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Abstract

Background: The novel SARS-CoV-2, responsible for the COVID-19 pandemic, is the third zoonotic coronavirus since
the beginning of the 21 first century, and it has taken more than 6 million human lives because of the lack of immu-
nity causing global economic losses. Consequently, developing a vaccine against the virus represents the fastest way
to finish the threat and regain some "normality."

Objective: Here, we provide information about the main features of the most important vaccine platforms, some of
them already approved, to clear common doubts fostered by widespread misinformation and to reassure the public
of the safety of the vaccination process and the different alternatives presented.

Methods: Articles published in open access databases until January 2022 were identified using the search terms
"SARS-CoV-2" "COVID-19," "Coronavirus,' "COVID-19 Vaccines," "Pandemic," COVID-19, and LMICs or their combinations.

Discussion: Traditional first-generation vaccine platforms, such as whole virus vaccines (live attenuated and inac-
tivated virus vaccines), as well as second-generation vaccines, like protein-based vaccines (subunit and viral vector
vaccines), and third-generation vaccines, such as nanoparticle and genetic vaccines (mMRNA vaccines), are described.

Conclusions: SARS-CoV-2 sequence information obtained in a record time provided the basis for the fast develop-
ment of a COVID-19 vaccine. The adaptability characteristic of the new generation of vaccines is changing our capa-
bility to react to emerging threats to future pandemics. Nevertheless, the slow and unfair distribution of vaccines to
low- and middle-income countries and the spread of misinformation are a menace to global health since the unvac-
cinated will increase the chances for resurgences and the surge of new variants that can escape the current vaccines.

Keywords: COVID-19, Vaccines platforms, Vaccine types, SARS-CoV-2, mRNA vaccines, Advantages and
disadvantages, first-second- and third-generation vaccines

Introduction (WHO) on February 11, 2020. The first outbreak was

The new Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) is the agent responsible for
the Coronavirus Disease 2019 (COVID-19), which was
named that way by the World Health Organization
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reported in December 2019 in Wuhan-China, and
by January 30, it was declared a pandemic [1] due
to the virus’s high transmissibility and pathogenic-
ity (Fig. 1) [2, 3]. As of 5:33 pm CEST, 1 June 2022,
there have been 527,603,107 confirmed cases of
COVID-19, including 6,290,452 deaths, and a total
of 11,811,627,599 vaccine doses have been adminis-
tered [4]. This event has been praised highly as the dir-
est public health crisis of our times [5], and the third
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Fig. 1 SARS-CoV-2 full RNA genomic schematic structure with approximately 29,700 nucleotides and S protein domains. The genome encodes

0), ORF1b encodes (nsp1-nsp16), for a total of 16 non-structural proteins (nsp1- nsp16). A replicase
complex comprised by ORF1a and ORF1b at the 5'UTR region. Four structural genes encode the structural proteins, spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins, and accessory proteins included among the structural proteins, that are characteristic of SARS-CoV-2
in white. A poly (A) tail at the 3’UTR. NTD: N-Terminal Domain (14-305 residues). RBD: Receptor-Binding Domain (RBD, 319-541 residues). FP: Fusion
Peptide (788-806 residues). HR1: Heptapeptide Repeat Sequence 1 (HR1) (912-984 residues). TM: Transmembrane Domain (1213-1237 residues).

most highly pathogenic zoonotic beta coronavirus (p-
CoVs) of its kind, able to infect humans with pandemic
potential since the beginning of the new millennium [6,
7].

COVID-19 is an emergent disease with many unknown
aspects of its pathogenesis, and the main therapeutic
approaches [8], consist of immunotherapies and antivi-
ral drugs. Notwithstanding, the absence of a single spe-
cific antiviral therapy for CoV resides in its novelty since
COVID-19 was unknown to humanity until recently.
Hence, the treatments for the disease are mainly sup-
portive. Nonetheless, a promising one is represented
by plasma and antibodies obtained from convalescent
patients [9, 10].

Because of its high mortality rate, an effective vaccine
is fundamental and the best way to rapidly control the
pandemic [11]. Thus, vaccines, in general, have become
one of the most [12] cost-effective health interventions
in recent history, saving approximately 2—3 million peo-
ple each year contributing to supporting global health
and the economy [13]. Even though the COVID-19 pan-
demic has entered its third consecutive year, the surge
of highly adapted and transmissible Delta and Omicron
variants alerts scientists about the consequences of vac-
cine escape mutations. Conditions that could deter

vaccination efforts and have triggered global demands to
intensify vaccination, including booster shots [14, 15].

Currently, COVID-19 vaccines are approved under
a Biologics License Application (BLA) or authorized
under an Emergency Use Authorization (USA) by the
Food and Drug Administration (FDA) and recommended
for primary vaccination by the Advisory Committee on
Immunization Practices (ACIP) in the USA: the 2-dose
mRNA-based Moderna and Pfizer-BioNTech/Comirnaty
vaccines and the 1-dose adenovirus vector-based Janssen
(Johnson & Johnson) COVID-19 vaccine [16].

The SARS-CoV-2 virus (Fig. 1) has a 30-kilobase posi-
tive single-stranded RNA organized into ten (10) specific
genes that encode structural proteins and nonstructural
proteins (NSPs). Structural proteins include spike (S),
envelope (E), membrane (M), and nucleocapsid (N) pro-
teins. The surface glycoprotein S interacts with the recep-
tor for angiotensin-converting enzyme 2 (ACE2) in the
host, allowing the virus to enter the cell. NSPs are gener-
ated as cleavage products of the viral open reading frame
lab polyprotein (ORFlab), facilitating viral replication
and transcription. Among these polyproteins is RNA-
dependent RNA polymerase (RdRp), known as Nspl2,
a critical component that regulates the synthesis of viral
RNA with the help of Nsp7 and Nsp8. It has other open
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reading frames (ORF3a, ORF6, ORF7a, ORF7b OREF8b,
and ORF10) that encode five accessory proteins [17, 18].

