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Abstract
Although a prophylactic vaccine is available, hepatitis B virus (HBV) remains a 
major cause of liver-related morbidity and mortality. Current treatment options 
are improving clinical outcomes in chronic hepatitis B; however, true functional 
cure is currently the exception rather than the rule. Nucleic acid vaccines are 
among the emerging immunotherapies that aim to restore weakened immune 
function in chronically infected hosts. DNA vaccines in particular have shown 
promising results in vivo by reducing viral replication, breaking immune tolerance 
in a sustained manner, or even decimating the intranuclear covalently closed 
circular DNA reservoir, the hallmark of HBV treatment. Although DNA vaccines 
encoding surface antigens administered by conventional injection elicit HBV-
specific T cell responses in humans, initial clinical trials failed to demonstrate 
additional therapeutic benefit when administered with nucleos(t)ide analogs. In 
an attempt to improve vaccine immunogenicity, several techniques have been 
used, including codon/promoter optimization, coadministration of cytokine 
adjuvants, plasmids engineered to express multiple HBV epitopes, or combin-
ations with other immunomodulators. DNA vaccine delivery by electroporation is 
among the most efficient strategies to enhance the production of plasmid-derived 
antigens to stimulate a potent cellular and humoral anti-HBV response. Pre-
liminary results suggest that DNA vaccination via electroporation efficiently 
invigorates both arms of adaptive immunity and suppresses serum HBV DNA. In 
contrast, the study of mRNA-based vaccines is limited to a few in vitro experi-
ments in this area. Further studies are needed to clarify the prospects of nucleic 
acid vaccines for HBV cure.

Key Words: Chronic hepatitis B; Therapeutic vaccination; Nucleic acid vaccines; DNA 
vaccines; Electroporation; Immunotherapy
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Core Tip: A nucleic acid vaccine could be of particular value in the field of hepatitis B 
virus therapies. DNA vaccines have been studied more extensively over the past two 
decades and have been shown to overcome immune exhaustion in preclinical models of 
chronic infection. Although vaccination elicited robust humoral and cellular immune 
responses, it had negligible effects on clinical endpoints. Therefore, the scientific 
community has focused on optimizing vaccine design and delivery to improve 
immunogenicity. Electroporation-mediated delivery of multivalent plasmids in 
combination with molecular adjuvants could efficiently restore adaptive immunity in 
virally suppressed patients and be part of future combination therapy.

Citation: Tsounis EP, Mouzaki A, Triantos C. Nucleic acid vaccines: A taboo broken and 
prospect for a hepatitis B virus cure. World J Gastroenterol 2021; 27(41): 7005-7013
URL: https://www.wjgnet.com/1007-9327/full/v27/i41/7005.htm
DOI: https://dx.doi.org/10.3748/wjg.v27.i41.7005

INTRODUCTION
Hepatitis B virus (HBV) is a relatively small (3.2 kb) DNA virus that causes acute or 
chronic liver infection leading to cirrhosis or hepatocellular carcinoma. Although an 
effective preventive vaccine containing hepatitis B surface antigen (HBsAg) produced 
from recombinant DNA has been available for more than two decades[1], chronic 
hepatitis B (CHB) remains a major burden of liver-related morbidity and mortality, 
with more than 292000000 infections worldwide[2]. Current treatment strategies, i.e. 
nucleoside or nucleotide (NA) drugs and interferon-α (IFN-α), effectively suppress 
viral replication, prevent progression of liver disease to end-stage, and improve 
patient quality of life. However, a truly functional cure, defined as undetectable HBV 
DNA with concomitant elimination of HBsAg over a limited therapeutic period, is 
rarely achieved with existing therapies[3]. HBV has evolved several mechanisms to 
become chronic, and the failure to eradicate HBV is largely due to the inability to 
address the following issues: (1) Organization of the viral genome into a highly stable, 
drug-resistant, chromosomal covalently closed circular DNA (cccDNA) conformation 
in the nuclei of infected cells; (2) Integration of HBV DNA into the host genome; (3) 
Disruption of innate immunity signaling; and (4) Depletion of HBV-specific T and B 
cells[4].

