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Abstract  

In the last 40 years new vaccine technologies have arisen, promising easy 
and quick formulation and design. In the scenario of a rapidly-spreading 
infectious pathogen, these technologies may render an adequate strategy 

to counter the pandemic. As such, me review the engineering and 
mechanisms of action of the main anti-COVID-19 vaccines. 

Highlights  

Anti-COVID-19 RNA vaccines were 
formulated 60 days after the SARS-
CoV-2 genome was sequenced. 

Non-replicative viral vectors have 
shown a durable immunity and good 
efficacy. 
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1. Introduction  

 

Infectious diseases posed the greatest threats to public health and were the 
cause of uncountable deaths. This began to change during the last 150 years, 
since microbes were better understood, and vaccines, antiviral and antibacterial 
compounds were discovered, allowing many ancient diseases such as smallpox, 
polio and measles, to be explained and controlled1.  

The control of these diseases happened because of vaccination programs. Vac-
cination is one of the greatest achievements of public health2,3, as it has made 
vaccine-preventable diseases a concern from the past. With this knowledge, the 
past decades have witnessed the development of a wide array of new vaccination 
technologies ranging from targeted attenuation techniques of live pathogens to 
the delivery of biologically engineered protein and peptide antigens as well as vi-
ral vector and nucleic acid-based antigens4.  

On the other hand, in a century where the main public health conflicts are due to 
chronic-degenerative diseases, the emergence of the SARS-CoV-2 virus has 
represented one of the main global threats today, and fastly, we are seeing the 
development and distribution of anti-SARS-CoV-2 vaccines by different coun-
tries and companies, that are using many of these different technologies5,6 as a 
response to the pandemic. In this article we explain the properties and mecha-
nisms of action of non-replicative viral vectors, inactivated viruses, RNA and 
DNA vaccines, as well as the degrees of development that each vaccine has. 

2. DIVERSITY IN VACCINE FORMULATIONS: A BIOTECHNOLOGICAL RESPONSE TO 
VARIED PATHOGENS 

Vaccination is a powerful strategy to counter infectious diseases. In the absence 
of pre-existing protective immunity, potentially novel or emerging pathogens 
may cause emerging pandemics7. But usually, vaccine development involves 5 to 
10 years to get approval, in the best scenarios, which is not fast enough to hinder 
fast-spreading pathogens, like SARS-CoV-2. In the process of approval, it is nec-
essary that the vaccine passes through three phases of clinical trials and ulti-
mately, through regulatory approval8,9. 

Traditional vaccine development using attenuated or inactivated pathogens al-
lowed the successful reduction of infectious diseases in the past, and even the 
near eradication of some others. Nevertheless, these methods might not be opti-
mal in emergency situations due to the risk of reversion, the undesired effects, 
or the time-consuming process that is required for their production4. 

In the context of a pandemic, a low-cost and scalable manufacturing processes 
are required for global availability, as is the case of nucleic acid vaccines7. As a 
suitable option for emerging diseases, viral vector-based vaccines or nucleic 
acid-vaccine technologies came out, with nucleic acid-based vaccines needing 
shorter times for development, manufacturing and production10. In this way, only 
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66 days since SARS-CoV-2 genome was sequenced an mRNA vaccine started hu-
man testing7. RNA vaccines are not an entirely new development, as they were 
initially developed 30 years ago11, nonetheless, not a single RNA vaccine has hit 
the market until now because pharmaceutical companies did not considered such 
formulations as good options because the cold chains needed to distribute them 
was lacking in the entire world12. 

The use of new vaccination technologies for emergency situations represents a 
potential solution to other infectious diseases, leading a fast and effective ap-
proach for the rest of pathogens. 

NON-REPLICATIVE  VIRAL  VECTORS 

The viral vectors are defined as non-pathogenic viral vehicles into which immu-
nodominant antigen genes from microbial pathogens are transfected, as a means 
to cause their expression and ultimately their recognition by the host’s immune 
system13. Because of the display of the antigens onto a viral vehicle, these vac-
cines are self-adjuvant and share similar characteristics with viral infections, 
except that they are inoculated in unusual sites and are no replicative. In general 
terms, due to their convergences viral vectors can induce similar immune re-
sponses as those that happen by naturally-acquired viral infections. Several in-
nate immunity receptors recognize viral structures and trigger the expression 
of cytokines, which cause cell activation and promote an anti-viral state. Then, 
an adaptive immune is activated when antigen presenting cells (APCs) interact 
with T cells. Finally, all these processes lead antibodies production after B cell ac-
tivation14.  

