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The virus is just bad news, wrapped in a protein envelope.
Peter Medawar, winner of the Nobel Prize, 1960

Human health costs are the best investment.
Well known axiom

The SARS-CoV-2 coronavirus is the cause of the coronavirus disease 2019 (COVID-19), which in 
2020 became pandemic and a global threat. As of January 10, 2021, 218 countries and territories have re-
ported 90.783 million confirmed cases and 1.945 million deaths. The aim of this article is to briefly review the 
numerous information linked to this virus and the COVID-19 disease and to give an analysis and landscape 
of appropriate problems. In particular, to acquaint with information on the coronavirus biology, its origin, 
structure and ways of infection; on the features of COVID-19 disease, diagnostics, the use of pharmaceuticals 
for the disease treatment and the formation of immunity against SARS-CoV-2. Particular attention was given 
to the vaccines’ development and the effectiveness of anti-epidemic measures (quarantine). The use of mathe
matical modeling of the epidemic process and the prospects of quarantine ending is also discussed. Finally, 
the data relevant to the emerging SARS-CoV-2 variant VOC 2020 12/1 are presented with special attention to 
its possible impact on the virus diagnostics and vaccination.

K e y w o r d s: SARS-CoV-2 coronavirus, COVID-19 pandemic, ways of infection, COVID-19 diagnosis, anti-
viral immunity, vaccines, models of the epidemic process, SARS-CoV-2 variant VOC 2020 12/1.

On November 16, 2002, an unknown form of 
SARS was first reported in rural area Fos-
han, southern China’s Guangdong Province, 

which spread to 37 countries five months later, hit 
all continents, and nearly became the first pan-
demic of the 21st century. On March 15, 2003, the 
World Health Organization (WHO) officially named 
the disease Severe Acute Respiratory Syndrome 
(SARS). Initially, SARS was called the atypical 
pneumonia (synonyms - Chinese pneumonia, Hong 
Kong pneumonia) for its similarity in clinical symp-
toms to already known atypical pneumonia. The 
term ‘atypical pneumonia’ was introduced in 1938 
by American virologist Hobart Reimann for cases 
of pneumonia caused by uncharacteristic pathogens: 
mycoplasmas, chlamydia and legionella [1]. 

The causative agent of the disease in 2002 ap-
peared to be the SARS-CoV virus of the coronavi-
rus family, which could infect humans from civets1, 
which became carriers of the virus from bats to hu-
mans. A total of 8,422 disease cases were registered 
in 2002–2004, of which 916 were fatal (10.9%) [2]. 
The SARS epidemic was stopped despite the lack of 
effective etiotropic diagnostic, treatment and preven-
tive method, as a result of consolidation of efforts by 
many countries in pushing forward unprecedented 
anti-epidemic measures, and a ‘major’ mutation in 
the virus genome, when a fragment of 29 nucleotides 
dropped off its RNA.

In 2012, a new disease emerged in Saudi 
Arabia  - the Middle East Respiratory Syndrome 
(MERS), also known as camel flu that was very 
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similar to SARS. It was caused by the coronavirus 
MERS-CoV infecting humans from camels, which 
also transmitted the virus from bats to humans. Re-
current MERS outbreaks were reported in South Ko-
rea in 2015 and in Saudi Arabia in 2018. The MERS 
epidemic spread to 26 countries (primarily in the 
Middle East) and caused 2,519 cases, of which 866 
were fatal (34.4%) [3].

The SARS and MERS epidemics were impres-
sive for their fatal consequences (fortunately, they 
did not reach Ukraine), but the next epidemic, which 
emerged (as officially believed) in the Chinese city of 
Wuhan in November 2019, far exceeded all previous 
ones and has changed the way of living around the 
world. The new respiratory disease was called the 
Coronavirus disease 2019 - COVID-19 and it was 
caused by coronavirus SARS-CoV-2 (Fig. 1, A, B). 
Twelve months following the first cases of SARS-
CoV-2 infection (as of December 22, 2020), the virus 
spread to all continents (including Antarctic [4]), in-
fecting more than 78 million people and taking more 
than 1,72 million - death toll.

In Ukraine, the first case of COVID-19 was 
registered in Chernivtsi on February 29 2020 (con-
firmed on March 3) in a man who had come from 
Italy [5]. Since then (as of December 21, 2020), more 
than 97,000 cases of infection have been reported, of 
which about 16,660 have been fatal.

In contrast to the SARS epidemic of 2002, 
when the cause of atypical pneumonia in patients 
(and deaths, accordingly) became clear only a few 
weeks later, the information about the new SARS-

1Civets, or Viverridae – brindled nocturnal animals, somewhat similar to cats or foxes; they are easily tamed, and are 
often kept in the Southeast Asia as pets. 
2Order Nidovirales, family Coronaviridae, sub-family Orthocoronavirinae.
310–30% of human respiratory viral infections are associated with colonization of nasal and throat epithelial cells by 
229E, OC43, HKU1, and NL63 coronaviruses.

Fig. 1. A – Electronogram of a human cell overflown 
with SARS-CoV-2 coronaviruses (blue) [274]. B – 
Electronogram of SARS-CoV-2 coronaviruses [275]

CoV-2 virus, which caused severe respiratory COV-
ID-19 disease was provided by the PRC healthcare 
to the WHO in late December 2019 [6], and as soon 
as January 10, Chinese scientists published the full 
sequence of the SARS-CoV-2 genome [7]. This al-
lowed other countries to immediately undertake 
developing diagnostic preparations and vaccines to 
combat the COVID-19 pandemic.

Perhaps, for now, many questions remain unre-
solved: why do mortality differ in different countries 
and in different segments of the population; whether 
the probability of infection and the severity of the 
disease depend on the viral load; how effectively the 
immune system combats the viral infection and how 
long the immunity is preserved in recovered indi-
viduals; what mutations occur in the pathogen and 
whether they affect areas of the genome important 
for PCR diagnostics, encoding the most immuno-
genic epitopes of the virus that may be part of vac-
cines, etc.

Origin and structure of the 
SARS-CoV-2 virus

Coronaviruses2 were first isolated from chick-
en in 1937 [8], and human coronavirus was first 
obtained from a culture of the tracheal ciliated
epithelium of a human embryo in 1965 [9]. By 
2003, scientists knew about 10 coronavirus types, 
including human, cattle, pig, rodent, cat, dog, and 
bird viruses. Since the identification of SARS patho-
gen (2002–2003), scientific laboratories around the 
world have actively and comprehensively studied 
the coronaviruses. Given SARS originated in China 
and this country is the largest natural reservoir of 
its existence in bats, the Chinese city of Wuhan was 
opted to be a location of the world’s largest centre for 
the study of coronaviruses, which has successfully 
cooperated with scientists from around the world. 
Therefore, in recent years the number of known cor-
onavirus species has increased several times as new 
coronaviruses of humans, horses, whales, birds and 
bats have been isolated [10].

Coronaviruses are characterized by extensive 
tropism and can hit liver, kidneys, intestines, nervous 
system, heart and eyes in addition to the respiratory 
tract. A typical coronavirus infection is clinically 
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manifested by influenza-like syndrome and/or in-
testinal disorders. Prior to the emergence of SARS-
associated coronavirus, coronaviruses were thought 
to cause serious illness in animals and merely mild 
upper respiratory tract disease in humans3 [11].

By a degree of genome similarity and antigenic 
properties, coronaviruses are divided into 3 groups: 
α-, β- and γ-coronaviruses. The coronaviruses of the 
first group (causative agents of peritonitis in dogs, 
cats, infectious gastroenteritis of pigs, human coro-
navirus 229E and NL63, etc.), as well as the second 
group (agents of hepatitis in cats, dogs, mice, swine 
encephalomyelitis, human coronaviruses OC43 and 
HKU1, etc.) cause diseases in mammals, in particu-
lar mild respiratory diseases in humans. The corona-
viruses of the third group cause the disease in birds 
(infectious bronchitis in chicken and ducks). After 
lengthy studies and discussions, the SARS-CoV cor-
onavirus was assigned to subgroup 2b of the second 
group of coronaviruses [10]. The same subgroup is 
inclusive of viruses MERS-CoV and SARS-CoV-2 
[12]. Therefore, SARS-CoV-2 became the seventh 
known human coronavirus, four of which periodi-
cally cause acute respiratory pathologies, and three 
became fatal to humans (SARS-CoV-1, MERS-CoV 
and SARS-CoV-2).

According to official Chinese data, COVID-19 
was diagnosed on November 17, 2019 in a 55-year 
old person from Wuhan (Hubei Province) [13]. The 
first numerous cases were associated with the sea-
food market of Wuhan, but according to a study pub-
lished in the Lancet [14], some of the first infected 
with SARS-CoV-2 did not claim any contact with 
this market.

There is an evidence that humans could have 
been infected with this virus much earlier (at least 
in mid-September 2019), and this happened not in 
Wuhan. Scientists at the Cambridge University con-
ducted genomic studies of more than 1,000 samples 
of SARS-CoV-2 from different countries and plot-
ted the spread of the virus in the world according to 
genetic mutations occurred over time [15]. It turned 
out that there were three types of virus: A, B and 
C, each of which stemmed from the previous one. 
Type A was genetically closest to the bat coronavi-
rus, and was believed to be the first to infect hu-
mans. This type was found in patients from China 
and the United States, and mutated versions had also 
been found in patients from Australia and the United 
States. Interestingly, in China, type A coronavirus 
was detected (7 of 11 isolates) in Guangdong Provin
ce, 500 miles from Wuhan, but in Wuhan itself, type 

B virus was the dominant one. Type C coronavirus 
was diagnosed in the first infected in Europe, and 
also in South Korea, Singapore and Hong Kong, but 
not in mainland China. These data suggest that the 
transition of SARS-CoV-2 virus from bats to hu-
mans took place between September 13 and Decem-
ber 7, 2019, and it did not happen in Wuhan, because 
in this city until January 17, 2020, almost all isolates 
were of type B.

The SARS-CoV-2 genome is 88% (according 
to other data, 96% [16]) identical to the genome of 
SARS-like bat coronaviruses, but the virus is geneti-
cally different from SARS-CoV and MERS-CoV 
(similarity is about 79 and 50 %, respectively) [7]. 
SARS-CoV-2 has been suggested to be originated 
from the bat coronavirus and transmitted to humans 
through an intermediate animal species when it 
entered the Wuhan seafood market, which was as-
sociated with the first mass outbreak of COVID-19 
[17]. Subsequent studies revealed a 90% similarity 
of SARS-CoV-2 to pangolin virus (Manis javanica), 
especially pronounced in the protein S area, which 
is responsible for host cell recognition and penetra-
tion. However, pangolins have not been proved to be 
animals from which the coronavirus has been trans-
mitted to humans. In fact, SARS-CoV-2 is a chimera 
combining the features of bats and pangolin coro-
naviruses, while its origin remain unclear. Studies 
continue, but so far neither a ‘zero’ patient has been 
identified among humans nor an intermediate spe-
cies between bats and humans.

In March-April 2020, experts drilled into the 
possibility of artificial origin of SARS-CoV-2 and 
concluded that the probability of this phenomenon 
was extremely small [19]. The study of mutations in 
the genome of coronaviruses and their evolution al-
most unequivocally suggested the natural origin of 
SARS CoV-2. On April 30, 2020, the US National 
Intelligence also stated that SARS CoV-2 coronavi-
rus was not artificially created or genetically modi-
fied [20]. However, on May 3, 2020, US Secretary 
of State Mike Pompeo supported the opinion of 
President Donald Trump and said that the United 
States had evidence of the laboratory origin of the 
virus, which was allegedly developed in a labora-
tory of Wuhan. Nevertheless, scientists consider 
this statement political rather than scientifically sub-
stantiated. A two-person WHO commission is cur-
rently working in Wuhan to identify the source of 
the SARS CoV-2 coronavirus and answer questions 
about the first outbreaks of the disease, as well as 
the conditions of research at the Wuhan Institute of 

S. V. Komisarenko



8

ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 6

Virology. And here it is worth mentioning that the 
natural source of the Ebola virus (also from bats) 
was found only 45 years after its discovery. How-
ever, in any case, the question of the SARS-CoV-2 
origin requires further research, which will contrib-
ute to a deeper understanding of the evolutionary 
processes in viruses and the mechanisms of their 
transition to other species, especially humans.

Here it makes sense to make a short insert 
entitled “Why bats and what is their genetic evolu-
tion?”, in which to briefly recall the evolution of bats̀  
interacting with various viruses, including corona-
viruses [22]. To many readers, it may seem weird 
that bats, with which we do not come into frequent 
contact in everyday life, play such an important role 
in the spread of the most dangerous viral diseases, 
including coronavirus - SARS, MERS, SARS-
CoV-2, as well as rabies, Ebola, etc. Bats are the sec-
ond most numerous mammals on Earth and there are 
more than 1,400 bat species [22]. Genome analysis 
shows that bats have been the ‘hosts’ of many vi-
ruses for more than 65 million years, including the 
now infamous coronaviruses, which are safe for their 
health. It is clear that such a huge and virus-friendly 
‘reservoir’ has created unique opportunities for vi-
rus evolution and increased the diversity through 
mutations and selection. Studies of genomes of dif-
ferent bat species and coronaviruses thereof started 
in 2002–2003 after the SARS epidemic in China, 
and then intensified significantly after the MERS 
outbreak in 2012. The results provided some in-
sight into the evolution of bats and their relationship 
with viruses, especially why they were insensitive 
to coronaviruses. Among other things, it was found 
that at least 10 genes ‘did not work’ in bats, which in 
other mammals were responsible for the mechanisms 
of inflammation caused by infections, but they had 
additional copies of antiviral genes, which might ex-
plain their insensitivity to the disease. However, so-
called residual genes had been found in the genome 
of bats - traces of previous viral diseases, even those 
that were characteristic rather of birds than of mam-
mals. Who knows, might be four strains of coronavi-
ruses (229E, OC43, HKU1 and NL63), which cause 
only acute respiratory diseases in humans, were 
once also highly pathogenic, as now SARS, MERS 
and SARS-CoV-2 are, but then evolved to the pre-
sent state. Studies of bats’ immunity to viruses may 
happen to be crucial for building a system of human 
protection from these viruses.

However, let’s go back to the SARS-CoV-2 vi-
rus. It has a thin, medium size (60 nm) nucleocapsid 

of uneven structure and spherical shape. As in other 
coronaviruses, the envelope of SARS-CoV-2 consists 
of 4 proteins: ‘spike’ glycoprotein S, nucleocapsid 
protein N, membrane protein M and super-capsid 
(envelope) protein E. In addition, there are 16 non-
structural (NSPs) and 9 additional proteins. Each of 
the nonstructural proteins (nsp1–16) plays a specific 
role in the replication of SARS-CoV-2 and in the 
development of replicative-transcriptional complex 
(RTC), which is responsible for synthesis of sub-
genomic RNAs (sgRNAs) [23, 24]. It has recently 
been found that in addition to the known 29 proteins, 
SARS-CoV-2 expresses 23 previously unknown pro-
teins, including both completely new proteins and 
truncated or expanded versions of known proteins. 
The function of some discovered proteins is to con-
trol the synthesis of known viral molecules, but the 
role of most of them remains unknown [252].

Inside the nucleocapsid there is a positive 
strand of polyadenylated RNA with a length of ap-
proximately 30,000 nucleotides, which holds the 
genetic information (5 genes have been described 
[25]). Externally, the nucleocapsid is covered with 
a lipid-containing envelope and a protein mem-
brane (Fig. 2). On the surface of the virion there are 
20-nm-long spike-like processes - peplomers, which 
have the shape of a club expanding to the distal end. 
This shape on electron microscopy images resembles 
a solar corona in an eclipse, which is why they were 
called (corona)viruses [26].

The spike protein, or protein S (SARS2-S, 
strain Wuhan-Hu-1), is a major ‘player’ in the pro-
cess of infecting human cells. It is responsible for 
the interaction (recognition) with the receptor on the 
surface of the host cell and for ingress of the virus 
into the target cell (that is for target cell binding, 
fusion and entry). It is a homotrimer, i.e.  formed 
by three identical subunits (each consisting of 1273 
amino acid residues), and each subunit has two do-
mains - S1 (amino acids from 1 to 685) and S2 (ami-

Fig. 2. A coronavirus sketch [276]
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no acids from 686 to 1273). The outer part of the 
subunit (from the N-terminus) forms the outer ec-
todomain (amino acids 1–1208), to which the trans-
membrane ‘anchor’ and short C-terminal inner ‘tail’ 
adjoin from the C-terminus. Each S1 domain has one 
receptor-binding domain (RBD - amino acids 319-
541), which binds to the host cell membrane protein - 
angiotensin-converting enzyme 2 (ACE2), which is 
a receptor for penetration of the virus into the cell 
[27]. Therefore, each protein S (trimer) has three 
receptor-binding domains. SARS-CoV-2, in contrast 
to SARS-CoV, is able to more close interaction with 
the ACE2 protein, which provides for its more effec-
tive penetration into the target cell [19, 28]. Glycan 
binding sites are located at the apex of the protein 
S trimer. Each protomer of trimeric protein S was 
found to have 22 glycosylation sites, and the SARS-
CoV-2 gene encodes 22 N-glycan sequences for each 
protomer. These glycans originating from the Golgi 
apparatus of the host cell are involved in the folding 
of viral proteins and in the immune response. Inter-
estingly, no mutations of the virus have been found 
so far (in July 2020) that affect the glycosylation sites 
(glycans) of S-glycoprotein [29]. The carbohydrate 
components of glycoprotein S play an important 
role in protecting the virus from the host immune 
system, in particular from antibodies to epitopes on 
protein S. Nevertheless, publication in Cell in Sep-
tember [289] clearly demonstrated that mutations 
in spike protein S and in its RBD, which ablated 
glycosylation at RBD (N331 and N343) drastically 
reduced viral infectivity and antigenicity. Some mu-
tations (N234Q, L452R, A475V, and V483A) made 
virus resistant to neutralising monoclonal Abs but 
not N234Q that can be important in the development 
of vaccine and therapeutic antibodies [289].

The mechanism of SARS-CoV-2 penetration 
into the cell, as well as the pathogenesis of COV-
ID-19, has not been sufficiently studied, but it is 
known that the virus interacts not only with ACE2 
receptor but also with other cellular structures, in 
particular with TMPRSS2 - a membrane-bound 
serine protease with a little-known biological func-
tion. When infecting, the protease TMPRSS2, 
or furin, activates the protein S of SARS-CoV-2 
[30, 31] by breaking several peptide bonds between 
S1 and S2 domains of the protein S. This process - S 
priming - opens the way to involvement of the S2 
domain in the fusion of the virus with the plasma 
membrane of the target cell. This forms a channel 
through which N proteins and viral RNA enter the 
cytoplasm of the target cell, where RNA is translated 

and fosters the formation of complexes for replica-
tion and transcription of the virus, while N proteins 
bind to RNA to preserve its stability.

Thus, the effective ingress of the virus into the 
host cell occurs in three stages [23, 27]: the first - 
the virus binds to the receptor(s) of the cell; second - 
the lipids of the envelope and membrane of the vi-
rus (probably with the corresponding proteins) fuse 
with the plasma membrane of the cell; third - the 
genome (RNA) of the virus is released in the host 
cell, where replication of its genomic material be-
gins. Spike protein S plays a key role in the first two 
stages, which last about 10 minutes, and the third 
stage, which ends with the creation of new viruses - 
about 10 hours. Synthesized viruses leave the host 
cell, which dies either from depletion of internal re-
sources used for virus synthesis, or under the action 
of the immune system, which destroys infected cells, 
and new viruses infect new cells or are excreted in 
the air while breathing (if these were lung epithelial 
cells).

Probably, SARS-CoV-2 uses several different 
receptors for penetration into cells. It is known about 
the interaction of protein S with CD26 - membrane 
enzyme dipeptidyl peptidase-4, which is important 
for immunoregulation [32]. In addition, the possibili
ty of SARS-CoV-2 virus entering the cell through 
the CD147 receptor (or basigin), an inducer of matrix 
metalloproteinases belonging to the superfamily of 
immunoglobulins and a receptor for penetration of 
malaria causing agent into erythrocytes, has been 
proved [33].

New findings have recently been published 
that, in addition to the well-known ACE2 receptor 
for SARS-CoV and SARS-CoV-2 viruses (although 
their tropism differs), there is another cellular recep-
tor [34] which significantly amplifies the infectivity 
of SARS- CoV-2 and, perhaps, explains its tropism to 
‘not generally accepted’ organs and atypical course 
of COVID-19 disease. It is neutropilin-1 (NRP1), 
which binds furin-cleaved substrates and interacts 
with the endothelial growth factor (VEGF). It plays 
an important role in angiogenesis, vascularization, 
development and metastasis of malignant tumours, 
etc. NRP1 is mostly expressed in the respiratory and 
olfactory epithelium covering the surface of the na-
sal cavity, and in endothelial cells. The autopsy of 
patients with COVID-19 revealed that NRP1-positive 
cells of the olfactory epithelium and buds were in-
fected with SARS-CoV-2 with a particularly large 
amount of virus in NRP1-positive endothelial cells 
of capillaries and the average-size blood vessels of 
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the olfactory bud [35]. Intranasal administration 
of NRP1-positive particles commensurate with the 
virus to mice showed their transport to the central 
nervous system, which may explain the intensive 
tropism and pathways of SARS-CoV-2 virus prolife
ration, as well as its direct effect on the brain.

