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Abstract

During the COVID-19 pandemic in a modern era, there is a global consensus on the need for the rapid development of a vaccine
against SARS-CoV-2 for effective and sustainable control. Developing these vaccines is fundamental to public health. This
urgent need is supported by the scientific explosion in structural and genomic biology that facilitates the urgent development of
an ideal COVID-19 vaccine, using new pathways to facilitate its large-scale development, testing, and manufacture. Here, we
summarize the types of COVID-19 candidate vaccines, their current stage in early testing in human clinical trials, and the
challenges for their implementation.
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Introduction

In late December 2019, information emerged about a myste-
rious pneumonia in Wuhan, a city in Hubei, a Chinese prov-
ince. Six months later, in the context of more than ten million
cases, the COVID-19 pandemic has become the worst public
health crisis of the last century [1].

A number of coronaviruses (HCoV-229E, HCoV-NL63,
HCoV-HKUI, HCoV-0OC43) cause endemic mild respiratory
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conditions, in the group of common “colds” or “common
respiratory viruses.” Two other coronaviruses caused severe
respiratory epidemics.

SARS-CoV identified in 2002 in southern China, in the
rapidly spreading global region of Gunagdong and which by
the time of its disappearance in 2004, caused over 8000 hu-
man cases and 774 deaths (9.5% mortality) [2]. MERS-CoV
(Middle East Coronavirus Respiratory Syndrome) was identi-
fied in 2012 in Saudi Arabia, later spread to 27 countries and it
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is still circulating in the Middle East. MERS-CoV has so far
resulted in 2521 diseases with gastrointestinal symptoms,
acute renal failure and 919 deaths (35% mortality), associating
gastrointestinal symptoms and acute renal failure. SARS-
CoV-2 is one of the many species of coronavirides that pre-
dominantly infect animals but sometimes humans. Four other
species of human coronaviruses are known to cause seasonal
rhinopharyngitis but also two zoonotic species that cause se-
vere respiratory infections with high mortality (SARS and
MERS). The virus is an infectious agent that can only multiply
with the help of a cell. It consists of genetic material (DNA or
RNA) that encodes the structure of viral proteins; capsid, pro-
tein coat that protects the genetic material; and lipid tire with a
protective role (maybe missing) [2].

Coronavirus is a positive-stranded RNA-type single-
stranded virus (+ ssSRNA) viral species. Protein modeling ex-
periments on the S protein of the virus suggest that it has
sufficient affinity for the angiotensin-converting enzyme
(ACE 2) receptors of human cells to use as a mechanism of
cell penetration [3]. SARS-CoV-2 (like SARS-CoV-1) infects
cells through the interaction of three components: (i) the Spike
protein of the virus that clings to receptors, angiotensin-
converting enzyme 2(ACE2), which find on the cell mem-
brane; (ii) serine cellular proteases that facilitate this binding;
and (iii) the ACE2 receptor that is expressed on many types of
endothelial cells but predominantly in the lungs and intestines.
All these three elements represent potential therapeutic targets
for future drugs. COVID-19 cannot be prevented by the arbi-
trary administration of drugs, natural products, or vitamins.
The only method of prevention would be a vaccine [4].

This review aims to summarize current knowledge on strat-
egies for the development of safe, effective, and broad-
spectrum vaccines to prevent SARS-CoV-2 infection (Fig. 1).
A comparative analysis between the research and development
of common, classic vaccines with the candidate vaccines
against COVID-19 was also performed. A new feature was
highlighted in the development of potential vaccines against
SARS-CoV-2: new repurposing idea to shortcut vaccine devel-
opment time.