Some of the advantages of using this technique is that the characteristics, type, 
and intensity of the immune response are principally determined by the vector 
and not the pathogen. On the other hand, in this scenario of the SARS-CoV-2 
pandemic, the development and test of this kind of vaccines can be significantly 
shortened with a great level of safety and efficacy15. 

Currently, there are three vectors that are most understood and widely used as 
gene therapy: adenoviral (Ad), lentiviral (LV), and adeno-associated viral vectors 
(AAV)14. Generally, a viral vector has three components: a) the protein capsid 
and/or envelope, b) the transgene, and c) the combined enhancer, promoter, and 
auxiliary elements of the transgene. Each of these elements create an intended 
effect, for example, the capsid defines the tropism of the vaccine and boosts an-
tigen recognition; the transgene induces the clonal proliferation of a select spe-
cific lymphocyte population with the subsequent creation of memory T and B 
cells; and finally the different molecular elements help in the establishment of the 
transgene expression16. 

Ad vectors are formed by a protein capsid that envelope a 36-kb double-strained 
DNA genome. This genetic material stays epichromosomal, because critical pro-
tease genes for the viral replication are removed to avoid a complete replication. 
After the injection of the viral vector, activation of vascular endothelial cells and 
platelets occur, as well as cytokine release (e.g. interleukin [IL] 2, IL-12, IL-15, IL-
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18), which begin to create an ideal inflammatory environment to promote adaptive 
immunity14. Additionally, infected cells at the site of infection (e.g. myocites) ex-
press the immunogen and is presented trough the major histocompatibility com-
plex (MHC) class I to CD8+ T cells, leading cytokine release, CD8+ T cell degranula-
tion and induction of necrosis and apoptosis. Then, APCs phagocyte ne-
crotic/apoptotic bodies and/or expressed antigens and generate both CD8+ and 
CD4+ T cell responses17, while the expressed antigens are released by necrotic 
cells (Fig. 1).  Due to the latter, it is possible that antibody production happens but 
it is not as efficient as the B-cell response that the vector itself induces14. Never-
theless, the innate immune response at site of administration can inactivate Ad 
vectors, and high-vaccine doses can be associated to systemic responses that 
could be lethal18.  

 

Figure 1. Adenoviral vectors can induce platelet and vascular cell activation and cytokine re-
lease. Once vector reaches the cell (e.g. myocyte, APC), immunogen expression occur and then 
is presented by MHC-I to CD8+ T cells, leading apoptosis induction of infected cells. APCs can 
also phagocyte apoptotic/necrotic bodies. Additionally, APCs not only induce CD8+ T cell re-
sponses, through MHC-II pathway can activate CD4+ T cells, that are useful for acquired im-
munity. B cells can induce antibody production when dendritic cells present the antigen at 
lymph nodes. Ad vector: adenoviral vector; APC: antigen presenting cell; MHC: major histocom-
patibility complex. 

AAV vectors consists in a small non-enveloped parvovirus with a 5-kb single-
strained or 2.5-kb genome that contains no replicating genes, which confers 
more security14. As such, these vectors do not interact directly with host’s ge-
nome, stay as episomes and confers less genotoxic effects compared to Ad vec-
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tors18. However, innate immunity is transient and weak, and antigen transcrip-
tion seems to be ineffective. CD8+ T cell responses are developed mainly through 
their interaction with plasmacytoid dendritic cells and their TLR9, allowing liber-
ation of cytokines (e.g. IFN-γ). However, conventional DC can interact with the 
AAV and induce adaptive immunity, but this response occurs in variable degrees 
and depends on additional characteristics of the vector, such their design or ad-
ministration route14. Nonetheless, transgene expression is longer than that in Ad 
vectors18.  

LV contain a single-strained RNA, but being retroviruses, their genetic material 
is transcribed to DNA in the host cell. Once it reaches the cell’s nucleus, the cell 
can express the transgene for as long as the infected cell persists. The transgene 
is presented by the MHCI complex, while some of the infected cells eventually die 
due to the slow lytic cycle of the virus, releasing antigens. Thus, B and T cell re-
sponses appear, with an efficient antibody production. Nevertheless, immune re-
sponses could be limited by INF-α, which is highly expressed as a part of the an-
tiviral response and limits transgene expression14. Additionally, the LV genome 
integration to host’s cell raises the possibility of oncogenesis, inducing transgene 
cells transformation18. 