Symptoms of COVID-19 are associated with 
the phases of virus replication in the body cells. Fol-
lowing infecting with the virus and its interaction 
with cells prior to RNA replication (several hours), 
no symptoms are manifested. In the initial stages of 
RNA replication, the first symptoms occur - fever 
and cough (this is the first phase of the disease last-
ing few days). The second phase is associated with 
a significant replication of the virus (possibly in dif-
ferent organs) and is accompanied by a very high 
temperature, generalized weakness and symptoms 
characteristic of pneumonia. The progression of the 
disease leads to the final phase - acute respiratory 
distress syndrome – ARDS, and possible death [23].

Quite a large number of publications are 
devoted to SARS-CoV-2 mutations. A comparison 
of 106 SARS-CoV-2 and 39 SARS genomes sug-
gested that the rate of SARS-CoV-2 mutations was 
significantly lower than in SARS, and that the Spike 
S-glycoprotein in SARS-CoV-2 and its receptor-
bindingdomain (RBD) were very conservative [2]. 
At the same time, a mutation of SARS-CoV-2 was 
isolated in India, which no longer interacts as ef-
fectively with the ACE2 cell receptors. Therefore, 
on one hand, such mutations are less dangerous to 
humans, and, on the other hand, they might ques-
tion the effectiveness of current vaccines [35]. One 
of the most interesting, important, and perhaps most 
dangerous mutations of SARS-CoV-2 is the D614G 
mutation at position 23403 of RNA virus, which re-
places aspartic acid at position 614 (SD614) at the 
C-terminus of S1 domain of the spike protein S for 
glycine (SG614). A virus with such a minor mutation 
(one amino acid only!) much more effectively infect-
ed both humans and cell lines in the experiment [36]. 
Moreover, if the G614 genotype was not found at all 
in February, scarce in March, then in April it was re-
vealed in 65% of those infected, and in May - in 70% 
of them. That is, the virus of G614 genotype has the 
priority in spread. It is more contagious and infects 
more people, although fortunately it neither worsens 
the course of COVID-19 nor in-creases mortality 
[221]. It is even possible that D614G mutation makes 
SARS-CoV-2 easier target for vaccines. Thus, exper-
imental RNA vaccines against COVID-19, including 
a vaccine developed by the pharmaceutical company 

Pfizer, induced in mice, monkeys, and humans the 
synthesis of antibodies that were more potent in neu-
tralizing viruses of G614 genotype than viruses of 
D614 genotype [271].

Due to a large-scale pandemic, the SARS-
CoV-2 has become the focus of researchers from 
around the world. Many leading laboratories have re-
arranged their work for studying the scientific prob-
lems associated with the virus. Recently, just during 
a week, SARS-CoV-2 virus was fully reproduced 
from the DNA sequence using a reverse synthetic 
genomics platform, yeast cells, T7-RNA polymerase, 
and a cloning method based on transformation-as-
sociated recombination (TAR), which allows pre-
serving the virus genome creating an artificial yeast 
chromosome [37]. In addition, transgenic mice ex-
pressing human ACE2 have been bred. They can 
be infected with SARS-CoV-2 and used in studies 
as a COVID-19 animal model [38]. Such technical 
possibilities open new perspectives for studying the 
structure, mechanisms of SARS-CoV-2 functioning 
and its pathogenetic properties, which is important 
for development of antiviral medicines and vaccines 
for combating COVID-19.

Ways of SARS-CoV-2 infection and 
anti-epidemic quarantine measures

Despite the fact that SARS-CoV-2 is a highly 
contagious virus, the question remains as to what 
is the infectious dose of SARS-CoV-2, i.e. what is 
the number of viruses that cause the infection [39]. 
For example, in the case of influenza virus, 10 vi-
rus particles may be enough for a person to develop 
the disease, and for other viruses, the infectious load 
may be several thousand. It is also unknown whether 
the severity of COVID-19 is related to the number of 
viruses that has infected an individual [39]. It is rea-
sonable to assume that the more viral particles enter 
a patient’s lungs, the more severe the disease will 
be, but in fact there are a number of various factors 
that determine the incidence of COVID-19 and its 
course, such as human immunity and health status, 
comorbidities, age, obesity, etc.

The incubation period of SARS-CoV-2 vi-
rus (the period from infection to onset of the first 
disease symptoms) was believed to last from 2 to 12 
days (average 4-5 days), although recent studies have 
shown that its duration is likely much longer, up to 
21 days (about 8 days, on average) [216].

SARS-CoV-2 is transmitted between humans 
very efficiently, easier than the influenza virus. In 
patients with COVID-19, the virus was found main-
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ly in nasal washes, throat swabs, saliva, and lung 
secretions [40], but in some cases viral RNA was 
also detected in faeces, urine, blood, spinal and pleu-
ral effusion [41]. It is well known that it, like other 
coronaviruses, is transmitted by airborne droplets, 
i.e. by tiny drops containing viral particles, which 
are released by patients while coughing or sneezing. 
Secondary way of transmission is through contact 
with the surfaces, on which these drops fall, and 
subsequent contact with nose, mouth or eyes. At the 
same time, the possibility of virus transmission by 
faecal-oral route and through kisses is still not ruled 
out [42, 43]. The studies have revealed active and 
long-term SARS-CoV-2 infection in the gastroin-
testinal tract of people with confirmed COVID-19, 
and also showed that the virus can be excreted in 
faeces within a week after receiving negative results 
of nasopharyngeal tests for COVID-19. Moreover, 
high viral activity was observed in people with more 
pathogenic bacteria in the intestine [273].

The characteristic (and extremely dangerous) 
feature of SARS-CoV-2 is the ability to spread from 
infected individuals who do not yet have had any 
manifestations of the disease. This property is not 
characteristic of coronaviruses SARS and MERS, 
which caused the epidemics of 2002 and 2012, re-
spectively, during which patients became contagious 
only 24-48 hours after appearance of obvious clini-
cal manifestations of the disease, usually after hos-
pitalization. Possibly, this same difference caused a 
much higher prevalence of coronavirus in the cur-
rent pandemic caused by SARS-CoV-2. According 
to findings of the US Center for Disease Control and 
Prevention (CDC), 25% of COVID-19 patients have 
mild symptoms or are asymptomatic [44], and the 
analysis of prevalence of SARS-CoV-2 in 7 countries 
showed that infection by people without manifesta-
tions of the disease occured in 43% of cases, and 
the portion of diagnosed patients with minor symp-
toms of the disease was 40% [45]. Such patients can 
spread the virus by spitting, touching various surfac-
es after touching their mouth or nose, or talking or 
singing loudly. The studies have shown that SARS-
CoV-2 can persist for a long time on various surfaces 
(up to 4 hours on copper, up to one day on card-
board, up to three days on plastic (polypropylene), 
and up to three days on stainless steel] [46]), though 
this does not mean that such viral particles can still 
infect other humans.

It should be noted that these data have led 
some people to exaggerate the risk of SARS-CoV-2 
transmission through surfaces. In fact, these stud-

ies used much higher concentrations of the virus 
than humans could find in the real life. The prob-
ability that you may get COVID-19 by touching the 
packaging of products from the supermarket or the 
soles of your shoes is very small. Although such a 
possibility exists for 1-2 hours, if you touch the sur-
face on which a COVID-19 patient sneezed. Thus, 
recent studies have proven the possibility of trans-
mitting the virus through an elevator button and in-
fected medical equipment. However, excessive use 
of antiseptics can even be harmful as they irritate 
the skin, lungs, worsen the condition of people with 
asthma. Therefore, the main means of protection are 
social distancing for 2.0 m from other individuals 
and wearing a mask, which can reduce the risk of 
COVID-19 infection by approximately 65% [269].

It turned out that SARS-CoV-2 can infect not 
only humans but also animals, including cats, dogs, 
ferrets, minks, hamsters, rabbits, monkeys, etc., 
and some of these animals could infect other ani-
mals of the same species in laboratory conditions. 
Mice, pigs, chickens and ducks do not appear to 
catch or spread the infection. For the first time in the 
United States, a positive animal test for COVID-19 
was found in a tiger at the Bronx Zoo in New York 
City. In most cases, animals become infected with 
COVID-19 from people who have been in contact 
with them and sustain the infection relatively easily. 
However, the question of the role of animals, in par-
ticular domestic cats and dogs, in the spread of the 
COVID-19 pandemic among humans remains open 
[222].

A study conducted during the COVID-19 
outbreak in Italy revealed neutralizing antibodies 
against SARS-CoV-2 in 3.4% of dogs and 3.9% of 
cats, with positive tests more likely in dogs living 
under the same roof with COVID-19 patients [234]. 
The latest data show that pets are much more likely 
to be infected with SARS-CoV-2 by humans than to 
infect humans. Therefore, most researchers believe 
that pets with SARS-CoV-2 pose a minor risk to hu-
mans and other pets and do not play a significant role 
in the spread of the virus [223].

At the same time, SARS-CoV-2 has been re-
ported in minks on many farms in the Netherlands, 
Denmark and Spain. Infection in these animals 
manifested itself by symptoms of respiratory disease 
and increased mortality. The researchers tested 97 
workers of such establishments and found evidence 
of SARS-CoV-2 infection in 66 of them. Genetic 
analysis showed that the minks became infected 
with the virus from humans. Then the virus spread 
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among the minks, evolved and returned to farm 
workers able to transmit it to other people. Despite 
stringent biosafety measures and immediate culling 
of infected animals, the transmission of the infec-
tion between mink farms continues in an unknown 
manner [255].

The amount of virus in the cells of various 
organs and tissues is predetermined by the level of 
expression of receptors and enzymes important for 
penetration of the virus into their cells. Study of 
expression of such important molecules as ACE2 
(SARS-CoV/SARS-CoV-2 receptor), CD26/DPP4 
(MERS-CoV receptor), ST6GAL1 and ST3GAL4 
(enzymes required for the synthesis of sialic acid 
residues, which are associated with influenza virus), 
TMPRSS2 (protease required for virus penetration 
into the cell), etc., has explained why at the begin-
ning of infection SARS-CoV-2 is contained in the 
upper respiratory airways in much larger quantities 
than MERS-CoV and influenza virus (especially in 
the nasal cavity), where the high levels of expression 
of ACE2 and TMPRSS2 were registered [47]. Proba-
bly this could be the cause of three times higher con-
tagenisity of SARS-CoV-2 (compared to the influen-
za virus) and the ability to infect other people before 
the onset of symptoms. Upon onset of symptoms, 
the spread of the virus gradually decreases. Perhaps, 
there is evidence that people continue to discharge 
the virus from saliva and faeces for two weeks after 
recovery [48]. So, even after the symptoms disap-
pear, it is still possible to infect other people. That 
is why during the pandemic, physical distancing of 
people is so important (preferably at least 2 m) in 
order to prevent the spread of the virus from carriers 
who do not manifest the disease symptoms.

There has been a vast discussion about the 
possibility of aerosol transmission of SARS-CoV-2 
by small droplets (up to 5 μm in diameter) while 
speaking, singing and breathing. Having researched 
this issue, various groups of scientists from China, 
Singapore, and USA found viral RNA in places 
where it could only get by aerosols in the rooms 
with COVID-19 patients, although no facts of infect-
ing cell culture by virus were recorded. It was also 
shown that the virus can survive in aerosols for up to 
3 hours in the laboratory settings. Therefore, physi-
cians should wear respirators that protect them from 
aerosols [49]. According to other studies, during 
1 minute of speaking, an individual releases into the 
air at least 1000 droplets with a size of 12-21 μm 
(4 μm after drying in the air), which can carry the 
virus and cause infection. The droplets remained in 

the air for 8–14 min, which is sufficient for probable 
infection of other individuals [50].

For several months, the WHO denied the pos-
sibility of such a way of virus transmitting. Only 
on July 8, 2020, after publication of an open letter 
by 239 scientists from 32 countries, the evidence of 
aerosol transmission of coronavirus in specific con-
ditions, including indoors and in overcrowded prem-
ises was recognized. Confirmation of this evidence 
after careful evaluation changed the WHO's advice 
on preventing the spread of the virus and lead to 
greater use of masks and stricter distance, especially 
in shops, restaurants, and public transport [51].

Of particular concern to humans is the pos-
sibility of SARS-CoV-2 infection in long journeys 
by trains and aircraft, where a significant number of 
people spend a long time in a limited space close-
ly distanced between each other. On the one hand, 
studies have shown that the risk of infection of pas-
sengers during short flights in the United States with 
masks on is only 1 of 4300, and with vacant mid-
dle seats - 1 of 7700. Probably, such results could 
be explained by the fact that the air inside modern 
aircraft is replaced every 2-3 minutes, and most air-
craft are equipped with air filters designed to capture 
99.99% of particles. On the other hand, cases of in-
flight infection still occur, and airlines suffer from 
significant financial losses due to reduced passenger 
traffic while trying to do everything possible to en-
sure maximum safety, including offering protective 
shields and gloves in addition to masks, checking the 
temperature, intensive cleaning, restricting move-
ment during flights, free middle passenger seats, al-
though it is economically unprofitable [220].

We advised the officials in charge of the Na-
tional Security and Defence Council of Ukraine to 
take a decision on installation of ozonators in public 
transport (subway cars, trains, buses, etc.), as ozone 
effectively neutralizes viruses in the air and on sur-
faces. Unfortunately, our advice has not been ac-
cepted yet.

The studies have shown that increasing abso-
lute humidity and temperature somewhat reduces the 
spread of SARS-CoV-2. Perhaps, as expected [52], 
the increase of temperature in the summer season 
did not reduce the spread of the virus. Given no spe-
cific prophylaxis or treatment of COVID-19 is cur-
rently available (as of November 2020), the spread 
of the virus can only be stopped by epidemiological 
measures, during which all infected persons (or at 
least the vast majority of them) are detected and iso-
lated, all their contacts tracked.
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A number of recommendations have been de-
veloped to reduce the level of human infection with 
asymptomatic vectors. In order to prevent airborne 
transmission of the virus, it was recommended to 
wear masks in crowded places. To minimize the pos-
sible risk of transmitting the virus by aerosols, it is 
necessary to thoroughly ventilate the premises.  

There is a lot of contradictory information 
about the effectiveness of different types of masks. 
The CDC recommended the citizens wear tissue 
masks and leave surgical masks and respirators for 
physicians [53]. Some WHO recommendations were 
that tissue masks should not be used at all, unlike 
medical masks [54]. It is known that masks prevent 
the spread of viruses, as they stop droplets while 
coughing and sneezing of a sick person. However, 
whether medical masks can protect a healthy per-
son remains unclear. At least wearing a mask is 
recommended for individuals who contact with sick 
patients, because the mask is able to retain a cer-
tain portion of droplets. Moreover, it prevents the 
face from touching by hands, although, on the other 
hand, wearing masks can cause a feeling of unwar-
ranted security and encourage neglect of other safety 
measures, such as hand washing. In addition, masks 
should be properly removed and disposed to pre-
vent contamination of hands, which requires certain 
skills from individuals and can put them at risk due 
to improper actions.

Therefore, in everyday life, the main precau-
tions detailed in the WHO and the Ministry’s of 
Health of Ukraine recommendations, are hand 
washing, ventilation, wearing masks in public plac-
es to protect those around, and decontamination of 
virtually contaminated surfaces. However, the most 
important thing is physical and social distancing.

The effect of such measures on the spread of 
the disease has been studied in detail in a large-scale 
study [55], which showed that lockdown in 11 Euro-
pean countries made it possible to avoid from 21 to 
120 thousand deaths. Relying on forecast of the Im-
perial College of the University of London, authori-
ties of the United Kingdom, at the beginning, hoped 
that isolation of only risk groups and development 
of collective immunity would make it possible to 
keep the disease under control. However, soon after 
the catastrophic increase in the number of patients, 
strict lockdown measures were introduced. A similar 
pattern developed in Singapore, where easing of a 
lockdown introduced in the first week of April, only 
exacerbated the situation, although before that the 
country controlled COVID-19 quite successfully. It 

is clear that lockdown measures should be continued 
(perhaps in a somewhat eased version) to prevent re-
current outbreaks of COVID-19 in so far unaffected 
regions.

Special features of COVID-19 course

The pathogenetic processes caused by SARS-
CoV-2 infection (as well as by SARS and MERS 
pathogens) are explained by changes in a target 
cell, which relate to the patterns of transcription 
and translation, cell cycle, cytoskeleton, signalling 
pathways of apoptosis and coagulation, inflamma-
tion, and response to stress. Coronavirus is able to 
induce cell apoptosis, which leads to the destruction 
of affected tissues and the development of fibrous 
post-recovery scars in lungs. The virus disrupts 
water-salt metabolism and protein transport caused 
by induction of cell fusion and the effect on perme-
ability of membranes thereof. Under such conditions, 
surfactant deficiency develops, which leads to the 
collapse of alveoli and pulmonary distress syndrome 
[56]. The most dangerous feature of SARS-CoV-2 
is its ability to cause hyperreactivity of the innate 
immune system driven by macrophage damage and 
induction of a cytokine ‘storm,’ which causes serious 
pathogenic damage.

Interesting and rather unexpected findings were 
obtained at the Max Planck Institute for Evolutionary 
Anthropology in Leipzig. Svante Pääbo, the Director 
of the Institute, known for his pioneering research 
into the origin and settlement of humans over the 
planet, in cooperation with his colleagues, found 
that a sequence of six human genes located in chro-
mosome 3 inherited by our ancestors from Nean-
derthals about 60 thousand years ago, significantly 
increased the risk of COVID-19 complications. In 
human evolution, these genes had probably played 
a positive role in countering infectious diseases, but 
now, on the contrary, they significantly increase the 
risk of mortality [57].

Most of the COVID-19 course peculiarities 
were established on the basis of analysis of data ob-
tained from the epidemic in China, where various 
factors of patient condition were recorded extremely 
carefully and in great detail, as well as in Western 
Europe and later in the United States. The average 
length of stay of patients at hospital in China was 24.7 
days; in case of lethal outcome, an average of 17.8 
days passed from the onset of symptoms to death. 
Mortality of laboratory and clinically confirmed 
cases in China was 3.67%, while among patients 
aged 80 years and older - 18.4%. In other countries, 
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mortality rate ranged from 2–3% to 11–12% [58]. 
According to the statistics of Johns Hopkins Univer-
sity (USA), the global COVID-19 mortality rate was 
4.6% as of July 8, 2020 (544,996/11,865,335). This 
indicator gradually decreased over the time [4], per-
haps because of better medical aid but not of virus 
new properties. It̀ s worth noting that assessment of 
the mortality rate in the country is a difficult task, 
since insufficient testing sometimes makes it impos-
sible to assess the total number of people who had 
minor symptoms and recovered from COVID-19.

When studying the prevalence of SARS-CoV-2 
infection and COVID-19 disease, it was found that 
males were more likely than females to become in-
fected, get sick and die [59, 60]. These findings have 
been confirmed in almost all countries, although 
they differ depending on epidemiological factors. 
The first results were obtained in China, where mor-
tality (regardless of age factor) was 2.8% and 1.7% 
for men and women, respectively. In Italy, the risk of 
getting sick was three times higher for men than for 
women. In New York state (USA), the mortality rate 
was 42% for women versus 58% for men [61]. 

Possible causes that make males more suscep-
tive to COVID-19 include: comorbidities (primarily 
hypertension, diabetes, cardiovascular disease, and 
obesity), behavioral factors (smoking, alcohol abuse), 
age-related features, and ACE2 receptor level. It 
turned out that men's blood has a much higher ACE2 
level than that of women. Another important reason 
is the difference in sex hormones.  For example, in 
Spain, a disproportionate number of men with male 
pattern baldness associated with high testosterone 
level were admitted to hospitals with COVID-19 
diagnosis. Female steroid hormones appeared to be 
immune stimulants in contrast to the male hormone 
testosterone, which inhibited immune protection and 
increased the ability of SARS-CoV-2 to penetrate 
into cells [62]. In particular, 17β-estradiol and pro-
gesterone reduce the innate immune inflammatory 
response, simultaneously increasing immune toler-
ance and antibody production. The therapeutic use of 
these hormones is considered a way of soothing the 
cytokine ‘storm’ in COVID-19 patients [245]. Prob-
ably, the combination of all these factors constitutes 
the cause of higher male mortality in COVID-19. 

One of the possible explanations for the high 
mortality of elderly people from COVID-19 may be 
a decrease of the immune system functional activ-
ity while aging. Thus, a study conducted in England 
in 109 thousand people of different age showed that 
6% of adolescents and young people had antibod-

ies capable of neutralizing SARS-CoV-2 [218]. The 
analysis of lethal cases showed that the risk of death 
increased with age, and the factors that contribute to 
mortality were obesity and comorbidities in patients, 
especially diabetes, hypertension, cardiovascular, 
cancer and respiratory diseases, or other infectious 
diseases that could cause sepsis [63]. A considerable 
indirect evidence that diabetes mellitus is not only a 
COVID-19 lethal risk factor, but itself may emerge 
from coronavirus damage to the pancreas and induc-
tion of autoimmune processes in it [64].

