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ARTICLE INFO ABSTRACT

Keywords: COVID-19 pandemic has resulted in millions of deaths and a social-economic crisis. A worldwide effort was made
SARS-CoV-2 to develop efficient vaccines for this disease. A vaccine should produce immune responses with specific and
Coronavirus

neutralizing antibodies, and without harmful effects such as the antibody-dependent enhancement that may be
associated with severe acute respiratory syndrome. Vaccine design involves the selection of platforms that in-
cludes viral, viral-vector, protein, nucleic acid, or trained immunity-based strategies. Its development initiates at
a pre-clinical stage, followed by clinical trials when successful. Only if clinical trials show no significant evidence
of safety concerns, vaccines can be manufactured, stored, and distributed to immunize the population. So far,
regulatory authorities from many countries have approved nine vaccines with phase 3 results. In the current
pandemic, a paradigm for the COVID-19 vaccine development has arisen, as many challenges must be overcome.
Mass-production and cold-chain storage to immunize large human populations should be feasible and fast, and a
combination of different vaccines may boost logistics and immunization. In silico trials is an emerging and
innovative field that can be applied to predict and simulate immune, molecular, clinical, and epidemiological
outcomes of vaccines to refine, reduce, and partially replace steps in vaccine development. Vaccine-resistant
variants of SARS-CoV-2 might emerge, leading to the necessity of updates. A globally fair vaccine distribution

Vaccine strategies
Vaccine safety
Emergency use

system must prevail over vaccine nationalism for the world to return to its pre-pandemic status.

1. Vaccine development attempts for previous coronaviruses

The novel coronavirus, i.e. severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), has spread rapidly. Coronavirus disease 2019
(COVID-19) has been the cause of millions of deaths and social and
economic crises worldwide. The scientific community has been
exploring all strategies to develop efficient vaccines against SARS-CoV-
2, which is essential to reduce morbidity and mortality (Hodgson et al.,
2020). Social distancing strategies help prevent transmission and reduce
infection, but a vaccine is necessary for the population to acquire im-
munity against COVID-19. Attempts to develop several vaccines for
B-coronaviruses, closely related to SARS-CoV-2, such as SARS-CoV and
MERS-CoV, were previously performed and tested in animal models
(Roper and Rehm, 2009). Most vaccines protected animals from a
challenge with SARS-CoV or MERS-CoV although many of them did not
induce long-term immunity. In addition, vaccination resulted in com-
plications in some cases, including lung damage and infiltration of eo-
sinophils in a mouse model (Bolles et al., 2011; Agrawal et al., 2016).
About 40-60 % of unexposed healthy individuals from the United States
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(n = 20) presented SARS-CoV-2-reactive CD4 + T cells, indicating the
presence of a cross-reactivity immunity for other common coronaviruses
(Grifoni et al., 2020).

Efforts for vaccine development for SARS-CoV and MERS-CoV were
made but failed, so the immune system managed to spontaneously
suppress the infection in the population. Although their candidate vac-
cines have been submitted and are still in progress, there are no
approved vaccines for these infectious agents so far, after 17 and 6 years
of the original outbreaks, respectively (De Wit et al., 2016; Song et al.,
2019). Therefore, the highest scientific standards are required for the
effective development of a vaccine against COVID-19. Although previ-
ous experiments for SARS-CoV and MERS-CoV indicated potential
harmful and adverse events due to increased immunity (Prompetchara
et al., 2020), it is possible to learn from those vaccine attempts for other
coronaviruses about how to move forward with a SARS-CoV-2 vaccine
project.
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Fig. 1. Flowchart of the major steps before vaccines reach the population. Passing the pre-clinical stage, the vaccines undergo clinical trials from small to larger
groups of people. If the vaccines render significant efficacy and safety, they can be manufactured in large scale, stored and distributed until vaccinations

are complete.