During pre-pandemic times, a new vaccine design
would take between 12 and 18 months, including clini-
cal testing and regulatory consent [19], but creating a
vaccine to prevent COVID-19 has become a global race
between scientists and the virus [20]. The rapid pro-
gress in vaccine making has been facilitated in a record
time by identifying the genome and structural informa-
tion of SARS-CoV-2 [21, 22] and fundamental advances
in epitope mapping and bioinformatics [23, 24], which
have expanded the knowledge beyond traditional vaccine
design. Thus, various vaccine platforms are developing,
and since it is unclear which vaccine platforms will have
the best performance, different strategies are in a trial
[11, 25].

To reach herd immunity against SARS-CoV-2 (Fig. 2),
global immunization coverage of ~67% is estimated to
be enough, supposing that the basic reproductive num-
ber (RO) (defined as the expected number of secondary
cases produced by a single typical infection in a com-
pletely susceptible population) [26] of the virus is three

[27]. Therefore, approximately ~5.3 billion vaccine doses
are required for a single shot or around 12-16 billion for
vaccines requiring a booster shot, a solution that implies
an enormous challenge. At this moment, the emergence
of highly mutated variants endangers the immunity gen-
erated by the newly developed COVID-19 vaccines and
increases the need for third or even more shots. This
situation exacerbates the vaccine equity issue in low- and
middle-income countries (LMICS) with a reduced pur-
chase capacity and cannot compete with high-income
vaccine hoarders [28-31].

As the pandemic continues, by January 11-2022, only
8.9% of people in low-income countries have received at
least one dose [32], compared to more than 60% in high-
income countries [33], which can secure advanced pur-
chases from vaccine producers.

This review is intended for a broad scientific audi-
ence. It focuses on different vaccine platforms abridging
their main advantages and disadvantages and summa-
rizing key takeaway aspects of the COVID-19 vaccine
formulations. It describes how each type works and
boosts the body’s immune response, leading to pathogen
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recognition and preventing lethal infection from SARS-
CoV-2. Finally, it draws some conclusions to consider for
the next pandemic.

Methods

Open access databases, including PubMed/Elsevier and
other relevant sources, including government health
organizations, were searched for recent information
updates. The articles published in English from data-
base inclusion to December 10, 2022, using the search
terms "SARS-CoV-2", "COVID-19", "CORONAVIRUS,"
"COVID VACCINES," "PANDEMIC," "LMICS" or its
combinations. Before the COVID-19 disease outbreak in
December 2019, there was no research on severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). The
terms SARS-CoV and the Middle East respiratory syn-
drome coronavirus (MERS-CoV) were also consulted in
this review with articles from 2002-2022. The language
was restricted to English and Spanish.

Vaccine types
Vaccines are considered a biological product developed
to safely induce an immune response that will protect
against infection and disease upon subsequent exposure
to a pathogen. Usually, it consists of protein or polysac-
charide antigens [34, 35]. They are often administered
through needle injections, electroporation, a nasal spray,
or by mouth [36]. The length and effectiveness of this
immunity depend on the type, the virus (infectious), and
the recipient.

One fundamental aspect is that vaccines target herd
immunity [37], and immunization of a large piece of the

(2022) 8:20

Page 4 of 19

population will protect immunocompromised, nonvac-
cinated, and immunologically naive individuals, people
with underlying comorbidities, and those with severe
allergies to some vaccine components. Therefore, vac-
cines decrease the number of unshielded people, reduc-
ing the transmission threshold [38—41].

The current number of vaccines (Fig. 3) can be
reduced into three categories: 1st-Generation Vaccines
(FGVs), which employs the whole pathogenic microor-
ganism like viruses and bacteria [42], and to avert the
possibility of infection, the virus is attenuated or weak-
ened by growing it in a different type. Additionally,
microorganisms can be inactivated chemically (formal-
dehyde) or by heat; nevertheless, they can still stimu-
late all necessary signals for a strong immune response.
As a substitute for the virus, 2nd-generation vaccines
(SGVs) or recombinant vaccines use molecular biology
to incorporate protein segments or subunits (Sub Unit
Vaccines SUVs) [43], or whole viral proteins extracted
from the pathogen. Lacking any genetic material inside,
thus preventing replication, such as virus-like particles
(VLPs). Alternatively, 3rd-Generation Vaccines (TGVs)
(gene vaccines), based on genetic material DNA or
RNA, are the front line for developing the COVID-19
vaccine. Instead of producing viral proteins or viruses
on a massive scale under laboratory conditions, this
platform directly injects plasmids into the recipient,
coding for the target viral protein (the spike (S) pro-
tein) responsible for cell entrance in the case of SARS-
CoV-2 (Fig. 2). Then, the host cells read the instructions
and make the protein, producing the antigen in vivo,
which elicits an immune response. One of its main

Inactivated vaccines

Whole virus vaccines
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vaccines

Vaccine -
types
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Fig. 3 Main vaccines types and platforms for SARS-CoV-2
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characteristics is its remarkable adaptability to new
pathogens [44—-46].

Many of these approaches are not commonly the basis
for vaccine development, but their success in other medi-
cal fields, such as cancer research, makes them very
appealing. The immuno-informatics method is employed
to identify the epitope for the SARS-CoV-2 vaccine candi-
dates and recognize significant cytotoxic T-cell and B-cell
epitopes in viral proteins [47, 48]. From another perspec-
tive, designed nanoparticles [NPs] play an essential role
in targeting vaccine delivery to immune cells and improv-
ing vaccine efficacy, antigen uptake, and the induction
of humoral and cellular responses [43]. NPs have played
an essential role in activating antigen-presenting cells
(APCs), especially dendritic cells (DCs), determining vac-
cine efficacy. Although there is some cytotoxic effect of
the NPs [49, 50], the risk is low compared to the vaccine
delivery benefits [51]. These approaches work very dif-
ferently [52], and they are now available to the scientific
community for vaccine design [53] to conclude the final
chapter in this pandemic [11].