Obesity is a risk factor not only because over-
weight people are at higher risk of diabetes, hyper-
tension and cardiovascular disease. This condition 
forms a unique microenvironment for the pathogen-
esis of COVID-19, characterized by chronic mild in-
flammation, which causes tissue hypoxia, depletion 
of immune cells, greater susceptibility to infections 
and less susceptibility to vaccinations, antiviral and 
antimicrobial drugs, and active secretion of proin-
flammatory cytokines which cause even more in-
flammation, closing the circle [250]. The increased 
severity and a spectrum of clinical manifestations 
of COVID-19 in patients with metabolic syndrome 
may also be associated with significant expression 
of ACE2 receptor with which SARS-CoV-2 interacts 
for penetrating cells in some sections of the pancre-
as, vascular endothelium, and adipose tissue [251].

Differences in mortality from COVID-19 in dif-
ferent countries can be explained not only by differ-
ences in the operation and supply of the healthcare 
system, the spread of diabetes, obesity and cardio-
vascular disease, genetic features, but also by differ-
ent research methods and a possibility of spreading 
the disease at centers for seniors [218].

It is still unclear why SARS-CoV-2 infection 
is asymptomatic in some people and causes severe 
COVID-19 and death in others, even if they are not 
characterized by the above-mentioned risk factors. 
Therefore, the pursuit for markers that would help 
predict the development of the disease following in-
fection with SARS-CoV-2 continues. Recent stud-
ies have shown that high level of cortisol is a bet-
ter marker of the risk of death for COVID-19 than 
levels of C-reactive protein, D-dimer or the ratio of 
neutrophils and leukocytes [65]. Other studies sug-
gest that a deficiency of certain subpopulations of T 
cells and a sharp decrease in the level of basophils, 
cells involved in tissue repair, may be markers [66]. 
The above-mentioned risk factors for critical condi-
tions in COVID-19 have also been associated with 
increased Th17 cell activation and interleukin-17 sig-



15

nalling, which may lead to an increased likelihood of 
lung damage and respiratory failure [246].

It has been shown that the disease course at 
early stages can be predicted by a degree of immu-
nodominance of SARS-CoV-2 antibodies to protein 
S or protein N, calculated on the basis of five indica-
tors: level of IgG1, IgM, IgA1 antibodies specific for 
protein S, and level of IgM, IgA2 antibodies specific 
for protein N. The shift in the dominance of antibody 
specificity towards protein S indicated recovery of a 
patient, while the shift towards protein N suggested 
a high probability of death from COVID-19 [215].

Half of severe COVID-19 patients manifest el-
evated plasma sodium concentration (> 150 mmol 
per liter), which is associated with abnormally high 
renal sodium reabsorption due to increased angio-
tensin II activity caused by decreased regulation of 
ACE2 receptors [249].

Scientists of Cornell University (USA) were 
able to predict the death of some patients with 90% 
accuracy in 10 days by identifying three markers, 
including elevated level of lactate dehydrogenase, 
an enzyme involved in the production of energy by 
each cell, which gets into the bloodstream upon tis-
sue damage [67]. Studies in Indonesia among 780 
COVID-19 patients demonstrated that 95.8% of le-
thal cases were associated with vitamin D deficiency 
(below 20 ng/ml); while 93% of surviving patients 
had a normal vitamin D level. Similar results were 
obtained in studies in the Philippines and the United 
Kingdom [68]. A retrospective study in Illinois re-
vealed that people with vitamin D deficiency might 
be nearly twice as likely to become infected with 
SARS-CoV-2 as people with adequate vitamin D 
levels. As vitamin D strengthens innate immunity, 
we can expect it able to suppress SARS-CoV-2 in-
fection and transmission. Moreover, vitamin D also 
contributes to zinc metabolism, which inhibits coro-
navirus replication [265]. The answer to question of 
whether taking vitamin D can reduce mortality for 
COVID-19 had to be given by the results of clinical 
research in elderly patients (≥70 years) conducted 
by the University Hospital of Angers (France) and 
scheduled for completion in 2020. [68]. 

The severity of COVID-19 may be related to 
variation amount of ACE2 protein, which is ex-
pressed on the surface of some cells in the nose, 
lungs, intestines and utilized by the virus for pen-
etrating the cell. Concerns have been expressed that 
people with diabetes, hypertension, or cardiovascu-
lar disease are more vulnerable to coronavirus be-
cause they often take ACE2 inhibitors, which cause 

increasing the number of these receptors on cells 
[69]. However, studies have shown that administra-
tion of ACE2 inhibitors and angiotensin II receptor 
blockers does not cause higher ACE2 plasma con-
centration [70]. There has even been evidence that 
COVID-19 patients with hypertension have lower 
mortality taking ACE2 inhibitors [71]. Therefore, 
those who take such medicines are recommended to 
continue administration [72].

It is assumed that SARS-CoV-2 penetrates into 
cells of different types (epithelial, immune, etc.) with 
the help of different receptors and helper molecules 
(ACE2, CD147, CD26, TMPRSS2, etc.), and chang-
ing expression of these receptors associated with 
age, sex, obesity, smoking and other risk factors can 
cause severe course of COVID-19 [73].

Of course, there are genetic factors that in-
fluence the COVID-19 severity. The analysis of 
genomes of 1,610 COVID-19 patients admitted to 
hospitals in Italy and Spain who had respiratory 
failure revealed common genetic features in these 
people. Many severe COVID-19 patients had certain 
chromosome 3 variants of gene complex, including 
genes encoding chemokines that interact with im-
mune system molecules and are involved in the cy-
tokine ‘storm,’ and reduced activity of a gene that 
helped regulate chemokines. Another feature of se-
vere COVID-19 patients was the elevated activity 
of a gene encoding protein capable of interacting 
with ACE2 - a receptor used by SARS-CoV-2 for 
cell penetration. Studies have also linked the sever-
ity of COVID-19 to a region of chromosome 9 that 
determines blood group. COVID-19 patients with 
type II blood group were 1.5 times more inclined 
to respiratory failure than those with other blood 
groups, while patients with type I blood group were 
less likely to have severe course of COVID-19 [235].

It has long been known that COVID-19 is more 
severe in ethnic minorities living in European coun-
tries and the United States, including those from 
South Asia, Africa, Latin America, Indians, etc. 
The causes of this phenomenon remain unclear. The 
analysis of information from the UK Biobank on 
people tested for COVID-19 showed that the higher 
probability of severe COVID-19 in ethnic minori-
ties (1.5-2 times) cannot be explained by the impact 
of socio-economic and cardiometabolic factors, 
including different levels of vitamin D [258]. 

The US CDC, which is probably the most 
authoritative institution for combating infectious 
diseases in the world, names the following three 
main symptoms of COVID-19: fever (high tempera-
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ture), dry cough and difficult breathing. These symp-
toms can be severe or not; the disease can even pass 
without symptoms.

Based on the analysis of 56 thousand COV-
ID-19 cases in China, the WHO has presented the 
following distribution of symptoms: fever (87.9%), 
dry cough (67.7%), weakness (38.1%), sputum 
(33.4%), shortness of breath (18.6%), sore throat 
(13.9%), headache (13.6%), muscle pain (14.8%), 
cold sensation (11.4%), nausea and vomiting (5.0%), 
runny nose (4.8%), diarrhoea (3.7%), cough with 
blood (0.9%), and eye redness (0.8%). Such symp-
toms as loss of taste and smell, fainting, dermato-
logical manifestations (including urticaria) and lym-
phocytopenia are also observed [74]. Loss of taste 
and smell is a specific symptom that almost clearly 
indicates COVID-19, as it is very rare in other infec-
tious diseases. Recently, another unusual symptom 
has been observed, a hearing loss or tinnitus, which 
can persist long post-recovery [232].

Lymphocytopenia is also an important diag-
nostic sign that helps to predict further course of the 
disease, because lowering CD3+, CD4+ and CD8+ 
T-lymphocytes in COVID-19 often correlates with 
higher mortality rates [75]. The peripheral blood 
mononuclear cells of COVID-19 patients are char-
acteristic of activating the p53 signalling pathway, 
apoptosis stimulation and autophagy.  SARS-CoV-2 
is known to infect T lymphocytes by fusing protein 
S with membrane of target cell. It likely does not 
reproduce in T lymphocytes, just like MERS-CoV, 
but causes apoptosis in them [76]. Also, patients of-
ten present a high concentration of iron-containing 
protein ferritin, which is involved in the activation of 
macrophages for enhancing the secretion of inflam-
matory cytokines [77].

The most dangerous complications of COV-
ID-19, which may lead to death, are pneumonia, 
acute respiratory distress syndrome, multiple organ 
failure, and septic shock [78]. Cardiovascular com-
plications such as heart failure, arrhythmia, cardiac 
inflammation, and thrombosis are also numerous 
[79]. Approximately 20–30% of patients that have 
been exposed to COVID-19 in the past have elevated 
liver enzymes, indicating liver damage [80]. In chil-
dren, infection with SARS-CoV-2 can lead to the 
development of paediatric multisystem inflamma-
tory syndrome, which has signs similar to Kawasaki 
disease and can be fatal [81]. Unlike children with 
mild COVID-19 or Kawasaki syndrome, children 
with MIS-C do not have antibodies to the two coro-

naviruses that cause seasonal colds, and are charac-
terized by low levels of interleukin-17A, which cause 
inflammation and autoimmune disorders [253]. Al-
though it should be noted that children have rare 
severe COVID-19 complications and often sustain 
the infection asymptomatically. According to a study 
involving nearly 400 SARS-CoV-2 infected children 
and adolescents (under 21), 6 to 13-year-old children 
are less likely to have symptoms of COVID-19 than 
those younger or older. Only 61% of infected chil-
dren aged 6 to 13 years manifested symptoms, com-
pared with 75% of infected study participants un-
der 6 years and 76% of those over 13 years. About a 
third of infected children had an infected sibling and 
did not come into close contact with infected adults, 
meaning the virus spread from child to child [257]. 

Despite COVID-19 is considered predomi-
nantly respiratory disease of adults (mostly people 
over 65), SARS-CoV-2 is quite capable of damaging 
kidneys, liver, heart, and almost every organ system. 
The phenomenon was confirmed by studies of gene 
expression of 28 molecular factors that might facili-
tate or limit the ingress of SARS-CoV-2 into tissues 
of various organs. The results showed that the virus 
had alternative routes of penetration into the lungs, 
central nervous system and heart, and could infect 
the intestines, kidneys and placenta. Some groups 
of prostate and testicular cells have also been found 
vulnerable to SARS-CoV-2, which to some extent 
may explain the higher susceptibility of men to the 
infection [272].

Complications associated with activation of the 
blood clotting system (pulmonary embolism, stroke, 
myocardial infarction, etc.) are observed in about 
30% of critically ill patients. This can be caused by 
inflammation of the endothelium (internal envelope 
of blood vessels), which leads to abnormal blood 
clotting in all blood vessels and damage to various 
organs, which explains many of the COVID-19 
symptoms [82].

More than 300 studies worldwide have iden-
tified the prevalence of neurological abnormalities 
in patients with COVID-19 [83]. Thus, scientists of 
the University of Liverpool (UK) diagnosed 62% of 
COVID-19 patients with cerebrovascular pathology 
(ischemic stroke, intracerebral haemorrhage, vascu-
litis), and 31% of patients with mental status changes 
(neonatal psychosis, neurocognitive syndrome, af-
fective and mental disorders), while 41% of patients 
had mental disorders having encephalopathy or en-
cephalitis [84]. It has recently been suggested that 
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COVID-19 causes respiratory failure and death due 
to damaging not lungs but the brainstem, which is 
the command center controlling breathing, even in 
unconscious patients. There is considerable evidence 
that SARS-CoV-2 can penetrate the blood-brain bar-
rier and enter the brain. Coronavirus is likely to stay 
there for a long time and become active over many 
years, like the chickenpox virus, which infects spi-
nal nerve cells in children and relapse in adulthood, 
causing shingles [85].

Conclusive evidence has revealed that SARS-
CoV-2 can penetrate the brain and cause serious 
consequences. This was proved by experiments on 
human brain organelles infected with SARS-CoV-2, 
in which concomitant metabolic changes were ob-
served in infected and neighbouring neurons. Neu-
ronal infection could be prevented by blocking ACE2 
antibodies or administering cerebrospinal fluid from 
a COVID-19 patient. Experiments on mice that ex-
press large amounts of human ACE2 have shown 
that brain infection, not respiratory infection, is the 
leading cause of death. Finally, the autopsy of pa-
tients died from COVID-19 presented SARS-CoV-2 
in neurons of the cerebral cortex and outlined the 
pathological features of this infection, including a 
small number of immune cell infiltrates [260].

Scientists suggested that various lesions in 
COVID-19 patients could be explained by a three-
phase mechanism of SARS-CoV-2 action. At the first 
phase, the virus binds to ACE2 expressed in signifi-
cant amounts in the cells of lungs, arteries, heart, 
kidneys and intestines, infects and damages them, 
causing a cytokine ‘storm.’ At the second phase, cy-
tokines increase vascular permeability, which leads 
to oedema and the spread of inflammation, while 
hypercoagulation cascades lead to the development 
of small and large blood clots that damage various 
organs. At the third phase (if it occurs), the virus 
penetrates the blood-brain barrier and enters the 
brain, thus causing demyelination or neurodegen-
eration [86].

Increased vascular permeability, which leads to 
accumulation of fluid in tissues and oedema, is asso-
ciated with disorders in the renin-angiotensin system 
RAS, including ACE and ACE2 enzymes, involved 
in the regulation of blood pressure and bodily fluid 
balance. This system regulates the kinin signalling 
pathway, in particular - its main enzyme, brady-
kinin, which is responsible for the development of 
inflammation and the cytokine ‘storm,’ considered 
an important component of COVID-19 pathogenesis. 

The use of ACE2 by SARS-CoV-2 virus as a recep-
tor for cell penetration leads to a decrease in extra-
cellular concentration of this enzyme, which in turn 
increases bradykinin concentration, causes fluid ac-
cumulation in tissues and inflammation. Coagulation 
disorders, which are common in COVID-19 patients, 
can also activate the kinin system and bradykinin 
production [261].

Therefore, the pathogenesis of COVID-19 is 
based on causing damage to cells of the human body 
using two mechanisms: the direct cytotoxic effect of 
SARS-CoV-2 virus, and excessive response of the 
immune system to the virus (severe inflammation, 
cytokine ‘storm,’ killer cell attack). However, some 
admit that COVID-19 has another, additional mecha
nism that contributes to virus infection and cell 
damage - the so-called antibody-dependent enhance-
ment (ADE). This mechanism causes enhancement 
of virus replication in the human body due to the fact 
that viral particles in combination with antibodies 
and complement components easily penetrate cells 
through Fc receptors that interact with antibodies, or 
through corresponding complement receptors. 

The increase of viral load stimulates the secre-
tion of pro-inflammatory cytokines by macrophages 
and occurrence of a cytokine ‘storm.’ Thus, spe-
cific antiviral antibodies that emerge in the body 
following the immune response, vaccination or ad-
ministration of immunotherapeutic drugs, in partic-
ular convalescent serum, may not protect from viral 
infection, but, on the contrary, significantly worsen 
the situation. It turns out that only a large number of 
specific antiviral antibodies can neutralize the virus.

The ADE mechanism was first observed in 
members of the Flaviviridae family of viruses, which 
are the causative agents of West Nile fever, dengue 
fever, tick-borne encephalitis, and the like. The evi-
dence amass that coronaviruses benefit from using 
the ADE mechanism. Thus, immunization against 
feline infectious peritonitis virus (FIPV) paradoxi-
cally increases the severity of the disease, and mac-
rophage infection with FIPV virus can be amplified 
by strongly diluted neutralizing monoclonal antibo
dies to viral protein S. Similar results were obtained 
in in vitro experiments with SARS-CoV virus: con-
centrated serum against protein S protected cells 
from infection, yet facilitated infection and caused 
the death of even more cells for apoptosis after dilu-
tion. The possibility of using the ADE mechanism 
by SARS-CoV-2 places new demands on the safety 
of vaccines and immunotherapeutic medicines, ac-
tively globally developed in the present time [87].

S. V. Komisarenko
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SARS-CoV-2 and COVID-19 diagnostics

Among the many different, in particular mod-
ern, often very expensive and complicated methods 
of SARS-CoV-2 detecting and COVID-19 diagnos-
tics, there are two groups of diagnostic tests that 
are most common and generally accepted. The first 
group of tests aims at direct identification of RNA of 
the virus (or parts thereof) by polymerase chain re-
action (PCR), and the second one – on identification 
of antibodies to the virus in patients (regardless of 
whether the patient is currently a carrier of the virus 
or no), i.e. at searching for ‘traces’ of the viral infec-
tion. Such antibodies (usually IgG class) can remain 
in the patient's blood from several months to many 
years depending on many factors.

PCR tests for virus detection. At the beginning 
of the pandemic, the WHO developed nonprofit labo-
ratory protocols, most of which were designed for 
diagnostics involving reverse transcription real-time 
polymerase chain reaction (rRT-PCR) [88]. 

The main ‘targets’ in the genome of SARS-
CoV-2, used for the diagnostics in different countries 
using the PCR method [89] are presented in the Ta-
ble above.

Many commercial tests have already been de-
veloped that detect the SARS-CoV-2. The Founda-
tion for Innovative New Diagnostics (FIND) in Ge-
neva, which supports the development and delivery 
of diagnostics to poor countries, has posted on its 
website [90] the information on 747 diagnostic tools, 
of which approximately 350 are based on enzyme-

linked immunosorbent assay and PCR tests for de-
tection of the virus RNA (the list is constantly up-
dated).

Most of the available diagnostic tools for de-
tecting SARS-CoV-2 genetic material are rRT-PCR 
kits. Although the simultaneous detection of multi-
ple target coronavirus RNA sequences by multiplex 
rRT-PCR is rather complicated and time-consuming 
process that can only be performed at a laboratory, 
as it requires special equipment, appropriate rea-
gents, and trained personnel, this same type of diag-
nostics remains the main one at central laboratories 
for testing viral traces. Large companies, such as 
Roche Diagnostics, Thermo Fisher Scientific, Qia-
gen, and Quest Diagnostics, are expanding the pos-
sibilities for conducting such research by introducing 
automated SARS-CoV-2 testing systems [91].

Scientists of the Institute of Molecular Biology 
and Genetics of the National Academy of Sciences of 
Ukraine developed a domestic PCR coronavirus test 
at the request of the National Security and Defence 
Council of Ukraine well in February 2020. Its pro-
duction was stipulated by a Decree of the President 
of Ukraine, yet failed because of funding problem. 
This Institute is developing now a double test for si-
multaneous detection of SARS-CoV-2 and influenza 
virus.

PCR-tests of both foreign and domestic produce 
are being used in Ukraine now, perhaps in a nonsuf-
ficient scope. However, we do not have the informa-
tion about the quality of these tests. The unknown 
share of false-positive and false-negative tests makes 
the objective control of the epidemiological situation 
in Ukraine extremely difficult.

It has been reported that after recovery from 
COVID-19, 14% of discharged patients with negative 
PCR test results returned positive after a while [92]. 
These observations have raised many new questions: 
are PCR-tests of samples taken from throat correct 
(perhaps the coronavirus still linger in lung cells); 
whether the virus can be a ‘two-phase’ one (like 
anthrax), remaining ‘hibernating’ before the onset 
of new symptoms; is it possible to reinfect a human 
after recovery following an insufficiently strong im-
mune response (low level of antibodies to the virus). 
However, sudden positive results have been associat-
ed rather with a more prolonged infection [93] or the 
detection of residual RNA fragments of the virus, 
which are gradually destroyed in cells, than re-in-
fection [94]. However, comparative genomic studies 
of SARS-CoV-2 isolates obtained from one person 

Target genes in the SARS-CoV-2 Genome for PCR-
diagnostics in different countries 

Countries, institutions Target genes
China (Center for Disease 
Control and Prevention) ORF1ab, N
France (Pasteur 
Institute of Paris) RdRP2 (2 sites)
USA (Center for Disease 
Control and Prevention) N (3 sites)
Japan (National Institute 
of In-fectious Diseases) Pancorona, Spike
Germany (Charité Clinic) RdRP, E, N, HKU

Hong Kong
SAR ORF1b-

nsp14, N
Thailand (National 
Institute of Health) N
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when repeating positive test results [236] proved that 
the possibility of re-infection cannot be ruled out.

