.

Makker, S., Galley, C. & Bennett, C.L. (2024) Cancer vaccines: from 
an immunology perspective. Immunother Adv, 4(1), ltad030.

Malik, S., Kishore, S., Nag, S., Dhasmana, A., Preetam, S., Mitra, O. 
et al. (2023) Ebola virus disease vaccines: development, cur-
rent perspectives and challenges. Vaccines (Basel), 11(2), 268.

Marino, M., Scuderi, F., Provenzano, C. & Bartoccioni, E. (2011) 
Skeletal muscle cells: from local inflammatory response to ac-
tive immunity. Gene Therapy, 18(2), 109–116.

Martinson, J.A., Tenorio, A.R., Montoya, C.J., Al-Harthi, L., 
Gichinga, C.N., Krieg, A.M. et al. (2007) Impact of class a, B 
and C CpG-oligodeoxynucleotides on in vitro activation of in-
nate immune cells in human immunodeficiency virus-1 infected 
individuals. Immunology, 120(4), 526–535.

Maslow, J.N., Kwon, I., Kudchodkar, S.B., Kane, D., Tadesse, A., 
Lee, H. et al. (2023) DNA vaccines for epidemic preparedness: 
SARS-CoV-2 and beyond. Vaccines (Basel), 11(6), 1016.

Mavi, S.A., Modarressi, M.H., Mohebali, M., Shojaee, S., Zeraati, 
H., Teimouri, A. et  al. (2019) Assessment of the immunoge-
nicity and protective efficiency of a novel dual-promoter DNA 
vaccine, harboring SAG1 and GRA7 genes, from RH strain 
of Toxoplasma gondii in BALB/c mice. Infection and Drug 
Resistance, 12, 2519–2530.

Mayer, R.L., Verbeke, R., Asselman, C., Aernout, I., Gul, A., 
Eggermont, D. et  al. (2022) Immunopeptidomics-based de-
sign of mRNA vaccine formulations against Listeria monocyto-
genes. Nature Communications, 13(1), 6075.

McManus, C.M. & Maizels, R.M. (2023) Regulatory T cells in par-
asite infections: susceptibility, specificity and specialisation. 
Trends in Parasitology, 39(7), 547–562.

McNeel, D.G., Dunphy, E.J., Davies, J.G., Frye, T.P., Johnson, L.E., 
Staab, M.J. et al. (2009) Safety and immunological efficacy of 
a DNA vaccine encoding prostatic acid phosphatase in patients 
with stage D0 prostate cancer. Journal of Clinical Oncology, 
27(25), 4047–4054.

McNeel, D.G., Emamekhoo, H., Eickhoff, J.C., Kyriakopoulos, C.E., 
Wargowski, E., Tonelli, T.P. et al. (2023) Phase 2 trial of a DNA 

vaccine (pTVG-HP) and nivolumab in patients with castration-
sensitive non-metastatic (M0) prostate cancer. Journal for 
Immunotherapy of Cancer, 11(12), e008067.

Meas, S., Mekvichitsaeng, P. & Roshorm, Y.M. (2021) Co-expression 
of self-cleaved multiple proteins derived from porcine repro-
ductive and respiratory syndrome virus by bi-cistronic and tri-
cistronic DNA vaccines. Protein Expression and Purification, 
177, 105763.

Meleshko, A.N., Petrovskaya, N.A., Savelyeva, N., Vashkevich, K.P., 
Doronina, S.N. & Sachivko, N.V. (2017) Phase I clinical trial of 
idiotypic DNA vaccine administered as a complex with polyeth-
ylenimine to patients with B-cell lymphoma. Human Vaccines & 
Immunotherapeutics, 13(6), 1398–1403.

Merkel, O.M. (2022) Can pulmonary RNA delivery improve our 
pandemic preparedness? Journal of Controlled Release, 345, 
549–556.

Merkel, O.M., Urbanics, R., Bedocs, P., Rozsnyay, Z., Rosivall, L., 
Toth, M. et al. (2011) In vitro and in vivo complement activation 
and related anaphylactic effects associated with polyethylen-
imine and polyethylenimine-graft-poly(ethylene glycol) block 
copolymers. Biomaterials, 32(21), 4936–4942.

Mesev, E.V., LeDesma, R.A. & Ploss, A. (2019) Decoding type 
I and III interferon signalling during viral infection. Nature 
Microbiology, 4(6), 914–924.

Miao, L., Li, L., Huang, Y., Delcassian, D., Chahal, J., Han, J. et al. 
(2019) Delivery of mRNA vaccines with heterocyclic lipids in-
creases anti-tumor efficacy by STING-mediated immune cell 
activation. Nature Biotechnology, 37(10), 1174–1185.

Migliorini, D., Dutoit, V., Allard, M., Grandjean Hallez, N., Marinari, 
E., Widmer, V. et al. (2019) Phase I/II trial testing safety and im-
munogenicity of the multipeptide IMA950/poly-ICLC vaccine in 
newly diagnosed adult malignant astrocytoma patients. Neuro-
Oncology, 21(7), 923–933.

Mirlekar, B. & Pylayeva-Gupta, Y. (2021) IL-12 family cytokines in 
cancer and immunotherapy. Cancers (Basel), 13(2), 167.

Mitchell, D.A., Fadden, A.J. & Drickamer, K. (2001) A novel mech-
anism of carbohydrate recognition by the C-type lectins DC-
SIGN and DC-SIGNR. Subunit organization and binding to 
multivalent ligands. The Journal of Biological Chemistry, 
276(31), 28939–28945.

Moku, G., Vangala, S., Gulla, S.K. & Yakati, V. (2021) In vivo tar-
geting of DNA vaccines to dendritic cells via the mannose 
receptor induces long-lasting immunity against melanoma. 
Chembiochem, 22(3), 523–531.