INACTIVATED  VIRUSES 

These vaccines are produced by the growth of the agent in a culture medium, and 
they are inactivated by physical or chemical means19. There are some different 
methods to reach inactivation. Formaldehyde, glutaraldehyde, and binary ethyl-
enimine are examples of alkylating and crosslinking agents, that cause the block-
age of genome reading as well as the modification and functional inactivation of 
viral proteins. Lastly, radiation can be also used (e.g. gamma radiation, ultraviolet 
light) causing direct damage to the genome and structural modifications to viral 
proteins20.  

In this instance, pathogens are not killed but they cannot reproduce inside the 
host. Nonetheless, they maintain their molecular integrity, and thus can be rec-
ognized by the immune system to evoke an adaptive immune response21,22. The 
immune response to these vaccines is mainly humoral, but a cellular component 
is also present22,23, as immunity usually depends upon APCs acting by the MHC 
class I and II pathways23.  

As these vaccines activate immunity only through the pathogen-associated mo-
lecular patterns (PAMPS) that are natural to the inactivated virus, but no alarm 
signals are produced during the action of the vaccines, the immunity that these 
vaccines provide is relatively weak. As a consequence, inactivated-virus vac-
cines promote immunity after the second or third dose24. 

These vaccines are more stable, as they are embedded into adjuvants that pre-
serve their structure; and are also considered safer than live vaccines, because 
non-reproducing microbes cannot mutate back to their disease-causing state, 
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like attenuated vaccines can. Inactivated vaccines generally do not require re-
frigeration and can be easily stored and transported in lyophilized form, making 
them more accessible to people in developing countries23.  

Despite the great advantage of their easy design and formulation, not all the vi-
ruses are susceptible to the development of inactivated vaccines. This phenom-
enon is derived from the fact that the inactivation processes tend to alter anti-
gen’s three dimensional, and even two dimensional structures, leading to aber-
rant immune recognition.  

DNA  VACCINES 

DNA vaccines are formed by recombinant bacterial plasmids that encode anti-
gens. They have a eukaryotic promoter, which assures proper gene expression 
and protein synthesis in its native form. DNA vaccine design is straightforward, 
and it only requires one-step cloning, which allows for massive and fast produc-
tion, and thus are appropriate tools for emergency situations. These vaccines can 
be administered by several routes, such as intradermal, intramuscular, trans-
dermal or mucosal, allowing for a more compartimentalized induction of immun-
ity. Moreover, DNA vaccines allow for standard DNA-modifying techiques, which 
copes with the need of redisigning the formulations of vaccines against patho-
gens that exhibit constant antigenic drift25. The plasmid is also very stable to tem-
perature changes and have less need of refrigeration, allowing an easier 
transport and use in endemic areas in lyophilized forms; their safety lies in ex-
cluding the need of purifying proteins from pathogens26,27. Unfortunately, DNA 
vaccines have shown effective immune protection in animal models, but limited 
effects in humans26, nonetheless, these limitations may be overcome with re-
search about the promoters. 

Other elements included in these vaccines are adjuvants that lead to a better im-
mune response. These adjuvants can be elements such as alum, or even cyto-
kines or signaling molecules also encoded by the plasmid25.   

These vaccines require the release of genes able to encode antigens using DNA 
plasmids as a vector27. After the administration, the DNA deposed in intracellular 
spaces needs to reach cell nuclei to lead the transcription of mRNA26. This process 
evolves several factors and pathways. The first step is the endocytosis of the 
DNA plasmid maybe by an actin-based movement. Then, several proteins bind to 
the plasmid forming DNA-protein complexes, warranting the movement of this 
complex in direction to the nucleus through microtubules. The next step is the 
entry of the DNA plasmid into the nucleus, which is mediated by importins, or 
directly when mitosis occur (because of the absence of nuclear envelope)28. 
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Figure 2. Nucleic acid vaccines. A. A bacterial plasmid is transfected with an antigen gen 
flanked by a mammalian promoter. Disregarding the route of administration, after plasmid en-
docytosis, the genetic material reaches nucleus cells and begins RNA transcription, thus anti-
gen is synthetized. B. Conventional mRNA vaccines need cells transcription machinery to en-
code the antigen, meanwhile self-amplifying RNA encode the antigen and the transcription 
machinery. 