2. Vaccine development for COVID-19 in a pandemic paradigm

A vaccine should produce specific and neutralizing antibodies. The
goal is to expose the body to an antigen that stimulates the immune
response, blocking or eliminating the virus in case of infection, without
triggering COVID-19. Vaccines may cause adverse events that are
harmful to the host due to unwanted immune enhancement responses,
so careful and complete tests are required before the approval of a global
vaccine for COVID-19 (Funk et al., 2020).

Designing a vaccine requires a selection of antigens and platforms as
well as forms of administration and regimen. While only antibodies to
the spike (S) protein can neutralize and prevent infection, the inclusion
of the nucleocapsid (N) or a non-structural protein as antigen can
probably produce a balanced humoral and T-cell immunity. The route of
administration and regimen significantly depends on the vaccine strat-
egy. However, parenteral vaccination is regarded to induce timely IgG
antibodies while the respiratory route better induces resident memory T
cells (Tgy) and trained immunity in the lungs (Jeyanathan et al., 2020).

Scientists believe that COVID-19 severe symptoms may be better
explained by the immunopathology of the Th2 response (Roncati et al.,
2020). This immunopathology is based on the unregulated response of T
cells, with an increased response of CD4 + T cells specific to the virus,
leading to allergic inflammation and an influx of eosinophils into the
lungs (Tseng et al., 2012). In vivo studies have shown that infection by
SARS-CoV after vaccination failed to control viral replication, increase
of clinical symptoms, and pathology characterized by distorted Th2 re-
sponses, inflammation, and eosinophilic influx (Bolles et al., 2011;
Tseng et al., 2012). It was also observed that pathological development
might be linked to antibodies specifically targeted to the nucleocapsid
protein (Bolles et al., 2011). However, a reduction in pathology was
observed in vaccination studies with the spike protein (Tseng et al.,
2012).

The immunopathological effects associated with antibody-
dependent enhancement (ADE) — a process by which viruses poten-
tiate antibodies to aid infection to promote a severe inflammatory
response — have been observed in viral infections, such as MERS and
SARS, and have drawn attention to the possibility of ADE in COVID-19.

ADE allows the infection of phagocytic antigen-presenting cells (APC),
due to the binding of virus-bound antibodies to the Fc receptor on their
surface (Smatti et al., 2018). Neutralizing antibodies targeting the
receptor-binding domain (RBD) of MERS-CoV spike protein have been
shown to mediate the entry of viruses into human cells expressing the Fc
receptor in vitro (Wan et al., 2019).

Studies on small cohorts of COVID-19 patients have shown that an
increased response of neutralizing IgG antibodies and a higher titer of
total antibodies were associated with a severe condition of the disease
(Zhang et al., 2020a,b; Zhao et al., 2020). This could be evidence of ADE
in SARS-CoV-2 infection (Cao, 2020). However, animal immunization
studies have shown that the spike protein RBD from SARS-CoV-2 can
induce a robust response of neutralizing antibodies, without inducing
ADE (Quinlan et al., 2020). Most vaccine candidates for COVID-19
under development or approved for emergency or full use aim to
induce neutralizing antibodies against the viral spike protein, prevent-
ing its binding to the human angiotensin 2 converter enzyme (ACE2)
receptor to block infection (Thanh Le et al., 2020). Therefore, there are
doubts about the ADE relevance in COVID-19.

Developing a vaccine quickly requires a new paradigm. It is a time-
consuming and expensive process (Gouglas et al., 2018). The use of
state-of-the-art sequencing and reverse genetics can reduce the devel-
opment time of conventional vaccines during epidemics. The urgency to
develop a vaccine against SARS-CoV-2 comes at a moment of improve-
ment in scientific understanding in areas that support vaccine devel-
opment such as genomics and structural biology. Clinical trials during a
pandemic show additional challenges. They are needed to confirm
which populations remain at greatest risk when vaccines become
available and to establish a globally fair vaccine distribution system
(Lurie et al., 2020).