Mollé, L.M., Smyth, C.H., Yuen, D. & Johnston, A.P.R. (2022) 
Nanoparticles for vaccine and gene therapy: overcoming 
the barriers to nucleic acid delivery. Wiley Interdisciplinary 
Reviews. Nanomedicine and Nanobiotechnology, 14(6), e1809.

Morita, A., Ariizumi, K., Ritter, R., 3rd, Jester, J.V., Kumamoto, T., 
Johnston, S.A. et al. (2001) Development of a Langerhans cell-
targeted gene therapy format using a dendritic cell-specific 
promoter. Gene Therapy, 8(22), 1729–1737.

Mostaghimi, D., Valdez, C.N., Larson, H.T., Kalinich, C.C. & Iwasaki, 
A. (2022) Prevention of host-to-host transmission by SARS-
CoV-2 vaccines. The Lancet Infectious Diseases, 22(2), 
e52–e58.

Moulin, V., Morgan, M.E., Eleveld-Trancikova, D., Haanen, J.B., 
Wielders, E., Looman, M.W. et  al. (2012) Targeting dendritic 
cells with antigen via dendritic cell-associated promoters. 
Cancer Gene Therapy, 19(5), 303–311.

Moyano, D.F., Goldsmith, M., Solfiell, D.J., Landesman-Milo, D., 
Miranda, O.R., Peer, D. et  al. (2012) Nanoparticle hydropho-
bicity dictates immune response. Journal of the American 
Chemical Society, 134(9), 3965–3967.

Myhr, A.I. (2017) DNA vaccines: regulatory considerations and 
safety aspects. Current Issues in Molecular Biology, 22, 79–88.

Nabel, G.J., Nabel, E.G., Yang, Z.Y., Fox, B.A., Plautz, G.E., Gao, X. 
et al. (1993) Direct gene transfer with DNA-liposome complexes 



      |  23 of 26EFFICIENT DNA VACCINES

in melanoma: expression, biologic activity, and lack of toxicity 
in humans. Proceedings of the National Academy of Sciences 
of the United States of America, 90(23), 11307–11311.

Nandre, R., Verma, V., Gaur, P., Patil, V., Yang, X., Ramlaoui, Z. 
et al. (2022) IDO vaccine ablates immune-suppressive myeloid 
populations and enhances antitumor effects independent of 
tumor cell IDO status. Cancer Immunology Research, 10(5), 
571–580.

Nawwab Al-Deen, F.M., Selomulya, C., Kong, Y.Y., Xiang, S.D., Ma, 
C., Coppel, R.L. et  al. (2014) Design of magnetic polyplexes 
taken up efficiently by dendritic cell for enhanced DNA vaccine 
delivery. Gene Therapy, 21(2), 212–218.

Nemunaitis, J., Barve, M., Orr, D., Kuhn, J., Magee, M., Lamont, 
J. et  al. (2014) Summary of bi-shRNA/GM-CSF augmented 
autologous tumor cell immunotherapy (FANG™) in advanced 
cancer of the liver. Oncology, 87(1), 21–29.

Newton, A., Mackay, J. & Crossley, M. (2001) The N-terminal zinc 
finger of the erythroid transcription factor GATA-1 binds GATC 
motifs in DNA. The Journal of Biological Chemistry, 276(38), 
35794–35801.

Nguyen, D.N., Green, J.J., Chan, J.M., Longer, R. & Anderson, D.G. 
(2009) Polymeric materials for gene delivery and DNA vaccina-
tion. Advanced Materials, 21(8), 847–867.

Nie, Y., Fu, G. & Leng, Y. (2023) Nuclear delivery of nanoparticle-
based drug delivery systems by nuclear localization signals. 
Cells, 12(12), 1637.

Nigar, S. & Shimosato, T. (2019) Cooperation of oligodeoxynucle-
otides and synthetic molecules as enhanced immune modula-
tors. Frontiers in Nutrition, 6, 140.

Nimal, S., Heath, A.W. & Thomas, M.S. (2006) Enhancement of im-
mune responses to an HIV gp120 DNA vaccine by fusion to 
TNF alpha cDNA. Vaccine, 24(16), 3298–3308.

Ori, D., Murase, M. & Kawai, T. (2017) Cytosolic nucleic acid sen-
sors and innate immune regulation. International Reviews of 
Immunology, 36(2), 74–88.

Pagliari, S., Dema, B., Sanchez-Martinez, A., Montalvo Zurbia-
Flores, G. & Rollier, C.S. (2023) DNA vaccines: history, molec-
ular mechanisms and future perspectives. Journal of Molecular 
Biology, 435(23), 168297.

Pandya, A., Shah, Y., Kothari, N., Postwala, H., Shah, A., Parekh, 
P. et al. (2023) The future of cancer immunotherapy: DNA vac-
cines leading the way. Medical Oncology, 40(7), 200.

Paston, S.J., Brentville, V.A., Symonds, P. & Durrant, L.G. (2021) 
Cancer vaccines, adjuvants, and delivery systems. Frontiers in 
Immunology, 12, 627932.

Pattipeiluhu, R., Arias-Alpizar, G., Basha, G., Chan, K.Y.T., 
Bussmann, J., Sharp, T.H. et al. (2022) Anionic lipid nanopar-
ticles preferentially deliver mRNA to the hepatic reticuloendo-
thelial system. Advanced Materials, 34(16), e2201095.

Peiser, L. & Gordon, S. (2001) The function of scavenger receptors 
expressed by macrophages and their role in the regulation of 
inflammation. Microbes and Infection, 3(2), 149–159.

