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Gene immunization comprises mRNA and DNA vaccines, which stand out due to their simple design, maintenance,
and high efficacy. Several studies indicate promising results in preclinical and clinical trials regarding immunization
against ebola, human immunodeficiency virus (HIV), influenza, and human papillomavirus (HPV). The efficiency of
nucleic acid vaccines has been highlighted in the fight against COVID-19 with unprecedented approval of their use

in humans.

vaccines nucleic acids synthetic genes

| 1. Introduction

Throughout history, we have experienced how several disease outbreaks have caused health risks, many of them
with pandemic potential, culminating in the deaths of millions of people worldwide. The emergence of new diseases
accompanied by population growth and globalization indicates the need to obtain new tools capable of reducing the
transmission of infectious agents and the risk of future pandemics @&, In this context, vaccines represent a
valuable measure for maintaining global health, offering protection, and contributing to the control and combat of
several pathogens that threaten human and veterinary health 2. More than two centuries after the creation of the
first vaccine, the field of vaccinology has promoted the improvement of classic immunization techniques. These
approaches include use of attenuated or inactivated pathogens, or even toxoids, and the creation and application

of new strategies, such as live vectors and nucleic acids 4],

As seen in recent epidemic outbreaks, future pandemics are likely to require the continued development of new
models and approaches for designing nucleic acid vaccines. Particularly with viral infections, there is a demand for
rapid production and updating of vaccine platforms. These improvements are essential not only for diseases not
controlled through vaccination, but also in the context of the appearance of mutations that lead to the emergence of
variants or the establishment of new serotypes. In addition, it is also essential to invest in the vaccine targets’
presentation, which can be whole genes or constructs based on epitopes predicted in silico, besides the
development of adjuvants and immunomodulators Bl Therefore, this research field is continuously expanding,

especially regarding third-generation vaccines.

| 2. New Technologies: Gene-Based Vaccines

https://encyclopedia.pub/entry/39055 1/9



Features of Nucleic Acid Vaccines | Encyclopedia.pub

Genetic vaccines consist of immunizing or immunotherapeutic approaches that employ DNA or RNA plasmids as
antigen precursors. The gene sequence (of one or more genes) encoding the antigen of interest is taken up and
translated into protein by host cells. This so-called third-generation vaccine technology, considered innovative
among vaccine platforms, was widely used in the COVID-19 immunization program and has great potential to
become increasingly common. In addition, these vaccines can trigger cellular and humoral responses and can be

improved through in silico tools, which allow the selection of antigenic epitopes, called synthetic antigen vaccines.

The manufacture of vaccines that have RNA or DNA molecules in their composition dispenses with the large-scale
cultivation of pathogenic microorganisms in a laboratory with a high level of biosafety, such as BSL3, to the
detriment of conventional vaccine strategies, such as those using attenuated or inactivated vaccines. In addition,
the absence of the pathogen prevents the virus reactivation. This aspect favors the vaccination of

immunocompromised people .

Indeed, nucleic acid vaccines also exhibit significant advantages over traditional vaccines regarding their ability to
induce CD4+ and CD8+ T cell responses. The inherent immunostimulatory nature of the mRNA molecule and its
functionality as an immunoadjuvant is regarded as a strength that can be exploited in vaccine strategies.
Transforming these characteristics into a safe and effective clinical product presents the challenge of balancing
immune stimulation with the expression of the encoded antigen. Lately, mRNA vaccines have received special
attention and exhibit some advantages over DNA vaccines, such as targeting delivery only to the cell cytoplasm,
nullifying the risk of genomic integration, and performing its function independently of cell division. They have a
transient and controlled expression of the encoded antigen due to a relatively short half-life, and the absence of
additional foreign genes ensures their safety. Besides, cell-free manufacture reduces the chances of contamination
with bacterial components and facilitates their production under good manufacturing practices. However, RNA
vaccines require additional steps in their production and are susceptible to degradation ex vivo and in vivo, while

DNA vaccines are more thermostable, facilitating their storage [EI€1120]

One of the main advantages of nucleic acid vaccines over predecessor vaccine platforms is the improvement of the
immune response targeting. Besides, this approach allows the addition of antigens from two or more variants in the
same vaccine, rapid production, and subsequent modifications to include new variants. Despite initial concerns
regarding the possibility of integrating the vaccine plasmid integration into the host's genome, DNA vaccines have
shown remarkable safety, and no significant evidence of integration has been demonstrated 1. DNA vaccines are
composed of synthetic DNA sequences coding an antigen of the targeted pathogen, cloned in expression vectors.
After in vivo transfection, the vaccine plasmid needs to reach the nucleus, where the transcription in mRNA will

take place, followed by the translation of vaccine antigen peptides in the cytoplasm.