As described by Funk et al. (2020), vaccine development usually
takes place in three stages. The pre-clinical stage consists of engaging
research and development involving the selection of platform, design of
targets and formulations, in vitro tests in cell culture, and in vivo tests in
animals. If encouraging results are observed in the pre-clinical stage, the
candidate vaccine proceeds to the clinical trials, which consists of
testing on human volunteers in three phases: phase I, phase II, and phase
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Fig. 2. Applications of in silico trials in vaccine development. Each vaccine development stage can use bioinformatics approaches to process and analyze viral
molecular data by omics technologies and clinical and epidemiological data. The predicted data can be further deposited in vaccine databases that are used to refine,

reduce, and partially replace steps in vaccine development.

III. These phases can be combined to expedite approval (e.g. phase
II/1II). Due to the pandemic nature of COVID-19, two phases have been
carried out simultaneously.

Only if the safety and efficacy of the vaccine are achieved in human
volunteers, the logistics operation stage, the third and last one, is initi-
ated to ensure worldwide distribution in a coordinated and inter-
connected manner (manufacture, storage, and distribution). The
vaccines that did not get satisfactory results in clinical trials do not
proceed to the third stage and are discontinued. Logistically, the vaccine
should be easy to administer and preferably in a single dose in the
smallest possible amount. An oral or intranasal vaccine would be ideal.
The vaccine should be easy to produce, and the dose mass-production
necessary to immunize large human populations should be feasible
and fast. Long-term storage of the vaccine at room temperature should
be a goal to facilitate transportation and storage (Funk et al., 2020).

More than 160 vaccine candidates in preclinical and clinical stages
are in development (Jeyanathan et al., 2020). Although produced for
emergency use, they need to be safe and effective against SARS-CoV-2.
Integrating knowledge on what we know so far about the virus, like
infection cycle, viral recognition pathway, host immunity, and previous
experiences of vaccine development attempts for other coronaviruses
are important issues to consider in a pandemic scenario (Prompetchara
et al.,, 2020). Fig. 1 shows a flowchart with major steps from the
pre-clinical stage to the final goal of vaccinating the population.

3. In silico trials in the COVID-19 vaccine development

In Silico Trials (IST) technologies are indispensable in the research
and development stage to predict vaccine candidates before further
validation for clinical trials (Chukwudozie et al., 2021). Bioinformatics
and high-throughput omics technologies enabled the progress of vaccine
research into the rational design of vaccines. Databases emerged to deal
with their high volume of DNA, RNA, protein, and metabolite data (He

and Xiang, 2013). Several platforms have been developed to predict T-
and B- cell epitopes as vaccine targets, evaluate antigenicity and aller-
genicity, explore antibody structures and peptide-MHC binding (data--
driven and structure-based methods), simulate antigen-antibody
interactions, and select immuno-adjuvants using computational pipe-
lines (Lafuente and Reche, 2009; Chukwudozie et al., 2020). Crooke
et al. (2020) used predictive algorithms to analyze all structural,
non-structural, and accessory proteins from SARS-CoV-2 and identified
41 and 6 T- and B- cell epitopes, respectively.

In addition, bioinformatics can predict protein structures, post-
translational modifications (PTMs), and aid in the design of linkers for
fusion proteins. This way, it is possible to shorten the time spent on
experimental research. Along with clinical and epidemiological data,
these tools can speed up and decrease the costs of the experimental
immunogenicity assessment of vaccines. Moreover, predicted data can
be further stored in databases specific to vaccine design (He and Xiang,
2013; Bahrami et al., 2019). Mercurio et al. (2021) performed an in silico
modeling approach to analyze structural changes in the protein S RBD
favoring ACE2 binding. This method can be used to identify neutralizing
antibodies or build new ones, with applications in the development of
new vaccines.