Peng, S., Ferrall, L., Gaillard, S., Wang, C., Chi, W.Y., Huang, C.H. 
et  al. (2021) Development of DNA vaccine targeting E6 and 
E7 proteins of human papillomavirus 16 (HPV16) and HPV18 
for immunotherapy in combination with recombinant vaccinia 
boost and PD-1 antibody. mBio, 12(1), e03224-20.

Perenkov, A.D., Sergeeva, A.D., Vedunova, M.V. & Krysko, D.V. 
(2023) In vitro transcribed RNA-based platform vaccines: past, 
present, and future. Vaccines (Basel), 11(10), 1600.

Pitoiset, F., Vazquez, T., Levacher, B., Nehar-Belaid, D., Dérian, N., 
Vigneron, J. et  al. (2017) Retrovirus-based virus-like particle 
immunogenicity and its modulation by toll-like receptor activa-
tion. Journal of Virology, 91(21), e01230-17.

Plank, C., Mechtler, K., Szoka, F.C., Jr. & Wagner, E. (1996) 
Activation of the complement system by synthetic DNA com-
plexes: a potential barrier for intravenous gene delivery. Human 
Gene Therapy, 7(12), 1437–1446.

Platt, N. & Gordon, S. (1998) Scavenger receptors: diverse activities 
and promiscuous binding of polyanionic ligands. Chemistry & 
Biology, 5(8), R193–R203.

Polack, F.P., Thomas, S.J., Kitchin, N., Absalon, J., Gurtman, A., 
Lockhart, S. et al. (2020) Safety and efficacy of the BNT162b2 
mRNA Covid-19 vaccine. New England Journal of Medicine, 
383(27), 2603–2615.

Pollard, A.J. & Bijker, E.M. (2021) A guide to vaccinology: from basic 
principles to new developments. Nature Reviews. Immunology, 
21(2), 83–100.

Pondman, K., Le Gac, S. & Kishore, U. (2023) Nanoparticle-induced 
immune response: health risk versus treatment opportunity? 
Immunobiology, 228(2), 152317.

Porgador, A., Irvine, K.R., Iwasaki, A., Barber, B.H., Restifo, N.P. & 
Germain, R.N. (1998) Predominant role for directly transfected 
dendritic cells in antigen presentation to CD8+ T cells after 
gene gun immunization. The Journal of Experimental Medicine, 
188(6), 1075–1082.

Poria, R., Kala, D., Nagraik, R., Dhir, Y., Dhir, S., Singh, B. et  al. 
(2024) Vaccine development: current trends and technologies. 
Life Sciences, 336, 122331.

Porter, K.R. & Raviprakash, K. (2017) DNA vaccine delivery and im-
proved immunogenicity. Current Issues in Molecular Biology, 
22, 129–138.

Quagliarini, E., Wang, J., Renzi, S., Cui, L., Digiacomo, L., Ferri, G. 
et al. (2022) Mechanistic insights into the superior DNA deliv-
ery efficiency of multicomponent lipid nanoparticles: an in vitro 
and in vivo study. ACS Applied Materials & Interfaces, 14(51), 
56666–56677.

Rädler, J., Gupta, D., Zickler, A. & Andaloussi, S.E. (2023) Exploiting 
the biogenesis of extracellular vesicles for bioengineering and 
therapeutic cargo loading. Molecular Therapy, 31(5), 1231–1250.

Rajan, S., Kudryashov, D.S. & Reisler, E. (2023) Actin bundles dy-
namics and architecture. Biomolecules, 13(3), 450.

Ramasamy, M.N., Minassian, A.M., Ewer, K.J., Flaxman, A.L., 
Folegatti, P.M., Owens, D.R. et  al. (2021) Safety and immu-
nogenicity of ChAdOx1 nCoV-19 vaccine administered in a 
prime-boost regimen in young and old adults (COV002): a 
single-blind, randomised, controlled, phase 2/3 trial. Lancet, 
396(10267), 1979–1993.

Rastogi, I., Jeon, D., Moseman, J.E., Muralidhar, A., Potluri, H.K. 
& McNeel, D.G. (2022) Role of B cells as antigen presenting 
cells. Frontiers in Immunology, 13, 954936.

Rastogi, I. & McNeel, D.G. (2023) B cells require licensing by den-
dritic cells to serve as primary antigen-presenting cells for plas-
mid DNA. Oncoimmunology, 12(1), 2212550.

Ross, R., Jonuleit, H., Bros, M., Ross, X.L., Yamashiro, S., 
Matsumura, F. et  al. (2000) Expression of the actin-bundling 
protein fascin in cultured human dendritic cells correlates with 
dendritic morphology and cell differentiation. The Journal of 
Investigative Dermatology, 115(4), 658–663.

Ross, R., Ross, X.L., Schwing, J., Längin, T. & Reske-Kunz, A.B. 
(1998) The actin-bundling protein fascin is involved in the forma-
tion of dendritic processes in maturing epidermal Langerhans 
cells. Journal of Immunology, 160(8), 3776–3782.

Ross, R., Sudowe, S., Beisner, J., Ross, X.L., Ludwig-Portugall, I., 
Steitz, J. et al. (2003) Transcriptional targeting of dendritic cells 
for gene therapy using the promoter of the cytoskeletal protein 
fascin. Gene Therapy, 10(12), 1035–1040.

Ruan, J., Duan, Y., Li, F. & Wang, Z. (2017) Enhanced synergistic 
anti-Lewis lung carcinoma effect of a DNA vaccine harboring 
a MUC1-VEGFR2 fusion gene used with GM-CSF as an adju-
vant. Clinical and Experimental Pharmacology and Physiology, 
44(1), 71–78.