Once the DNA plasmid is in the nucleus, transfected cells initiate transcription 
and translation to encode the protein of interest, mediated by a mammalian pro-
moter (Fig. 2). Then, the antigen is expressed by the host’s APCs, through the MHC 
class I and/or II molecules to activate naïve T cells. Stromal cells (e.g. myocytes) 
may act also as APCs through the MHC-I, allowing antigen to be cross-presented 
to CD8+ T cells. MHC-I pathway activates CD8+ T cell to induce cytokine release 
(e.g. tumoral-necrosis factor α [TNF- α] and interferon γ [IFN-γ]) to decrease viral 
replication, induce cellular apoptosis mediated by degranulation, and lead more 
MHC-I expression. On the other hand, MHC-II pathway activates CD4+ T cells to 
release cytokines to stimulate other immune cell responses. Additionally, poured 
antigens after cell apoptosis can be recognized by immunoglobulins on B cell sur-
face, leading humoral response, with their activation to plasmatic cells (PC) that 
will produce antibodies against the pathogen26,27,29. 

RNA  VACCINES 

Nucleic acid vaccines appear as a promising option to replace traditional meth-
ods. Indeed, mRNA technology confers superiority even to DNA vaccines. There 
are two major groups of RNA vaccines: conventional non-replicating mRNA that 
encode only the antigen; and self-amplifying RNA, that encodes the antigen and 
the viral genetic replication machinery (excluding the capsid, proteases and other 
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viral genes) (Fig. 2). The mRNA is protected by transfection reagents to prevent 
degradation and to facilitate cellular uptake. As such, they are composed by an 
open reading-frame that codifies the disease-specific antigen surrounded by a 
guanosine cap at the 5’ end (5’cap) and a polyadenylated tail (polyA). This structure 
leads increased antigen output by augmenting translation and/or vector persis-
tence31,32. 

Inside the cell, the translational machinery produces an entirely functional viral 
protein based on the vaccine’s mRNA30. In terms of safety, RNA vaccines are non-
infectious because they do not include the entire pathogen, not the complete set 
of genes to express its whole products. Additionally, there is no interaction be-
tween the mRNA and the host’s DNA, so that genome mutations are not ex-
pected32. Finally, after the protein is expressed, mRNA is degraded by physiolog-
ical mechanisms, which reduce possibilities of metabolite toxicity30.   

 

Figure 3. Nucleic acid vaccines immune responses. Once DNA or mRNA vaccines are adminis-
tered, stromal cells and APCs express the encoded antigen and activate CD8+ T cells trough 
MHC-I. This pathway release cytokines (e.g. IFN-γ, TNF-α) that induce apoptosis of infected 
cells. Additionally, APCs can phagocyte apoptotic bodies and enable cross-presentation of the 
antigen. CD4+ T cells are activated by APCs through the MCH-II and this allows expression of 
cytokines (e.g. IL-2). B cells can be activated by recognizing the antigens that are spilled by the 
necrotic myocytes and stromal cells, and co-stimulation by CD4+ T cell cytokines, thus resulting 
in antibody production. APC: antigen presenting cell; MHC: major histocompatibility complex; 
TNF: tumoral necrosis factor; IFN: interferon;  IL: interleukin.  

mRNA vaccines are able to induce efficient CD8+ T cell responses, due to the 
presentation of antigens on MHC-I molecules, which is more effective than im-
munization with protein agents. Moreover, the immunity is complimented by a 
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strong CD4+ T cell response, and both effects can be possible with only one or two 
doses, as shown in animal models30. Finally, the humoral response to such vac-
cines occur when CD8+ T cells induce the necrosis of the transfected cells, in 
which the expressed antigens are spilled on the extracellular space and carried 
through the lymphatic system. 

Additionally, B and T cell response seems to be influenced by other processes, 
such as the antigen availability time, the participation of other cells of the innate 
immune system, and the cytokine release induced by both delivery compounds 
and mRNA in the vaccine Thus, a good way to evaluate the activity of mRNA vac-
cines front specific antigens is measuring B and T cell responses31.  As mentioned, 
the potential for this technology to replace traditional immunization methods has 
been seen in the COVID-19 pandemic, where a fast development, approval and 
production of mRNA vaccines occurred.  

3. Conclusions 

Vaccines are the most cost-effective measure to control infectious diseases. Tra-
ditional vaccination methods require longer production times and higher costs 
for development than the newer vaccine technologies. In this context nucleic acid 
vaccines appear as a promising alternative, nonetheless, viral vector-driven vac-
cines may also be good candidates, as they promote an immune response that is 
nearly identical to that of the naturally acquired infection, and thus it may func-
tion in an equivalent way. These vaccines also require less time for production 
and approval, and their thermostability allow for their availability in any region. 
Additionally, these technologies seem to be safe. All these data together suggests 
that the viral vector and nucleic acid vaccine formulations have a great potential 
to promptly respond to emerging diseases, but are not only limited to them.  
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