There is a growing consensus that elimination of HBV requires a combination of 
treatments that include traditional therapeutics, novel direct-acting antivirals that 
target different steps of the HBV life cycle, and immunotherapies to restore the host 
immune response. A number of immunomodulators are in clinical trials, including 
pattern recognition receptor agonists, immune checkpoint inhibitors, adaptive transfer 
of engineered T cells, and therapeutic vaccines[5]. Various vaccine delivery platforms 
are being explored to optimize immunogenicity and elicit robust responses to 
rejuvenate the exhausted immune system. In particular, viral vector technology, 
immune complex platforms, virus-like particle-based vaccines, and nucleic acid 
vaccines are some of the categories of therapeutic vaccines under development[6].

Although the world is still struggling with a global health crisis, coronavirus disease 
2019 has been at the forefront of scientific breakthroughs in the field of vaccinology, 
bringing nucleic acid vaccine technology to the forefront. Recent technological 
innovations have improved the delivery, tolerability, and efficacy of DNA- and 
mRNA-based therapeutics. Two prophylactic mRNA vaccines against severe acute 
respiratory syndrome coronavirus 2 were the first drugs in this category to be 
approved for human use and represent the pinnacle of progress[7,8]. Clearly, the role 
of nucleic acid-based vaccines in restoring immune dysfunction in CHB and their 
prospects as part of future combination therapy need to be re-evaluated.

https://www.wjgnet.com/1007-9327/full/v27/i41/7005.htm
https://dx.doi.org/10.3748/wjg.v27.i41.7005
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HBV-INDUCED IMMUNE DYSREGULATION
Resolution of acute HBV infection requires an alert innate immune system and 
polyclonal and multispecific cellular and humoral responses. The human innate 
immune system is equipped with several pattern recognition receptors that recognize 
pathogen- or damage-associated patterns and initiate intracellular signal transduction 
leading to the production of antiviral IFNs and proinflammatory cytokines. Previous 
studies in humans and chimpanzees reported limited IFN type I production during the 
initial phase of the logarithmic rise in viremia, supporting the view that HBV is a 
“stealth virus”[9,10]. However, recent data show that hepatocytes express pattern 
recognition receptors that recognize HBV components, highlighting the role of nucleic 
acid signaling and the associated activation of NF-κB-dependent pathways[11]. 
Therefore, it seems more likely that HBV impairs intrinsic immunity to establish 
chronic infection. Indeed, HBV alters the functional phenotype of monocytes/ 
macrophages by inducing the secretion of anti-inflammatory cytokines interleukin 
(IL)-10 and transforming growth factor-β and suppressing the production of tumor 
necrosis factor-α and IL-12 by inhibiting the toll-like receptor-2 downstream signaling 
pathway[12,13]. In parallel, myeloid-derived suppressive cells are recruited to CHB 
and contribute to the immunosuppressive cascade by secreting IL-10 and arginase and 
downregulating IFN-γ expression by T cells[14]. In addition, dendritic cells, which are 
critical for generating effective adaptive immune responses, exhibit decreased antigen 
presentation capacity, cell migration capacity, phagocytic activity, and cytokine 
production, possibly due to inhibition of costimulatory molecule expression[15]. 
Therefore, HBV creates a tolerogenic microenvironment in the liver infiltrated with 
IFN-γ-deficient natural killer cells and T regulatory cell populations[16]. This dysreg-
ulated milieu has a significant impact on T and B cell maturation and differentiation, 
resulting in impaired adaptive immune responses. Moreover, prolonged exposure to 
high concentrations of viral antigens contributes to T cell exhaustion, characterized by 
reduced cytotoxic capacity, impaired proliferative capacity, and upregulation of 
inhibitory molecules (programmed death-1 (PD-1), CTLA-4, T cell immunoglobulin 
and mucin-domain containin-3). Clearly, approaches aimed at restoring or stimulating 
sustained HBV-specific cellular and humoral responses may be central to the treat-
ment of chronically infected patients.