Rueckert, C. & Guzmán, C.A. (2012) Vaccines: from empirical devel-
opment to rational design. PLoS Pathogens, 8(11), e1003001.

Samuels, S., Marijne Heeren, A., Zijlmans, H., Welters, M.J.P., 
van den Berg, J.H., Philips, D. et  al. (2017) HPV16 E7 DNA 



24 of 26  |      BERGER et al.

tattooing: safety, immunogenicity, and clinical response in 
patients with HPV-positive vulvar intraepithelial neoplasia. 
Cancer Immunology, Immunotherapy, 66(9), 1163–1173.

Sarantelli, E., Mourkakis, A., Zacharia, L.C., Stylianou, A. & Gkretsi, 
V. (2023) Fascin-1 in cancer cell metastasis: old target-new 
insights. International Journal of Molecular Sciences, 24(14), 
11253.

Sasaki, K., Sato, Y., Okuda, K., Iwakawa, K. & Harashima, H. (2022) 
mRNA-loaded lipid nanoparticles targeting dendritic cells for 
cancer immunotherapy. Pharmaceutics, 14(8), 1572.

Saxena, M., van der Burg, S.H., Melief, C.J.M. & Bhardwaj, N. (2021) 
Therapeutic cancer vaccines. Nature Reviews. Cancer, 21(6), 
360–378.

Scheiblhofer, S., Thalhamer, J. & Weiss, R. (2018) DNA and 
mRNA vaccination against allergies. Pediatric Allergy and 
Immunology, 29(7), 679–688.

Schoenmaker, L., Witzigmann, D., Kulkarni, J.A., Verbeke, R., 
Kersten, G., Jiskoot, W. et  al. (2021) mRNA-lipid nanoparti-
cle COVID-19 vaccines: structure and stability. International 
Journal of Pharmaceutics, 601, 120586.

Schudel, A., Francis, D.M. & Thomas, S.N. (2019) Material design 
for lymph node drug delivery. Nature Reviews Materials, 4(6), 
415–428.

Seong, S.Y. & Matzinger, P. (2004) Hydrophobicity: an ancient 
damage-associated molecular pattern that initiates innate im-
mune responses. Nature Reviews. Immunology, 4(6), 469–478.

Setten, R.L., Rossi, J.J. & Han, S.P. (2019) The current state and 
future directions of RNAi-based therapeutics. Nature Reviews. 
Drug Discovery, 18(6), 421–446.

Shah, M.A., Ali, Z., Ahmad, R., Qadri, I., Fatima, K. & He, N. (2015) 
DNA mediated vaccines delivery through nanoparticles. 
Journal of Nanoscience and Nanotechnology, 15(1), 41–53.

Shaimardanova, A.A., Kitaeva, K.V., Abdrakhmanova, I.I., Chernov, 
V.M., Rutland, C.S., Rizvanov, A.A. et al. (2019) Production and 
application of Multicistronic constructs for various human dis-
ease therapies. Pharmaceutics, 11(11), 580.

Shakushiro, K., Yamasaki, Y., Nishikawa, M. & Takakura, Y. (2004) 
Efficient scavenger receptor-mediated uptake and cross-
presentation of negatively charged soluble antigens by den-
dritic cells. Immunology, 112(2), 211–218.

Sharma, P., Hoorn, D., Aitha, A., Breier, D. & Peer, D. (2024) The 
immunostimulatory nature of mRNA lipid nanoparticles. 
Advanced Drug Delivery Reviews, 205, 115175.

Sharp, F.A., Ruane, D., Claass, B., Creagh, E., Harris, J., Malyala, 
P. et al. (2009) Uptake of particulate vaccine adjuvants by den-
dritic cells activates the NALP3 inflammasome. Proceedings 
of the National Academy of Sciences of the United States of 
America, 106(3), 870–875.

Shedlock, D.J., Tingey, C., Mahadevan, L., Hutnick, N., Reuschel, 
E.L., Kudchodkar, S. et  al. (2014) Co-administration of mo-
lecular adjuvants expressing NF-kappa B subunit p65/RelA 
or type-1 transactivator T-bet enhance antigen specific DNA 
vaccine-induced immunity. Vaccine, 2(2), 196–215.

Shedlock, D.J. & Weiner, D.B. (2000) DNA vaccination: antigen pre-
sentation and the induction of immunity. Journal of Leukocyte 
Biology, 68(6), 793–806.

Shen, L., Tenzer, S., Storck, W., Hobernik, D., Raker, V.K., Fischer, K. 
et al. (2018) Protein corona-mediated targeting of nanocarriers 
to B cells allows redirection of allergic immune responses. The 
Journal of Allergy and Clinical Immunology, 142, 1558–1570.

Sheridan, C. (2021) First COVID-19 DNA vaccine approved, others 
in hot pursuit. Nature Biotechnology, 39, 1479–1482.

Shi, Y., Weng, W., Chen, M., Huang, H., Chen, X., Peng, Y. et al. 
(2023) Improving DNA vaccination performance through a new 
microbubble design and an optimized sonoporation protocol. 
Ultrasonics Sonochemistry, 101, 106685.

Shima, F., Akagi, T., Uto, T. & Akashi, M. (2013) Manipulating the 
antigen-specific immune response by the hydrophobicity of 

amphiphilic poly(γ-glutamic acid) nanoparticles. Biomaterials, 
34(37), 9709–9716.

Shimizu, K., Iyoda, T., Okada, M., Yamasaki, S. & Fujii, S.I. (2018) 
Immune suppression and reversal of the suppressive tumor mi-
croenvironment. International Immunology, 30(10), 445–454.

Shirley, J.L., de Jong, Y.P., Terhorst, C. & Herzog, R.W. (2020) 
Immune responses to viral gene therapy vectors. Molecular 
Therapy, 28(3), 709–722.