In Latin America and the Caribbean, at least 53,352,000
reported COVID-19 infections and 1,572,000 deaths
caused by the new coronavirus have been reported.
Among the countries in the region, Argentina is in
first place with the highest number of daily infections:
111,701 cases, while Brazil ranks first in the number of
deaths/day with 215 [54]. Reports for Colombia show
that there have been 5,624,520 infections and 131,437
deaths related to SARS-CoV-2 since the pandemic
began [55]. According to Our World In Data (a project
of the Global Change Data Lab), the proportion of peo-
ple vaccinated against COVID-19 on 17 January 2022 is
76.96% of the population, of which 58.76% are fully vac-
cinated, 18.20% are partially vaccinated, and 8.8% have
received booster doses [56]. The vaccines administered
correspond to Pfizer-BioNTech, Oxford-AstraZeneca,
Johnson & Johnson, Moderna, and Sinovac. However,
there are no reports on the cumulative number of doses
administered, broken down by the vaccine manufacturer
for the country [55].

First generation vaccines

Whole Virus Vaccines (WVVs)

Whole virus vaccines, either killed (IVV) or live-atten-
uated (LAV), have multiple antigenic components that
potentially induce a wide variety of immunologic effec-
tors in the host against the virus. [57] In WVVs, virions
are irradiated or chemically inactivated and still contain
abundant immunogenic components from the origi-
nal virus, with no risk of reactivation under proper pro-
cedures [11]. Nevertheless, it is crucial to consider that
the inactivation process could also lead to structural
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deformation of the immunogenic epitopes, disrupting the
protection they afford [11].

This type of vaccine is considered highly efficient
from the immunological perspective and exerts a wider
cross-protection, potentially inducing mucosal, systemic,
humoral, and cell-mediated immunity upon immuniza-
tion [58—61]. The efficacy of these vaccines is higher in
first-time host primary vaccination followed by a paren-
teral boost to improve the immune response [60].

Since WVVs from SARS-CoV and MERS-CoV trigger
eosinophil-related lung pathology [62, 63], this vaccine
type may be less attractive for developing a coronavirus
vaccine. Although UV- and formaldehyde-inactivated
SARS-CoV can elicit a neutralizing antibody response,
the vaccine has been considered safe [64, 65]. Later, stud-
ies found that this type of vaccine, with or without adju-
vants, did not confer complete protection in mice and
led to eosinophilic pulmonary inflammatory response
upon SARS-CoV exposure [62]. The same happens with
gamma-irradiated adjuvanted MERS-CoV, which also
ends up causing eosinophil-related lung pathology after
viral exposure, even though it is capable of eliciting neu-
tralizing antibodies [66]. These drawbacks are daunting.
However, newly encouraging research combining differ-
ent adjuvants and inactivation strategies showed that the
whole inactivated virus is still an option for coronavirus
vaccine development [11].

The best asset from WVVs is their natural immuno-
genicity and ability to stimulate toll-like receptors (TLRs)
3-7-8 and 9 of the innate immune system, which includes
B cells and helper and killer T cells (CD4 and CD8 T
cells, respectively) [67].

Some examples of clinically approved vaccines of
this kind are hepatitis A, rabies, influenza, polio (Salk),
plague, typhoid, cholera [11], rotavirus, yellow fever, and
measles virus.

Inactivated Virus Vaccines (IVVs) These vaccines also
include the disease-causing virus, as a whole or in frag-
ments, previously killed by heat or chemically inacti-
vated [68]. Their genetic material has been destroyed;
thus, the virus is no longer infectious and cannot cause
disease. For this reason, they are labeled safer and more
stable than live attenuated vaccines [69], and they can
be administered to people with compromised immune
systems.

Even though their genetic material has been destroyed,
inactivated viruses usually contain many proteins to
which the immune system can react. Inactivated vac-
cines only stimulate antibody-mediated responses, and
this response is generally weaker and less long-lived
because they cannot infect cells [70]. IVs are frequently
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administered alongside adjuvants (agents that stimulate
the immune system), and booster doses may be required
to overcome this problem [48, 71].

IVVs have been produced for a long time, and the pro-
cedure regarding their output is well established and rela-
tively uncomplicated. Nevertheless, the process of virus
inactivation must be adequate, without altering the viral
proteins that could lead to a weak immune response or
an enhanced disease after encountering the natural virus
[52, 69, 72]. Consequently, their inactivation could render
them less immunogenic. Thus, multiple booster doses
might be needed to establish a maintained immunity
memory, along with the presence of adjuvants [69, 73].

Sometimes the complete virus is used; other possibili-
ties for the making include the fragmentation of the virus
with detergents to break it or purifying the antigenic
parts to create a subunit vaccine [74].

This vaccine requires special laboratory facilities [75]
because the pathogen needs to be grown in continuous
cell lines or tissues; hence, the virus should be purified
and concentrated before chemical inactivation occurs.
An example is the influenza virus typically grown in eggs
to yield the inactivated influenza vaccine [72]. The use
of adjuvants increases their immunogenicity, especially
in older populations, due to immune senescence. Recent
adjuvant improvements, such as MF-59 (Novartis), CpG
1018 (Dynavax) and AS03 (GSK), among others, are in
use [48, 71]. Furthermore, vast numbers of viruses need
to be handled, and the integrity of the immunogenic par-
ticles is maintained. Even though IVVs are more stable
than LAVs, they still need a cold chain [68] and will prob-
ably require two or three doses to be inoculated [75].

Currently, several IVVs are being extensively used,
including polio, rabies influenza, and hepatitis A [72],
and several inactivated SARS-CoV-2 vaccines have been
developed, including those by Sinovac Biotech, Sinop-
harm- the Wuhan and Beijing Institute for Biological
Products [76].

Live Attenuated Vaccines (LAVs) This vaccine is the
most immunogenic of its kind; this does not require the
use of adjuvants [77, 78] and has an extensive record of
achievement in controlling various infectious diseases
(Fig. 4) [79]. LAVs are cultured cells in a laboratory and
then processed into a vaccine. Therefore, the virus can-
not replicate easily in humans, giving the immune system
enough time to learn how to react against this weaker
form of the pathogen antigens, presenting them to the
immune system as in natural infections providing long-
lasting immunity [79].