DNA VACCINES
DNA vaccine technology is based on genetically engineered plasmids containing a 
potent promoter that triggers increased transcriptional activity in vivo, followed by a 
sequence encoding the preselected immunogenic antigen(s). The corresponding 
plasmid is administered either systemically or primarily topically via intramuscular 
injection. Taking advantage of the host cellular apparatus, the exogenous DNA is 
delivered to the nuclei of transfected cells, including resident antigen-presenting cells 
(APCs).

The expression of plasmid-encoded antigens and their presentation by major 
histocompatibility complex (MHC) class I and MHC class II molecules are key 
elements of adaptive immunity. In particular, transfected myocytes or keratinocytes 
express the plasmid-derived proteins, which are later released into the bloodstream via 
exosomes or apoptotic bodies[17]. APCs play an important role in this process by 
mediating the presentation of vaccine peptides both on MHC-I molecules, either by 
direct transfection or cross-presentation, and on MHC-II molecules after uptake of 
circulating antigens. Subsequently, afferent lymphatic vessels transport APCs to 
lymph nodes, where they present the antigenic epitopes to naïve T and B cells and 
provide essential costimulatory signals. This interaction leads to clonal expansion of 
CD8+ T cells, which elicit a strong cytotoxic response, and CD4+ T cells, which 
regulate the differentiation of antigen-presenting B cells[18].

DNA vaccine platforms have many advantages: they are fast to develop, easy to 
replicate, and very stable at room temperature, resulting in low manufacturing and 
storage costs[19]. Theoretically, they are safer than conventional live attenuated 
vaccines because they do not elicit potential anti-vector immune responses and by 
continuously expressing antigens elicit a long-lasting response without being in-
fectious[20]. Moreover, the intracellular synthesis of the encoded antigens enables the 
endogenous post-translational modifications that generate proteins in their native 
conformation[18]. In addition, the expression of a broader repertoire of antigenic 
epitopes is possible by combining two or more plasmids or by constructing polycis-
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tronic carriers[19]. Indeed, DNA vaccination has shown promising results in pre-
clinical models of chronic hepatitis virus infection. In HBV transgenic mice, vacci-
nation broke immune tolerance and caused a significant decrease in viral replication
[21], while in a duck HBV model it was able to reduce the intranuclear cccDNA pool
[22]. Moreover, immunization with a DNA prime adenovirus boost vaccine in trans-
genic mice showed strong synergistic effects with NAs, eliciting sustained suppression 
of viral replication and strong and specific CD8+ T cell responses[23].

The initial clinical trials investigating therapeutic vaccination in CHB patients 
showed moderate efficacy in restoring host T cell responses but dampened enthusiasm 
by demonstrating moderate immunogenicity. In a phase I clinical trial, administration 
of a DNA vaccine expressing envelope proteins (S and preS2/S) resulted in transient 
activation of IFN-γ-producing T cells and a reduction in HBV DNA in 10 viremic 
patients[24]. Repeated immunization doses were well tolerated, resulted in prolif-
erative responses against HBsAg, and achieved hepatitis B e antigen (HBeAg) serocon-
version in 2 participants[24,25]. In another study, DNA-based vaccination resulted in 
changes in peripheral NK cell populations, with a relative increase in CD56bright NK 
cells correlating with HBV-specific T cell activity, indicating the importance of 
CD56bright NK cells in shaping the adaptive immune response[26].

To determine whether therapeutic vaccines are unable to reactivate pre-existing 
HBV-specific T cells due to persistent antigenemia, DNA vaccines were administered 
in combination with conventional therapeutics. The efficacy of a preS2/S-expressing 
DNA vaccine was evaluated in a phase I/II clinical trial in virus-suppressed patients 
on stable NA therapy. Addition of the vaccine to NA treatment elicited multispecific, 
polyfunctional, and far more sustained CD4+ T cell responses compared with mo-
notherapy. Nevertheless, the immunostimulatory effect was not strong enough to 
influence relapse rates after discontinuation of NA[27]. Accordingly, five intramus-
cular injections of an envelope-expressing DNA vaccine failed to sufficiently restore 
immune function or reduce relapse risk after treatment discontinuation in a pro-
spective multicenter study of 70 virus-suppressed CHB patients[28]. These results 
have underscored the need to optimize vaccine immunogenicity, use new delivery 
systems, and re-evaluate vaccination regimens.