Efficiency to obtain SARS-CoV-2 genome data, supported by bioin-
formatics platforms, was critical to design vaccines through available
technologies (Chukwudozie et al., 2021). Those technologies include
reverse vaccinology, which identifies novel antigens through analysis of
genomic information (Ullah et al., 2020), immunoinformatics that an-
alyzes an organism’s immunomics to make predictions of immune re-
sponses against specific molecules, and structural vaccinology that
focuses on the conformational features of the viral epitope that makes
them good candidate antigens (Maria et al., 2017).

IST can also simplify preclinical and clinical stages that can be
modeled through computational approaches for the improvement of
vaccine development, which is referred to as in silico clinical trials (ISCT)
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Table 1
Summary of the characteristics of each vaccine platform.

Platform Advantages Disadvantages

Live-attenuated

Elicit strong immune
response

Highly established
Long-lasting protection
Do not need adjuvants
Elicit strong immune
response

Highly established

Less reactogenicity than
live-attenuated

Precise immune response
Safer than live-attenuated
and inactivated vaccines

Requires dedicated
biosafety

Risk of regaining virulence
Causes reactogenicity

Inactivated Lower immune response
than live-attenuated

Needs adjuvants

Viral-vectors

Variable immunogenicity
Can be influenced by
preexisting vector
antibodies

Risk of genomic integration
Needs adjuvants

May not carry glycans
similar to the viral proteins

Protein-based

No biosafety concerns
Strong antibody
immunogenicity
Precedent of successful
vaccines

Can be formulated into
virus-like particles

DNA e No biosafety concerns e Variable immunogenicity
e Elicit reasonable immune e Risk of genomic integration
response
e Long-term stability
e Can be multivalent
RNA e No biosafety concerns e Possible inflammatory
e No risk of genomic reaction
integration e May require ultra-cold
e Elicit strong immune storage
response e Require delivery by lipid
e Can be multivalent nanoparticles
Trained e Can boost the innate e Efficacy and mechanisms
immunity- immune response still not well understood
based o Already available e No induction of adaptive

immunity memory
Reversible and short-
durable

(Pappalardo et al.,, 2019). Virus-host interaction, immunization
modeling, vaccination schedules, assessment of vaccine safety and effi-
cacy commonly use agent-based modeling (ABM), a model based on the
simulation of the dynamics of single entities that interact with each
other following simple known rules and differential equations as
computational and mathematical approaches (Pappalardo et al., 2010,
2015).

ISCT has been used effectively in preclinical studies to optimize
dosage administration and schedule, maintaining a prolonged immune
response that effectively protects the host (Finn and Beatty, 2016;
Pappalardo et al., 2010, 2016). In clinical studies, modeling and simu-
lation provide a reliable prediction of outcomes based on the data
collected to increase confidence before investing in a new trial phase.
Russo et al. (2020) applied a human immune system simulator with a
SARS-CoV-2 disease model to predict the outcome of a candidate vac-
cine strategy. The vaccine presented a good agreement with experi-
mental data.

Computer models can be applied in the development or regulatory
assessment of vaccines to reduce, refine or partially replace pre-clinical
and clinical trials. These models are useful to predict the average effect
of a vaccine over a population or each individual in a population to test
safety and efficacy (Pappalardo et al., 2019). A computational model
indicated that COVID-19 vaccines should have an efficacy of at least 70
% to prevent epidemics and 80 % to prevent completely an epidemic
without prevention measures such as social distancing (Bartsch et al.,
2020). Fig. 2 illustrates the process of in silico trials applications in
vaccine development.

In silico analysis has been an innovative and emergent area, essential
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and mandatory to accelerate vaccine development, especially in a
pandemic scenario, and has contributed to making the COVID-19 vac-
cine development the fastest so far. However, in silico experiments have
the disadvantages of no possible exploration of new side effects or fail-
ures never observed before (Pappalardo et al., 2019). Another important
challenge is the translation of experimental data to the clinical level.
Advances in technology and computational modeling are helping to
overcome this translational gap (An et al., 2011). Therefore, combined
use of in silico and in vivo experimentation is important as one approach
compensates the limitations of the other (Carusi et al., 2012).