After translation, these intracellular antigens are processed inside the proteasome, generating the vaccine
epitopes. Then, peptides are transported to the endoplasmic reticulum by the TAP transporter and are linked to
MHC-I molecules to be presented to the T cell surface receptors and activate cytotoxic responses. Another
pathway of immune response activation can occur from the production and secretion of vaccine antigens from

transfected cells, like myocytes. These secreted products are phagocytized by antigen-presenting cells (APCs) and
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can activate helper responses when presented via MHC-II. The helper response is important because it allows the
cross-activation of other cells in the immune system, such as B and TCD8 lymphocytes 12, More details

concerning the activation of immunological pathways by gene-based vaccines are in Figure 1.
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Figure 1. Activation of immunological pathways generated by nucleic acid vaccines. After the vaccine
administration, the nucleic acids can be introduced into the dendritic cell through delivery mechanisms such as
electroporation and lipidic nanoparticles. (1) Represented by the electric ray, the DNA electroporation facilitates the
vaccine entry into the cell through transmembrane destabilization and favors the access of the genetic material to
the nucleus and its subsequent transcription. (2) After that, the mRNA is formed and undergoes post-transcriptional
modifications, allowing it to escape the nucleus and reach the cytoplasm. (3) The routes for DNA and mRNA
vaccines are the same, with the translation of antigen occurring after the endocytosis of the mRNA vaccine. (4) The
antigenic proteins processed by proteasomes generate epitopes that are associated with antigen processing
(TAP), transported to endoplasmic reticulum, and carried in MHC-I molecules through the Golgi vesicles to be
displayed on the cell surface. (5) Thus, MHC-I presenting antigen epitopes and costimulation signals activate naive
CD8+ T lymphocytes leading to the production of effector cytotoxic cells, and the induction of immunological
memory. (6) Furthermore, exogenous proteins released by transfected cells such as keratinocytes and myocytes
can be recognized directly by B cells or phagocytosed by DCs, processed, and presented by MHC-II. (7) In this
case, they can activate antigen-specific CD4+ T lymphocytes that expand into differentiated subtypes, release
cytokines, and interact with B lymphocytes, leading to a strong humoral response. After antigen stimulus, some
lymphocytes migrate to the different lymph nodes as memory cells (or sentinel cells) and are ready for an eventual

infection.

3. Nucleic Acid Vaccines Allow Better Inmune Response
Directing
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This versatility in activating different immunological response pathways makes nucleic acid vaccines useful for both
prophylactic and therapeutic purposes. In this sense, since the main objective of prophylactic vaccines is to
promote immunological memory, these strategies demand a strong humoral response through specific CD4+ T
cells. A vaccine for therapeutic purposes, on the other hand, requires primarily cytotoxic CD8+ T cell responses to

recognize and cause apoptosis of chronically infected or tumoral cells [1324],

As an example of a prophylactic study, the effects of the mRNA-1273 vaccine against SARS-CoV-2 demonstrated
high neutralization and Thl-shifted CD4+ T cell responses in humans. This response profile involved a reduction in
the risk of increased vaccine-associated respiratory disease or increasing antibody-dependent replication.
Furthermore, these characteristics of mMRNA composition and formulation have been associated with prolonged
protein expression, induction of antigen-specific follicular T helper cells, and activation of germinal center B cells
[15][16]

Regarding the therapeutic approach, Rittig et al. 14 carried out a phase I/l mMRNA-based vaccine trial in patients
with stage IV renal cell cancer. Direct injection of naked mMRNA induced a safe and efficient immune response with
specific antitumor immunity promoted by CD4+ T and CD8+ T effector cells. In the study by Cafri et al. 18 an
MRNA vaccine for patients with metastatic Gl cancer was proven as safe and induced mutation-specific T-cell

responses against predicted neoepitopes not detected before vaccination.

Regarding DNA vaccines, two clinical studies tested the VGX-3100 vaccine (NCT01304524) 22l and the GX-188E
vaccine (NCT01634503) 29, both encoding immunogenic peptides based on E6 and E7 genes of HPV-16 and 18,
in patients with CINs Il and 1ll. In the first study, the histopathological results showed regression of lesions in 49.5%
of patients (n = 53), whereas in placebos, spontaneous regression of lesions occurred in 30.6% (n = 11).
Furthermore, in this study, the immunological analysis demonstrated significantly greater specific activation of
cytotoxic T lymphocytes and increased humoral response in the vaccinated patients 2. Meanwhile, in the study by
Kim et al. 29, 8 out of 9 patients exhibited a polyfunctional response of specific cytotoxic T cells, and 7 out of 9
patients showed complete regression of the lesion, with no viral detection after 36 weeks of follow-up. Due to the
COVID-19 pandemic, different platforms have stood out in the face of the public health emergency. DNA vaccines
such as the ZyCOV-D vaccine [22 were first licensed in India for emergency use in humans. Others, such as
AGO0302-COVID19 (NCT04655625), GX-19N (NCT05067946), and INO-4800 (NCT04642638), are currently in

phase lI/11l trials and consist of plasmid vaccines encoding SARS-CoV-2 proteins.