Recently, a new generation of DNA-based vaccines has demonstrated significant 
immunostimulatory activity with a favorable safety profile. Their preventive or 
therapeutic value has already been investigated in clinical trials on infectious diseases 
(Ebola virus, ZIKA virus, HIV, influenza virus) or malignancies (prostate cancer, 
cervical cancer, and human papillomavirus-related head and neck tumors)[29]. This 
progress is mainly due to the breakthroughs in biomedical engineering and nanotech-
nology, which have introduced novel delivery platforms to improve DNA uptake 
compared to previous needle approaches, e.g., gene gun, jet injection, advanced 
electroporation (EP), and chemical or biological adjuvant systems[19]. In addition, 
various molecular tools have been used to improve the immunogenicity of DNA 
vaccines, e.g., codon optimization, plasmid vector backbone optimization, attachment 
of virus-derived nuclear localization signals to facilitate nuclear entry, or DNA-
complexing nanocarriers to prevent extracellular DNA degradation[17,30]. The 
development of target-specific plasmid-encoded chimeric molecules and polycistronic 
vectors that contain genetic loci encoding cytokines or other signaling molecules in 
addition to immunogenic epitopes are alternative strategies to further stimulate 
immune responses[19,29].

In this regard, Wang et al[31] demonstrated the superior protective effect of a 
bicistronic DNA vaccine encoding the core protein plus IFN-γ gene sequences 
compared to a monovalent vaccine expressing the core antigen in a model of HBV 
infection in marmosets. Experimental in vivo models have also shown that coadminis-
tration of plasmids encoding cytokine sequences (IL-2, IFN-γ) with core-expressing 
DNA vaccines increases the production of HBV-specific neutralizing antibodies[32] 
and that the cccDNA reservoir was depleted in the majority of subjects receiving IFN-γ 
as an adjuvant[33]. In an attempt to optimize antigen delivery to APCs and thereby 
increase vaccine efficacy, plasmids were combined with a protein that targets dendritic 
cells via electrostatic coupling (pSVK-HBVA vaccine). In HBV transgenic mice, the 
pSVK-HBVA vaccine significantly reduced HBV DNA copy number as well as 
circulating HBsAg[34].

These encouraging preclinical data formed the basis for transferring these 
techniques from the laboratory bench to clinical trials. Yang et al[35] showed that the 
DNA-based vaccine HB-100, which consists of five different plasmids expressing most 
HBV antigens as well as a human IL-12 mutant (hIL-12N222L) induced durable CD4+ 
memory T cell responses when administered to 12 chronically infected Caucasian 
patients receiving regular lamivudine therapy. Moreover, the DNA vaccine in 
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combination with an oral antiviral resulted in HBeAg seroconversion in 4 of 6 
participants, whereas HBsAg clearance was achieved in only 1 patient, who had the 
highest concentration of HBV-specific IFN-γ-secreting memory T cells[35]. Long-term 
control of viremia also correlated with an increase in plasma IL-12 and IL-12/p40 ratio
[36].

These positive observations promoted the development of HB-110, a second 
generation multivalent HBV DNA vaccine comprising three plasmids encoding 
envelope proteins, core protein/polymerase, and the human IL-12 mutant. HB-110 
was administered in a randomized, dose-escalated phase I clinical trial to Korean 
patients with CHB treated with adefovir dipivoxil. Although HB-110 elicited robust 
humoral and T cell responses in the HBV mouse model, vaccination in the Korean 
cohort resulted in weaker HBV-specific T cell responses and lower HBeAg serocon-
version rates than HB-100 immunization in Caucasian patients[37]. These unexpected 
results may be due in part to the fact that HB-110 was tested in Asian patients, most of 
whom acquire HBV by vertical transmission and have high immune tolerance. It is 
clear that in addition to improving the immunogenicity of the vaccine, a combination 
of therapies is required to address compromised immune function and effectively 
eradicate chronic HBV infection.