Since a significant number of people infected 
with the SARS-CoV-2 virus have an asymptomatic 
disease course or the spread of virus begins before 
symptoms appear, it is crucially important to expand 
diagnostic testing to curb the disease proliferation. 
One of the options that may help is to develop tests 
for detection of SARS-CoV-2 based on the aggrega-
tion principle, according to which each sample is di-
vided into several pools using a combinatorial aggre-
gation strategy, and, therefore, it makes possible to 
identify all positive subjects in a set of samples using 
one testing round. In particular, a P-BEST test was 
developed to detect SARS-CoV-2 in saliva, which 
helped testing 384 samples combined into sets of 48 
pools for 2 hours, which made possible to increase 
the effectiveness of the test 8 times and reduce test-
ing costs the same, simultaneously revealing up to 5 
positive carriers [263].

Serological tests for detection of antivirus an-
tibodies or virus itself. Different manufacturers have 
developed a large number of tests for detection of 
antibodies to SARS-CoV-2, which determine the an-
tibodies of IgM, IgA and/or IgG classes in the blood 
of patients with different sensitivity. The develop-
ment of such tests is relatively simple task, as only 
obtaining recombinant virus antigens absorbed on 
the insoluble surface of the diagnostic for binding 
specific antibodies from the blood of infected hu-
man with subsequent detection of these antibodies, 
usually by Enzyme Linked Immunosorbent Assay, 
or ELISA, is required.

The main problem of serological tests that de-
termine the presence of antibodies to the virus in 
the patient's blood is quite obvious - the first anti-
bodies (IgM-class) do not appear immediately, but 
only 5-8 days after infection and gradually disap-
pear, while more numerous and more specific IgG-
class antibodies appear even later, reaching a maxi-
mum on Day 24–28, and can remain in the serum 
for years.

Antibody tests are used to monitor the forma-
tion of collective immunity in a population and to 
identify people who have recovered from COVID-19 
(they may no longer have SARS-CoV-2 viruses). 
Such people can become donors of convalescent se-
rum, which is now considered one of the real rem-
edies for treatment of crucially ill patients.

Several domestically produced immune tests 
for detection of IgM and IgG antibodies to SARS-
CoV-2 are already on sale in Ukraine, for example, 

AT-Coronavirus-test-MBA manufactured by Med-
BioAlliance LLC and COVID-19 IgM/IgG produced 
by LLC Innovative Biological Technologies. In ad-
dition, scientists of Zabolotny Institute of Micro-
biology and Virology of the National Academy of 
Sciences of Ukraine in cooperation with PJSC NVK 
Diaprofmed developed an enzyme-linked immuno-
sorbent diagnostic for the detection of IgM and IgG 
to SARS-CoV-2 in microwell plate [95]. However, as 
in the situation with PCR tests, we are still lacking 
data on the quality of foreign and domestic serologi-
cal tests used in Ukraine.

The development of immune-diagnostics for 
the detection of not antibodies but the virus itself 
and antigens thereto is a more difficult task, as it re-
quires highly specific monoclonal or recombinant 
antibodies to SARS-CoV-2 antigens. Sona Nanotech 
(Canada) has developed a test to detect SARS-CoV-2 
antigens, the main ‘target’ of which is the S1 domain 
of the protein S of the coronavirus ‘spike’, which is 
responsible for the binding to ACE2 and penetration 
into epithelial cells of the respiratory tract. The com-
pany planned developing a double test for simultane-
ous detection of SARS-CoV-2 and influenza viruses 
[96].

A team of scientists from the Centre for 
Genomic Research of the Sinica Academy (Taiwan) 
claims that they were the first who in just 19 days re-
trieved several highly specific monoclonal antibodies 
that recognize nucleocapsid proteins N of SARS-
CoV-2 and SARS-CoV alone and both these viruses 
simultaneously and do not react with proteins N of 
other human coronaviruses. These antibodies could 
have been the basis for development of rapid tests for 
detection of SARS-CoV-2 antigens. The scientists 
managed to obtain antibodies that quickly (saving 
two months compared to traditional methods) due 
to the involvement of antibody-antigen interaction 
models created by artificial intelligence used to ob-
tain libraries of artificial antibodies instead of im-
munizing animals. The calculated DNA sequences 
that encode monoclonal antibodies were obtained by 
chemical synthesis; the antibodies were synthesized 
using these DNA in bacterial expression systems and 
selected by binding capacity [97].

There is now a significant need for so-called 
Point-Of-Care (POC) tests, which do not require 
complex laboratory equipment, and therefore can be 
done even at home. Using such tests contributes to 
clinical decision-making and reduces the burden on 
central laboratories. Cepheid was the first company 
in the United States that obtained permission from 

S. V. Komisarenko
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the FDA for using POC tests. The SARS-CoV-2 test 
developed by the company is performed on GeneX-
pert Systems automated devices without sending 
samples (nasopharyngeal smears, nasal washes or 
aspirates) to a laboratory and takes 45 minutes. At 
the same time, the operational capacity of these de-
vices is limited, since one device cannot test more 
than one sample at a time, and the total number of 
devices in the United States (as of March 2020) is 
only 5 thousand each [98].

Recently, the FDA approved the FIA Sofia 2 
SARS POC test manufactured by Quidel (USA) to 
detect the SARS-CoV-2 (or SARS-CoV) nucleocap-
sid protein in nasal washes within 15 min [99]. This 
immunochromatographic test uses the principle of 
fluorescent enzyme-linked immunosorbent assay 
‘sandwich-analysis’, the result of which is deter-
mined automatically using the Sofia 2 analyzer [100]. 
Other companies have also received permission from 
the FDA for POC tests: Mesa Biotech (USA) test 
takes 30 minutes and is performed on Accula Sys-
tem-30 device, while the test of one of the world's 
largest companies - Abbott Diagnostics (USA) - lasts 
from 5 to 13 min and is performed on Abbott's ID 
Now platform numbering approximately 18 thousand 
each around the world [101].

Pharmact (Germany) has launched a rapid 
20-minute test for detection of antibodies to three 
SARS-CoV-2 antigens (protein N, S1 and S2 do-
mains of protein S). The test appeared to be ex-
tremely specific: it did not give any false-positive or 
false-negative result in 114 SARS-CoV-2-infected 
patients and 126 uninfected individuals. Its sensitiv-
ity to IgM on Days 4 – 10 of getting sick was 70%, 
on Days 11– 24 - 92.3%, and sensitivity to IgG on 
Days 11 – 24 - 98.6% [97].

It is known about the development of POC-tests 
based on the technique of targeted genome editing - 
CRISPR-Cas. According to FIND, such research is 
carried out by companies MGI Tech Co. Ltd (China) 
and Sherlock Biosciences (USA) [90]. Mammoth 
Biosciences (USA), also working in this direction in 
cooperation with the University of California, San 
Francisco and the California Department of Public 
Health, recently announced the development and 
testing of a 45-minute diagnostic (including RNA 
isolation stage). The diagnostic uses a reverse tran-
scription of viral RNA and a simplified loop-media
ted amplification technique that does not require 
repeated heating and cooling cycles. Following the 
amplification, the nucleic acid binds to RNA probe 

(gRNA), which recognizes E and N gene sequences 
of SARS-CoV-2 virus, as well as to lbCas12a en-
zyme, which destroys neighbouring unbound por-
tions of single-stranded DNA, after which fluores-
cent reporter molecules confirm the presence of viral 
RNA [102].

This method is very simple to perform. In fact, 
only a test tube with reagents worth $ 1, a pipette, 
a burner, and a pan with water are needed for the 
analysis. Although LAMP tests are less sensitive 
than RT-PCR (they can detect the virus in 90% of 
cases), they do not require expensive equipment and 
reagents and can be used in the field conditions and 
in areas with poor laboratory equipment.

Mass testing of the population is one of the im-
portant means of deterring the COVID-19 pandemic.

In April, the US National Institute of Health 
allocated $ 1.5 billion for development of corona-
virus tests, with the goal of providing millions of 
tests a week by the end of this summer. Therefore, 
diagnostic methods are now being actively develo
ped that allow a significant number of samples to 
be tested simultaneously. For example, scientists 
of Pennsylvania State University (State College, 
USA) have invented a way to test samples of nearly 
20,000 people at a time. Their method is based on 
adding ‘molecular barcodes’ to clinical samples be-
fore combining them, which, following the analysis, 
allow to determine samples with a positive result. 
As DNA sequencers can analyze hundreds of mil-
lions of DNA fragments simultaneously, researchers 
have estimated that sequencing tests can be used to 
analyze up to 100,000 samples in a single cycle. In 
contrast, a standard PCR device can only analyze 
dozens or hundreds of samples at a time. However, 
sequencing tests require a longer analysis time (at 
least 12 hours) and special equipment of centralized 
institutions [237].

Pharmaceuticals for COVID-19 treatment 

Despite the efforts of the best laboratories and 
pharmaceutical companies, no specific and effective 
medicines against COVID-19 have been invented 
[103]. In this regard, WHO has initiated a global ini-
tiative for the “Solidarity” global clinical trial, which 
involved not only a search for new medicines, which 
could be specific against SARS-CoV-2 virus and for 
treatment of COVID-19, but also mass screening of 
available medicines (mostly antiviral), which have 
already been granted a permit for practical admini
stration or clinical trials, for efficacy and so called 
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“repurposing” [104].  At that time, it was very likely 
that effective medicines for treatment of COVID-19 
could be found before a vaccine for its prevention.

What medicines can be used to combat SARS-
CoV-2? Scientists have proposed numerous therapeu-
tic approaches aimed at blocking the various stages 
of the coronavirus replication cycle (Fig. 3). First, 
the virus may be prevented from penetrating the cell 
by blocking its interaction with receptors and helper 
molecules required for penetration. Such blockers 
may be recombined ACE2 or antibodies to SARS-
CoV-2 surface proteins. In vitro studies have shown 
that recombinant ACE2 protein is able to slow the 

replication of SARS-CoV-2 and the spread of infec-
tion in tissues. The medicine on its base has already 
undergone clinical trials in China and demonstrated 
the protective effect on COVID-19 patients with 
acute respiratory distress syndrome [105].

Unlike ‘natural’ antibodies produced in in-
fected humans against SARS-CoV-2 being largely 
the main weapon in combating the disease, a large 
number of laboratories are now working to create 
artificial antibodies of various structures that could 
be directed against virus spreading.

Different approaches can be used for this pur-
pose [106, 107]. The virus is known to interact with 
host target cell receptors (recognizes ACE2 and/
or NRP1 receptors) with its spike-like protein S, 
or more specifically, its receptor-binding domain 
(RBD). It is quite logical to assume that artificial 
antibodies to RBD, in particular humanized mono
clonal antibodies synthesized by hybridomas, re-
combinant antibodies formed by corresponding cell 
cultures, and their smaller derivatives (scFv) and/or 
nanobodies will prevent the interaction of the virus 
with target cells [106]. Indeed, while immunizing 
rabbits with proteins S, S1, and RBD (not S2), strong 
neutralizing antibodies were formed. However, 
RBD immunization caused producing antibodies 
with 5 times greater affinity for native viral protein 
S [108]. Protein S, which binds to ACE2 cell recep-
tor via RBD, is known to be 77.5% homologous in 
SARS-CoV and SARS-CoV-2. A monoclonal an-
tibody capable of neutralizing both these types of 
coronaviruses has recently been retrieved. The au-
thors [109] developed fully humanized monoclonal 
antibodies to SARS2-S1 virus subunit, which effec-
tively bound to cells expressing the full-size protein 
S of SARS-CoV and SARS-CoV-2 viruses. These 
antibodies also strongly inhibited the interaction of 
SARS-CoV and SARS-CoV-2 viruses with VeroE6 
cells (IC50 = 0.061 μg/ml for both viruses).

Researchers of the Karolinska Institutet (Swe-
den) have isolated the alpaca nanobody Ty1, which 
binds to EVB viral domain, available in both “up” 
and “down” conformations, and sterically prevents 
RBD binding to ACE2 cell receptor. Ty1 neutralizes 
SARS-CoV-2 pseudovirus as a nanobody weighting 
12.8 kDa, and the fusion of Ty1 with Fc domain 
makes the design extremely efficient. A feature of 
nanobodies also found in wild camels is a very small 
size (less than one tenth) compared to the classical 
antibody. For this feature, nanobodies can be con-
venient research tools and therapeutic agents that do 
not cause foreign immune reactions in humans and 

S. V. Komisarenko

Fig. 3. Experimental treatment strategies used to try 
influencing different stages of coronavirus replica-
tion cycle (taken from article [104]) 
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can be easily and cheaply isolated on an industrial 
scale. Preclinical studies of Ty1 nanobody in animals 
are now beginning to test neutralizing activity and 
therapeutic potential in vivo [267].

The development of such ‘target’ antibodies be-
gan immediately after publication of the structure of 
virus genome, when the nucleotide sequence of RNA 
could unveil the amino acid sequence of protein S 
and its RBD (largely similar to SARS protein S) and 
at least approximately calculate the spatial structure 
of the antigen-binding do-main of the constructed 
antibodies.

It’s worth noting that antibodies to coronavi-
rus epitopes (other than RBD) may also have strong 
protective properties, as there are other mechanisms 
to neutralize SARS-CoV-2 in addition to blocking 
the interaction of RBD with the ACE2 cell receptor. 
Thus, the monoclonal antibody 4A8 to N-terminal 
domain (NTD) of protein S does not interact with 
RBD, but can neutralize SARS-CoV-2, probably on 
account of inhibiting the conformational changes of 
protein S [110].

Scientists at the Rockefeller University Molec-
ular Immunology Laboratory have used a different 
approach [111]. More than 10 antibody samples 
were taken from the blood of more than 100 people 
who recovered from COVID-19, which effectively 
blocked the spread of the virus and inactivated it. 
The spatial structure of these antibodies has become 
the basis for development of artificial antibodies, 
from which they plan to create effective medicines 
against COVID-19. It should be noted that not only 
antibodies to RBD, but also to other parts of protein 
S or other proteins on the surface of the virus can be 
virus-active antibodies.

Studies of specificity and antibody antivirus 
effect are extremely important for the development 
of a prophylactic vaccine against the virus, because 
vaccination should cause an immune response and 
call immune memory namely against those parts of 
the virus that prevent its development in an immu-
nized human. Therapeutic antibodies and vaccines 
are not competitors, they rather complement than ex-
clude each other. Both therapeutic antibodies (atten-
tion: this is not about the antibodies contained in the 
plasma of people who just recovered!) and vaccines 
are now undergoing clinical trials, though, probably, 
antibodies, which induce “passive” immunization 
will have much higher price. Thus, price for antibod-
ies used for treatment of various malignant tumours 
(there are already dozens of them on the market) and 

AIDS ranges from tens to hundreds of thousands of 
dollars per treatment course.

Of great interest are antibodies that do not show 
neutralizing properties in in vitro experiments, yet 
protect from coronavirus in vivo. A crystallographic 
study of such an antibody (CR3022) in combina-
tion with RBD showed that it recognizes the epitope 
formed when at least two of the three RBDs on the 
‘spike’ of the virus are in ‘up’ conformation and 
somewhat turned [112].

The idea of producing and using highly ef-
fective antibodies for treatment of COVID-19 pa-
tients, which provide temporary protection against 
coronavirus when administered, has recently gained 
the popularity. Antibody-based medicines are com-
monly used to treat cancer and HIV, but some are 
also used for combating respiratory infections, such 
as respiratory syncytial viral infections in children. 
Biotechnology company Regeneron Pharmaceuticals 
(USA) has developed medicine REGN-EB3, which 
consists of three antibodies to Ebola virus. The 
medicine has been successfully tested to help reduce 
the mortality rate during the Ebola outbreak in the 
Congo in 2018. The company is now working on 
therapeutic antibodies against COVID-19 and con-
ducting clinical trials of an antibody cocktail develo
ped from human antibodies and ones of humanized 
mice with active human genes [111].

Other pharmaceutical companies are also 
working on therapeutic antibodies against COV-
ID-19. First of all, it is Eli Lilly (USA) and AbCellera 
(Canada), who started the second phase of clinical 
trials of neutralizing antibody LY-CoV555 against 
COVID-19 with involvement of 400 mild and mode
rate COVID-19 patients on June 17, 2020. This anti-
body was developed using the blood of a patient who 
recovered from COVID-19 well in February [113].

Late summer, it was scheduled to start clinical 
trials of so-called Rockefeller antibodies - a prepa-
ration of three antibodies to different RBD epitopes 
developed by Rockefeller University (USA) using 
the results of a study involved 149 people recovered 
from COVID-19 [114]. Following finding antibo
dies with strong protective properties against the 
new coronavirus, Vanderbilt University (USA), in 
collaboration with the Cambridge University and 
the pharmaceutical company AstraZeneca (UK-
Sweden), also conducting clinical trials.  In August 
2020, Sorrento Therapeutics (USA) started the first 
phase of clinical trials of neutralizing antibody STI-
1499 against COVID-19, which was developed by 
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researchers from the University of Utrecht (Nether-
lands) [115].

Clinical trials of therapeutic preparations are 
carried out faster than those of vaccines. Despite 
this, the most promising therapeutic medicines 
based on antibodies may receive FDA approval no 
earlier than December 2020 or January 2021. This 
term roughly coincides with the most ambitious es-
timates of the time for COVID-19 vaccines market 
release. Moreover, preparations based on recombi-
nant or monoclonal antibodies are usually very ex-
pensive, which, of course, will put obstacles to their 
widespread use for COVID-19 treatment. Therefore, 
many countries started using convalescent plasma 
from recovered people, which contains polyclonal 
antiviral antibodies, for treatment of patients with 
COVID-19. Initially, researchers had many concerns 
about threatening dangerous complications as in-
fectious agents can be transmitted with plasma; in 
rare cases, transfusion may lead to circulatory over-
load (TACO), when the patient's body cannot adapt 
the growing blood volume, or to acute lung injury 
(TRALI), when transferred antibodies damage the 
pulmonary vessels or to the ADE (antibody-depen
dent enhancement). Despite the risks, convales-
cent plasma transfusions have been used in China 
and the United States (where the method has been 
provisionally approved by FDA [116]). Clinical trials 
showing reliable results are now being conducted in 
many countries [117].

However, preliminary results of current clini-
cal trial of convalescent plasma in 426 patients with 
COVID-19 conducted at the Erasmus University 
Medical Center of Rotterdam (Netherlands), have 
shown that most COVID-19 patients already have 
high titers of neutralizing antibodies at the time of 
admission. Therefore, antibody testing should be 
performed and priority risk groups identified to es-
tablish patients, which could benefit from transvales-
cent plasma transfusion [118]. On September 1, 2020, 
FDA, following President Trump's order, authorized 
the emergency use of convalescent plasma for treat-
ment of hospitalized COVID-19 patients, although 
noted that lacking clinical trial data precluded the 
final approval of this medicine [241].

It should be noted that convalescent plasma 
has been successfully used in previous epidem-
ics of SARS, MERS, Ebola and other infectious 
diseases. Therefore, there is every reason to recom-
mend blood plasma of COVID-19 recovered people 
having no viruses for treatment of critically ill pa-

tients in Ukraine. Even more effective would be ad-
ministration of an immunoglobulin fraction isolated 
from blood plasma containing specific antibodies. 
Recently, Biopharma (Kyiv) called on citizens who 
have recovered from COVID-19 to become plas-
ma donors for development a medicine against the 
disease [119]. Interestingly, men appeared to be more 
promising plasma donors, as among people who re-
covered from COVID-19, 43% of men, and only 29% 
of women had high antiviral antibody titers [120].

The world's leading companies producing plas-
ma-based medicines supported by Bill & Melinda 
Gates Foundation and Microsoft established the 
Plasma Alliance CoVIg-19 organization to develop 
plasma-based preparations for treatment of the new 
coronavirus. The organization plans to conduct clini-
cal trial of hyperimmune immunoglobulin against 
COVID-19 [122]. Interestingly, Emergent BioSolu-
tions (USA) is developing not only a medicine based 
on human polyclonal antibodies, but also a product 
based on antibodies of horses immunized with 
SARS-CoV-2. In July 2020, SAb Biotherapeutics 
(USA) began testing the medicine SAB-185, which 
contained human polyclonal antibodies derived from 
plasma of transgenic cattle immunized with the pro-
tein SARS-CoV-2 [123]. The amino acid sequence 
of retrieved antibodies is completely human, but 
the corresponding genes contain bovine regulatory 
elements that optimize their expression in plasma 
cells of cattle. Transgenic animals are clones of one 
genotype that produce up to 45 litres of plasma per 
month, and the yield of antibodies is up to 25 g/l. 
GigaGen (USA) uses a genetically modified cell 
line to produce human polyclonal antibodies, which 
contains a complete repertoire of immunoglobulin 
genes from 5–10 people who have recovered from 
COVID-19 [124]. Monoclonal antibodies capable of 
neutralizing various types of coronaviruses are cur-
rently being actively studied, as the idea of a uni-
versal vaccine against coronaviruses should still be 
considered in the near future because of the high 
probability of new coronavirus pandemics.

Another approach that may prevent coronavi-
rus from entering the cell is using the TMPRSS2 
serine protease inhibitors. This protease is required 
for SARS-CoV-2 to penetrate the cell [30], although 
its biological role in the body remains unclear. 
In experiments on mice model, it was shown that 
knockout mice, which did not synthesize TMPRSS2 
protease, were no different from normal animals 
[31]. Camostat mesylate licensed in Japan and South 
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Korea for treatment of pancreatitis inhibits the TM-
PRSS2 protease. Clinical trials of this medicine 
against SARS-CoV-2 began in April 2020 at the Uni-
versity of Aarhus (Denmark) [125], and in May – at 
Yale University (USA) [126].