Notwithstanding, it is still difficult to quickly develop
and produce LAVs for SARS-CoV-2 because of the
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extended period and amount of data necessary to guar-
antee that critical factors responsible for its virulence
are eliminated. The virus is also appropriately attenuated
[80]. Maintaining consistent live vaccine stocks over time
is also problematic [78, 81], mainly due to a loss of virus
efficacy and reproductive potential. This vaccine requires
cold chain distribution [82]. Another con of their devel-
opment is the pressing need for BSL-3 (biosafety level-3)
facilities for mass production since they need to propa-
gate high volumes/titers of the pathogen and conduct
extensive testing to ensure safety [83, 84]. Although
LAVS are considered safe theoretically, an outbreak in
poliomyelitis was associated with some formaldehyde-
inactivated live vaccines produced by Cutter Laboratories
in 1955 in the USA. It was considered a failed inactiva-
tion process that led to 40,000 new polio cases, including
200 cases of paralysis and ten deaths [69, 85].

A specific source of concern regarding SARS-CoV-2
comes from the fact that the virus can be present in feces
from both infected and individuals vaccinated with the
LAVS-SARS-CoV-2 vaccine, increasing the chances of
infecting unvaccinated individuals [86, 87]; the LAVS-
SARS-CoV-2 vaccine involves the risk of recombination
with wild-type CoVs [41].

The making of recombinant SARS-CoV-2 viruses
from fragments of viral DNA has been made possible by
newly developed synthetic genomics approaches [88, 89],
which are employed to enhance the production of SARS-
CoV-2 LAVs. Potential targets for these vaccines are the
structural envelope protein (E), which is associated with
aggravated inflammation in the lung [11, 90], and its
removal can diminish CoV virulence [91, 92].

Another viable target is the nonstructural protein 16
(nspl6), which encodes ribose 2’-O-methyltransferase
required for 5’ capping of viral RNA [93]. The methyla-
tion process facilitates coronavirus to avoid activating
the type I interferon-dependent innate immune response
by viral RNA; hence, nspl6 deletion weakens the virus
[93]. The last target for LAVVs is nonstructural pro-
tein 14 [nsp14], which encodes exoribonuclease (ExoN)
linked in RNA proofreading during replication [94]. Ini-
tial research on silent codon changes showed their influ-
ence in reducing events due to reversion, but this cannot
be applied to all viruses [95]. Novel technologies such as
genetic code expansion are developing more reproduc-
tive and, simultaneously, more stable LAVs [96].

This design approach uses a single virus strain, which
may not cross-protect against other strains. Particularly
as the virus continues to disseminate worldwide, giv-
ing way to mutations as selection pressure rises [97], it
will require/intend a single-dose immunity boost [79].
Three LAVs candidates are in the making by Mehment
Ali Aydinlar University in Turkey, Codegenix/Serum
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Institute of India, Indian Immunologicals Ltd/Griffith
University [98].

An associated risk is virus reversion or transfer to its
pathogenic form. In immunodeficient patients, reactiva-
tion could befall. Therefore, biosafety issues of LAVVs
require being evaluated with caution before proceed-
ing to its clinical approval [79]. This vaccine is broadly
contraindicated during pregnancy and in immunocom-
promised individuals [77, 78]. It could be temperature-
sensitive, requiring proper storage [99]. It is also possible
that recombination with similar circulating viruses in the
population might occur, particularly for newly discovered
diseases with unknown pathophysiology (Fig. 4).

Clinically approved examples of LAVs are mumps,
measles, bacillus Calmette-Guerin (BCQ), rotavirus, vari-
cella, rubella, polio (sabin), yellow fever [11], smallpox
and chickenpox.

Second Generation Vaccines

Protein-Based Vaccines (PBVs)

This type of vaccine relies on purified proteins (shells
or fragments) obtained from a live or virus and directly
or indirectly injected as a vaccine. The latter is through
nanotransporters or encoded by NAVs [100, 101]. PBVs,
instead of working with a fragment or a complete virus,
produce antigenic peptides under laboratory conditions
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by recombinant methods [102]. Moreover, a cell culture
technique employs yeast/insects to produce recombinant
viral proteins. PBVs have a straightforward design, can be
produced faster than other vaccines [103], and have an
effective and safe long history behind them. PBVs consist
of viral proteins and no genetic material (no genes).

This strategy has been developed for many SARS-CoV
vaccines. This vaccine behaves similarly to IVVs, where
proteins can induce a protective immune response from
the host preventing disease; these vaccines might require
multiple shots [104]. A significant advantage over WV Vs
is their safety, requiring the presence of adjuvants to
enhance the immune response [105].

Since PBVs sometimes do not induce potent CD8 T cell
responses, they heavily depend on delivery systems and
adjuvant mixtures [82, 106], usually combining differ-
ent types of cholesterol nanoparticles, such as Novavax
SARS-CoV-2 vaccine, saponins, and lipids (phospholip-
ids). Adjuvants containing aluminum in small amounts
have been harmless and have been commonly used
since the 1930s. Adjuvant mixtures enhance the immune
response and are essential to vaccinate older individuals,
from whom a lower immune response is expected. How-
ever, the presence of adjuvants can lead to more localized
reactions, such as pain, chills, fever, redness, and sore-
ness, than free adjuvanted vaccines [72].

Peptide-based vaccines have an attenuated immune
response and fail to elicit cross-protection immunity
against different viral strains and provide long-lasting
immunity [98]. Nevertheless, when using whole proteins,
their immunogenic potential increases. However, it will
lose immunity whenever the protein changes its native
conformation. Some known examples of PBVs are Shin-
gles, Hepatitis B, and Pertussis Vaccines.