Immunological endpoints
and clinic-epidemiological context

Despite research by scientists around the world, it is not known
exactly what a protective immune response to the COVID-19
means. But an effective vaccine may be the only way out of the
pandemic. Vaccination is a method of preventing many com-
municable diseases, which is based on the fact that the intro-
duction into the body of a pathogen-like agent causes an im-
mune response, similar to the natural infection, but without
producing the disease. The immunity produced by vaccines
involves the recognition of the vaccine-containing agent as
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foreign to the body, its destruction, and the formation of im-
mune memory so that subsequent contact with the pathogen for
which the body has developed immunity results in faster and
more effective defense responses. The purpose of immunization
by vaccination is to prevent specific infections and to limit their
consequences [4]. The ideal vaccine is one that simultaneously
meets the following conditions: is effective in preventing infec-
tious disease or reducing the severity of the disease; provides
durable and long-lasting protection against the disease; de-
velops immunity with a minimum number of administrations;
provides as much antigen as possible to provide extensive pro-
tection against infections; does not cause side effects or they are
minimal; is stable under storage conditions, preferably without
special storage conditions, throughout the shelf life; and can be
produced on a large scale; it is financially accessible to the
populations to which it is addressed [4].

In this COVID-19 pandemic, the objectives of vaccination
against SARS-CoV-2 are:

i) Prevention of a clinically symptomatic or severe infec-
tion that would require hospitalization

ii)  Prevention of a proven seroconversion infection to pre-
vent the transmission of the disease

iii)  Generating a strong neutralizing immune response,
which can bind to the viral protein S, which can prevent
it from attaching to human cells

In this context, the relative contribution of different immu-
nological responses, such as neutralizing antibodies and CDS8
+ T cells, is very important.

Anti-SARS-CoV-2 antibodies represent the immune re-
sponse of the host organism to the presence of the virus.
These antibodies are immunoglobulins belonging to classes
A, M, G, and less often D. Previous models of serological
antibody responses to viral infections have generally
established the following sequence of these antibodies over
time from the time of virus infection: the earliest are IgA and
follow IgM closely, [gG-type antibodies being the last to ap-
pear and remain in high titers for a more extended period than
the previous ones (IgA and IgM) [5].

For some viruses, there is a period when the antigen (the
virus itself) coexists (can be identified) with antibodies, espe-
cially early IgA and IgM antibodies. Other viruses have a
period of “serological window,” i.e., a time interval between
the disappearance of the antigen (in the blood) and the appear-
ance of antibodies, so a time interval in which the infection
(past) cannot be highlighted [6].

IgG-type antibodies are specific to the novel coronavirus
and can be measured using chemiluminescence immunologi-
cal methods, an automated laboratory method with superior
performance to enzyme-linked immunosorbent assays. The
test basically detects the body’s immune response to SARS-
CoV-2 infection [7].
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Fig. 1 Schematic mechanism of
the neutralizing antibodies. Spike
(S) protein binds to the host
receptor (ACE2 receptor) and
enter into the target cell through
membrane fusion. The antibody
targeting S protein can effectively
block binding, membrane fusion,
and entry of SARS-CoV-2 to the
ACE?2 receptor

IgG-type neutralizing antibodies are formed in the body’s
response to viral antigens on the envelope (envelope) of the
SARS-CoV-2 virus—more precisely the S1 and S2 areas
(domains) of the S protein in that envelope. The SARS-
CoV-2 is an RNA-type virus that has in its structure several
proteins, with the help of which the virus manages to attach to
the cells of the human body, to penetrate them and to replicate
and to multiply. The proteins that form the outer shell of the
new coronavirus are protein S (S comes from Spike, the char-
acteristic, spiky appearance of the virus), protein M, mem-
brane protein, and protein E (Envelope). N protein is the nu-
cleocapsid protein that envelops the viral nucleic acid [8].

These proteins are the portions of the structure of the virus
that are recognized by the human body as “attackers” causing
the formation of antibodies specific to the attackers (as a key
suitable for a lock). Usually, the standard time for antibody
development is 5-21 days after the onset of symptoms, with
individual variations, IgM-type antibodies appearing earlier
(usually 5-12 days), and IgG-type antibodies later (usually
7-14 days)[9].

Neutralizing antibodies are produced by the body specifi-
cally to bind to two areas of the S protein (protein outside the
virus) that are responsible for attachment to human cells (S1
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area) and the fusion of the virus to the membrane. S protein is
the main protein involved in triggering the protective immune
response, so the test has a high sensitivity, being able to detect
with maximum accuracy the presence of this important viral
protein. Antibodies that bind specifically to the S1 and S2
areas of the viral S glycoprotein prevent the virus from infect-
ing the human cell and are called neutralizing antibodies (it
blocks the entry into human cells, effectively neutralizing the
virus) [10] (Fig. 1).