4. Vaccines for COVID-19: variety of strategies

There are at least eight types of vaccines against SARS-Cov-2: viral
vaccines (attenuated or inactivated), viral vector-based vaccines
(replicative or non-replicative), protein-based vaccines (proteins sub-
units or virus-like particles), and nucleic acid-based vaccines (DNA or
RNA) (Callaway, 2020). They generally require two basic components:
the antigen(s) and a signal of infection that activates the immune sys-
tem. Non-viral or inactivated-virus vaccines can provide antigens but
usually require adjuvants to induce the signal (Wang et al., 2020). Their
advantages and disadvantages are summarized in Table 1.

The platform, adjuvant(s), form of administration, age, and pre-
existing cross-reactive immunity essentially determine the safety of a
vaccine. Alum and bacterial-derived proteins as well as replicating live-
attenuated virus or vectored vaccines may not be safe for respiratory
administration. Possible induction of ADE and high-level secretion of
proinflammatory cytokines may also raise safety concerns for the
COVID-19 vaccine (Rauch et al., 2018; Jeyanathan et al., 2020).

4.1. Viral vaccines

Viral vaccines use the virus itself, in attenuated or inactivated form,
with reduced virulence. This strategy can induce a rapid and strong
immune response, but it can be dangerous for immunosuppressed peo-
ple. Many existing vaccines are made this way, such as those against
measles and polio, but require extensive safety testing. Attenuated vi-
ruses are conventionally passed through animals or human cells until
they acquire mutations that make them less pathogenic. Inactivated
viruses become less infective through exposure to chemicals, such as
formaldehyde, or to heat. However, it requires the production of many
live viruses (Callaway, 2020). The advantages consist of proven tech-
nology, triggering of strong immune responses, multivalence, and sim-
ple formulation that does not require adjuvant. The attenuated vaccines
still have a proven history of good cost-benefit for large-scale
manufacturing. The disadvantages are the requirement of dedicated
biosecurity level installations, and in the case of attenuated viruses,
there is a risk of virulence recovering (Funk et al., 2020).

4.2. Viral vector-based vaccines

Viral vector-based vaccines use a viral structure to introduce SARS-
CoV-2 genes into the host. This strategy can increase immunogenicity
without an adjuvant and promotes a robust cytotoxic T-cell response to
eliminate virus-infected cells. In some vaccines, the vector enters the
cells and manages SARS-CoV-2 protein production but cannot replicate
because key genes have been disabled. In other vaccines, the vector
replicates slowly, carrying SARS-CoV-2 proteins on its surface (Machhi
et al., 2021). The weakened measles virus is an example of a viral vector
that replicates within cells. These vaccines tend to be safe and induce a
strong immune response. Existing immunity against the vector can
reduce the effectiveness of the vaccine. The non-replicative viral vector,
such as adenovirus, has a long history in gene therapy. An extra
administration of the vaccine after an initial dose (booster shot) may be
required to induce long-term immunity (Ura et al., 2014). The advan-
tages consist of years of experience in the field of gene therapy, studying
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Table 2
Latest information on COVID-19 vaccines with approvals and phase 3 clinical trial results.
Developer country Developer Vaccine name Strategy Regimen Efficacy Storage Countries approvals Latest
publication
United States and Pfizer-Biotech BNT162b2 mRNA Two- 95 % —80 to 79 approvals (US, UK, EU, Polack et al.,
Germany dose -60 °C AR, AU, others) 2020
United States and Janssen Ad26.COV2.S Ad26 One- 74.4 % (US), 64.7 % 2t08°C 35 approvals (US, EU, CA, Oliver et al.,
Germany dose (LatAm), 52.0 % (ZA) ZA, others) 2021
United States Moderna mRNA-1273 mRNA Two- 94.0 % —25 to 41 approvals (US, UK, EU, Baden et al.,
dose -15°C IL, others) 2021
United Kingdom Oxford- AZD-1222 ChAdOx1 Two- 70.4 % 2to8°C 81 approvals (UK, EU, BR, Voysey et al.,
and Sweden AstraZeneca dose IN, MA, others) 2021
Russia Gamaleya Sputnik-V Ad26, Ad5 Two- 91.6 % -18°C 55 approvals (RU, AR, AE, Logunov et al.,
dose GN, others) 2021
China CanSino Ad5-nCoV Ad5 One- NA NA 4 approvals (CN, HU, MX, Zhu et al., 2020
(Convidecia) dose PK)
China Sinopharm BBIBP-CorV Inactivated  Two- NA 2to8°C 27 approvals (BH, EG, HU, Xia et al., 2021
dose 1Q, PE, CS, AE, others)
China Sinovac CoronaVac Inactivated  Two- 50.4 % 2to8°C 19 approvals (BR, CL, CN, Zhang et al.,
dose ID, TR, others) 2021
India Bharat Biotech BBV152 Inactivated  Two- NA 2to8°C 5 approvals (IN, IR, MA, NP, Ella et al., 2021
(Covaxin) dose ZW)