In this context, the advent of immune checkpoint inhibitors has paved the way for 
alternative strategies to overcome T cell exhaustion or anergy. Remarkably, the 
addition of a PD-1 receptor inhibitor to treatment with NA plus DNA vaccine resulted 
in significant expansion and activation of virus-specific CD8+ T cells and prolonged 
suppression of viral replication in marmosets[38]. A phase I clinical trial of the PD-1 
blocker nivolumab alone or in combination with the yeast-derived vaccine GS-4774 in 
24 HBeAg-negative virally suppressed patients demonstrated not only high-affinity 
binding of nivolumab to its ligand but also sustained occupancy of the receptor. In 
addition, significant HBsAg responses were observed without serious adverse events, 
and HBsAg levels decreased below the limit of detection in 1 participant[39].

ELECTROPORATION-MEDIATED DELIVERY
One of the most efficient methods of DNA vaccine delivery is EP, which uses an 
electrical pulse to create a potential difference across the cell membrane that creates 
transient pores, thereby increasing membrane permeability[40]. Compared to conven-
tional injection of plasmid DNA with a syringe, a pulsed electric field dramatically 
increases cellular uptake, approximately by a factor of 500, resulting in profound 
immune responses[29]. At the same time, low inflammation and altered vascular 
permeability cause a local influx of APCs and other immune cells, suggesting robust 
antigen processing and presentation at the injection site[41]. Cova[42] gave a concise 
overview of the progress of EP-mediated therapeutic vaccination from experimental 
models to clinical reality. Initial studies of EP-based DNA vaccination showed that it is 
capable of eliciting in vivo multispecific cytotoxic T cell responses and more effective 
immune stimulation, resulting in a dose-sparing effect of the vaccine[43]. EP-mediated 
administration of HB-110 accelerated antigen expression, increased anti-HBs antibody 
production, and elicited a broader repertoire of multispecific cellular responses in mice 
against all antigens, including subdominant epitopes[44]. Comparable conclusions 
emerged from high-pressure injection in combination with EP, to deliver codon-
optimized HBc and IL-12 expressing plasmids that elicit polyfunctional T cell 
responses[45].

In the duck hepatitis B virus model, EP-mediated vaccination increased the 
production of neutralizing HBV-specific antibodies, expanded the spectrum of 
targeted epitopes[46] and resulted in T helper type 1 polarization[47]. Short non-
coding DNA fragments appear to increase the immunopotency of EP-mediated HBV 
DNA vaccination[48]. DNA vaccine platforms based on EP show an enhanced ability 
to activate both arms of adaptive immunity and thus represent an important tool to 
overcome immunological exhaustion in CHB.

Regarding human studies, a dual plasmid-ΗΒV vaccine consisting of a therapeutic 
plasmid encoding the preS2/S antigen and an adjuvant plasmid containing the fused 
sequence of IL-12 and IFN-γ was the first to be administered via electroporation 
against CHB. In total, 6 of 39 HBeAg-positive participants received vaccine mono-
therapy, while the remaining patients were randomized 1:2 to receive either lami-
vudine plus placebo or the experimental treatment, lamivudine plus vaccination. The 
EP-mediated immunization stimulated HBV-addressing IFN-γ-producing T cells, and 
the combination therapy produced a more profound suppression of viral replication 
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and a lower risk of virologic breakthrough compared with NA monotherapy[49].
The satisfactory immunostimulatory efficacy followed by a very consistent safety 

record as demonstrated in the pilot study has led to a phase IIb trial of the EP-
mediated dual plasmid DNA vaccine. In this study, 225 previously untreated HBeAg-
positive patients were divided 1:1 into groups treated with either lamivudine plus 
vaccine or lamivudine plus placebo. Although the primary endpoint of undetectable 
HBV DNA rate or HBeAg seroconversion was not met, four intramuscular doses of the 
vaccine showed a modest therapeutic effect, with more vaccinated patients achieving a 
> 2 log10 IU/mL decrease in HBV DNA compared with the control group[50].