Sia, Z.R., Miller, M.S. & Lovell, J.F. (2021) Engineered nanoparti-
cle applications for recombinant influenza vaccines. Molecular 
Pharmaceutics, 18(2), 576–592.

So, R.B., Li, G., Brentville, V., Daly, J.M. & Dixon, J.E. (2024) 
Combined biolistic and cell penetrating peptide delivery for the 
development of scalable intradermal DNA vaccines. Journal of 
Controlled Release, 367, 209–222.

Sohrabi, S., Masoumi, J., Naseri, B., Ghorbaninezhad, F., Alipour, S., 
Kazemi, T. et al. (2023) STATs signaling pathways in dendritic 
cells: as potential therapeutic targets? International Reviews of 
Immunology, 43, 1–22.

Soilleux, E.J., Morris, L.S., Leslie, G., Chehimi, J., Luo, Q., Levroney, 
E. et  al. (2002) Constitutive and induced expression of DC-
SIGN on dendritic cell and macrophage subpopulations in situ 
and in vitro. Journal of Leukocyte Biology, 71(3), 445–457.

Song, Y., Mehl, F. & Zeichner, S.L. (2024) Vaccine strategies to elicit 
mucosal immunity. Vaccine, 12, 191. Available from: https://​doi.​
org/​10.​3390/​vacci​nes12​020191

Spearman, P., Lally, M.A., Elizaga, M., Montefiori, D., Tomaras, 
G.D., McElrath, M.J. et al. (2011) A trimeric, V2-deleted HIV-1 
envelope glycoprotein vaccine elicits potent neutralizing an-
tibodies but limited breadth of neutralization in human volun-
teers. The Journal of Infectious Diseases, 203(8), 1165–1173.

Steffens, R.C., Folda, P., Fendler, N.L., Höhn, M., Bücher-Schossau, 
K., Kempter, S. et  al. (2024) GalNAc- or mannose-PEG-
functionalized Polyplexes enable effective lectin-mediated 
DNA delivery. Bioconjugate Chemistry, 35(3), 351–370.

Steffens, R.C. & Wagner, E. (2022) Directing the way-receptor 
and chemical targeting strategies for nucleic acid delivery. 
Pharmaceutical Research, 40, 47–76.

Stenler, S., Blomberg, P. & Smith, C.I. (2014) Safety and efficacy 
of DNA vaccines: plasmids vs. minicircles. Human Vaccines & 
Immunotherapeutics, 10(5), 1306–1308.

Stevenson, M.M., Valanparambil, R.M. & Tam, M. (2022) Myeloid-
derived suppressor cells: the expanding world of helminth 
modulation of the immune system. Frontiers in Immunology, 
13, 874308.

Sudduth, E.R., Trautmann-Rodriguez, M., Gill, N., Bomb, K. & 
Fromen, C.A. (2023) Aerosol pulmonary immune engineering. 
Advanced Drug Delivery Reviews, 199, 114831.

Sudowe, S., Dominitzki, S., Montermann, E., Bros, M., Grabbe, S. 
& Reske-Kunz, A.B. (2009) Uptake and presentation of exog-
enous antigen and presentation of endogenously produced 
antigen by skin dendritic cells represent equivalent pathways 
for the priming of cellular immune responses following biolistic 
DNA immunization. Immunology, 128(1 Suppl), e193–e205.

Sudowe, S., Höhn, Y., Renzing, A., Maxeiner, J., Montermann, E., 
Habermeier, A. et al. (2020) Inhibition of antigen-specific immune 
responses by co-application of an indoleamine 2,3-dioxygenase 
(IDO)-encoding vector requires antigen transgene expression fo-
cused on dendritic cells. Amino Acids, 52(3), 411–424.

Sudowe, S., Ludwig-Portugall, I., Montermann, E., Ross, R. & Reske-
Kunz, A.B. (2003) Transcriptional targeting of dendritic cells in 
gene gun-mediated DNA immunization favors the induction of 
type 1 immune responses. Molecular Therapy, 8(4), 567–575.

Sudowe, S., Ludwig-Portugall, I., Montermann, E., Ross, R. & 
Reske-Kunz, A.B. (2006) Prophylactic and therapeutic inter-
vention in IgE responses by biolistic DNA vaccination primar-
ily targeting dendritic cells. The Journal of Allergy and Clinical 
Immunology, 117(1), 196–203.

https://doi.org/10.3390/vaccines12020191
https://doi.org/10.3390/vaccines12020191


      |  25 of 26EFFICIENT DNA VACCINES

Sullivan, K.E. (2022) The yin and the yang of early classical pathway 
complement disorders. Clinical and Experimental Immunology, 
209(2), 151–160.

Sun, B., Zhao, X., Wu, Y., Cao, P., Movahedi, F., Liu, J. et al. (2021) 
Mannose-functionalized biodegradable nanoparticles effi-
ciently deliver DNA vaccine and promote anti-tumor immunity. 
ACS Applied Materials & Interfaces, 13(12), 14015–14027.

Sun, H., Li, Y., Zhang, P., Xing, H., Zhao, S., Song, Y. et al. (2022) 
Targeting toll-like receptor 7/8 for immunotherapy: recent ad-
vances and prospectives. Biomarker Research, 10(1), 89.

Sun, Z., Huang, J., Fishelson, Z., Wang, C. & Zhang, S. (2023) Cell-
penetrating peptide-based delivery of macromolecular drugs: 
development, strategies, and progress. Biomedicine, 11(7), 
1971.

Suri, K., Pfeifer, L., Cvet, D., Li, A., McCoy, M., Singh, A. et al. (2024) 
Oral delivery of stabilized lipid nanoparticles for nucleic acid 
therapeutics. Drug Delivery and Translational Research.