Only certain types of antibodies developed in response to
infection are neutralizing antibodies, meaning they can block
the virus from infecting human cells [6].

Clinical importance of dosing IgG anti-SARS-CoV-2 antibodies
Test results are expressed quantitatively, reflecting the amount
of neutralizing antibodies present, and the result may be pos-
itive, negative, or equivocal. A threshold value is also set
above which it is considered that the person can become a
donor of immunized plasma (because he has a higher amount
of neutralizing antibodies). The presence of anti-SARS-COV-
2 antibodies should be correlated with clinical signs and
symptoms, epidemiological investigation, and other test re-
sults [11].

@ Springer



318

Immunol Res (2020) 68:315-324

Currently, the body’s specific immune response to SARS-
CoV-2 infection is the subject of numerous studies. To date, there
is no complete validated information on the dynamics of anti-
bodies to the time of infection and their persistence after virus
elimination and neutralizing capacity, so their ability to protect
against viral infection with SARS-CoV-2 [12]. Most published
studies have as a reference term for antibody dynamics, the onset
of symptoms, not the timing of infection. However, serological
tests have a number of limitations. Negative serological results
cannot rule out SARS-COV?2 infection, especially when the in-
fection is recent. On the other hand, there is a risk of positive
results due to cross-reactivity with antibodies formed as a result
of infections with other coronaviruses [13].

In rare cases, certain antibodies generated by immunization
may not only prevent infection but even favor an aggravated
form of the disease (antibody-dependent disease enhance-
ment, ADE). When these antibodies come in contact with
the virus again, they will help it to enter the cells and cause
infection [14]. ADE has been described in many viral infec-
tions (flu, dengue, Zika, etc.) but also in coronaviruses.
Several animal studies have shown that some types of anti-
SARS and anti-MERS vaccines, although effective in gener-
ating antibodies, can lead to more severe forms of the disease
when the virus is subsequently inoculated [15].

Thus, it could be suggested that the severity of COVID-19
lung damage could be explained by ADE, perhaps due to prior
exposure of patients to common coronaviruses (such as
229E), which are similar in structure and therefore interact
with the same antibodies [16]. The mechanism of ADE has
not been confirmed for coronavirus in humans, but we need
time to remove any doubt that the vaccine will not make us
more vulnerable to COVID-19[17].

In animal studies, immunization tests were performed
against the previous coronavirus, SARS-CoV-1, using recom-
binant protein components and viral vectors based on nucleic
acid, as well as the passive transfer of anti-spike protein anti-
bodies. Some vaccines add an adjuvant to boost the immune
response, creating a stronger and longer-lasting immunity to
infections than the vaccine alone. The use of an adjuvant may
be of particular importance in a pandemic situation, as it may
reduce the amount of vaccine protein required per dose,
allowing multiple doses of vaccine to be produced and there-
fore helping to protect more people [18].

The role of T lymphocytes in obtaining and maintaining
this immune response is unclear, which is an additional reason
for the development of several types of vaccines. New re-
search shows that many people with asymptomatic or mild
symptoms of COVID-19 demonstrate T cell-mediated immu-
nity to the new coronavirus, even if they have not tested pos-
itive for antibodies. This means that public immunity is prob-
ably higher than antibody tests suggest.

So, a high degree of safety of the vaccine is a prerequisite
for its approval for human use [19]. Unlike antibodies, which
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bind to the SARS-CoV-2 virus and prevent it from entering
cells, T cells are multifaceted lymphocytes. Regulatory T cells
(CD4 +) signal antibodies and other defensive systems to act
when they detect the presence of the virus, and cytotoxic or
killer T cells (CDS8 +) detect and destroy virus-infected cells
[20]. The existence of T cells in the body of patients who have
had COVID-19 is good news for a possible prolonged immu-
nity and therefore for the development of a vaccine. A recent
study shows that 100% of patients have regulatory T cells, and
cytotoxic cells are present in 70% of them, which means that
the immune system detects the virus and triggers the immune
response [21].