AR: Argentina; AE: United Arab Emirates; AU: Australia; BH: Bahrain; BR: Brazil; CA: Canada; CL: Chile; CN: China; EG: Egypt; EU: European Union; GN: Guinea; HU:
Hungary; ID: Indonesia; IL: Israel; IN: India; IR: Iran; IQ: Iraq; LatAm: Latin American; MA: Morocco; MA: Mauritius; MX: Mexico; NP: Nepal; PE: Peru; PK: Pakistan;
RU: Russia; TR: Turkey; UK: United Kingdom; CS: Republic of Serbia; ZA: South Africa; ZW: Zimbabwe; LatAm: Latin America.

NA: Not available.

the safety and immune response, strong cellular response, and antibody
production. Disadvantages include risk of chromosomal integration and
oncogenesis, no possibility of used in immunocompromised individuals,
pre-existence of antibodies to some vectors, potential for inflammatory
adverse events, variable immunogenicity, and significant barriers for
manufacturing at a large scale (Strizova et al., 2021).

4.3. Protein-based vaccines

In this type of vaccine, coronavirus proteins are injected directly into
the body. Similarly, fragments of shells and proteins that mimic the virus
structure can also be used. Most vaccines are based on viral protein
subunits with a focus on the spike protein or, more precisely, the RBD.
Similar vaccines against SARS-CoV protected monkeys from infection
but have not been tested in humans. Those vaccines may require adju-
vants, immunostimulant molecules, as well as multiple doses to work
well. A vaccine based on virus-like particles or wrapped empty viruses
that mimic SARS-CoV-2 structure is not infectious because they lack
genetic material. These vaccines can trigger a strong immune response,
but they can be difficult to manufacture (Park et al., 2021).

4.4. Nucleic acid-based vaccines

Here, the nucleic acid of SARS-CoV-2 is inserted into human cells,
which produce copies of virus proteins that stimulate an immune
response. Most of these vaccines encode the spike protein. DNA vaccines
use plasmid DNA to efficiently deliver and express SARS-CoV-2 antigens
to host cells. Electroporation is a delivery system that creates pores in
cell membranes to increase DNA absorption. Currently, there are no
DNA vaccines approved for humans. mRNA vaccines encode a SARS-
CoV-2 antigen and use a delivery system, such as a liposome, to carry
the mRNA molecule into host cells. The advantages of DNA and RNA-
based vaccines are that they are safe and easy to develop. To produce
them, only the virus genome is needed, not the complete virus. Among
the disadvantages is the fact that there is no vaccine licensed with this
technology so far (Delany et al., 2014; Strizova et al., 2021).