Suschak, J.J., Dupuy, L.C., Shoemaker, C.J., Six, C., Kwilas, S.A., 
Spik, K.W. et al. (2020) Nanoplasmid vectors co-expressing in-
nate immune agonists enhance DNA vaccines for Venezuelan 
equine encephalitis virus and Ebola virus. Molecular Therapy 
– Methods & Clinical Development, 17, 810–821.

Suzuki, T., Goda, T. & Kamiya, H. (2018) Durable transgene expres-
sion driven by CpG-free and -containing promoters in plasmid 
DNA with CpG-free backbone. Biological & Pharmaceutical 
Bulletin, 41(9), 1489–1493.

Sykes, K.F. & Johnston, S.A. (1999) Linear expression elements: 
a rapid, in vivo, method to screen for gene functions. Nature 
Biotechnology, 17(4), 355–359.

Takeshita, F., Takase, K., Tozuka, M., Saha, S., Okuda, K., Ishii, N. 
et al. (2007) Muscle creatine kinase/SV40 hybrid promoter for 
muscle-targeted long-term transgene expression. International 
Journal of Molecular Medicine, 19(2), 309–315.

Tang, J., Li, M., Zhao, C., Shen, D., Liu, L., Zhang, X. et al. (2022) 
Therapeutic DNA vaccines against HPV-related malignancies: 
promising leads from clinical trials. Viruses, 14(2), 239.

Tang, Y. & Li, L. (2024) The application of nanovaccines in auto-
immune diseases. International Journal of Nanomedicine, 19, 
367–388.

Tanner, A.R., Dorey, R.B., Brendish, N.J. & Clark, T.W. (2021) 
Influenza vaccination: protecting the most vulnerable. 
European Respiratory Review, 30(159), 200258.

Thirumalaikumar, E., Vimal, S., Sathishkumar, R., Ravi, M., Karthick, 
V., Ramya, S. et  al. (2023) DNA vaccine incorporated poly 
(lactic-co-glycolic) acid (PLGA) microspheres offer enhanced 
protection against Aeromonas hydrophila infection. International 
Journal of Biological Macromolecules, 253(Pt 5), 127182.

Tiptiri-Kourpeti, A., Spyridopoulou, K., Pappa, A. & Chlichlia, K. 
(2016) DNA vaccines to attack cancer: strategies for improving 
immunogenicity and efficacy. Pharmacology & Therapeutics, 
165, 32–49.

Tizard, I.R. (2021) Adjuvants and adjuvanticity. Vaccines for 
Veterinarians, 2020, 75–86.e1.

Tovey, M.G. & Lallemand, C. (2010) Adjuvant activity of cytokines. 
Methods in Molecular Biology, 626, 287–309.

Travieso, T., Li, J., Mahesh, S., Mello, J.D.F.R.E. & Blasi, M. (2022) The 
use of viral vectors in vaccine development. npj Vaccines, 7(1), 75.

Tretyakova, I., Plante, K.S., Rossi, S.L., Lawrence, W.S., Peel, J.E., 
Gudjohnsen, S. et al. (2020) Venezuelan equine encephalitis 
vaccine with rearranged genome resists reversion and protects 
non-human primates from viremia after aerosol challenge. 
Vaccine, 38(17), 3378–3386.

Uddin, N., Warriner, L.W., Pack, D.W. & DeRouchey, J.E. (2021) 
Enhanced gene delivery and CRISPR/Cas9 homology-directed 
repair in serum by minimally succinylated polyethylenimine. 
Molecular Pharmaceutics, 18(9), 3452–3463.

Ulrich-Lewis, J.T., Draves, K.E., Roe, K., O'Connor, M.A., Clark, 
E.A. & Fuller, D.H. (2022) STING is required in conventional 

dendritic cells for DNA vaccine induction of type I T helper cell-
dependent antibody responses. Frontiers in Immunology, 13, 
861710.

Van der Ley, P. & Schijns, V.E. (2023) Outer membrane vesicle-
based intranasal vaccines. Current Opinion in Immunology, 84, 
102376.

Verbeke, R., Hogan, M.J., Loré, K. & Pardi, N. (2022) Innate immune 
mechanisms of mRNA vaccines. Immunity, 55(11), 1993–2005.

Verthelyi, D. (2006) Adjuvant properties of CpG oligonucleotides in 
primates. Methods in Molecular Medicine, 127, 139–158.

Villadangos, J.A. & Schnorrer, P. (2007) Intrinsic and cooperative 
antigen-presenting functions of dendritic-cell subsets in vivo. 
Nature Reviews. Immunology, 7(7), 543–555.

Voshavar, C., Meka, R.C.R., Samanta, S., Marepally, S. & 
Chaudhuri, A. (2017) Enhanced spacer length between 
mannose mimicking shikimoyl and quinoyl headgroups and 
hydrophobic region of cationic amphiphile increases effi-
ciency of dendritic cell based DNA vaccination: a structure–
activity investigation. Journal of Medicinal Chemistry, 60(4), 
1605–1610.

Wagener, K., Bros, M., Krumb, M., Langhanki, J., Pektor, S., Worm, 
M. et al. (2020) Targeting of immune cells with Trimannosylated 
liposomes. Advances in Therapy, 3(6), 1900185.

Wang, Q., Cao, W., Yang, Z.G. & Zhao, G.F. (2015) DC targeting DNA 
vaccines induce protective and therapeutic antitumor immu-
nity in mice. International Journal of Clinical and Experimental 
Medicine, 8(10), 17565–17577.