Preclinical data for some studied vaccines has demonstrat-
ed the occurrence of exacerbated respiratory disease due to the
formation of immune complexes between antibodies with low
neutralization and helper T cells 2. The COVID-19 vaccine
must be effective to determine the synthesis of antibodies of a
certain type, at a certain concentration (titer), and to provide
protection for a reasonable time [22]. But vaccines never gen-
erate immunity in everyone who is vaccinated. For example,
2—19% [23] of people vaccinated against measles do not get a
protective immune response after the first dose, and a percent-
age of 2-10% fail after the second dose [24]. Certainly, for
any possible anti-COVID vaccine, all these variables must be
carefully evaluated, and the primary immunization failures are
minimized by adjusting the dose or number of administrations
[25], especially since recent studies suggest that up to 6% of
individuals do not acquire post-COVID immunity.

The inability of the immune system of some individuals to
generate a response is not limited to measles but is described
in many common types of vaccines [26]. The causes of these
primary immunization failures are very complex and range
from genetic and immunological factors to the quality of the
vaccines themselves and the mode of administration. Age is
also an important criterion, with some studies of the flu sug-
gesting that the aging of the immune system dramatically
decreases the effectiveness of vaccination [27]. Certainly, for
any possible anti-COVID-19 vaccine, all these variables must
be carefully evaluated, and the primary immunization failures
are minimized by adjusting the dose or number of administra-
tions, especially since recent studies suggest that up to 6% of
individuals do not acquire post-COVID-19 immunity[28].

Assuming that the COVID-19 vaccine will generate an
effective immune response in a sufficient number of vaccinat-
ed individuals, we need to know how long the protection will
last [29]. For example, after measles vaccination, 5—12% of
those who have an excellent initial response lose their protec-
tive antibody titer within a few years, a phenomenon called
secondary immunization failure [30]. Another example is the
Ebola vaccine (non-replicating adenoviral vector) developed
in 2017 in response to recurrent epidemics in West Africa. As
the vaccine needed to reach the market faster than the plat-
forms developed during the same period by GSK and Merck,
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the phase III tests were skipped [31]. The vaccine was admin-
istrated to 500 volunteers in Sierra Leone, and although it
generated an initial immune response, most of those vaccinat-
ed had significant decreases in antibodies 168 days after im-
munization [32].

Existing data on human coronaviruses are very few. The
coronavirus 229E seems to give immunity for only 2 years
[33]. Other studies suggest that anti-SARS antibodies drop
fairly rapidly to levels below those that provide protection,
so that recovered individuals could become vulnerable again
3 years later [34]. In the case of MERS, although the antibody
titer was still high after 3 years [35] in most survivors in one
study [36] in those with mild disease, it seems to disappear
faster, i.e., under 18 months [37, 38]. It also takes time to
check the post-vaccination persistence of anti-COVID
antibodies.

Diversity of platforms and candidate vaccines
against SARS-CoV-2

According to a document published on the WHO website
(www.who.int) on 7 July and June 2020, there are twenty-
one clinically evaluated vaccines in the landscape of candi-
dates for the possible vaccine against COVID-19 and 139
candidate vaccines in preclinical evaluation [39]. The most
promising candidate vaccines at the moment are those already
being tested in humans, in different phases (Fig. 2). Some

technologies are very new and therefore require more careful
testing; others are old but need to be adapted for COVID-19.
Each of these has advantages and disadvantages that must be
overcome [40]. The platforms for developing of candidate
COVID-19 vaccines are diverse:

a) Nucleic-acid vaccines

These are the fastest in development and do not require
fermentation or culture. Nucleic acid-based vaccines are ob-
tained by inserting mRNA and DNA acids into some cells of
vaccinated individuals, forcing them to manufacture immuno-
genic viral proteins [41]. During pandemics, the use of mod-
ern sequencing techniques and reverse genetics has an impor-
tant contribution to shortening the development time of a vac-
cine [14].