Subunit Vaccines (SUVs)
For this type of vaccine, tiny structural parts from the
pathogen, such as specific viral fragments, are employed
to elicit an immune response [82, 107]. These vaccines
do not contain any other components of the pathogen,
which makes pre-existing anti-vector immunity and
reactivation of virulence impossible [108]. SUVs can be
presented as protein nanoparticles or virus-like parti-
cles (VLPs) by recombinant expression [109]; thus, the
immune system can recognize the particular pieces of
a virus/bacteria acting as antigens. However, the pres-
ence of adjuvants is necessary to elicit a strong protec-
tive immune response [110]. This type is considered safer
because there are no live components that can be quickly
produced.

Almost all receptor binding domain (RBD) subunit vac-
cines in the development process against SARS-CoV-2,
are based on the S protein or RBD of the S1 protein as
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antigens [1, 110]. Many vaccines in trials belong to this
type, since an essential subunit of SARS-CoV-2 is the
spike protein or S protein attached to the virus’s exte-
rior and plays a vital role in the infection process [52]. To
interfere with binding to the ACE2 receptor in host lungs
[111], SUVs against SARS elicit an immune response
to the S protein. SUVs can make up viral protein cages,
proteins attached to synthetic nanomaterials, and VLPs.
It uses adjuvants or other delivery methods, in addition
to other benefits derived from different nanocarrier plat-
forms [112, 113]. A significant proportion of the SARS-
CoV-2 candidate vaccines in development are based on
subunits from the S protein and subunits from its RBD
region [114] and adjuvants acting as immune enhancer
molecules [104, 105].

Clinically approved vaccines include Streptococcus
pneumoniae, Haemophilus influenzae type B, Borde-
tella pertussis, influenza, HPV, hepatitis B, herpes zoster,
meningococcal, and pneumococcal disease.

Viral Vector Vaccines (VVVs)

These vaccines contain genetically modified viruses that
may or may not replicate but do not cause the disease.
Recombinant viral vectors enable intracellular antigen
expression and induce a robust cytotoxic T lymphocyte
response, leading to the elimination of virus-infected
cells. The advantages of viral vectors are mainly (a) high-
efficiency gene transduction; (b) precise delivery of
genes to target cells; and (c) induction of robust immune
responses and increased cellular immunity [115]. How-
ever, viral vectors present some problems, such as pre-
existing immunity against the vector caused by the
production of neutralizing antibodies due to previous
exposure to the virus [116].

VVVs use a modified virus, acting as "the vector" to
submit orders to the cells, so antigens are presented to
the target cells. VVVs can yield more powerful cellular
immune responses than the recombinant protein vac-
cine [117]. The antigen inside the cells imitates a natural
infection, eliciting antigen-specific solid humoral and
cellular immune reactions by itself; thus, the presence of
adjuvants is not required [118]. The recombinant viruses
express specific heterologous antigens of interest in an
unrelated modified virus. It employs mammalian viruses
[119] that have been altered genetically and repurposed
[110], poxviruses, and adenoviruses [120]. Human ade-
noviruses are the most used replicating viral vectors for
SARS-CoV-2 vaccine development [119]. In any case, an
inoffensive virus is employed, not SARS-CoV-2 [121].

To manufacture large quantities of VVVs, viral vectors,
such as adenovirus/retroviruses, must be grown in cell
cultures and then purified [72]. These are complicated
stages because even though the upgrade of cell cultures



Acosta-Coley et al. Tropical Diseases, Travel Medicine and Vaccines

and the elimination of pollutants are indispensable, they
can also impact the success of viral vectors [118]. VVVs
offer a long-term and high level of antigenic protein
expression. Thus, they have great potential for prophy-
lactic use since they induce and prime cytotoxic T cells
(CTLs), ultimately eliminating virus-infected cells [53].
This type of vaccine also includes the vaccinia virus that
was used to prevent smallpox [72] and is highly spe-
cific in delivering the genes (DNA form) to the target
human cells, where viral proteins are made to induce the
immune response [116].

Most VVV coronavirus vaccines select the spike S
domain subunits or the spike protein S antigen; this
selection was based on previous discoveries in SARS-
CoV and MERS-CoV research [59, 61, 93, 122-124].
Hence, viral vector platforms tested for these two dis-
eases have also been used in COVID-19 vaccines. Similar
to modified vaccinia virus Ankara (MVA), Vesicular Sto-
matitis Virus (VSV), rabies, measles, parainfluenza, and
human and nonhuman adenoviruses [125]. Some clini-
cally approved vaccines based on VVVs are hepatitis B
and human papillomavirus.

Nonreplicating viral vector vaccines (NRVVVs)

A category of viruses regularly adapted into a vector
is the adenovirus, a group of approximately 50 com-
mon viruses responsible for causing the common cold,
sore throat, diarrhea, fever, and pink eye. People are
frequently exposed and can cause only mild illness.
Therefore, the human immune system is very good at
combating adenovirus infection [52]. The advantages
of an adenoviral vector include scalability, extensive tis-
sue tropism, and inherent adjuvant qualities [126, 127].
For the SARS-CoV-2 vaccine, weakened forms of adeno-
virus 5 and adenovirus 26 are being used.

VVVs for COVID-19 enter the cell and control the cell
apparatus to produce innocuous pieces of the virus, spe-
cifically the S protein [121]. Human adenoviruses are the
most used replicating viral vectors for SARS-CoV-2 vac-
cine development [119]. In any case, an inoffensive virus
is employed, not SARS-CoV-2[121]. The antigen inside
the cells imitates a natural infection, eliciting antigen-
specific solid humoral and cellular immune reactions
by itself; thus, the presence of adjuvants is not required
[118].

Accordingly, weakened vectors cannot replicate/repro-
duce because essential genes are suppressed. This plat-
form confirms the substantial immunogenic property
of LAVs and the safety aspect of SUVs to induce cellular
immunity in the host [110]. In addition to this advantage,
viral vectors can include large insertions in their genome,
facilitating antigen design [118].
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Current SARS-CoV-2 viral vector vaccines use nonrep-
licating human or chimpanzee adenoviruses. As men-
tioned before, even though most of the designed VVVs
target the S protein or RBD, one measles virus-based
SARS-CoV-2 vaccine also targets the N protein [128].