The penetration of SARS-CoV-2 into cells can 
also be precluded by medicines that influence endo-
cytosis. In April 2020, a huge number of publications 
stated that antimalarial medicines Chloroquine and 
Hydroxychloroquine could be used for treatment of 
COVID-19 as they increased pH inside endosomes, 
preventing the fusion of membranes and the release 
of viral RNA in cytosol, and also inhibited the entry 
of the virus into the cell at account of altering the 
glycosylation of ACE2 receptor and ‘spike’ protein 
of the coronavirus [127]. Initially, the information 
on successful administration of these preparations 
against SARS-CoV-2 came from China, later clini-
cal trial of Hydroxychloroquine in combination with 
antibiotic Azithromycin (HCQ/AZ) started in the 
United States.

President Donald Trump has made a loud (now 
infamous) statement that effective medicines against 
COVID-19 would soon be approved in the United 
States. Under pressure from Trump, FDA granted 
unprecedented permission for mass use of HCQ/AZ 
in New York City before the medicine was thorough-
ly tested for toxicity and specificity, which caused a 
wave of outrage among many scientists and former 
FDA officials. Nevertheless, many countries have be-
gun using HCQ/AZ to treat people with COVID-19, 
having created a deficiency of Chloroquine needed 
to treat patients with malaria and autoimmune disea
ses. In France, patients started widely demand pre-
scription of the medicine, and a well-known French 
microbiologist, physician, and clinical trial director 
Didier Raoult, largely promoted Chloroquine, being 
supported by President Emmanuel Macron.

Swedish hospitals soon announced that they 
had stopped using Hydroxychloroquine and HCQ/
AZ for dangerous side effects and the lack of evi-
dence of antiviral activity of these medicines. Thus, 
the administration of HCQ/AZ led to hospitalization 
of several people with symptoms of intoxication and 
death of one patient [130]. These medicines have 
been shown to be quite toxic and, according to FDA, 
contribute to serious heart rhythm problems, and can 
cause pathological changes in the blood, lymphatic 
system, kidney damage and liver failure. On June 
15, 2020, FDA revoked the permits for the emergen-
cy use of Chloroquine and Hydroxychloroquine as 
medicines for COVID-19 treatment, and numerous 

trials of these preparations in many countries were 
stopped [131].

One of the most promising medicines hoped to 
help combating COVID-19 was Remdesivir, a nu-
cleotide analogue that is a specific inhibitor of RNA-
dependent RNA polymerase (RNAdRNAp) required 
for proliferation of the virus in the host cell. [132]. 
Chinese scientists have revealed the structure of 
RNAdRNAp-Remdesivir complex, which has made 
it possible to better understand the mechanism of 
stopping elongation of viral RNA [133]. The inhibi-
tory effect of Remdesivir on RNAdRNAp has been 
confirmed in vitro for SARS-CoV, MERS-CoV and 
SARS-CoV-2 [134].

Several large-scale clinical trials of Remdesivir 
have been conducted in both China and the United 
States with financial support from the US National 
Institute of Health and the inventing company - 
Gilead Sciences (USA). The results of the study 
showed a reduction of hospital stay of patients taking 
Remdesivir from 15 to 11 days [135], and a clinical 
improvement in 36 of 53 patients (68%) admitted to 
hospital for severe course of COVID-19 [136]. It was 
assumed that the maximum effect of Remdesivir was 
manifested when used at early stages of the disease 
[137]. At the same time, the authors of some studies 
have put forward a number of concerns limiting the 
interpretation of the results. Despite the ambiguity 
of available results, on May 1, 2020, FDA authorized 
the emergency use of Remdesivir for treatment of 
COVID-19 patients in the United States [138], and 
subsequently, Remdesivir obtained appropriate per-
mits in Japan [139] and Europe, where it was manu-
factured under Veklury trade name.  

Gilead Sciences was conducting additional 
research in other groups of patients, including chil-
dren, and then started research of an inhaled medi-
cine for early-stage patients treated at home. In 
addition, a clinical trial of the combination of Rem-
desivir with the anti-inflammatory synthetic inhibi-
tor JAK-Olumiant (Baricitinib) manufactured by Eli 
Lilly (USA) has been initiated [140]. Remdesivir-like 
medicines, including the ribonucleoside analogue 
EIDD-2801 and its metabolite EIDD-1931 (β-D-N4-
hydroxycytidine), which was developed for treatment 
of influenza by DRIVE (Emory University, USA), 
and those that have shown activity against pandem-
ic coronaviruses, were also being actively studied. 
Interestingly, EIDD-2801 appeared to be 3–10-fold 
more potent inhibitor of SARS-CoV-2 replication 
than Remdesivir [132]. In July 2020, Ridgeback Bio-
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therapeutics (USA) launched Phase II clinical trial 
of efficacy of EIDD-2801 for COVID-19 treatment 
[141]. It has also been reported that another antiviral 
medicine, BOLD-100 (Bolt Therapeutics, Canada), 
was more effective than Remdezivir. The medicine 
is a small ruthenium-based molecule that selectively 
inhibits stress-induced regulation of the chaperone 
GRP78, which is important protein for recognition 
of host cells, virus penetration and replication [238].

Another possible preparation for treatment of 
COVID-19, which attracted the attention of scien-
tists, was Lopinavir-Ritonavir (LPV/r) - a combined 
antiviral medicine used to combat HIV. Lopinavir 
is an inhibitor of viral HIV protease, which disrupts 
the development of viral capsid, inhibits HIV rep-
lication with formation of immature viral particles 
that cannot infect human cells. Ritonavir is similar 
to cytochrome P450 and acts as a pharmacokinetic 
enhancer of Lopinavir [142]. It has been reported 
that Lopinavir acts in vitro on SARS-CoV-2 [143], 
after which the medicine was included in the re-
search program Solidarity sponsored by WHO [144]. 
The trial has shown that LPV/r does not give any 
advantages for patients with COVID-19 compared 
to standard treatment [145]. At the same time, the re-
sults of studies of the LPV/r efficacy in combination 
with interferon beta-1b and Ribavirin (nucleotide an-
alogue, RNA-dependent RNA polymerase inhibitor) 
are quite promising [146]. However, on July 4, 2020, 
WHO excluded LPV/r from the Solidarity clinical 
trial program [147].

In silico study [148] has shown that Nitazoxa-
nide, a thiazolide-class medicine with antiparasitic 
and antiviral activity discovered in the 1980s by 
Jean-François Rossignol at the Pasteur Institute is 
an effective inhibitor of papain-like protease (PL) of 
SARS-CoV-2 virus. Nitazoxanide was recommend-
ed for further in vivo studies after demonstrating in-
hibition of SARS-CoV-2 at low virus concentrations 
[150].

In order to find viable preparations for treat-
ment of COVID-19, all human body proteins were 
screened for the ability to interact with SARS-
CoV-2. 332 proteins were found, 66 of which were 
‘targets’ of available medicines. Using this approach, 
69 pharmaceuticals were identified, of which 27 have 
already been tested, 14 are undergoing clinical trials, 
and 28 are undergoing pre-clinical trials [151].

An interesting example of fruitful collaboration 
of several research groups in the search for a specific 
medicine against COVID-19 was a study involving 

modern methods of computer-aided drug design and 
high-capacity virtual screening. The ‘target’ of the 
future medicine was taken the main protease (Mpro) 
of SARS-CoV-2 virus, which plays an important role 
in replication and transcription of the virus. Finally, 
after screening of 10,000 different compounds, the 
low toxic medicine Ebselen, a synthetic organoselen 
molecule with anti-inflammatory, antioxidant, and 
cytoprotective properties, was selected as a specific 
agent for treatment of COVID-19. Preliminary stud-
ies have shown that Ebselen had inhibitory activity 
against SARS-CoV-2 in a cell sample, which can be 
explained by irreversible inhibition of the main pro-
tease of coronavirus through development of cova-
lent bonds with the thiol group of cysteine (Cys-145) 
of the active centre [152]. Subsequent studies have 
proved that Ebselen may be a promising medicine 
against COVID-19 because it binds to the viral pro-
tease Mpro between domains II and III and is an al-
losteric regulator of access to the catalytic region of 
the molecule [262].

To identify medicines that can be repurposed 
on combating COVID-19, Biovista (USA) used 
the artificial intelligence platform Biovista Project 
Prodigy AI. As a result, it was announced that 6 
preparations could be used to treat COVID-19 pa-
tients. First, it is an antifibrinolytic agent aprotinin 
and angiotensin II receptor blocker irbesartan – for 
soothing the cytokine ‘storm’ and reduction of vi-
ral load. Second, it was suggested to use Caplaci-
zumab and ezetimibe/atorvastatin as potential agents 
against blood clotting and inflammation. Third, two 
bioactive compounds, lycopene and vitamin D, have 
been identified potentially useful for treatment of 
COVID-19 patients. It̀ s worth noting that Biovista 
has significant experience in predicting the effica-
cy of medicines for certain diseases using artificial 
intelligence. The first of such predicted drugs was 
Dimebolin, which the company considered would 
be useful for patients with epilepsy and multiple 
sclerosis. This prediction was later confirmed by ex-
periments on animal models, and Biovista obtained 
the appropriate patents. Interestingly, artificial intel-
ligence has identified Lopinavir/Ritonavir (Kaletra) 
as relatively ineffective in COVID-19, while its com-
bination with Remdezivir - as extremely effective. 
Actual experimental data have confirmed the ben-
efits of this combination of medicines [270].

To establish fast and cheap production of new 
antiviral drugs, Synthia artificial intelligence soft-
ware has been developed, which offers manufactu
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rers the most effective and cost effective strategy 
for the synthesis of drugs using cheap and easily 
available raw materials. Thus, Synthia has found 
new solutions for the manufacture of 11 of the 12 
proposed antiviral drugs, in particular for Umifeno-
vir and Favipiravir. The only drug for which the 
software could not come up with a new method of 
synthesis was Remdezivir [231].

Another category of medicines that can be used 
to treat COVID-19 patients are agents that inhibit 
the hyperreactivity of the immune system. The fact 
is that excessive immune response is often the cause 
of severe COVID-19, so-called cytokine ‘storm’ 
and elevated mortality, especially in young people. 
Therefore, it was suggested to use such immunosup-
pressive medicines as Tocilizumab or Actemra - a 
humanized monoclonal antibody to human interleu-
kin-6 receptor; Anakinra – a recombinant protein, 
which is interleukin-1 receptor antagonist; other 
medicines for treatment of rheumatoid arthritis, 
which inhibit the action of interleukin-6, etc. [153]. 
Clinical trial of Anakinra in combination with a 
monoclonal antibody to IFN-γ (Emapalumab) was 
scheduled to complete in Sweden in 2020 [154]. 
The results of phase III clinical trials of Actemra by 
Roche (Switzerland) did not demonstrate sufficient 
efficacy of this medicine for treatment of COVID-19 
[242], so FDA did not recommend using monoclo-
nal antibodies that inhibit interleukin-6 for treat-
ment of COVID-19. [241]. Steroids have also been 
suggested, but many feared that their administration 
would lead to patients’ vulnerability to other infec-
tions, including nosocomial ones. Unexpected were 
data of a successful clinical trial of Dexamethasone, 
a synthetic glucocorticosteroid with anti-inflamma-
tory and immunosuppressive properties, for treat-
ment of COVID-19 patients. This success became 
possible for massive and thorough clinical trial of 
Dexamethasone in Britain. Perhaps, this clinical trial 
is now often recalled as an example of improper trial 
organization, which calls into question the results 
obtained even for promising preparations. Accord-
ing to the results of the “Recovery” study conducted 
by the Oxford University in the UK, Dexametha-
sone reduced mortality by about one-third (from 40 
to 28%) in patients on mechanical ventilation and by 
one-fifth (from 25 to 20%) - for oxygen-dependent 
patients [156]. The advantage of Dexamethasone, 
which was synthesized in 1957 and, despite numer-
ous side effects still widely used in the therapy of au-
toimmune diseases, over modern medicines is that it 

is very cheap and available worldwide. Dexametha-
sone is now included in COVID-19 therapy protocols 
in many countries, including Ukraine [157]. 

Clinical trials involving 1,700 people from 12 
countries showed that not only dexamethasone but 
also other corticosteroids, including hydrocortisone 
and methylprednisolone, were able to reduce mortal-
ity in COVID-19 patients: after 28 days of follow-
up, the fatality risk was 32% and 40% for those who 
took a steroid and those who took a placebo, accord-
ingly [254]. However, it̀ s worth noting that corticos-
teroids may be ineffective or even detrimental for 
patients with mild symptoms or on the early stages 
of COVID-19.

Recently, the information emerged on the 
probable perspectivity of another long-known anti-
inflammatory medicine Colchicine developed on the 
basis of the poisonous meadow saffron (late autumn 
flower, Colchicum autumnale) alkaloid first regis-
tered in 1947 in France, for treatment of COVID-19. 
Colchicine was used for treatment of joint edema as 
early as in the second millennium BC, and for treat-
ment of gout from the VI century. It is an inhibitor 
of microtubule polymerization, interleukins 1 and 
6, as well as a colony-stimulating factor of granu-
locytes and macrophages, which makes it powerful 
anti-inflammatory agent. Clinical trials conducted 
in Greece have revealed the anti-inflammatory and 
anti-thrombogenic effects of Colchicine in the treat-
ment of COVID-19 patients [158].

The administration of nonsteroid anti-in-
flammatory drugs (NSAIDs) for managing fever 
in COVID-19 patients appeared to be a contro-
versial question. Doubts about using NSAIDs for 
COVID-19 therapy were raised by the Minister 
of Health of France Olivier Veran, who, based on 
the statements of some physicians, announced that 
NSAIDs can worsen the course of the disease, and 
only paracetamol (acetaminophen) should be taken 
to relieve the fever [159]. NSAIDs are inhibitors of 
cyclooxygenase, which catalyses the development 
of prostaglandins, inflammation mediators. Some 
NSAIDs (e.g., Indomethacin) are able to block coro-
naviral RNA synthesis regardless of cyclooxygenase 
inhibition. SARS-CoV-2 can directly bind to the cy-
clooxygenase promoter (COX-2), thus increasing its 
expression and, therefore, prostaglandin production 
and inflammation. On the other hand, prostaglandin 
PGE2 may inhibit coronavirus replication [160]. De-
spite the complexity of interaction between corona-
virus and NSAIDs, to date, there is no evidence that 
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NSAIDs can worsen the symptoms of COVID-19 
[161].

Recently, the inhibitors of kallikrein-kinin 
system which contributes to accumulation of fluid 
in tissues and development of inflammation have 
gained more and more attention. There are currently 
two such approved medicines: Icatibant (a blocker 
of bradykinin B2 receptors) and the monoclonal an-
tibody Lanade-lumab, which inhibits kallikrein in 
blood plasma (medicines that inhibit tissue kallikrein 
have not yet been approved). Patients with COV-
ID-19 taking Icatibant demonstrated a pronounced 
improvement in oxygenation. Randomized clinical 
trials of both medicines are currently being conduc
ted in the United States in critically ill COVID-19 
patients, and a new kallikrein plasma inhibitor from 
Takeda (Japan) is being studied in the Netherlands 
[261].

As the processes of hypercoagulation and 
thrombosis play an important role in the pathogene
sis of COVID-19, it is proposed to use medicines 
preventing blood clotting as a therapy [162]. It is 
known that anticoagulant therapy with low mo-
lecular weight heparin led to an improvement in 
severe COVID-19 patients manifesting signs of co-
agulopathy (increased D-dimer concentration) [163]. 
Given the anticoagulant therapy requires careful 
monitoring of the patient’s blood clotting, it makes 
sense to mention that diagnostics developed in the 
1990s by the Department of Molecular Immunology 
of the Palladin Institute of Biochemistry of the Na-
tional Academy of Sciences of Ukraine were among 
the world's first tests to quantify D-dimer, which is 
one of the thrombosis markers. The same Institute 
has developed tests for simultaneous quantification 
of both D-dimer and soluble fibrin, the latter being 
extremely important for monitoring the state of the 
blood coagulation system and the thrombosis threat 
[164, 165].

Immunotherapeutic approaches to COVID-19 
therapy are also being developed by the Center 
for Vaccines and Immunology of the University of 
Georgia (USA) and CEL-SCI Corporation (USA), 
which have resulted in a ligand antigenic epitopes 
presentation system (LAEPS), which contributes to 
anti-inflammatory immunomodulatory response and 
stimulates CD8 T-cells to attack virus-infected ‘tar-
get’ cells due to peptides of NP SARS-CoV-2 pro-
tein. Previous studies on animal models have shown 
that LEAPS immunogens can save from other lethal 
infections, including those caused by herpes simplex 

virus (HSV) and influenza H1N1 virus, as well as 
stop the progression of inflammation in rheumatoid 
arthritis [166]. In addition, the possibility of using 
anti-COVID-19 immunotherapy with involvement 
of genetically engineered CAR/TCR T-cells, which 
have been proven highly effective in the treatment 
of cancer, arthritis and hepatitis B [167], is being 
studied.

Unexpectedly promising may appear Famoti-
dine, a medicine against heartburn, which is cheap 
and widely available (in particular, in Ukraine it 
is produced by several pharmaceutical companies) 
[168]. Screening of virtual SARS-CoV-2 protein li-
gands has shown that Famotidine can interact with 
3-chymotrypsin-like protease, which plays an impor-
tant role in virus replication [239]. Other researchers 
believe that Famotidine facilitates the course of 
COVID-19 due to its antihistamine effect on mast 
cells, which may be involved in excessive inflamma-
tory reactions and cytokine ‘storm’ [240]. Although 
the mechanism of Famotidine action in COVID-19 
remains unclear, it is currently undergoing a clinical 
trial on 1,200 individuals in the New York State.

Other candidates for the role of COVID-19 
therapy are currently tried vasodilators, lipoic acid, 
mesenchymal stem cells, Bevacizumab (humanized 
monoclonal antibody to vascular endothelial growth 
factor) [169], and some other pharmaceuticals used 
in Chinese traditional medicine [170], in particular 
compounds with antimalarial activity, such as Ar-
temisinin contained in Artemisia annua and its syn-
thetic derivative - Artesunate [171], etc.

Data on administration of well-known antiviral 
drugs - interferons - can be both interesting and im-
portant. At the beginning of the pandemic in China, 
interferons were used to protect health workers in-
volved in the treatment of COVID-19 patients, and 
none of the 2,415 people who received daily nasal 
alpha interferon drops were infected with the virus 
[172]. It is especially important that interferons can 
be used both prophylactically and for prevention of 
complications at the onset of the disease.

Although the FDA believes that data to assess 
the potential benefits of interferon in early disease 
versus toxicity risks are insufficient, the use of in-
terferons for treatment of patients with severe or 
critical COVID-19 should be prohibited [243]. Even 
low doses of chest X-ray (slightly higher than a CT 
dose, but lower than the dose used for treatment of 
lung cancer) can reduce pneumonia in critically ill 
COVID-19 patients to an extent sufficient for with-
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drawal of artificial lung ventilation. Low-dose radia-
tion usually does not have a direct antiviral effect, 
but can compensate the overreaction of the immune 
system, known as a cytokine ‘storm.’ Similar treat-
ments have previously been used for the therapy of 
viral pneumonia associated with influenza in 1918, 
as well as the arthritis. Several clinical trials of this 
treatment have recently been initiated in the United 
States and other countries [268].

Clinical trials of hundreds of substances that 
may be effective as COVID-19 therapy and already 
approved for use in other diseases are underway. 
This strategy is called repurposing, i.e. ‘reorienta-
tion of use.’ Periodically, new publications appear on 
the prospects of the next medicine, but after a brisk 
discussion, it usually turns out that either the study 
was conducted only in vitro not on living organisms, 
or clinical data are not so promising, or there were 
certain manipulations with patient screening, etc. 
Combinations of various medicines, primarily anti-
virals, are now being actively studied, but so far, no 
significant progress has been achieved. Therefore, 
if COVID-19 is suspected, self-medication is not an 
option, and sick individual should immediately seek 
medical care. Scientists warn that using even known, 
but untested for viral effect medicines can be dange
rous to health (as happened with Chloroquine and its 
derivatives): “Such drugs are directed rather against 
us than the coronavirus” [173].

Stem cells, in particular mesenchymal stem 
cells (MSC) are widely studied and already widely 
used in clinics to fight numerous diseases. A group 
of scientists and clinicians at the University of Mi-
ami, USA have made an interesting investigation 
on the possible use of MSC to cure COVID-19 pa-
tients [298]. In double blind randomized trial of 24 
COVID-19 patients with acute respiratory distress 
syndrome it was found that two intravenous infu-
sions of umbilical cord mesenchymal stem cells 
(UC‐MSCs), at a dose of 100 million cells per infu-
sion, given 72 hours apart, led  to the significantly 
improved patient survival and time to recovery and 
such treatment was associated with a significant de-
crease of inflammatory cytokines [298].