DNA vaccines (Inovio, INO-4800, a DNA plasmid
vaccine with electroporation) is already used to obtain flu
virus vaccines. This produces stimulation of cellular immunity
by inserting a foreign DNA into the cell’s genome host. They
stimulate the cellular immune response compared with most
vaccines that address humoral immunity. This type of vaccine
preparation is hope for effective prophylaxis of HCV viral
hepatitis or viral pathology high antigenic variability (influen-
za virus or HIV). Although it is advantageous by avoiding the
introduction of a live virus strain into the human body, this
type of vaccine may have potential oncogenic risks by

PLATFORMS CANDIDATE VACCINES COMMENTS
NUCLEIC ACID DNA INO-4800/ USA, South Korea/ Inovio Pharmaceuticals, CEPI, Korean Institute
VACCINES DNA plasmid vaccine with of Health, International Vaccine Institute Multiple doses
electroporation Planned Phase II-11I trials Fast speed
Ao Phase I completed (two doses/ a dose every four weeks Not licensed technology
Scale: low to medium

@ RNA mRNA-1273 /USA/Moderna/NIAID The skewed response of T
LNP encapsulated mRNA 3 Phase 2 NCT04405076 (IND submission) helper (TH:) cells
LNP-mRNAs Phase 1 NCT04283461 Immune response, Safety; 3 arms (doses 25, 100, 250

mcg)/ Recruiting
BNT162 (al, b1, b2, c2)/ BioNTech/ USA/Fosun Pharma/Pfizer
Phase 1/2 2020-001038-36 NCT04368728

VIRAL VECTOR
VACCINES

Non- Replicating

Safe

Ad5-nCoV/China/CanSino Biological Inc./Beijing Institute of Biotechnology
Phase 2 ChiCTR2000031781/ Immune response, Safety; n=500; Randomized

Phase 1 ChiCTR2000030906/, Safety; n=108, completed

Phase 1/2 PACTR202006922165132 2020-001072-15 Immune response, safety,
n=510; Single-blindsd randomized Elacebo controlled multicenter, compleid

Single dose

Medium speed

Licensed technology
Scale: high

requires booster shots for
long-term immunity
Safe

Adenovirus Type 5 Vector double-blind placebo controlled/ Recruiting
ChAdOx1 nCoV-19/UK/University of Oxford
Phase 3 ISRCTN89951424 ,
Phase2b/3 2020-001228-32
VIRUS Attenuated Pre-clinical stage
VACCINES Codon deoptimized live Codagenix/Serum Institute of India

attenuated vaccines
: Inactivated
» Inactivated SARS-CoV + Alum
(Inactivated)

Indian Immunologicals Ltd/Griffith University

PiCoVacc (Sinovac Biotech)

Phase 3 NCT04456595

Phase 1/2 NCT04383574 NCT04352608

Immune response, safety, n=144, Randomized double-blind single-center
placebo-controlled, completed

Single-dose, Slow speed
Licensed technology
Scale: high, Inexpensive
Single-dose, Fast speed
Not licensed technology
Scale: medium to high

Needs adjuvants for immune

response

PROTEIN-BASED
VACCINES

Subunit

Full-length recombinant SARS
CoV-2 glycoprotein
nanoparticle vaccine adjuvanted
with Matrix M

Clover Biopharmaceuticals Inc/GSK; Vaxil B-io, AJ Vaccines
Genrex/EpiVax/University of Georgia; Sanofi Pasteur; Novavax
Heat Biologics/University of Miami

University of Queensland/GSK/ Baylor College of Medicine; iBio/CC-
Pharming

Fig. 2 Vaccines platforms and current status of potential candidate COVID-19 vaccines

Multiple doses
Licensed technology
Medium to fast speed
Scale: high

Safe
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incorporating DNA into the chromosomes of the host cell or
by inhibiting tumour suppressor genes [42].

RNA vaccines (Moderna, BioNTech/Pfizer, CureVac) are
new and have no approval, but there are candidate vaccines
for COVID-19. These are vaccines that try to cause the pro-
duction of antibodies against the viral protein—spike—that is
found on the surface of the virus. These antibodies have a
neutralizing effect and block the protein that allows the infec-
tion of cells in the respiratory tract [41].