Wang, Q., Wang, Z., Sun, X., Jiang, Q., Sun, B., He, Z. et al. (2022) 
Lymph node-targeting nanovaccines for cancer immunother-
apy. Journal of Controlled Release, 351, 102–122.

Wang, X.Y., Yi, D.D., Wang, T.Y., Wu, Y.F., Chai, Y.R., Xu, D.H. et al. 
(2019) Enhancing expression level and stability of transgene 
mediated by episomal vector via buffering DNA methyltransfer-
ase in transfected CHO cells. Journal of Cellular Biochemistry, 
120(9), 15661–15670.

Wang, Y., Ling, L., Zhang, Z. & Marin-Lopez, A. (2022) Current ad-
vances in Zika vaccine development. Vaccines (Basel), 10(11), 
1816.

Wculek, S.K., Cueto, F.J., Mujal, A.M., Melero, I., Krummel, M.F. & 
Sancho, D. (2020) Dendritic cells in cancer immunology and 
immunotherapy. Nature Reviews. Immunology, 20(1), 7–24.

White, K.L., Rades, T., Furneaux, R.H., Tyler, P.C. & Hook, S. 
(2006) Mannosylated liposomes as antigen delivery vehicles 
for targeting to dendritic cells. The Journal of Pharmacy and 
Pharmacology, 58(6), 729–737.

Wibowo, D., Jorritsma, S.H.T., Gonzaga, Z.J., Evert, B., Chen, S. 
& Rehm, B.H.A. (2021) Polymeric nanoparticle vaccines to 
combat emerging and pandemic threats. Biomaterials, 268, 
120597.

Williams, J.A. & Paez, P.A. (2023) Improving cell and gene therapy 
safety and performance using next-generation nanoplasmid 
vectors. Molecular Therapy – Nucleic Acids, 32, 494–503.

Winkeljann, B., Keul, D.C. & Merkel, O.M. (2022) Engineering poly- 
and micelleplexes for nucleic acid delivery – a reflection on 
their endosomal escape. Journal of Controlled Release, 353, 
518–534.

Wolff, J.A., Malone, R.W., Williams, P., Chong, W., Acsadi, G., Jani, 
A. et al. (1990) Direct gene transfer into mouse muscle in vivo. 
Science, 247(4949 Pt 1), 1465–1468.

Wolff, J.A., Williams, P., Acsadi, G., Jiao, S., Jani, A. & Chong, W. 
(1991) Conditions affecting direct gene transfer into rodent 
muscle in vivo. BioTechniques, 11(4), 474–485.

Wood, K.C., Little, S.R., Langer, R. & Hammond, P.T. (2005) A fam-
ily of hierarchically self-assembling linear-dendritic hybrid poly-
mers for highly efficient targeted gene delivery. Angewandte 
Chemie International Edition, 44(41), 6704–6708.

Wu, M., Zhao, H., Li, M., Yue, Y., Xiong, S. & Xu, W. (2017) Intranasal 
vaccination with mannosylated chitosan formulated DNA 



26 of 26  |      BERGER et al.

vaccine enables robust IgA and cellular response induction in 
the lungs of mice and improves protection against pulmonary 
mycobacterial challenge. Frontiers in Cellular and Infection 
Microbiology, 7, 445.

Xiang, S.D., Scholzen, A., Minigo, G., David, C., Apostolopoulos, 
V., Mottram, P.L. et  al. (2006) Pathogen recognition and de-
velopment of particulate vaccines: does size matter? Methods, 
40(1), 1–9.

Xiong, L. & Qiao, S.Z. (2016) A mesoporous organosilica nano-bowl 
with high DNA loading capacity – a potential gene delivery car-
rier. Nanoscale, 8(40), 17446–17450.

Xu, C., Guan, X., Lin, L., Wang, Q., Gao, B., Zhang, S. et al. (2018) 
pH-responsive natural polymeric gene delivery shielding sys-
tem based on dynamic covalent chemistry. ACS Biomaterials 
Science & Engineering, 4(1), 193–199.

Xu, W.K., Byun, H. & Dudley, J.P. (2020) The role of APOBECs in 
viral replication. Microorganisms, 8(12), 1899.

Xu, X., Yi, C., Feng, T., Ge, Y., Liu, M., Wu, C. et al. (2023) Regulating 
tumor microenvironments by a lymph node-targeting adjuvant 
via tumor-specific CTL-derived IFNγ. Clinical Immunology, 253, 
109685.

Yang, J. & Yang, Y. (2012) Plasmid size can affect the abil-
ity of Escherichia coli to produce high-quality plasmids. 
Biotechnology Letters, 34(11), 2017–2022.

Yin, L., Huseby, E., Scott-Browne, J., Rubtsova, K., Pinilla, C., 
Crawford, F. et al. (2011) A single T cell receptor bound to major 
histocompatibility complex class I and class II glycoproteins re-
veals switchable TCR conformers. Immunity, 35(1), 23–33.

Yoneyama, M., Kikuchi, M., Matsumoto, K., Imaizumi, T., Miyagishi, 
M., Taira, K. et  al. (2005) Shared and unique functions of 
the DExD/H-box helicases RIG-I, MDA5, and LGP2 in anti-
viral innate Immunity1. The Journal of Immunology, 175(5), 
2851–2858.

Yu, X., Guo, C., Fisher, P.B., Subjeck, J.R. & Wang, X.Y. (2015) 
Scavenger receptors: emerging roles in cancer biology and im-
munology. Advances in Cancer Research, 128, 309–364.

Zahid, A., Ismail, H., Li, B. & Jin, T. (2020) Molecular and structural 
basis of DNA sensors in antiviral innate immunity. Frontiers in 
Immunology, 11, 613039.