The above brief review of already tested medi-
cations makes possible to conclude that treatment 
of COVID-19 is almost completely anti-sympto-
matic - against manifestations of the disease caused 
by SARS-CoV-2, or against possible numerous, of-
ten multi-organ complications. Currently, only two 
medicines were officially approved in the United 
States for treatment of COVID-19 complications. 

These are specifically acting Remdesivir (inhibits 
virus replication) and unspecific Dexamethasone 
that has been tested and is effective as suppressant of 
patient's hyperimmune response to the virus. These 
medicines can be complemented by convalescent 
plasma of recovered patients, which have sufficiently 
high titers of antiviral (specific) antibodies. 

Finally, it is worthwhile mentioning two impor-
tant points. The first one is that when US President 
Donald Trump was hospitalized with COVID-19 
among medicines, which were used to treat him were 
antibodies (a mixture of two monoclonal anti-SARS 
S protein antibodies), Remdesivir, Famotidine, Dex-
amethazone, vitamin D, a daily aspirin, zinc and me-
latonin [279]. Zink plays multiple roles in the cell but 
referring to the SARS-CoV-2 infection, intracellular 
Zn2+ may inhibit its replicative cycle as Zn2+ does 
of some other viruses. More particularly, Zn2+ was 
shown to inhibit polyprotein processing in cells in-
fected with human rhinovirus and coxsackievirus B3 
[303]. As to Melatonin, which regulates the body's 
circadian rhythm and sleep-wake cycle, it can be a 
possible treatment for those who contract the coro-
navirus, and it was associated with a 30% reduced 
likelihood of testing positive for COVID-19 [304].

The second point is that though there were en-
couraging results from the remdesivir clinical trials 
earlier this year and the FDA official approval for 
the remdesivir treatment of COVID-19, which we 
mentioned above, interim results from the World 
Health Organization’s highly anticipated Solidarity 
trial appear to show that none of the four repurposed 
antiviral drugs tested have a meaningful effect in re-
ducing COVID-19 deaths, the need for ventilators or 
the duration of hospitalization [280]. (I quote very 
important conclusion): ‘The trial investigated rem-
desivir, hydroxychloroquine, a lopinavir–ritonavir 
combo and interferon beta-1a. The randomized study 
was conducted in 405 hospitals across 30 countries 
and involved 11,266 people. “The unpromising over-
all findings from the regimens tested suffice to refute 
early hopes, based on smaller or non-randomized 
studies, that any will substantially reduce inpatient 
mortality, initiation of ventilation or hospitalization 
duration,” say the interim results’[280] (unquote).

That is why the hopes that the world will have 
anti SARS-CoV-2 drugs in the Autumn of  2020 well 
before the anti-SARS-CoV-2 vaccines development 
and arrival were not realized and vaccines success-
fully started to fight COVID-19 at the very end of 
2020 but we shall discuss it below.   
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Development of immunity 
against SARS-CoV-2

The probability of developing the disease in 
an individual infected with coronavirus depends on 
many factors related to the virus itself (e.g. the path-
way of infection, the ability to penetrate the cell, the 
infecting dose, etc.) and the human body (genotype, 
immune system status, comorbidities, the state of in-
ternal organs, etc.). The spread of the disease largely 
depends on how the immune system responds to 
causative agent of an infectious disease. The reac-
tion of the immune system to various pathogens can 
be ranging from development of lifelong immunity 
to almost complete lack of protection. So far, only 
preliminary data are available on the development 
of immunity against the coronavirus SARS-CoV-2 
causing COVID-19. The best approach in this situa-
tion is to build a conceptual model - a set of assump-
tions about the development of immunity against 
SARS-CoV-2 based on current knowledge about the 
immune system and its response to such viruses and 
further verification of each component of the model, 
including observations and experiments.

To a large extent, our perception of immunity 
against SARS-CoV-2 was formed not on the basis of 
information on SARS-CoV-1 or MERS-CoV virus-
es, which infected a relatively small number of peo-
ple, but on data on other human coronaviruses that 
are causing various respiratory diseases each year, 
ranging from the common cold to pneumonia. As 
a result of infection with these coronaviruses (four 
known at the moment), the developed immunity 
(not always strong) lasts at least one year. Immuno-
logical memory after infection with seasonal human 
coronaviruses (hCoVs) may potentially contribute to 
cross-protection against SARS-CoV-2. Ng et al. re-
port that in a cohort of 350 SARS-CoV-2–uninfected 
individuals, a small proportion had circulating IgG 
antibodies that could cross-react with the S2 subunit 
of the SARS-CoV-2 spike protein [301]. By contrast, 
COVID-19 patients generated IgA, IgG, and IgM 
antibodies that recognized both the S1 and S2 subu-
nits. The anti-S2 antibodies from SARS-CoV-2–un-
infected patients showed specific neutralizing activ-
ity against both SARS-CoV-2 and SARS-CoV-2 S 
pseudotypes [301].

A study of humans recovered from SARS or 
MERS showed that immunity persisted for two years 
after SARS and for almost three years after MERS. 
At the same time, the neutralizing ability of antivi-
ral antibodies (the ability to inhibit virus replication) 

gradually decreased throughout the study period. 
Other data suggest that immunity to SARS is long-
lasting (up to 10 years), while immunity to MERS is 
active for a much shorter period of time [174]. 

So far, the studies of SARS-CoV-2 humoral im-
mune response persistence have provided the contro-
versial outcome. Thus, a study conducted by Chinese 
scientists showed that humoral immunity to SARS-
CoV-2 did not last long - from 2 to 3 months, and 
in the next 8 weeks the level of antiviral antibodies 
fell in 13% of patients with symptoms of COVID-19, 
and in 40% of individuals without such symptoms. 
The findings call into question the idea of ‘immunity 
passports’ that some countries wanted to give to peo-
ple that recovered from COVID-19, had positive an-
tibody test results, and could allegedly travel freely, 
work, and not follow lockdown restrictions [175].

A study conducted by Icelandic scientists in-
volving about 30,000 people (including more than 
1,200 people tested positive for the virus and recov-
ered from COVID-19) provided more optimistic re-
sults. Approximately 90% of recovered people had 
antibodies to SARS-CoV-2: the level of these anti-
bodies increased for two months after diagnosis and 
then remained flat throughout the 4-month study. It 
has also been shown that only 0.9% of the Icelandic 
population has interacted with SARS-CoV-2 [256].

These results are based on analyzing IgG an-
tibody blood levels. However, so far there is little 
data on the grade of T-cell immunity against the vi-
rus, which can play a much greater protective role, 
persist much longer, and whose condition may not 
correlate with the levels of circulating antibodies. 
Thus, T lymphocytes are important for the immune 
response to the virus. In addition to CD4+ T helper 
cells, which play a central role in the induction of 
antibody synthesis, CD8+ T cells specific to any of 
virus proteins can kill virus-infected cells. The most 
immunogenic is the virus protein S; therefore, while 
developing vaccines, scientists focus on it as the 
most promising target.

Recently, CD4+ T memory cells reactive to 
the virus were found in the blood of 20-50% of 
individuals who have never encountered SARS-
CoV-2, their ability to cross-react with other hu-
man coronaviruses proven, and 142 corresponding 
T-cell epitopes identified [228]. It is obvious that 
some people have developed immunity as a result 
of coronavirus infection, able, to some extent, pro-
tect them from SARS-CoV-2, which partly explains 
the heterogeneity of COVID-19 course in different 
people, or different geographical regions that differ 
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in prevalence of infections caused by human coro-
naviruses. Perhaps this is why the population of de-
veloped and rich countries has more severe course 
of COVID-19 than the population of poor countries, 
which is more likely to come into contact with infec-
tious diseases, including human coronaviruses, for a 
number of economic and social and cultural reasons 
leading to over-crowding, insane living conditions, 
poor nutrition, etc.

Based on the results of these studies, we can 
make assumptions about the development of immu-
nity in COVID-19 patients. It is clear that follow-
ing SARS-CoV-2 infection, most people develop 
an antiviral immune response (some stronger, some 
weaker). We assume that this immune response 
provides some protection for people in the medium 
term, at least for a year, and then its effectiveness 
may deteriorate. If this is true, then infecting more 
and more people in the population will lead to the 
development of so-called collective immunity. As 
more people become immune to the virus, an infect-
ed person will have less chance to contact with an 
individual susceptible to the infection. If the collec-
tive immunity covers a significant part of the popu-
lation (over 60%), then the virus will not spread so 
rapidly even without epidemiological measures.

Even if we take into account that the number of 
COVID-19 cases has not been accurately determined 
because of limited testing (for example, in Italy and 
some other countries, when it was underestimated, 
perhaps tens or hundreds of times), it can still be ar-
gued that the majority of the world's population is 
still susceptible to infection and collective immunity 
is just beginning taking shape. Thus, a comparison 
of SARS-CoV-2 antibody panel in the general popu-
lation of Hong Kong before and after the outbreak 
of COVID-19, and Hong Kong residents evacuated 
from Hubei province, showed that most people re-
main susceptible to COVID-19 and future pandemic 
waves are inevitable in the absence of a specific an-
tiviral vaccine [176]. Therefore, long-term control 
of SARS-CoV-2 can only be expected when most 
people become immune through infection or effec-
tive vaccination. How large such a majority should 
be (perhaps 60-70%) depends on other features of 
the infection, which remain unknown. It has been 
also believed that a threshold for achieving collective 
immunity may be much less than 60% due to forma-
tion of cross-reactive T-cells following coronavirus 
colds [229].

However, it is not known how long the immu-
nity to SARS-CoV-2 will sustain in the majority of 

the population. It has recently been proven that an 
individual who has recovered from SARS-CoV-2 
can become re-infected in a few months. To support 
the finding, a comparative analysis of two SARS-
CoV-2 isolate genomes obtained from a Hong Kong 
patient during two episodes of coronavirus infection 
was performed (the second episode of asymptomatic 
infection occurred 142 days after the first sympto-
matic episode). It turned out that the viral genomes 
of the first and second episodes differed significantly 
from each other [236]. Similar results were obtained 
in a study of SARS-CoV-2 re-infection of a Nevada 
patient, but in this case the course of re-infection 
was more severe than the first time. The question of 
whether immunity influences the severity of COV-
ID-19 symptoms upon re-infection is extremely im-
portant, especially in the context of vaccine develop-
ment.

Is it possible that the immune system not only 
failed to protect against the virus, but also worse
ned the situation? Yes, it is theoretically possible. 
For example, some cases of severe COVID-19 are 
exacerbated by ‘insidious’ immune response that 
damage healthy tissues. People who survived the 
phenomenon in the first infection may have immune 
cells ready to respond even more actively a second 
time. Another possibility is the existence of an an-
tibody-dependent enhanced (ADE) virus replication 
mechanism, in which antibodies formed during the 
first encounter with SARS-CoV-2 help the virus in-
stead of fighting it during re-infection. Much more 
information is needed to understand how common 
re-infection is, what causes it, and what factors influ-
ence the severity of COVID-19 recurrence. It is not 
yet known whether the immune system can protect 
against SARS-CoV-2 infection, whether vaccines 
will only sooth symptoms during a second infection, 
or turn vaccinated individuals into asymptomatic 
SARS-CoV-2 carriers, which will put vulnerable 
populations at risk, especially elderly people who 
poorly respond to vaccines [266]. Therefore, SARS-
CoV-2 will possibly be able to continue circulating 
in the human population, despite the collective im-
munity developed by natural infection or vaccines.

The suggestions given above on the human 
immunity against SARS-CoV-2 or at the course of 
COVID-19 were carried out based on the available 
information at the time of the publication of the 
Ukrainian version of this article (August 2020). Four 
months have passed, new articles with new data were 
published, and the author wishes to refer to one of 
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the most recent and most comprehensive publication 
on the immunity to SARS-CoV-2 in Science on Jan-
uary 06 [299]. Moreover, this article brought good 
news that immunological memory to SARS-CoV-2 
lasts much longer than it was suggested before. In 
particular, simultaneous measurement of circulat-
ing antibodies, memory B cells, CD8+ T cells, and 
CD4+ T cells specific for SARS-CoV-2, in a group 
of subjects (in 254 samples from 188 COVID-19 cas-
es) with a full range of disease were carried out from 
short time points after infection out to 8 months 
later. By studying these multiple compartments of 
adaptive immunity in an integrated manner, it was 
observed that each component of SARS-CoV-2 im-
mune memory exhibited distinct kinetics. Almost all 
individuals at 5 to 8 months post-symptom onset had 
IgG to SARS-CoV-2 Spike and RBD. Also memory 
B cells specific for the Spike protein and/or RBD 
were detected in almost all COVID-19 cases, with 
no apparent half-life at 5 to 8 months post-infection. 
Seems that SARS-CoV-2 memory T cells and B cells 
are capable of substantially limiting SARS-CoV-2 
dissemination and/or cumulative viral load, result-
ing in reduced COVID-19 disease severity. General 
findings suggested that in most examined people (of 
both gender) a robust immune response to the coro-
navirus lasted for at least eight months, and there 
are signs that it could even last years [299,  300]. 
CDC also brought good news to celebrate new 2021 
year [302] by publishing the results of a new coro-
navirus immunity study from South Korea that in-
dicated asymptomatic patients and those with mild 
COVID-19 cases would develop a strong immune 
response that could be detectable via antibody tests 
up to 8 months after the infection [302].

Vaccines against SARS-CoV-2 and COVID-19. 
The whole world is looking forward to the vaccine 
against SARS-CoV-2 and, accordingly, against 
COVID-19. The director of the National Institute of 
Allergy and Infectious Diseases (NIAID) and the 
White House's chief adviser for coronavirus issues, 
Professor Anthony Fauci, warned well in March 
2020 [177] that the first vaccines would be available 
no earlier than in 12-18 months. The Coalition for 
Epidemic Preparedness Innovations estimated [178] 
that at least $ 2 billion was needed to develop such a 
vaccine over the next 12-18 months. 

Given the crucial need to develop an effective 
SARS-CoV-2 vaccine as soon as possible that could 
save millions of people from death and/or disability, 
an interesting idea was proposed to combine the ef-

forts of scientists from leading laboratories and phar-
maceutical companies of the world [179] by analogy 
with such well-known large-scale scientific projects 
as, for example, the Manhattan Nuclear Weapons 
Project, the Human Genome Project, or CERN. Such 
a coordinated approach to vaccine development can-
not only potentially save millions of lives, but also 
save tons of money and help the mankind better pre-
pare for the next pandemic. Perhaps, the current situ-
ation shows that this idea has not yet worked.

During past SARS and MERS epidemics, a 
research was initiated to develop a vaccine, but ex-
tinction of outbreaks caused stop funding and the 
work was not completed. The results of these studies 
can hardly be fully used to develop a vaccine against 
COVID-19, as analysis of antigenic structure showed 
different most immunogenic epitopes of ‘spike’ pro-
tein S in SARS-CoV-2 and SARS-CoV [180].

So far, SARS-CoV-2 virus has been relatively 
stable (3-4-times) compared to the influenza virus, 
and not prone to a significant number of mutations 
due to its genome structure and the presence of a 
‘replication error correction’ in it. Thus, the genom-
es of most common influenza A and B viruses each 
comprise eight single-stranded viral RNA segments, 
which are capable for reassortment – the exchange of 
viral RNA segments between viruses. On the con-
trary, SARS-CoV-2 genome is a single strand of a 
positive polyadenylated RNA. Having travelled from 
China to the United States, it acquired only 4 - 10 
mutations. And this gives researchers hope for the 
development of a stable vaccine that will remain 
effective for a long time [181]. However, this vac-
cine must be thoroughly tested for safety, as amino 
acid sequences of the viral and human body proteins 
sometimes contain similar fragments, so the side ef-
fects of the vaccine may be autoimmune diseases, 
especially when used in people with a genetic pre-
disposition to autoimmunity. By the way, it was re-
ported that coronavirus caused autoimmune retinal 
disease in a model experiment [77].

There are also other concerns: will the vaccine 
protect against the coronavirus, or will it cause an-
tibody-dependent enhancement of virus replication, 
or exacerbation of hyperimmune reactions leading to 
the death of patients with severe COVID-19?

One of the world's first vaccines against COV-
ID-19 was created by the American biotechnology 
firm Moderna under cooperation with NIAID. Its 
clinical trial began 64 days after the virus genome 
was published. On May 18, 2020, Moderna an-
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nounced the first results of the clinical trial [182]: 
its mRNA-1273 vaccine against COVID-19 elicited 
an immune response in humans and protected mice 
from lung infections caused by coronavirus SARS-
CoV-2. The data, which the company published in 
a press release, were considered very reliable, and 
therefore Moderna shares have risen significantly in 
price.

Almost simultaneously with Moderna, other 
leading pharmaceutical companies and research in-
stitutes in USA, the United Kingdom, China, Ger-
many, and France undertook developing the vaccine, 
and were later joined by institutions from Japan, 
Korea, Canada, India and other countries. There are 
currently (WHO, December, 2020) more than 200 
prototypes of vaccines based on various principles 
known and more than 50 COVID-19 vaccine candi-
dates are undergoing clinical trials.

How does the ‘ideal’ vaccine for COVID-19 
prevention look like? Clinically important the fol-
lowing three main factors: 1) mandatory reliable im-
mune response that generates long-term neutralizing 
antibodies to SARS-CoV-2 antigens (e.g., proteins S 
and/or N); 2) the vaccine should induce strong T-
lymphocyte immunity; 3) the vaccine should neither 
have any serious side effects nor be accompanied 
by such phenomena as antibody-dependent cellular 
cytotoxicity, vaccine-associated respiratory disease, 
cytokine ‘storm,’ etc. [183].

Fig. 4. Approaches to the development of a vaccine against SARS-CoV-2: a - basic approaches; b - distribu-
tion of candidate vaccines in groups with different approaches (taken from article [183])

Researchers use different approaches to develo
ping a vaccine (Fig. 4). In total, there are 7 main 
platforms. Among them, two are based on nucleic 
acids: RNA or DNA, which, in turn, can be distrib-
uted according to certain characteristics associated 
with, say, the method of delivery. These are new gen-
eration vaccines. None of them was licensed up to 
December 2020, but they have already been tested 
on volunteers [184].

The third category is protein-based vaccines 
(also called subunit vaccines). This group covers a 
wide range of techniques for preparation of immu-
nostimulatory viral protein antigens, and includes 
the largest number of modern candidates for the vac-
cine against COVID-19 [185]. Coronavirus protein-
based vaccines, like nucleic acids, are a novel tech-
nique, but some have already been used in clinical 
practice, such as Gardasil against human papilloma 
virus.

The fourth and fifth categories are viral vectors 
similar to those used in gene therapy. These include 
vectors that do not replicate and vectors that repli-
cate.

Two other categories are SARS-CoV-2 viruses 
themselves: either inactivated [186] or weakened 
ones [187]. There are also vaccines that do not fall 
into any of the above categories. These are vac-
cines based on virus-like particles or those using not 
SARS-CoV-2 as a viral vector, but a killed rabies 
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pathogen (CORAVAX) and/or a modified equine pox 
virus (TX-1800) [183].

Nucleic acid-based vaccines. This group in-
cludes the already mentioned mRNA-1273 vaccine 
by Moderna (USA) based on mRNA encoding a pre-
fusion stabilized form of spike protein (S), which the 
company has chosen together with researchers from 
the Center for Vaccine Research (VRC) of the Na-
tional Institute of Allergy and Infectious Diseases. 
Very similar to Moderna is the mRNA-vaccine de-
veloped by BioNTech company in cooperation with 
the US pharmaceutical giant Pfizer [281]. BioNTech, 
a small German company working on mRNA vac-
cines to treat cancer, designed the COVID-19 vac-
cine. They tested more than 20 different stretches of 
mRNA coding for portions of SARS-CoV-2 spike 
protein, which the virus uses to bind to human 
cells, that were most likely to be taken up and ex-
pressed by dendritic cells, which “present” spike to 
the immune system to initiate antibody and T cell 
responses against the virus [281]. Pfizer-BioNTech 
vaccine was the first one to be announced highly ef-
fective and was the first in the world to get emer-
gency use authorization (EUA) for the vaccine from 
the U.S. Food and Drug Administration (FDA) on 
December 11, 2020 and the Moderna was second on 
December 18, 2020 [282].

The main advantages of such vaccines consist 
in the fact that they cause a reliable immune re-
sponse, they can be quickly developed and manu-
factured (Fig. 5). The only one evident drawback is 
that mRNA vaccines for a long-term storage need 
deep-freeze temperatures – minus 70°C for Pfizer-
BioNTech and minus 20°C for Moderna vaccine. 

Another candidate is CVnCoV vaccine from 
the German company CureVac AG, based on con-
structed RNA, which has not yet been registered.