b) Non-replicating viral vectors vaccines

These common viruses (e.g., adenoviruses) have been
genetically modified to express SARS-CoV proteins on
the outer surface. But being common, most people have
come in contact with them, and there is already an immu-
nity to them, and they are quickly neutralized [43]. The
candidates vaccines are: ChAdOx1 nCoV-19 (currently
known as AZD1222)/University of Oxford/AstraZeneca/
Phase3; ISRCTN89951424/University of Oxford/
Phase2b/3; 2020-001228-32/UK-MHRA/Phasel/2;
PACTR202006922165132/University of Oxford/
AstraZeneca/Phasel/2; 2020-001072-15/University of
Oxford/AstraZeneca/Phasel/2). This uses a viral vector
based on a weakened version of the common cold virus
(adenovirus) that contains the genetic material of the sur-
face spike (S) protein of SARS-CoV-2. After vaccination,
protein S is produced, which causes the body’s immune
system to attack the new coronavirus if it infects the vac-
cinated person in the future with antibodies specific to this
protein. The recombinant adenovirus vector (ChAdOx1)
was chosen because it generates a strong single-dose im-
mune response and does not reproduce, so it cannot cause
a continuous infection in the body that received the vac-
cine. ChAdOx1 vaccines have been given to more than
320 people to date and are safe and well-tolerated.
However, they can cause temporary side effects such as
high body temperature, flu-like symptoms, headaches, or
pain in the arm in which it is injected. There are used the
same platforms as for MERS, influenza, TB,
Chikungunya, Zika, MenB, and plague.

Ad5-CoV (phase 2 ChiCTR2000031781, phase 1
ChiCTR2000030906) Ad5-nCoV is a new, genetically
engineered vaccine with replication of type 5 adenovirus as
a vector of immunity against the new coronavirus protein. The
vaccine tries to teach the body to recognize the S protein of the
coronavirus, which is delivered via a type 5 adenovirus. The
potential candidate is developed by the Chinese Military
Academy of Medical Sciences and Cansino Biologics and is
based on the technological platform developed by Cansino
which related to viral adenoviruses. It is the same platform
where an Ebola vaccine was succeeded in 2017 [44].
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¢) Virus vaccines

Live attenuated viruses can be considered variants of
SARS-CoV-2 with pathogenesis greatly diminished by genet-
ic engineering. They are the most potent immunogenic vac-
cines, but there is a risk of them becoming pathogenic again as
a result of mutations, as happened with the polio vaccine.
They contain live microorganisms, with low virulence
through repeated transitions on culture media, through pas-
sages to different animal hosts, or through genetic mutations.
It provides persistent protection similar to that natural post-
infection but may cause multiple and severe post-vaccination
reactions. Such preparations are BCG and most antiviral
vaccines—polio with live strains, anti-measles, and rubella
[45].

Inactivated viruses containing whole bacterial/viral parti-
cles are inactivated (killed) by heat or formalization. Induced
post-vaccinal immunity is lower compared with the determi-
nation of the previous preparations, but also, the side effects
are lower. This category includes pertussis vaccines cellular,
inactivated anti-hepatitis A, or antipoliomyelitis [46].

d) Protein-based vaccines

Subunit vaccines - with antigenic fragments - Novavax,
NVX-CoV2373, phase 1/2 NCT04368988, is a vaccine based
on glycoprotein nanoparticles. Matrix M adjuvant is used to
increase the immune response against the SARS-CoV-2 spike
protein by inducing elevated levels of neutralizing antibodies.

These vaccines contain an antigen or an antigenic fraction
with a major role in triggering the production of antibodies.
Elimination of various cellular protein components, a nucleic
acid, of no major importance for immunogenicity, causes a sig-
nificant decrease in side effects. They have frequently used in-
fluenza vaccines with surface antigen types, hemagglutinin and
neuraminidase (Influvac-Solvay Pharmaceuticals, Fluarix-
GlaxoSmithKline) or those with fragments and virion
(Vaxigrip-Sanofi Pasteur). The vaccines obtained are just as con-
ventional by molecular recombination, such as those of hepatitis
B second generation (Engerix B-GlaxoSmithKline; Euvax B-
Sanofi Pasteur; Recombivax HB-Merck & Co) or third genera-
tion, what contains recombinant DNA HBsAg [47].

COVID-19 and normal vaccines development:
will it make difference?

Normal vaccines development
Vaccines are some of the most closely monitored and moni-

tored biological drugs available [108]. The development of a
vaccine is a complex process, which extends over very long
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periods and differs from the process of developing traditional
medicines.