Zeyn, Y., Hobernik, D., Wilk, U., Pöhmerer, J., Hieber, C., Medina-
Montano, C. et  al. (2023) Transcriptional targeting of den-
dritic cells using an optimized human Fascin1 gene promoter. 
International Journal of Molecular Sciences, 24, 16938. 
Available from: https://​doi.​org/​10.​3390/​ijms2​42316938

Zhang, J., Fan, B., Cao, G., Huang, W., Jia, F., Nie, G. et al. (2022) 
Direct presentation of tumor-associated antigens to induce 
adaptive immunity by personalized dendritic cell-mimicking 
nanovaccines. Advanced Materials, 34(47), e2205950.

Zhang, L., Wang, W. & Wang, S. (2015) Effect of vaccine administra-
tion modality on immunogenicity and efficacy. Expert Review 
of Vaccines, 14(11), 1509–1523.

Zhang, L., Zhu, C., Zhao, J., Scimeca, L., Dong, M., Liu, R. et al. 
(2024) Recent advances in nanomodulators for augmenting 
cancer immunotherapy in cold tumors: insights from drug de-
livery to drug-free strategies. Advanced Functional Materials, 
34, 2311914.

Zhang, P., Sun, F., Liu, S. & Jiang, S. (2016) Anti-PEG antibodies 
in the clinic: current issues and beyond PEGylation. Journal of 
Controlled Release, 244(Pt B), 184–193.

Zhang, W., Pfeifle, A., Lansdell, C., Frahm, G., Cecillon, J., Tamming, 
L. et al. (2023) The expression kinetics and immunogenicity of 
lipid nanoparticles delivering plasmid DNA and mRNA in mice. 
Vaccine, 11, 1580. Available from: https://​doi.​org/​10.​3390/​vacci​
nes11​101580

Zhang, Z., Yao, S., Hu, Y., Zhao, X. & Lee, R.J. (2022) Application of 
lipid-based nanoparticles in cancer immunotherapy. Frontiers 
in Immunology, 13, 967505.

Zhang, Z., Zhao, Z., Wang, Y., Wu, S., Wang, B., Zhang, J. et al. 
(2022) Comparative immunogenicity analysis of intradermal 
versus intramuscular immunization with a recombinant human 
adenovirus type 5 vaccine against Ebola virus. Frontiers in 
Immunology, 13, 963049.

Zhang, Z., Zhou, H., Ouyang, X., Dong, Y., Sarapultsev, A., Luo, S. 
et al. (2022) Multifaceted functions of STING in human health 
and disease: from molecular mechanism to targeted strategy. 
Signal Transduction and Targeted Therapy, 7(1), 394.

Zhao, J., Sun, Y., Sui, P., Pan, H., Shi, Y., Chen, J. et  al. (2023) 
DNA vaccine co-expressing hemagglutinin and IFN-γ provides 
partial protection to ferrets against lethal challenge with canine 
distemper virus. Viruses, 15(9), 1873.

Zhao, T., Cai, Y., Jiang, Y., He, X., Wei, Y., Yu, Y. et al. (2023) Vaccine 
adjuvants: mechanisms and platforms. Signal Transduction 
and Targeted Therapy, 8(1), 283.

Zhao, Y., Baldin, A.V., Isayev, O., Werner, J., Zamyatnin, A.A., Jr. & 
Bazhin, A.V. (2021) Cancer vaccines: antigen selection strat-
egy. Vaccines (Basel), 9(2), 85.

Zhou, W., Jiang, L., Liao, S., Wu, F., Yang, G., Hou, L. et al. (2023) 
Vaccines' new era-RNA vaccine. Viruses, 15(8), 85.

Zhu, F., Zhuang, C., Chu, K., Zhang, L., Zhao, H., Huang, S. et al. 
(2022) Safety and immunogenicity of a live-attenuated influ-
enza virus vector-based intranasal SARS-CoV-2 vaccine in 
adults: randomised, double-blind, placebo-controlled, phase 1 
and 2 trials. The Lancet Respiratory Medicine, 10(8), 749–760.

Zhu, G., Mei, L., Vishwasrao, H.D., Jacobson, O., Wang, Z., Liu, Y. 
et al. (2017) Intertwining DNA-RNA nanocapsules loaded with 
tumor neoantigens as synergistic nanovaccines for cancer im-
munotherapy. Nature Communications, 8(1), 1482.

Zintchenko, A., Philipp, A., Dehshahri, A. & Wagner, E. (2008) 
Simple modifications of branched PEI lead to highly efficient 
siRNA carriers with low toxicity. Bioconjugate Chemistry, 19(7), 
1448–1455.

How to cite this article: Berger, S., Zeyn, Y., 
Wagner, E. & Bros, M. (2024) New insights for 
the development of efficient DNA vaccines. 
Microbial Biotechnology, 17, e70053. Available 
from: https://doi.org/10.1111/1751-7915.70053

https://doi.org/10.3390/ijms242316938
https://doi.org/10.3390/vaccines11101580
https://doi.org/10.3390/vaccines11101580
https://doi.org/10.1111/1751-7915.70053

	New insights for the development of efficient DNA vaccines
	Abstract
	INTRODUCTION
	WORKING MECHANISMS OF DNA VACCINES
	DELIVERY OF DNA VACCINES
	Nanoformulations protect nucleic acids from degradation and may target APCs

	IMPROVEMENT OF DNA VACCINES
	Prokaryotic parts of the vector backbone limit DNA vaccine activity
	Eukaryotic promoters confer sustained antigen expression
	Tumour- and pathogen-targeting vaccines differ in their antigen requirements
	Adjuvants shape adaptive immune response

	CONCLUDING REMARKS AND PERSPECTIVES FOR DNA VACCINE DESIGN
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