4.5. The trained immunity-based strategy

Innate immune responses are, after physical and chemical barriers,
the line of defense against invading pathogens. Only when this line of

defense is dominated by pathogens, the adaptive immune response (T
and B cells) is activated. For a long time, it was believed that only
adaptive immune system cells could generate immune memory and
protect against recurrent infections. This property of the lymphocytes is
the basis of vaccine effectiveness against specific infections. However, it
has been shown that innate immune cells may also present adaptive
characteristics after certain infections or vaccines; a property that is
functionally like the construction of immune memory (Netea et al.,
2020a).

This process called trained immunity is the reprogramming of the
innate immune system cells by external or internal primary stimulations
that lead to a higher response at a second immune challenge. It is
mediated by an epigenetics reprogramming instead of the genetic
recombination from the adaptive immune memory, resulting in meta-
bolic changes and higher responsiveness with long-term effects, but
generally reversible and less durable. This cellular reprogramming al-
lows rapid accessibility of transcription factors to the promoter, poten-
tiating regions of pro-inflammatory genes after restimulation, and
facilitates gene expression. Increased metabolic activity of the cell pro-
vides rapid energy supply and metabolites needed to generate a robust
immune response after restimulation (Netea et al., 2020b)

In the category of repurposed vaccines - vaccines already in use for
other diseases that may protect against SARS-CoV-2 - is the vaccine
based on trained immunity against Bacillus Calmette-Guerin (BCG),
developed in the early 1900s as a protection against tuberculosis. Public
available data suggests that countries without universal BCG vaccina-
tion were more severely affected by the COVID-19 pandemic than
countries with universal and established BCG vaccination policies. This
vaccine has presented protection in animals by trained immunity against
infections of Candida albicans, Schistosoma mansoni, and Mycobacterium
tuberculosis (Tribouley et al., 1978; Wout et al., 1992; Kaufmann et al.,
2018).

5. Some of the major vaccines for COVID-19 approved for
emergency and full use

In Phase 3 clinical trial, the vaccine is tested on thousands of people,
who are monitored to evaluate how many will be infected, compared to
those who received placebo. The volunteers do not know whether they
received a placebo or vaccine. These tests can determine whether the
vaccine protects against coronavirus by measuring what is known as the
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Fig. 3. Total number vaccine single doses administered (A) and total number of people fully vaccinated (B) for COVID-19 per country. Single doses do not represent
the number of people fully vaccinated as many vaccines require two-dose regimen for complete immunization.

efficacy rate. The World Health Organization (WHO) suggested that
efficacy with 50 % must be a minimum criterion for any acceptable
COVID-19 vaccine, and that efficacy can be evaluated against disease
development, progression of mild or moderate-to-severe disease, and/or
shedding/transmission (Hodgson et al., 2020). Phase 3 trials determine
vaccine safety, efficacy, and protection. Early or limited approval is
based on preliminary evidence that vaccines are safe and effective. Full
approval occurs when the regulatory agency reviews the complete test
results and the plans to manufacture a vaccine (Funk et al., 2020).

Table 2 shows information about the COVID-19 vaccines with phase 3
results approved by countries’ regulatory authorities, according to the
COVID-19 Vaccine Tracker (2021) until March 27, 2021.

It is important to consider the uncertainty of the results of vaccina-
tion that has already started. In other words, if there will be protection in
the short or long term. According to Gaebler et al. (2021), levels of
antibodies against SARS-CoV-2 spike protein declined over six months
following infection, which has raised concerns that immunity to the
virus probably declines rapidly. However, levels of memory B cells,
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Fig. 4. World map showing the share of the country population who achieved full vaccination. This map shows the percentage of the country population who

received all required doses prescribed by the vaccines for complete immunization.

which are specific for making antibodies against the spike protein,
remained constant. Intestine sample analyzes, after 4 months of infec-
tion, revealed that half of the participants had persistent protein or RNA
markers for SARS-CoV-2, potentially providing a continued source of
stimulation to the immune system.