The rigors are higher than in the case of medicines because,
unlike drugs, vaccines are, by definition, administered to a
huge number of healthy people. Historically, there have been
situations of contamination of vaccines with other viruses,
fortunately without consequences [48]. Notably, one-third of
polio vaccines administered in the USA between 1955 and
1963 also contained simian virus 40 (SV40), which was
spread in complete ignorance through the manufacturing pro-
cess. More recently, rotavirus vaccines have been discovered
to have porcine circoviruses. To avoid such situations, any-
thing to be tested on humans must first be checked for purity
and then secured production lines.

Vaccine development
Preclinical studies

The first step in vaccine development is the preclinical devel-
opment stage to determine the safety profile of the vaccine.
The information collected from these studies is essential for
the safe start of clinical trials in human subjects [49].

Safety testing requirements

* Phase I vaccine trials: Researchers are testing the candi-
date vaccine on a small number of volunteers (20-50) to
evaluate its safety, determine the dosage, and identify side
effects. All these data are obtained by comparing the vac-
cine with control or inactive substance called placebo
(e.g., saline). At this stage, data about the dose and the
period between vaccinations necessary to ensure an opti-
mal response of the immune system are identified.

* Phase II vaccine trials: Vaccines that have good results
during phase I studies go into the second stage of studies.
Here, the vaccine is given to a larger group of volunteers
(100-300) to assess its safety and immunogenicity (the
ability of a substance to produce an immune response).
Also, at this stage, the correct dosage and administration
schedule are explored in more detail. This phase can take
two or more years.

* Phase III vaccine trials: The most promising candidate
vaccines reach phase IIT of clinical trials, where 3000—
50,000 volunteers are enrolled. This stage aims to measure
the effectiveness of vaccines on a large scale among the
population for which the vaccine is intended. At this stage,
concomitant administration with other vaccines is also
tested. Phase III of clinical trials may take 3—5 years.

* Approval by regulatory agencies, IND (Investigational
New Drug) of the FDA (Food and Drug Administration)
in the USA and the European Medicines Agency (EMA)

in the European Union, after which the vaccine can be
produced on a large scale and thus reach the population.

* Phase IV: Pharmacovigilance, monitoring the vaccine ad-
verse event. Once arrived on the pharmaceutical market,
the vaccine begins the process of pharmacovigilance. It
involves strict monitoring of vaccines to detect, analyze,
understand, prevent, and communicate any adverse effects
following immunization or any other aspects related to the
vaccine or immunization.

Long-term clinical trials are often performed to assess
whether the protection provided by the vaccine is long-lasting.
The process of developing and approving a vaccine takes
more than a decade and is tested on tens of thousands of
volunteers. Moreover, the safety and efficacy of vaccines are
not only monitored by manufacturers but also by the compe-
tent authorities [50].

COVID-19 vaccines development: recent progress

The efforts of researchers around the world to obtain vaccines
against SARS-CoV-2 as a therapeutic solution in the COVID-
19 pandemic have no precedent in terms of scale and speed.

As “speed” is the dominant feature of obtaining these vac-
cines, there is an indication that these vaccines may be avail-
able under emergency conditions or similar protocols by
2012. But this urgent need represents a fundamental change
in the classic and traditional stages of vaccine development
that last on average over 10 years, even compared with a
period of 5 years necessary for Ebola vaccines[51].

This rapid and urgent need for the development of COVID-
19 vaccines involves new development concepts: (i) parallel
and adaptive development phases, (ii) innovative regulatory
processes, and (iii) large production capacity.

For the standard vaccines, in the preclinical stage, the tech-
nology that will be part of the vaccine is selected; the efficien-
cy, safety on human cells (in vitro), and animal models (-
in vivo) are tested. If the in vitro anti-infective effect is expect-
ed, and many cells do not die excessively, in vivo animal
studies are performed [52].

The preclinical stage lasts between 1 1/2 [53] and 2 1/2 [54]
years and is by far the most selective; the estimate is that less
than 20% [54] of the studies manage to pass the human test.
Some studies fail because the product does not work, and
others fail because they can no longer find funding. These
aspects may be a reason for failure for potential anti-COVID
vaccines announced by WHO as “preclinical testing” [39].