Adenovirus vectors are well tolerated and highly immu-
nogenic in most people [98]. This vaccine platform’s
efficacy will be diminished if the host has immunity
against the vector due to previous exposure [126, 127],
as occurred before in measles and adenovirus-based vac-
cines [126, 129]. This explains why animal adenoviruses
can be employed as vectors instead of humans. Some-
times, chimpanzee adenoviruses are used, so pre-existing
immune responses will not abridge vaccine efficacy [72].
The COVID-19 vaccine Janssen can prevent coronavi-
rus in people 18 years and older. It is made up of another
virus (adenovirus family) that has been altered to contain
a gene responsible for making a protein found on SARS-
CoV-2 [130]—administered as a single dose (0.5 ml) and
a booster (0.5 ml) after two months.

Nevertheless, anti-vector immunity could be present
after the vaccine’s initial shot, even if a simian adenovirus
vector is employed. Regardless of this concern, four of
the five adenovirus-based SARS-CoV-2 vaccines in clini-
cal trials are programmed to be given as a single dose.
In contrast, other vaccines in trials require at least two
doses [98].

The AstraZeneca vaccine is an NRVV that encloses
an inactivated cold virus with a code to produce S pro-
teins (Fig. 5) that will be recognized as foreign, eliciting
an immune response [52]. For the COVID-19 vaccine,
researchers swap in a gene from SARS-CoV-2. Inside
the host, the modified cold virus makes the SARS-CoV-2
protein, stimulating the immune response [131]. The
DNA from the pathogen is not integrated into the host’s
genome; hence, it is transcribed into mRNA (messenger
RNA), and then translated into proteins. Substantial risk
is represented by the possibility that the recombinant
viruses may integrate their genome into the human host,
which requires previous biosafety assessment before
clinical trials [126, 129]. These vaccines will likely need at
least two doses.

Replicating Viral Vector Vaccines (RVVVs)

Associated disadvantages with RVV'Vs as a path to pre-
sent genetic material to cells are the possibilities that
the viral vector by itself can elicit an immune reaction
in the body [132]. Additionally, previous exposure to
the viral vector could make the vaccine useless. Unsuc-
cessful vaccine testing on a patient implies that the
same viral vector cannot be employed twice because of
an immune reaction risk [132]. Genetic hazards can be
surpassed using hybrid viral vectors [133] to improve
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transgenic expression levels. To overcome the issue of
pre-existing immunity, the dose can rise, and the mode
of administration [134] can be changed by exposing the
individual to a nonviral DNAV [135].

RVVYV platforms for the COVID-19 vaccine are horse
pox, influenza, measles, and vesicular stomatitis viruses.

Third generation vaccines

Genetic Vaccines: DNA and Messenger RNA Vaccines
(DNAVs-mRNAVs)

For the first time, in 1993, nucleic acid vaccines were
tested, and in the same year, a liposome-entrapped mes-
senger ribonucleic acid (mRNA vaccine) was used in
mice to induce a virus-specific cytotoxic T lymphocyte
response [136]. Genetic vaccines offer a cost-efficient and
scalable approach to SARS-CoV-2 vaccine development
[137]. Nucleic acid vaccines (NAVs) provide a whole new
horizon, but until just recently, there was no licensed
manufacturing platform. Nevertheless, recent advances
have led to less innate immunogenicity, stability, and
protein translation efficiency. These things and massive
financial input have allowed the development of a new
disruptive vaccine technology [138-140]. A foremost
advantage of NAVs is that in addition to the antibody
and CD4+T cell responses, they elicit CD8 4+ cytotoxic
T cell responses, which are essential for virus elimina-
tion [123, 141]. Immunization with NAVs upregulates
the expression of crucial chemokines (CXCL9, CXCL10,
and CXCL11) and cytokines (as type I interferons) that
work by engaging dendritic cells and macrophages, such
as immune cells that respond against expressed antigens,
upgrading adaptive immune responses [142].

DNA Vaccines (DNAVs)

They are considered stable, safe to run [98], flexible,
rapid, and attractive to combat emerging diseases such
as SARS-CoV-2. Nucleic acids can be used to construct
DNAVs containing genes that encode specific viral anti-
genic parts expressed by plasmid vectors and delivered
into host cells. These vaccines can enter the nucleus and
be translated into mRNA for protein synthesis [143, 144].
This type does not require handling the infectious patho-
gen and employs instead of the virus, a protein antigen,
or a virus expressing the protein. Therefore, cells express
the transgene, which provides a steady supply of specific
proteins, similar to live virus responses [137].

DNAVs allow antigen-presenting cells to detect a tiny
part of the virus without the cell previously absorbing
and breaking down the live version of the virus or bac-
teria [52]. The former also presents the antigen to the
immune system, ensuring that the recipient will not
become ill when encountering the virus [52]. Vaccines
such as this use 'normal’ body cells instead of immune
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cells; this platform is a new technology, and to date, no
vaccines for human use have been used [82, 98, 145].

DNAVs have better stability, are less fragile than mRNA
vaccines and are exempt from the cold chain [146, 147].
Nevertheless, DNA vaccines are prone to be insufficiently
immunogenic, and they cannot spread and amplify
in vivo, requiring an indispensable prime-boost strat-
egy to improve delivery and the presence of adjuvants to
improve their strength [118]. Therefore, different mecha-
nisms to enhance immunogenicity, e.g., nanotransporters
such as VLPs, are being used, serving a double function
and, in addition to behaving as enhancers, are meant to
protect DNA. Other examples are immunostimulatory
sequences and viral promoters [98]. Administration of
DNAVs could be by intramuscular or intradermal injec-
tion, requiring efficient delivery methods to improve the
DNA’s intake, such as electroporation in vivo, jet injec-
tion without a needle, and the gene gun [118, 148].

DNAVs must cross two cellular membranes before
reaching the nucleus and carry the risk of vector integra-
tion in the human genome, leading to dysregulated gene
expression [98],possibly driving mutations and the devel-
opment of cancer [110, 118, 149]. Although research
has shown that the risk is shallow [98], WHO and the
US FDA advise that studies on integration must be con-
ducted as part of the safety program on DNA vaccines
[150, 151].