Mutations can help SARS-CoV-2 to escape the immune response of a
subset of infected people. Researchers have identified thousands of
mutations in SARS-CoV-2 samples, but the vast majority are unlikely to
have an effect on viral biology (Greaney et al., 2021). Antibody re-
sponses were tested to spike protein samples and indicated that each
sample carried different RBD versions. This spike protein sequence
recognizes host cells and is a major target for antibodies. Out of thou-
sands of RBD mutations tested, only a few reduced the antibodies’
ability to bind tightly to the spike protein. At least one of these variants
is easier transmitted than other forms of the virus currently in wide
circulation (Wang et al, 2021). These findings suggest that
vaccine-resistant variants might emerge, meaning that COVID-19 vac-
cines may need an update.

6. COVID-19 vaccine nationalism

According to Ritchie et al. (2021) (Our World in Data), until March
26, 62 % of the world COVID-19 vaccine doses were administered in four
countries: United States, China, India, and United Kingdom (Fig. 3A).
Only the United States accounted for 41 % of the number of people fully
vaccinated in the world (Fig. 3B). Those data suggest a great inequality
in the global distribution of vaccines. Fig. 4 shows that developed and
developing countries lead on the share of the world population fully
vaccinated, indicating that they are the most likely to first achieve herd
immunity. According to the World Tourism Organization (2021),
Europe shared 51 % of the world’s international tourist arrivals in 2019
while North America and North-East Asia shared 10 % and 12 %,
respectively. In 2020, COVID-19 was responsible for a plunge of 74 % in
the number of international tourist arrivals. Therefore, vaccination
needs to achieve sufficient equality between all countries for the world
to return to a pre-pandemic status, especially if new mutations, capable

of circumventing the immunization of current vaccines, arises in the
populations of countries with a long-lasting COVID-19 epidemic.

Despite the independent race for the vaccine, the current scenario
converges towards possible cooperation to implement a strategy known
as heterologous prime-boost against the coronavirus in an attempt to
facilitate the logistics of immunization and to increase the immune re-
sponses in the process. Most coronavirus vaccines are administered in
two doses: an initial dose followed by a booster to stimulate the immune
system’s memory cells and amplify the immune response. Researchers in
the United Kingdom propose to test the immune responses for the
combination of its Oxford-AstraZeneca and Pfizer or Sputnik V vaccines.
A heterologous prime-boost combination against Ebola was approved in
2020 by European regulators. Experimental HIV vaccines also rely on
this strategy (Ledford, 2021). If the production of antibodies and the
safety of this strategy are experimentally proven, fighting variants of the
coronavirus could be a relevant alternative that could accelerate the
vaccination process and reduce the impact of any interruptions in the
supply chain.

The Access to COVID-19 Tools — ACT Accelerator is an initiative of
WHO with collaborators from around the world to join efforts to combat
the pandemic. In an ideal scenario, the proposal was to unite the
countries, aiming at the common good, focusing on the diagnosis,
therapy, and vaccination for COVID-19. The vaccine pillar of ACT
Accelerator is the Global Vaccine Access Instrument for COVID-19:
COVAX Facility. Its purpose is to coordinate a global risk-sharing
mechanism for joint acquisition, and the equitable distribution of
possible vaccines of COVID-19 (WHO, 2020). However, this alliance was
not established among the countries. Instead, they started an indepen-
dent race for the vaccine. The WHO’s director Tedros Adhanom Ghe-
breyesus warned that national interests in the COVID-19 vaccine could
impede global efforts and prolong the pandemic of the new coronavirus.
In his words: “Sharing vaccines or sharing other tools actually helps the
world to recover together. The economic recovery can be faster and the
damage from COVID-19 could be less. Vaccine nationalism is not good,
it will not help us. We must seize this moment to come together in na-
tional unity and global solidarity to control COVID-19. No country will
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be safe until we are all safe” (Shields and Burger, 2020).
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