The second step is human testing and includes FDA (USA)
and EMA (Europe) approvals [55, 56]. This stage is divided
into 3 phases: testing on tens of people (phase I), testing on
hundreds of people (phase II), and testing on thousands of
people (phases III/IV) [57, 58].
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Because the goal is to determine the dose at which the
vaccine is effective, and especially to avoid side effects, it is
always preferable to start small-scale testing [59].

Until now, only five vaccines skipped the preclinical stage
and began to be administered directly to human subjects in
phase I studies [60]. Two of them are developed by the
American companies Moderna (RNA vaccine) [61] and
Inovio (DNA vaccine) [62] and another three vaccine candi-
dates by China, by CanSino Biologics (non-replicating
adenoviral vector) [63], and Shenzhen Genolmmune
Medical Institute (immune cells modified with a lentiviral
vector) [64].

In light of these aspects, a possible diagram for COVID-19
vaccine development would be the following: (i) phases I and
II lasting 6 months each; (ii) complete shunting, on emergency
criteria of phase III; and (iii) 6 months for manufacturing and
distribution, thus reaching a total of 18 months (Fig. 3).

An example of possible developing COVID-19 vaccine A man-
ufacturer will contribute the antigen based on the S protein,
which is based on recombinant DNA technology. This tech-
nology was able to genetically perfectly reproduce the pro-
teins on the surface of the virus, and the DNA antigen se-
quence was mixed with the recombinant DNA on the
baculovirus platform, this being the basic combination devel-
oped by Sanofi for their influenza vaccines. Another manu-
facturer will contribute the latest research in the field of adju-
vant technology. The use of adjuvants can be especially im-
portant in a pandemic situation, as it can reduce the amount of
protein needed for a dose, allowing more doses of vaccine to
be produced and thus helping to protect more people [65]. The
combination of protein-based antigen with an adjuvant is very

Pre-clinical Testing!

well-known and used in many vaccines. Using an adjuvant in
a vaccine has been shown to improve the immune response
and have stronger and longer-lasting results than just using the
vaccine alone. In addition, it can significantly improve the
production of an effective, large-scale vaccine.

Given that the current pandemic situation is an extraordi-
nary humanitarian and financial challenge, the companies
consider global access to COVID-19 vaccines to be a priority
at this time. The manufacturers are committed to making any
vaccine developed through this collaboration accessible to the
public, through a system that provides a fair distribution to
people in all affected countries.

Conclusions and future perspectives

So far, there has been no pandemic coronavirus. The novel
coronavirus 2019 is related to those that caused the epidemics
of SARS (2002-2003) and MERS (2013). Unfortunately,
there are no vaccines or vaccine candidates for SARS or
MERS that could be converted for this pandemic. In addition,
they could not have been used anyway, because it seems that
the new virus is significantly different from previous
coronaviruses.

Studies for the development of a COVID-19 vaccine are in
various stages of development. Some methods use messenger
RNA, others that use DNA, which is then translated, and
specific immunogenic proteins are produced. Beyond the ba-
sic research that determines which antigens can cause a neu-
tralizing immune response to the virus, two very important
elements must be considered in the development of a vaccine.
These are safety studies and efficacy studies. In the

Approval
Vaccination
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e D & oX =

* animal- * 20-50
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COVID-19
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* 6 ~ 9 months e 0 years * 6 months
)

Fig. 3 A comparative scheme regarding the development of normal vaccines versus potential COVID-19 vaccines
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development of the vaccine, it is essential to consider the
standard of the 3Rs: replacement, reduction, and refinement.
In the case of standard vaccines, these fundamental properties
are tested preclinically (in vitro and in vivo) and subsequently
in human clinical trials, during many years of research.
In vivo, vaccine testing is time-consuming, and most often,
tests fail when the pathogens tested are not specific to humans.

If, during the previous SARS epidemic, it had ended, and
we had now a vaccine approved for human use, all steps of the
trial could probably be skipped safely, and this is supported by
the biological similarity of coronaviruses large enough. Thus,
if a SARS or MERS vaccine already existed, it could very
easily have been adapted for SARS-CoV-2 without complex
testing.

As a consequence, it is highly desirable to develop appro-
priate technologies that respond swiftly to control the current
COVID-19 pandemic.
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