The mechanism by which mRNA vaccines act is like that of DNA vaccines. The main difference is that after
immunization, the mRNA vaccines are transported to the cell cytoplasm ready for translation, without the need to
reach the nucleus. Besides, the mRNA molecule is less stable and needs to undergo structural changes, such as
the addiction of modified nucleosides. Among these modifications is the addition of a synthetic cap on the 5' region
and the poly(A) tail on the 3' region, needing at least 120 bases to form a mature mRNA sequence. Together, these
increments are responsible for increase of translation efficiency, avoiding molecule degradation by cytoplasmic
nucleases [2A[2L[23] There are two types of MRNA vaccines: non-replicating mRNA vaccines, that encode only the

target antigen, and self-replicating RNA vaccines that, besides the antigen of interest, have the replication
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machinery of positive-stranded RNA viruses such as alphavirus, flavivirus, measles virus, and rhabdovirus,

enabling intracellular replication of the vaccine [24],

During the design of a self-replicating mRNA vaccine, the coding sequences of the viral RNA replicase are
conserved, while the coding regions of viral structural proteins are replaced by the antigen sequence, preventing
the formation of virions in the host. In addition, eukaryotic promoters, such as the CMV promoter, are inserted into
the vaccine sequence for recognition by the host’s translation machinery. The action of self-replicating vaccines is
like that of conventional mMRNA vaccines, except for the fact that after the vaccine transfection, the alphavirus
replicase is translated and allows the subsequent replication of more vaccine mRNA molecules. Thus, much lower
vaccine doses of self-replicating mRNA vaccines are required to achieve immunizing potential compared to with

conventional mMRNA vaccines [231124],

DNA vaccines have been broadly tested in human clinical trials where the immunogenicity, the lack of significant
reactions, and the tolerance for doses between 20 pg and 2500 pg have been demonstrated 23251, This platform
also has high stability at room temperature without the demand for an uninterrupted cold chain for transport and
storage, facilitating worldwide access, especially in poor rural areas and tropical countries. Meanwhile, mMRNA
vaccines have become the focus of different studies, particularly in cancer immunotherapy research, mainly those
which use ex vivo modification of antigen-presenting cells 19281 Nowadays, this platform has received significant
visibility due to the promising results obtained in assays against ebola and H1N1 influenza pathogens 7 and in
the face of its extensive use during the COVID-19 pandemic. Furthermore, the first licensed emergency vaccine
strategy in the SARS-CoV-2 pandemic was the mRNA vaccine, which retained the highest level of efficacy even

after the approval of other vaccine platforms.

Optimizations in the formulation of mMRNA vaccines have been sought to maximize their thermostability. An
example is the protamine-encapsulated conventional mRNA-based rabies vaccine developed by Sitiz et al. [28],
This study showed the maintenance of vaccine immunogenicity and protective effects through temperature
oscillation between 4 and 56 °C per 20 cycles and after prolonged storage (from —80 °C to 70 °C) for several

months.

Inside the cell, nucleic acid vaccines can simulate a natural viral infection because they act as an intracellular
antigen that can generate specific cellular responses after endogenous production and induce antibody production.
Furthermore, the cell transfected with the DNA or mRNA vaccines does not need to be a professional APC to
produce the protein antigen capable of stimulating a B or T cell. For example, once expressed by neighboring

myocytes, the vaccine antigens can be phagocytosed by APCs and undergo immune cross-presentation 29,

The importance of B cells in the efficacy of prophylactic vaccines should not underestimate the role of T-cell
responses that are essential for the induction of high-affinity/avidity neutralizing antibodies and memory cells. This
role can be explained because the follicular helper cells (Tfh) provide support for the B cell maturation within the
germinal centers of secondary lymphoid organs, which can produce high titers of high-affinity and neutralizing

antibodies 9. In addition, activation of helper Th1 response stimulates the secretion of interleukin (IL-2), interferon
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(IFN-y), and tumor necrosis factor (TNF-f), with direct antiviral functions and support for cytotoxic T cells and
macrophages 1. In contrast, the Th2 response is suggested as a key factor for the development of vaccine-

associated disease enhancement through the production of low-affinity antibodies 221,

The complete activation of both arms of the immune system (humoral and cellular responses) is vital to avoid the
lack of affinity maturation of the antibodies. This factor is especially important in the context of COVID-19, since
studies have demonstrated the occurrence of vaccine-associated disease enhancement following viral challenge
with SARS-CoV, a virus related to SARS-CoV-2 B3l This issue can be avoided through the careful choice of
vaccine antigens, predicted in silico, which must be highly immunogenic and contain MHC-1 and MHC-II ligands to

activate the cellular response.

Nucleic acid vaccines, especially those with synthetic antigens, allow for the direction of immune response reached
by including epitopes recognized by B lymphocytes, MHC-I ligands (cytotoxic response), and MHC-II (helper
response) or preferably, all of them simultaneously, in the synthetic construction. One advantage of including T cell
epitopes in the vaccine construction is that they can be from any region in the viral antigen, either localized
internally or on the protein surface. The recognition of B cell antigens, however, is limited to conformational

determinants composed of amino acids located on the surface of the viral antigen.
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