Dan Baruch and colleagues at Harvard Medi-
cal School (USA) investigated DNA vaccine against 
COVID-19. This type of vaccine causes the recipi-
ent's cells to produce pathogen or its components, 
which in turn stimulates the immune system. The 
researchers developed a number of candidates for the 
DNA vaccine that express various forms of SARS-
CoV-2 spike protein and tested them on 35 rhesus 
macaque models. Humoral and cellular immune 
responses were observed in vaccinated animals, 
including neutralizing antibody titers comparable 
to those found in macaques and humans recovered 
from COVID-19. After vaccination, all animals were 
exposed to SARS-CoV-2, and the vaccine encoding 

all protein S reduced the average viral load in bron-
choalveolar washes and nasal mucosa compared with 
placebo controls.

According to the WHO [189], two such vac-
cines already undergo clinical trials. One of them - 
INO-4800 from the company Inovio Pharmaceuti-
cals (USA), which is administered intradermally 
with subsequent electroporation, encodes a spike S 
glycoprotein. The Inovio method has been tested on 
more than 2,000 people with more than 6,000 injec-
tions, and it has proven to be quite safe and easily 
tolerated. These vaccines give a reliable immune 
response, they can be quickly and easily developed 
and manufactured, they do not require a cold chain 
for storage.

Another vaccine, Symvivo’s (Canada) BacTRL-
Spike, is a DNA-plasmid that expresses a three-di-
mensional spike glycoprotein and a hybrid trans-
porter protein from Bifidobacterium longum, which 
is delivered to the epithelial cells of the colon for im-
mune response through lymphoid tissue of the colon. 
This vaccine has the same advantages as the previ-
ous one, and it is administered orally. The first phase 
of the clinical trial was completed in August, and up 
to 10,000 people were scheduled to be involved in 
Phases II/III [183].

Vector-based vaccines (Fig. 6). Among the most 
well-known and promising vaccines is AZD1222 
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Fig. 5. The principle of action of nucleic acid-based 
vaccines (taken from article [185])
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(registered under the name ChAdOx1 nCoV-19), de-
veloped by scientists at the Jenner Institute in Ox-
ford University in cooperation with AstraZeneca Plc. 
This vaccine, usually called as Oxford-AstraZeneca, 
is produced from the ChAdOx1 adenovirus, which 
is a weakened version of the common cold virus 
of chimpanzees that has been genetically modified 
so that it cannot infect humans. The structure of 
ChAdOx1 was added with genetic material (DNA) 
used for obtaining SARS-CoV-2 spike protein. By 
ChAdOx1 nCoV-19 vaccinating, the developers hope 
to force the body to recognize the spike protein and 
produce an immune response to it, which will help 
stop the SARS-CoV-2 virus from penetrating human 
cells and thus prevent infection [190]. Phase I of the 
clinical trial on healthy volunteers began in April 
2020 with more than 1,000 immunizations and the 
next phase of the trial involved up to 10,260 adults 
and children and a number of partner institutions 
across the country [191]. Very encouraging results 
of Phase I and II clinical trials of ChAdOx1 nCoV-
19 vaccine on 1,077 volunteers have been published 
[192]. The vaccine induced strong T-cell immunity 
(peak on Day 14) and development of IgG antibodies 
against spike protein S on Day 28 of vaccination. As-
traZeneca Plc has received 1.2 billion USD from the 
United States and produced about 30 million doses 
in the UK in September. In contrast to mRNA vac-
cines, this vaccine doesn’t need deep freezing for 

long storage and can be stored at the fridge tempera-
ture (+2 to +4°C).

The Oxford–AstraZeneca partnership was the 
first major developer to publish detailed data from 
phase III trials in a peer-reviewed journal, Lancet on 
December 8 [283, 284]. This vaccine attracts much 
attention as it looks effective, cheap ($3-4 a dose), 
easy for storage (at plus 2 to 4°C) and thus – for 
distribution. Nevertheless, it also rises a number of 
lingering unknowns, including questions about the 
most effective dosing regimen and how well it works 
in older adults. The vaccine analysis included data 
from four ongoing blinded, randomised, controlled 
trials done across the UK, Brazil, and South Afri-
ca between April 23 and Nov 4, 2020, with 23 848 
participants. Participants aged 18 years and older 
were randomly assigned (1:1) to ChAdOx1 nCoV-
19 vaccine or control (meningococcal group A, C, 
W, and Y conjugate vaccine or saline) [283]. Owing 
to a measurement error, some participants received 
less of the vaccine in the first of their two doses. In 
participants who received two standard doses, vac-
cine efficacy was 62% and in participants who re-
ceived a low dose followed by a standard dose, ef-
ficacy was 90% Overall vaccine efficacy across both 
groups was over 70%. It is interesting to explain how 
a higher efficacy could be achieved from a lower ini-
tial dose, and trial investigators have said that a sep-
arate trial is needed and planned to follow up on the 
finding. Furthermore, the low-dose arm of the trial 
did not include anyone over the age of 55, though 
earlier studies of the vaccine showed that immune 
responses in people over 55 were comparable to 
those in younger study participants, suggesting that 
the vaccine will work well in older adults. Another 
question was whether the vaccine was capable of 
fighting asymptomatic infections; an immunization 
that could do that could be key to shaping the course 
of the pandemic. The Oxford–AstraZeneca team is 
the only one of the three leading vaccine develop-
ers that monitored for asymptomatic infections, by 
collecting weekly swabs from some participants to 
determine whether they had the coronavirus but did 
not become ill. The data showed that the low-dose 
vaccine regimen was about 60% effective at reducing 
asymptomatic infections, but it was unclear whether 
the standard dose significantly reduced them at all 
[283].

Chinese scientists have published the results of 
earlier studies of another type vaccine Ad5-nCoV 
(CanSino Biologics Inc., China) based on recombi-
nant adenovirus type 5 (Ad5), which also expresses 

Fig. 6. The principle of action of vaccines based on 
viral vectors (taken from article [185])
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spike protein [193]. The study involving 108 people 
was conducted at several laboratories. Those who 
were administered the vaccine had a moderate im-
mune response to the virus with a peak 28 days fol-
lowing the vaccination.

However, the Ad5 virus has been encountered 
by many people, and some experts fear that most 
already have antibodies to Ad5, and therefore this 
vector may be not adequately effective. Although 
the vaccine elicited an immune response, the avail-
able data are based on a short-term follow-up, and 
thus, it is still unclear whether lasting immunity will 
be achieved. In addition to pain at the injection site, 
about half of participants also reported fever, weak-
ness, headache, and about one in five suffered muscle 
pain. Participants knew what dose of vaccine they 
were receiving - low, medium or high, which may 
have influenced their assessment of side effects. And 
although this vector has been well tested in gene 
therapy, its manufacture in large quantities can be 
problematic [185]. After completion of the Phase II 
trials, the CanSino Biologics vaccine was approved 
for use for one year by Chinese military on 25 June 
2020 [225].

Another example of approved adenovirus vac-
cine is the Russian vaccine against COVID-19, de-
veloped by the Gamaley Research Institute of Epide-
miology and Microbiology in Moscow. This vaccine 
uses two different adenoviruses that express the 
protein S; the first dose of the vaccine contains ad-
enovirus Ad26 (also used in the COVID-19 vaccine 
developed by Johnson & Johnson and its Janssen 
subsidiary), the second dose of the vaccine contains 
Ad5 adenovirus (as the experimental vaccine of the 
Chinese company CanSino Biologics). The vaccine 
was administered to 76 volunteers in the early phas-
es of two trials, but the results of these trials and 
other preclinical studies have not been published yet. 
Phase III trial was planned to conduct in the United 
Arab Emirates, Saudi Arabia and other countries. 
Unexpectedly, on August 11, 2020, Russian Presi-
dent Vladimir Putin announced that Russia's state 
health regulator became the first in the world to ap-
prove a vaccine against COVID-19 for wide-spread 
use, although phase III trial of the vaccine have 
not been started yet. The vaccine is planned to be 
gradually administered to citizens, first of all, medi-
cal workers and teachers. Scientists around the world 
and the WHO have condemned the decision as hasty, 
unsafe and unethical, which could not only endanger 
the health and lives of people taking the vaccine, but 
also, in the event of negative consequences, under-
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Fig. 7. The principle of action of protein-based vac-
cines (taken from article [185])

mine confidence in vaccination against COVID-19 
and will further strengthen already strong anti-vac-
cine sentiment in the world [226].

Vaccines based on SARS-CoV-2 virus pro-
teins (Fig. 7). The vaccine NVX-CoV2373 of the 
American company Novavax uses the recombinant 
SARS-CoV-2 spike protein in the prefusion state as 
an antigen. Recombinant protein is expressed in ge-
netically engineered Sf9 insect cells. Properly folded 
and post-translationally modified protein is included 
in a nanoparticle composition together with Matrix-
M saponin-based adjuvant of the same company. The 
main advantages of this vaccine are the possibility of 
quick development and manufacture [183]. The No-
vavax platform has previously been tested in Phases 
I, II and III of several trials for seasonal influenza, 
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Ebola and RSV, and it has been proven safe. Prelimi-
nary data of Phase I NVX-CoV2373 was scheduled 
for July, followed by Phase II for 2,200 volunteers 
from different countries, the results of which had to 
appear by the end of 2020. [244, 285].

Vaccines based on SARS-CoV-2 virus (Fig. 8). 
Perhaps, most of currently known vaccines are based 
on attenuated or inactivated causative agents. This 
approach was used by the Chinese company Sino-
vac Biotech from Beijing, which started testing the 
CoronaVac vaccine (formerly PiCoVacc) based on 
chemically inactivated (with beta propiolactone) 
SARS-CoV-2 with alum as adjuvant [173, 286]. 
Phases I and II were successfully conducted in 
China, Phase III testing was done in Brasil, Turkey 
and some other countries with the aim to start com-
mercialization in February-March, 2021 (phase III 
couldn’t been performed in China because of lack of 
COVID-19 patients). The Ukrainian Lekhim group 
of pharmaceutical companies has signed an exclu-
sive distribution agreement with Sinovac Biotech for 
the supply of CoronaVac vaccine to Ukraine and has 
already started designing facilities for its production 
in Kharkiv [224].

Another Chinese company, Sinopharm, has 
registered two clinical trials of vaccines, also based 
on inactivated virus, but it is still not clear whether 
this is a trial of two different vaccines or only one 
of them. In addition, trials have been reported for a 
vaccine based on attenuated influenza virus adapted 
to SARS-CoV-2 surface protein expression, perhaps 
the information obtained is insufficient [183]. Studies 
of the effectiveness of different routes of administra-
tion of vaccine encoding SARS-CoV-2 protein S on 
monkey and transgenic mice models with the human 
ACE2 receptor have shown that the intranasal vac-
cine form may be more effective than the injectable 
one. For example, in mice vaccinated by injection, 
no virus was found in the lungs after SARS-CoV-2 
infection, yet a small amount of viral RNA was de-
tected. In contrast, mice vaccinated intranasally had 
perfectly clean lungs. Therefore, the nasal vaccine 
completely prevented infection [259].

Despite some success in preclinical and clinical 
trials already reported in July, August and Septem-
ber, 2020, experts were still quite reticent about the 
possibility of a rapid release of the vaccine on the 
market. They explained this by the need to be care-
ful because of unprecedentedly short timing of tri-
als under the ‘accelerated’ principle in order to avoid 
disappointments, as it was with the AIDS vaccine, 

which was never created due to HIV peculiarities. 
This is the opinion expressed in argumented detail 
in the July issue of the Scientific American [194] by 
the prominent American scientist William Hezeltine, 
whom I was lucky enough to come across at Har-
vard University in 1981. Such fears were based on 
the fact that coronaviruses had long been known to 
‘distort’ the immune system so that even after the 
body disposed of the pathogen, it was quite able to 
re-infect and cause the disease relapse. The struc-
ture of SARS-CoV-2 suggests the serious problems 
may occur during vaccine development. Yes, some 
COVID-19 patients produced neutralizing antibodies 
able to kill the virus, but not all of them. Therefore, 
it is still unknown whether the vaccine will stimulate 
the production of such antibodies in all people. It is 
also unclear how long these antibodies can protect 
against the infection. Concerns are also raised about 
adjuvants used in vaccines because they might cause 
serious side effects, in some cases even in young 
healthy people.

It’s worth noting that some large pharmaceuti-
cal companies, in the struggle for leadership, may 
try to hide information about the side effects of their 
vaccines using various methods: publishing partial 
information in press releases and creating a "pink 
picture" in the media; comparing side effects of vac-
cines not with placebo, but with vaccines against 

Fig. 8. The principle of action of virus-based vac-
cines (taken from article [185])
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other infections; removal of any mention of using an-
algesics and antipyretics (e.g., acetaminophen) from 
publications, etc. [217].

Such a strategy only heightens scepticism, anti-
vaccine sentiment and could seriously harm global 
vaccination campaign and the fight against COV-
ID-19. Especially considering the fact that recently 
the supporters of the anti-vaccine movement have 
begun to spread misinformation and/or nonsense 
about the vaccine against COVID-19 more actively 
through global social networks. For example, they 
claim that the vaccine contains monkey brains, was 
developed by the CIA to seize power over the world, 
or pitches invisible tattoos to track people.

Despite the lack of common sense in such 
statements, the number of people refusing vaccina-
tion is still very high. According to a CNN survey 
of May 2020, a third of Americans said they would 
not administer a coronavirus vaccine, even if it was 
cheap or free and widely available. Therefore, gov-
ernments, the media, and NGOs should make every 
effort to push forward an educational campaign to 
counter propaganda. However, the WHO believes 
that as many vaccines as possible should be tested, 
since it is not possible to predict how many of them 
will be promising [195]. This WHO reference [195] 
is regularly updated and displays information at the 
date when one opens it. On January 2021 it reads 
as follows: “Once a safe and effective vaccine be-
comes available, it will be vital that it is accessible to 
everyone who needs it. WHO will continue to work 
to align R&D, fast-track regulatory approvals and 
manufacturing so that all populations in all countries 
can access a vaccine as early as possible”. We hope 
that such effective vaccines are affordable not only 
in many countries that allocate large funds for their 
development, but also, as the UN and WHO insist, 
all over the world, regardless of the economic situa-
tion in the countries. At the same time, we should be 
aware that even effective vaccines will not provide 
immunity to all immunized people (perhaps 70-
80%). In addition, it is still unknown how long the 
effect of vaccine will last and whether revaccination 
will be need annually if SARS-CoV-2 continues to 
proliferate in the world. These problems will be a 
challenge for physicians and biologists in the near 
future.

Besides taking part in competitions for creat-
ing a specific vaccine against SARS-CoV-2, scien-
tists also explored the possibility of non-specific 
enhancing immunity against COVID-19 when using 

vaccines against other diseases (tuberculosis, polio-
myelitis, etc.), as well as genetically modified im-
mune cells [185].

It has been noted that SARS-CoV-2 is spread 
more slowly in countries where the BCG vaccine 
(BCG - bacillus Calmette-Guerin) has been used for 
eradication of tuberculosis in the population [197]. It 
has long been known that the BCG vaccine improves 
the immunity against certain viruses. In the United 
States, it is used to treat bladder cancer, effectively 
stimulating the immune system to kill cancer cells 
[198]. Recently, the BCG vaccine has been shown to 
reduce mortality from neonatal sepsis due to rapid 
induction of neutrophils [199]. In addition in vivo 
experiments have confirmed that BCG causes epige-
netic reprogramming of human monocytes, resulting 
in the induction of cytokines, including IL-1b, which 
is important for the development of antiviral immune 
response [200]. The Murdoch Children's Research 
Institute of Melbourne, Australia, has been test-
ing the BCG vaccine as a preventive agent against 
COVID-19 since March 27, 2020 involving 10,000 
health professionals from Australia, Spain and the 
Netherlands [201]. At the same time, publications on 
the effect of BCG on SARS-CoV-2 and COVID-19 
reveal the conflicting data, as some results confirm 
this effect, and some, vice versa, indicate its absence 
[202-205]. Recently published results of a clinical 
trial conducted by Trained Therapeutix Discovery 
(Dallas, Texas, USA) showed that BCG trained im-
munity could reduce infectious respiratory diseases 
(including COVID-19) in the elderly people by 80% 
[219].

The idea of using a live polio vaccine to counter 
COVID-19 in the United States is actively promoted 
by Konstantin Chumakov, director of the FDA's 
vaccine research division. He is son of the famous 
Soviet virologists Mikhail Chumakov and Marina 
Voroshilova, who in 1959 first tested a live polio 
vaccine developed by Albert Seibin (American vi-
rologist of Jewish descent emigrated from Russia in 
1921) on their three children. After that they con-
ducted large-scale trial in the USSR and described 
the emergence of temporary protection in vaccinated 
patients against other viral infections, probably by 
nonspecific stimulation of the immune system [206]. 
Konstantin Chumakov and Robert Gallo recently 
published an article in the Science [202] pointing 
out the possibility of controlling COVID-19 with 
vaccines that are not specific to COVID-19, but can 
prevent SARS-CoV -2 infection and/or to improve 
the course of the disease on account of non-specific 
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stimulation of patients' immunity. Such vaccines 
include attenuated (live but weakened) vaccines 
against tuberculosis (BCG), pertussis or poliomyeli-
tis. By the way, Robert Gallo is a virologist, immu-
nologist and oncologist, one of the most famous biol-
ogists in the world, who discovered the interleukin-2 
(IL-2) and the RNA structure of the human immuno-
deficiency virus (HIV). He would undoubtedly have 
won the Nobel Prize if not a scandal caused by the 
controversy over the authorship of the discovery of 
HIV virus with Luc Montagnier. I was lucky enough 
to meet Professor Gallo and visit his laboratory in 
1981, when he was working at the National Cancer 
Institute in Bethesda (USA). At that time neither 
HIV nor AIDS were known and we had a discussion 
on IL-2 and on anti-cancer immunity, in particular 
on the possible use of monoclonal antibodies to can-
cer antigens in anti-cancer therapy.

Epidemic mathematical models and 
prospects for lifting the quarantine

The first results of the resonance modelling 
research were presented on February 16, 2020 in 
the report by the National Laboratory of the Impe-
rial College of Great Britain [207]. Based on the 
distributed stochastic model, a prognostic analysis 
of COVID-19 spread was performed taking into 
account the parameters of the disease propagation, 
which were measured at the initial stage of the pan-
demic, mainly in China and South Korea. The model 
demonstrated the catastrophic (as it sounded at that 
time) consequences of the ‘no countermeasures’ sce-
nario for the healthcare systems of the United States 
and the United Kingdom - 2.5 million and 500 thou-
sand deaths respectively in June 2021, which caused 
the dramatic change of state anti-epidemic policy (in 
reality, as of January 10, 2021 there are 21,8 million 
of confirmed cases and 366 thousand deaths in USA 
and 3,0 million of confirmed cases and 80 thousand 
deaths in the UK). Interesting to note that in the arti-
cle “SARS: UK public health response - past, present 
and future” published in 2003 and dedicated to the 
SARS epidemic in 2003 it was written: “Although 
the World Health Organisation has now declared 
SARS 'contained', the possibility of re-emergence 
is ever present. All countries will need to be vigi-
lant and plan their response to the possibility of a 
renewed SARS epidemic” [287].

Since the beginning of the epidemic, dozens 
of scientific papers have been published on the de-
velopment of prognostic models, methods for pre-
dicting the spread of COVID-19 and calibrating the 

parameters of these models according to the disease 
statistics. A comparative analysis of methods and 
models using data from different regions of China 
[208] showed that the most successful forecasting 
statistical criteria appeared to be several variants of 
SEIR-class epidemiological compartmental models 
(Susceptible, Exposed, Infected, and Resistant) used 
by most developed countries. An important advan-
tage of SEIR models is the ability to model scenarios 
for the effect of introduction or cancellation of lock-
down and other counter measures, as well as the 
ability to use as parameters of medical information 
models, such as incubation period, average recovery 
time and more.

Taking into account these factors and the suc-
cessful experience of implementing SEIR models in 
other countries, the working group at the Presidium 
of the NAS of Ukraine developed the SEIR_U model 
for calculating balance ratios for several compart-
ments of the main population categories during the 
epidemic: S - susceptible to disease; E – exposed, 
but without manifestations of the disease; I - infected 
with a confirmed disease that can infect others; R 
- those not able to get sick as they are immune to 
the disease, or have died. The current implementa-
tion of the SEIR_U model allows taking into account 
asymptomatic patients, has 3 levels of COVID-19 
course complexity for patients with symptoms, and 
allows to calculate the number of patients at hospi-
tals [209].

The incubation term was estimated using simu-
lations, which allowed health authorities to decide on 
a 14-day quarantine (although these results should 
be treated with caution, as some people may infect 
other after the 14-th day). Now mathematical models 
are used not only to assess the parameters of coro-
navirus spread, but also to study possible future sce-
narios, retrospective assessment of the efficacy of 
specific interventions, and identify promising strat-
egies. In addition, masked face recognition digital 
techniques and the technology for assessment of the 
distance between people using echolocation to con-
trol social distancing [248], etc are being actively de-
veloped. Many countries have now begun to develop 
and introduce digital contact tracking programs for 
those infected. However, digital contact tracking is 
hampered by technical and ethical challenges, in 
particular the ability to accurately identify closeness 
between individuals and store such information con-
fidentially. Thus, although modelling is a valuable 
tool for testing new ideas, it should be accompanied 
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by a careful consideration of practical applicability 
[233].