The plethora of immunostimulatory mechanisms char-
acteristic of DNAVs elicits humoral and cellular immune
responses by activating CD8+and CD4 + helper T cells
and antibody production [98]. Upon entry into the cell,
DNA vaccines are detected by various innate immune
receptors, ie., STING/TBK1/IRF3 pathways and the
AIM2 inflammasome, among other factors involved in
DNA vaccine mode action [118, 152, 153].

Immunization with S protein-encoded DNA vaccine
elicited protective immunity against SARS-CoV infection
in a mouse model by inducing T cell and neutralizing
antibody responses [154].

Based on previous research on SARS-CoV, an exciting
target for vaccine development is the main domain from
the RBD of the spike protein, which can elicit neutral-
izing antibody and T-cellular immune responses against
SARS-CoV infection [155, 156], a similar biological pat-
tern that remains in SARS-CoV 2 [11].

Messenger RNA-Vaccines (mRNAVs)

Instead of a weakened or inactivated virus, RNAVs are
a nucleotide-based novel vaccine platform [157] that
incorporates viral antigen-encoding messenger RNAs
that can be translated by cells to stimulate the immune
system to manufacture target antigens [114, 121, 141,
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Table 1 Main attributes of some approved vaccines including advantages and disadvantages. (¥) Vaccines approved in the USA
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144, 158-160]. Hence, the cell is fooled into manufactur-
ing pieces or whole viral proteins, triggering a peculiarly
effective and innate solid immune response characteris-
tic of mRNA (Table 1) [159]. Extreme RNA replication

occurs in the cytosol [161]; after triggering a response,
the cell disintegrates and removes the mRNA [121].

The process of manufacturing RNAVs is chemical
[144]. This vaccine type is considered an emerging,
safer noninfectious, and nonintegrating platform[162].
Since it does not employ a pathogen or interact with the
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DNA in the nucleus [98, 121], this platform is a prom-
ising alternative to traditional vaccine design because
of its high potency [98]. It offers adjustability and rapid
vaccine manufacture in large quantities against newly
discovered illnesses [162]. mRNA is exceptionally
potent at inducing immune responses that quickly pre-
vent the pathogen from spreading within the body, and
mRNAVs can mimic the antigen structure and expres-
sion seen during natural infection [121, 159, 163].

These vaccines can be manufactured at a low cost,
which is essential during this pandemic [60, 98] and
is considered a new technology never used before in
humans. Until recently, it has only been used to treat
cancer since mRNA induces the immune system to
fight carcinogenic cells [121, 145, 160].

A significant problem encountered by mRNA vaccines
includes the need for packaging, which is why RNAVs are
associated with additives, such as protamine or lipid- and
polymer-based nanoparticles (liposomes), which raise
their potency [158], for transport and protection [98].

Nanotechnology enhances the delivery of RNAVs in
multiple ways, such as traditional intravenous injec-
tion, intradermal or intramuscular, using nanoparticles
coated with lipids [60, 118]. Lipid nanoparticles (LNPs)
are adopted to protect mRNA since mRNA is a size-
able hydrophilic molecule that cannot penetrate the
cell alone; thus, vaccines use nanoparticles to ease their
entrance into the cells where they are translated into pro-
teins [160]. Therefore, crossing the lipid membrane bar-
rier is the first step for exogenous mRNA to reach the
cytoplasm before the translation of functional proteins
occurs [164]. Different nanotechnology platforms, such
as cationic nanoemulsions, dendrimers, polysaccha-
ride particles, or liposomes, have been used to improve
mRNA-based vaccine stability and transport [141, 165].
In 2018, the USFDA approved the first lipid nanocar-
riers for RNA to deliver a type of RNA called siRNA in
charge of muting specific genes, causing disease. mRNA-
1273 is a newly designed LNP-encapsulated mRNAYV that
encodes the spike protein (S protein) of SARS-CoV-2,
created by Moderna® in the United States (US) and the
(VRC) Vaccine Research Center of the (NIAID) National
Institute of Allergy and Infectious Diseases [166, 167].

The hypothetical benefits of mRNA seem to out-
weigh their cons, as delivery and stability are related to
RNA degradation and immunogenicity [168]. mRNAVs
are less stable, requiring an uninterrupted extra cold-
chain (ultrafreezer) process for transport and storage for
wide-scale delivery [25, 145, 147] because, at high tem-
peratures, mRNA can denaturalize since it is precarious
under physiological conditions. The main reason for this
is the presence of extracellular ribonucleases that catalyt-
ically hydrolyze RNA; therefore, the use of "unprotected"
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mRNA is not advised. Additionally, the RNA-negative
charge and its hydrophilic nature make it difficult to
embody the cells [141] effectively.

MRNAVs encode spike protein segments, which are
much easier to reproduce under laboratory conditions
than the whole spike protein.

Another issue is that exogenous RNA can activate an
interferon-mediated antiviral immune response, which
can interfere with the translation step and lead to
mRNA damage, which removes the efficacy of RNAVs
[162]; in addition, interferon signaling is linked to pos-
sible autoimmunity [141]. Until now, there has been no
evidence of autoimmune illnesses connected to RNAVs,
but close monitoring of the vaccination process is
highly recommended due to the possibility of potential
adverse results.

The injection of nanoencapsulated mRNA into the
cells converts the host body into a factory [160]. For the
COVID-19 vaccine to be effective, at least two doses
will be needed. However, the multidose vaccine strat-
egy involves the risks that many individuals who will
agree to receive the first dose of the vaccine will not
receive the second. This issue can be omitted by using
novel delivery systems such as dissolvable microneedles
that can administer minimal amounts, avoid possible
side effects, and limit exposure to other vaccine com-
ponents, which can also elicit an allergy reaction, such
as LNPs [169].