Other HBV DNA vaccines administered via EP are currently being investigated in 
clinical trials with different eligibility criteria, combination regimens, or dosing 
schedules. An open-label phase I study (NCT02431312) evaluating the safety and 
reactogenicity of dose combinations of INO-1800 (DNA plasmid expressing core and 
surface antigens) and INO-9112 (DNA plasmid containing IL-12 sequences) in patients 
who have received stable NA therapy for at least 1 year has been completed, and final 
results are pending. In addition, a phase I study (NCT03463369) is underway to 
evaluate the efficacy of the DNA vaccine JNJ-64300535 administered by EP-mediated 
intramuscular injection in virally suppressed CHB patients on NA treatment. Overall, 
administration of the DNA vaccine by EP resulted in multispecific humoral and long-
lasting memory T cell responses, although efficacy on clinical endpoints was subpar. 
These results are important for future studies in which careful patient selection is 
performed and EP-mediated vaccination realizes its full potential to efficiently restore 
adaptive immune responses in CHB.

MRNA VACCINES
mRNA vaccines are an attractive alternative to traditional vaccine platforms because 
they allow a rapid and scalable manufacturing process without being infectious or 
carrying the risk of integration. Compared to plasmid vaccines, mRNA vaccines have a 
stronger immunostimulatory effect on innate immunity and result in the desired 
vaccine responses[51]. Optimization of mRNA stability and translation as well as 
advances in vaccine delivery have led to increased use of mRNA therapeutics in basic 
research and clinical trials for the treatment of infectious diseases and cancer[52]. 
Nevertheless, research on mRNA-based vaccines in the field of anti-HBV prevention 
or control strategies has been sparse.

In an attempt to develop an anti-HBV mRNA vaccine for prophylactic or immuno-
therapeutic purposes, Lamb[53] developed and implemented an mRNA production 
process containing all critical HBsAg epitopes. The mRNA lipoplex nanoparticles were 
designed to protect against exonuclease degradation, promote endocytosis-mediated 
cellular uptake, and facilitate endosomal escape of the entrapped mRNA. Upon release 
into the cytoplasm, the mRNA is used by the host translational machinery as a 
template for the production of S-HBsAg or L-HBsAg, which are amenable to intrinsic 
post-translational modifications and are either secreted or degraded in a proteasome-
dependent manner. In situ processing and presentation of the mRNA-derived antigen 
products would then resemble that of DNA vaccines and elicit robust pathogen-
specific humoral and cell-mediated immune responses[53,54]. Interestingly, an 
mRNA-based vaccine formulation that was efficiently translated into detectable L-HBs 
and S-HBs in cultured hepatoma cells was produced using a highly reproducible 
method. However, L-HBs was expressed at lower levels than expected, and its 
secretion was modest, possibly reducing its immunostimulatory effect[53]. Clearly, in 
later stages of development, optimization of downstream processes is required to fully 
exploit the immunogenic benefits of the vaccine.

CONCLUSION
Recently, numerous nucleic acid vaccines have been used in clinical trials to prevent or 
treat infectious diseases as innovations in biotechnology have improved their 
immunogenicity and tolerability. Compared to mRNA-based formulations, plasmid 
vaccines have been studied more intensively in the field of HBV therapeutics. 
Pioneering preclinical studies have shown that DNA vaccination could suppress HBV 
transcriptional activity and even affect the cccDNA pool and was able to break CHB 
immune tolerance. In parallel, the introduction of in vivo EP as a delivery platform has 
dramatically improved the immunostimulatory effect of DNA vaccines without 
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serious adverse events.
Given these data and despite the moderate results of the initial clinical trials, the 

design of new studies to clarify the role of DNA vaccination in this field is essential. 
An ideal vaccine candidate would contain multiple dominant and subdominant HBV 
epitopes in combination with appropriate adjuvants to elicit potent and multispecific 
responses and should be administered via EP to enhance immunogenicity. Add-on or 
sequential treatment regimens could be applied to progressively repair the dysreg-
ulated adaptive immune responses and eventually achieve HBV eradication. 
Identifying patients who benefit most from immunization strategies should be a 
priority of future studies. Preferably, vaccination should be studied in virus-
suppressed CHB patients on stable therapy with second-generation NAs that are less 
susceptible to drug resistance, such as entecavir or tenofovir. In summary, nucleic 
acid-based immunotherapies still have a long way to go before market approval but 
may retain a place in the context of combination therapy aimed at a functional cure for 
HBV.
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