The epidemiological measures, which are cur-
rently the main weapon for combating the COVID-19 
pandemic, have a negative impact on the economy 
and cause considerable concerns in society. There-
fore, the governments of many countries have drawn 
up and published in advance step-by-step lockdown 
exit plans, which set out the conditions for imple-
menting each stage of easing the lockdown require-
ments, as well as action plans for gradual recovery 
of the most affected sectors.

An example of such a plan is the Roadmap for 
COVID-19 lockdown exit in the USA [210], which 
consists of 4 stages (phases).

Phase І. Slow expansion. The COVID-19 epi-
demic is spreading in all US states. To slow it down, 
social distancing measures have been introduced in 
each state until the spread slows significantly and the 
infrastructure becomes capable of controlling the 
outbreak and caring for sick people.

Phase ІІ. Lifting restrictions state-by-state. 
Some states will be able to move to Phase II when 
they become capable of safe diagnostics, treat, and 
isolation of all COVID-19 patients, and monitoring 
their contacts. At this phase, schools and businesses 
can reopen, and normal life may be gradually re-
stored. However, some physical distancing measures 
still need to be observed (e.g., a ban on mass gather-
ings continues) to prevent a recurrence of the infec-
tion. Restrictive measures continue for persons over 
60, persons suffering from chronic diseases, and 
other groups of the population at increased risk of 
developing COVID-19.

Public hygiene should be at a high level. Care-
ful cleaning of crowded areas and disinfection of 
frequently touched surfaces should be the must. It 
is also necessary to actively identify and isolate pa-
tients and monitor their contacts. At the beginning of 
Phase II, the public is invited to limit gathering; it is 
also recommended to wear fabric non-medical face 
masks to reduce the risk of asymptomatic spread 
especially in the non-ventilated and closed spaces. 
Patients should stay at home and take the COVID-19 
test. Testing should become more common, such 
as diagnostics at hospital premises with the help of 
POC tests. If there are differences within a state, the 
restrictions may be lifted at the regional level under 
appropriate coordination.

Phase ІІІ. Development of immunity and can-
cellation of the distancing. Physical distancing and 

other phase II measures can be cancelled when 
safe and effective tools become available to reduce 
the risk of COVID-19: treatment with therapeutic 
agents that can save patients with severe symptoms 
or prevent severe course of COVID-19 in patients 
belonging to risk groups; or safe and effective vac-
cination against COVID-19.

Phase IV. Recovery to the next pandemic. Once 
we manage to defeat the COVID-19 epidemic, we 
need to make sure that the United States is ready for 
a new threat of infectious diseases. This will require 
investment in research and development initiatives, 
expanding healthcare infrastructure and the network 
of health facilities, increasing staff in these areas, 
and setting up a clear governance structure to imple-
ment preparedness plans.

In addition, the document outlines steps that 
can be taken to control the epidemic, including the 
transition to instruments/tools and approaches rather 
targeting the infected people than mitigating the ef-
fects of the epidemic among the entire population of 
uncontrolled regions. It is also proposed to measure 
all indicators needed to determine when these transi-
tions are viable and to ease restrictive measures.

EU countries have also developed and were 
implementing plans to exit the lockdown. Austria, 
the Czech Republic, and Denmark were the first to 
initiate this process, followed by Italy, Spain, France, 
Germany, Greece, Poland, and Portugal.

In Ukraine, on April 24, 2020, a plan for a 
phased lockdown lifting consisting of five stages 
[212] was made public, according to which the first 
stage of easing lockdown measures began on May 11, 
the second - on May 22, and the third – since June 
1, 2020 [213]. However, the official easing of lock-
down measures, the onset of summer and the holiday 
season has contributed to an increase in the number 
of lockdown violations by the population and an in-
crease in the incidence of COVID-19 in Ukraine (as 
in some European countries). We are eager to believe 
that Ukrainians will not let a negative scenario come 
true and realize the need to observe social distanc-
ing and using individual protective means in public 
places, despite weakening the lockdown, as well as 
adapt to so-called ‘untouch economy,’ in which we 
will be urged to live for a long time.

Most of what is written in this article above is 
based on the information published before Septem-
ber 2020 in the world’s scientific articles and which 
appeared in the preliminary publication in Visnyk of 
the National Academy of Sciences of Ukraine, 2020; 
(8): 29-71. 
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In November and December 2020 there 
were dramatic developments in the SARS-CoV-2 
epidemics scene. Though much-anticipated develop-
ment of anti-SARS-specific medicines didn’t happen 
the real success story came with the development of 
highly effective anti-SARS-CoV-2 vaccines. And the 
first one was Pfizer in collaboration with BioNTech 
and Moderna immediately to follow. At the begin-
ning of November both companies Pfizer – first and 
Moderna – second have presented the results of their 
mRNA vaccines’ phase III clinical studies. Since 
November 9, Moderna and the pharma giant Pfizer 
have offered preliminary evidence that spike-based 
mRNA vaccines can achieve greater than 90% ef-
ficacy [290]. Pfizer/BioNTech vaccine (BNT162b2), 
like Moderna (mRNA-1273) uses messenger RNA 
(mRNA) to produce spike protein inside cells (Pfiz-
er's vaccine delivers 30 micrograms of mRNA per 
dose and Moderna's vaccine - 100 micrograms of 
mRNA per dose), which induces the appropriate 
immune response to it and blocks the coronavirus. 
Both vaccines appear to work equally well in all 
populations studied, including the elderly and ethnic 
minorities, and people with conditions such as dia-
betes and heart disease that make them vulnerable 
to severe COVID-19 [290]. Operation Warp Speed, 
the U.S. government body to develop COVID-19 
vaccines has invested $1 billion in Moderna’s COV-
ID-19 vaccine R&D and committed another $1.5 
billion to Moderna to purchase 100 million doses 
and $1.9 billion to Pfizer for the same amount of its 
product, which was developed at BioNTech. Both 
vaccines require two doses separated by weeks (21 
days after the first shot for the Pfizer-BioNTech vac-
cine and 28 days for Moderna) and both companies 
say there should be enough to vaccinate the entire 
United States by the spring [290]. 

On December 11, 2020, the U.S. FDA issued 
the first emergency use authorization (EUA) for the 
Pfizer-BioNTech COVID-19 Vaccine for the preven-
tion of coronavirus disease 2019 (COVID-19) caused 
by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) in individuals 16 years of age and 
older and allows the vaccine to be distributed in 
the U.S. [291]. Similar emergency use authorization 
by the FDA on December 18 allowed the Moderna 
COVID-19 Vaccine to be distributed in the U.S. for 
use in individuals 18 years of age and older [292]. 
The next day after the authorizations, both compa-
nies started vaccination in the U.S. Interestingly, the 
Pfizer vaccine was allowed to be used in the UK be-

fore the USA and the first person to be officially vac-
cinated the UK and in the world on December 8 was 
91 years old Ms. Margaret Keenan from Coventry 
being a part of a mass vaccination program in the 
UK [293]. Thousands of vaccinations had taken 
place across the UK on that day. 

Having designed its own vaccine by Jenner In-
stitute in Oxford University, which was further de-
veloped by Astra-Zeneca pharmaceutical company, 
the UK Medicines and Healthcare products Regula-
tory Agency approved this vaccine on December 30 
for emergency supply in the UK for the active im-
munisation of individuals 18 years or older and first 
vaccinations to begin early in the New Year [294]. 
The Oxford–AstraZeneca partnership was the first 
major developer to publish detailed data from phase 
III large clinical trial of a COVID-19 vaccine. This 
vaccine could be among the cheapest ($3 per dose) 
and easiest to distribute around the world (it doesn’t 
need freezing temperature for storage) - suggest 
that the vaccine is safe and effective. But the data 
also highlights a number of lingering unknowns, 
including questions about the most effective dosing 
regimen and how well it works in older adults [295].

All these data on the vaccine effectiveness and 
their lack of considerable side effects give hope that 
COVID-19 vaccines could effectively stop the pan-
demic when widely distributed.

Besides recent good news on the vaccine 
development and on the immunity to SARS-CoV-19 
[299-301], which may last much longer than it was 
frightening us quite recently, there are also other and 
very disturbing news dedicated to the appearance of 
new and dangerous coronavirus mutations, which 
were detected at the beginning in the United King-
dom and South Africa, and later in other countries. 
Below the reader may find a compilation of three 
important documents created and disseminated by 
the world’s most authoritative organizations – WHO, 
CDC and European CDC [305-307]. 

Since the beginning of November, the UK has 
faced a rapid increase in COVID-19 cases in South 
East England, leading to enhanced epidemiologi-
cal and virological investigations. On 14 Decem-
ber 2020, authorities of the UK reported to WHO a 
variant referred to as SARS-CoV-2 VOC 202012/01 
(Variant of Concern, the year 2020, month 12, vari-
ant 01 or “B.1.1.7.” ). This variant contains 23 nu-
cleotide substitutions and is not phylogenetically 
related to the SARS-CoV-2 virus circulating in the 
UK before. While it is known and expected that vi-
ruses constantly change through mutation leading to 
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the emergence of new variants, preliminary analysis 
in the UK suggests that this variant is significant-
ly more transmissible than previously circulating 
variants, with an estimated potential to increase 
the reproductive number (R) by 0.4 or greater with 
estimated increased transmissibility of up to 70% 
[305]. One possible explanation for the emergence 
of the variant is prolonged SARS-CoV-2 infection 
in a single patient, potentially with reduced immu-
nocompetence. Such prolonged infection can lead to 
the accumulation of immune escape mutations at an 
elevated rate [305].

Analysis of the viral genome identified a large 
proportion of cases belonged to a new single phylo-
genetic cluster. The new variant is defined by multi-
ple spike protein mutations (deletion 69-70, deletion 
144, N501Y, A570D, D614G, P681H, T716I, S982A, 
D1118H) present as well as mutations in other 
genomic regions. Phylogenetic analysis has shown 
that though SARS-CoV-2 VOC 202012/01 from the 
UK and variant 501Y.V2 from South Africa both 
have the N501Y mutation, they are different virus 
variants.

SARS-CoV-2 (as an RNA virus) mutates regu-
larly, acquiring about one new mutation in its ge-
nome every two weeks. RNA viruses are known to 
have higher mutation rates than DNA viruses [296] 
and some non-silent mutations can induce amino 
acid changes in the surface protein’s primary struc-
ture and conformation and can significantly alter the 
viral function and/or interactions with neutralizing 
antibodies. Because S protein determines the infec-
tivity of the virus and its transmissibility in the host, 
and this protein is the major antigen inducing pro-
tective immune responses, almost all vaccines un-
der development are directed against S protein. As 
of May 6, 2020, 329 naturally occurring variants in 
S protein have been reported in the public domain. 
A preliminary study suggested that the increased 
fatality rate might be associated with the most dom-
inant variant of SARS-CoV-2, which emerged in 
early February 2020 with a D614G substitution in 
the gene encoding the spike protein. Over a period 
of several months, the D614G mutation replaced the 
initial SARS-CoV-2 strain identified in China and 
by June 2020 became the dominant form of the vi-
rus circulating globally. This mutation may have 
induced a conformational change in the S protein, 
thereby resulting in its increased infectivity [297]. 
The SARS-CoV-2 virus with the D614G substitution 
does not cause more severe illness or alter the effec-

tiveness of existing laboratory diagnostics, therapeu-
tics or vaccines [307]. 

Many mutations are silent (i.e., cause no change 
in the structure of the proteins they encode) because 
they produce a three-letter codon that translates to 
the same amino acid (i.e., they are “synonymous”). 
Other mutations may change the codon in a way that 
leads to an amino acid change (i.e., they are “non-
synonymous”), but this amino acid substitution does 
not impact the protein’s function.

VOC 202012/01 has 14 non-synonymous (ami-
no acid [AA] altering) mutations, 6 synonymous 
(non-AA altering), and 3 deletions, notably including 
[305]:

• 69/70 deletion: this double deletion has oc-
curred spontaneously many times, and likely leads 
to a change in the spike protein conformation.

• P681H: near the S1/S2 furin cleavage site, 
a site with high variability in coronaviruses. This 
mutation has also emerged spontaneously multiple 
times.

• ORF8 stop codon (Q27stop): This mutation 
is not in the spike protein but in a different gene (in 
open reading frame 8), the function of which is un-
known. Similar mutations have occurred in the past. 
In Singapore, one strain with this type of mutation 
emerged and disappeared.

Among the potential consequences of these 
mutations are the following:

• Ability to spread more quickly in humans. 
D614G, has this property to spread more quickly. 

• Ability to cause either milder or more severe 
disease in humans. There is no evidence that VOC 
202012/01 produces more severe illness than other 
SARS-CoV-2 variants.

• Ability to evade detection by specific diag-
nostic tests. Most commercial polymerase chain re-
action (PCR) tests have multiple targets to detect the 
virus, such that even if a mutation impacts one of the 
targets, the other PCR targets will still work.

• Decreased susceptibility to therapeutic agents 
such as monoclonal antibodies.

• Ability to evade vaccine-induced immunity. 
FDA-authorized vaccines are “polyclonal,” produc-
ing antibodies that target several parts of the spike 
protein. The virus would likely need to accumulate 
multiple mutations in the spike protein to evade im-
munity induced by vaccines or by natural infection.

The last possibility - to evade vaccine-induced 
immunity is the most concerning because once a 
large proportion of the population is vaccinated, 
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there will be immune pressure that could favour 
and accelerate the emergence of such variants by 
selecting for “escape mutants”. Nevertheless, most 
experts believe escape mutants are unlikely to 
emerge because of the nature of the virus [307].

To some extent, the answer to the question of 
whether the mutation N501Y, which was found in 
both the SARS-CoV-2 VOC 202012/01 and 501Y.
V2 variants in the receptor-binding domain (RBD) 
of spike protein, has any impact on anti-SARS vac-
cine performance was recently published [288]. The 
authors have generated isogenic N501 and Y501 
SARS-CoV-2 variants and found that sera of 20 par-
ticipants in a previously reported trial of the mRNA-
based COVID-19 vaccine BNT162b2 (now known as 
Pfizer/BioNTech mRNA vaccine) had an equivalent 
neutralizing activity to the N501 and Y501 viruses 
[288]. This finding means that this mutation doesn’t 
prevent the vaccine’s activity to initiate recipient’s 
immune response against the SARS-CoV-2 VOC 
2020 12/01 virus.

What awaits us in the future? In the spring, 
scientists predicted 250 million people worldwide 
will be infected and 1.75 million will die, as of 2021. 
In reality, as of January 10, 2021, WHO reports 88 
million confirmed cases and 1.907 million deaths 
in the world. SARS-CoV-2 virus will not disap-
pear soon and will continue to spread gradually, 
periodic introduction of strict lockdown measures 
will become commonplace. The COVID-19 vaccine 
will provide protection at least for six months, but 
probably longer – for a year or two. Vaccine distri-
bution time will be, and already is now, different be-
tween different countries depending on various rea-
sons but mainly financial and political. The future 
will largely depend on the extent to which we will 
restore social contacts and whether we will be able 
to continue taking preventive measures. If immunity 
to SARS-CoV-2 persists less than a year, then an-
nual outbreaks of COVID-19 may occur until 2024 
or even longer.

Nowadays, the epidemic situation with COV-
ID-19 differs significantly by country. Such countries 
as China, New Zealand Singapore and Rwanda have 
reached low morbidity rates following tough measu
res and are now easing restrictions observing iso-
lated outbreaks. One of effective options to contain 
a pandemic is to track contacts, perhaps the actions 
must be quick and effective: 80% of contacts must 
be tracked for several days to control an outbreak. 
In other countries (USA, Brazil), the incidence is 
rising rapidly after governments lifted quarantine 

too quickly or failed to effectively introduce it across 
the country.

When the quarantine is eased, people may 
think the epidemic is over, although this is a mis-
leading impression. In fact, the risk of infection is 
greater than people can imagine. For example, re-
searchers of the Massachusetts Institute of Tech-
nology (MIT) in Cambridge, USA, after analyzing 
COVID-19 tests from 84 countries, found that the 
infection rate was 12 times and the mortality rate 
50% higher than officially reported. Perhaps, it`s 
worth noting that people's behaviour regarding safe-
ty measures in crowded places (social distance, hand 
washing, wearing masks) has changed: according 
to research conducted in Mexico, after easing the 
quarantine, 70% of the population continued taking 
preventive measures.

The COVID-19 epidemic situation was 
expected to worsen with the onset of autumn and 
winter in temperate and cold climates, as it happens 
every year in the case of other human respiratory 
viruses. Dry winter air improves viral stability and 
transmission, as well as impairs the immune pro-
tection of the respiratory tract. In addition, in cold 
weather, people are more likely to stay indoors where 
there is a higher risk of airborne transmission of vi-
ruses. We are witnessing these expectations now in 
most countries – in USA, Europe and beyond.

Scientists fear that co-infection with various vi-
ruses (SARS-CoV-2, influenza, other human corona
viruses and respiratory-syncytial virus - RSV) may 
increase the number of severe cases and worsen the 
epidemic situation. After all, it is still not clearly 
known whether infection with other human corona-
viruses can provide any efficient protection against 
SARS-CoV-2. To stop the pandemic, SARS-CoV-2 
must be eradicated worldwide, which most scientists 
believe is almost impossible, or people must develop 
sufficient immunity in response to an infection or 
vaccine. Studies show that the level of protection 
against SARS-CoV-2 in 11 European countries is 
3-4%, and in the United States - from 1% to 6.9%. 
However, any future scenario remain only conjec-
ture, as this is the first time when humanity has en-
countered such a pandemic, and COVID-19 is very 
much different from pandemic influenza in its epi-
demic features [264].

In conclusion, it is worth repeating some al-
ready well-known facts. The COVID-19 world pan-
demic, caused by the coronavirus SARS-CoV-2, has 
led to a global turmoil that is unprecedented in its 
consequences for the healthcare system, the econo-
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my and social life. Further development of the situa
tion depends, on the one hand, on the evolution of 
the virus (increase or decrease of its aggressiveness, 
infectivity, and impact on the human body), and on 
the other - on the success of human efforts to curb 
the spread of the virus, observance of anti-epidemio
logical measures, development of effective antiviral 
medicines, diagnostics, and vaccines. It is very likely 
that SARS-CoV-2 (or its derivatives) may become 
associate of our lives for many years in future, and 
humanity has to adapt to the corresponding changes 
in everyday life.

Lockdowns have played a positive role in con-
trolling the pandemic in most countries around the 
world, including Ukraine, where it was introduced 
at the right time. Now the lockdown measures are 
weakening, which leads at early stages to an increase 
in the number of infected people. However, the main 
guarantee of successful completion of this stage is 
strengthening control (and self-control) over com-
pliance with the requirements under conditions of 
weakened lockdown. Unfortunately, our hopes for 
the development of anti-SARS medicines did not 
realise yet but the timely development of effective 
vaccines became a real scientific success. 

Finally, I would like to recall the words of 
Alain Leschner, Honorary Director General of the 
American Association for the Advancement of 
Science, which reflect the obvious fact for all of us: 
“Following the COVID-19 pandemic, which has sig-
nificantly and negatively affected the education of a 
new generation of young scientists, science must be 
made stronger, and our task now is to provide them 
with all possible assistance for the sake of the future 
science” [214].

Author’s note. The limited volume of the pub-
lication precluded citing much important additional 
material. This article is a modified, slightly extended 
and much-updated version of an article published 
in Visnyk of the National Academy of Sciences of 
Ukraine, 2020; (8): 29-71
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Коронавірус SARS-CoV-2 викликає 
коронавірусне захворювання 2019 року 
(COVID-19), яке у 2020 році стало пандемією 
та глобальною загрозою для усього світу. На 
10 січня, 2021 року 218 країн та територій 
доповіли про 90,783 мільйонів підтверджених 
випадків захворювання та 1,945 мільйонів 
смертей. Метою цієї статті було коротко огля-
нути і проаналізувати численну інформацію 
про цей вірус та захворювання COVID-19 та 
надати загальне уявлення про відповідні про-
блеми. Зокрема, навести інформацію про 
біологію коронавірусу, його походження, струк-
туру та шляхи поширення, про властивості 
і особливості захворювання COVID-19, його 
діагностику, створення ліків та формування  
імунітету. Особливу увагу приділено створен-
ню вакцин проти SARS-CoV-2 та ефективності 
протиепідемічних заходів (карантину). Також 
обговорено можливості математичного моделю-
вання епідемічного процесу та перспективи ска-
сування карантину. Нарешті, наведені дані щодо 
небезпечного варіанту VOC 2020 12/1 мутації 
вірусу, яка призвела до його інтенсивного по-
ширення та можливий вплив цієї мутації на 
існуючу діагностику вірусу та на вакцинацію 
проти нього.

К л ю ч о в і  с л о в а: SARS-CoV-2 
коронавірус,  пандемія COVID-19, шляхи зара-
ження, діагностика COVID-19, противірусний 
імунітет, вакцини, моделі епідемічного процесу. 
варіант SARS-CoV-2 - VOC 2020 12/1.
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