The first approved mRNA German BioNTech/Pfizer’s
vaccine needs storage at—70 degrees Celsius (—94
degrees F), while the mRNA Moderna vaccine needs
storage at —20° (—4 F), but lyophilization and the use
of stabilizers allow the storage of some mRNA vaccines
in a refrigerator instead of a freezer [160]. The former
vaccine is approved for groups between 12-17 years
old, with 2 doses of 30 pug (0.3 ml), 21 days apart, as well
as for 18 years and older, which in contrast can receive
a booster shot of 30 ug (0.3 ml) after 6 months [16].

The American pharmaceutical Moderna received
approval from the U.S. FDA for its emergency use. Been
the second vaccine for COVID-19, distributed in the
U.S. for use in individuals older than 18 years [170].
With 2 doses of 100 ug (0.5 ml), 28 days apart, and a
booster shot 50 ug (0.25 ml) after 6 months [16]. Mod-
erately to severely immunocompromised individuals
aged>12 years (Pfizer-BioNTech vaccine recipients)
or>18 vyears (Moderna vaccine recipients) should
receive an extra homologous dose of mRNA COVID-19
vaccine (same initial vaccine product administered pre-
viously) > 28 days after the second dose. Any author-
ized COVID-19 vaccines (Pfizer-BioNTech, Moderna,
or Janssen) may be used for the booster dose, regard-
less of the vaccine received for primary vaccination [16,
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171]. For ages 12—17, only Pfizer BioNTech can be used
as a booster dose, and the use of an mRNA vaccine for
a booster dose is preferred over the Janssen vaccine
[171].

Moderna’s mRNA-1273 vaccine encodes a stabilized
prefusion spike trimer [172], whose nucleotides were
altered to avoid startup genes linked to interferon when
entering the cell [172] and incrementally the half-life and
translation process. These two pharmaceuticals are the
leading designers for SARS-CoV-2 mRNAV. Both mRNA
vaccines contain a protective envelope of lipids with an
instruction that tells the cells to make spike proteins
marked as alien, starting an immune response [52].

Nanoparticle Vaccines (NPVs)

NPVs are considered safe, highly immunogenic, and
stable[173], an essential advantage over less immu-
nogenic and labile vaccines such as genetic vaccines
(mRNAs-DNAVs) [82, 173]. NA and proteins and other
specific antigens can be transported on the surface or
inside NPs to elicit innate and adaptative immunity
[82].

Among the materials employed to make nanoparticle
vaccines are lipids, proteins, metals such as gold, VLPs,
e.g., gold, and polymers that also behave as adjuvants
[174]. The nanoparticle surface can be altered to target
particular cells or enhance immunogenicity and packag-
ing with TLR ligands and other immune modulators.

One of the most popular viral vaccine development
approaches is engineering VLPs consisting of a self-
assembled viral membrane in a monomeric complex that
displays the viral epitopes but lacks multiple key viral
components, ensuring no replication capacity [100].

Conclusions
Humanity faces another coronavirus disease from
zoonotic origins that will not be the last, since habi-
tat destruction will continue to increase, along with
an unsustainable growing population. Nevertheless,
advances in different scientific fields, such as molecular
medicine, bio and nanotechnology, and other biological
areas have ensured the development of next-generation
vaccines, which has given us a sense of confidence to
handle upcoming diseases and novel pathogenic micro-
organisms, especially now, with the emergence of new
and more infectious variants with challenging mutations.
Sequence information from SARS CoV-2 obtained in a
record time provided the basis for developing new vac-
cine platforms and detecting variants of concern. This
speedy achievement allows us to react faster to biologi-
cal threats because of their adaptability, enabling us to
respond faster to future pandemics.
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Vaccines based on mRNA (by BioNTech and Pfizer)
can be quickly manufactured under standard labora-
tory conditions, saving time, and lowering COVID-19
transmission. Nonetheless, due to their instability, the
currently approved vaccines require storage in ultra-
freezers or freezers and have short shelf lives once they
are removed from storage. This asset means “no problem”
for developed countries but is posing logistical night-
mares for storage, distribution, and administration in
LMICS since thigh coordination measures are required
between all stakeholders to ensure an efficient distribu-
tion [175]. Consequently, the world will need more than
one kind of vaccine, so different formulations should be
designed to improve thermostability, among other things.

The CEPI (Coalition for Epidemic Preparedness Inno-
vations), responsible for coordinating the global COVID-
19 vaccine development effort, and the WHO and Gavi
(Vaccine Alliance) have developed the COVAX facility
to ensure equitable global access to COVID-19 vaccines.
Nevertheless, despite its efforts, the disparity in access to
vaccines is remarkable since high-income nations have
secured more than half of the total doses of COVID-19
vaccine doses. In contrast, LMICS can cover just one-
third of its inhabitants. Aside from this, some LMICs
are not fully prepared to handle large-scale efforts to
vaccinate their citizens and have the most significant
discrepancy among the dose proportion purchased and
population share compared to high-income nations. A
fair vaccine distribution among all countries regardless
of political or economic interest must prevent lethal out-
comes and ensure control over the pandemic. Therefore,
the responsibility to make this feasible, lies in the hands
of the wealthiest nations; thus, the COVID-19 threat in
overexploited countries does not become a threat to
global efforts to reach population immunity.

Strategies to closely monitor possible undesirable side
effects from vaccines must be implemented to reassure
and grow confidence in the vaccination process.

An example of these side effects is the immunological
response to vaccination, which could lead to antibody-
dependent disease enhancement (ADE), possibly induc-
ing a cytokine storm when the host becomes infected
in the future after taking the vaccine [176] or vaccine-
induced thrombotic thrombocytopenia (VITT) reported
for AstraZeneca (ChAdOx1) and Johnson and Johnson
(Ad26.COV2.S) [177].

Here, we provided information regarding different vac-
cine platforms to lessen vaccine hesitancy. The need to
develop a vaccine in a record time might have given the
wrong sense of overlooked risks and loose ends regarding
its safety and effectiveness. Last, it is crucial to consider
that refusing vaccination for some population segments
will increase the probability of virus transmissibility and
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resurgences. The failure to supply COVID-19 vaccines to
LMICs would encourage the surge of SARS-CoV-2 vari-
ants among them, with dreadful consequences.
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