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ABSTRACT. The challenge presented by the SARS-CoV-2
pathogen has changed the global perception about virus diseases. In
Wuhan, China the first case of the disease called COVID-19
(Coronavirus Disease 2019) was reported in December 2019 and
quickly reached 215 countries. The pathogenic SARS-CoV-2 virus
has an RNA genome composed of a positive-sense single-strand,
harboring 14 ORFs that encode 50 proteins composed of typical
structural proteins. The spike protein, a surface glycoprotein, is
essential for the invasion of the causal agent of COVID-19 into the
host system. Several variants have specific mutations in protein S that
affect transmission processes, diagnosis, and available therapies.
Entry of SARS-CoV-2 into the host cell promotes immunological
dysregulation with increased expression of interferon type 1 and an
exaggerated proinflammatory cytokine event called "cytokine storm".
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This event is often associated with deleterious outcomes such as
acute respiratory distress syndrome. In addition, substantial
immunological memory can be generated after initial SARS-CoV-2
infection, involving four major cell types, such as anti-spike protein
memory B cells (RBD IgG, IgM), T cells (CD4+ and CD8+) and
other molecules, such as antibodies. It is important to collect genetic
and immunological information related to the SARS-CoV-2 virus to
provide a global vision and high quality knowledge about the biology
and this disease in order to develop effective control measures and
treatments.

Key words: COVID-19; Variants; Pandemic; Immunologic response; Severe
Acute Respiratory Syndrome

1. BACKGROUND

The recent SARS-CoV-2 outbreak in world changed the knowledge concerning
viruses’ infection, mainly those caused by coronavirus. In Wuhan - a Chinese city - was
reported the first case of the illness named COVID-19 (Coronavirus Disease, 2019), in
December 2019 (Zhu et al., 2020). Through the SARS-CoV-2 high transmissibility
capacity, this causative agent of COVID-19 quickly spread to more than 215 countries. In
accordance with Johns Hopkins University and WHO data, it is currently not possible to
predict the size of the losses caused by covid-19; however, the numbers of confirmed cases
and deaths are very high, 546 million and 6.33 million, respectively, data from June 2022.
Countries like the United States, India and Brazil have the highest numbers of confirmed
cases and deaths. (World Health Organization Clinical Management Report, 2020; World
Health Organization Situation Report, 2020). Throughout the SARS-CoV-2 outbreak, it was
observed that this virus could present some strategies (escape to the host's immune system)
during the infection cycle, that allow it to persist and survive in the intracellular
environment (Yuki et al., 2020). The ability to persist within the host and the rapid spread
of the virus are important points to consider in future epidemics to propose effective
surveillance programs to control outbreaks. However, a better understanding of the viral
mechanisms that lead to SARS-CoV-2 infection in the host is necessary, considering the
current scenario.

Historically, the first coronavirus discovered (back in the 1930s) was the avian
coronavirus known as Infectious Bronchitis Virus, or IBV (Cavanagh, 2005). These viruses
are characterized by having a positive RNA single-strand genome (Lauxmann et al., 2020).
Additionally, they are part of the family called Coronaviridae and order known as
Nidovirales (Kirtipal et al., 2020; Giovanetti et al.,, 2021). The Coronaviruses are
genotypically and serologically linked to following genera: the Alphacoronavirus
(AlphaCoV); Betacoronavirus (BetaCoV); Gammacoronavirus (GammaCoV) and
Deltacoronavirus (DeltaCoV). The International Committee on Taxonomy of Viruses
(Vance et al., 2021) provides this classification. The first two coronaviruses are related to
human infection and the second pair affecting predominantly birds (Hu et al., 2020a). Most
coronaviruses can cause a cold-like illness in mammals such as bats, camels, and cattle. A
small percentage can cause infection in human, feline and canine species. The group of
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coronaviruses that infect feline and canine animals, in particular, do not infect humans. (Hu
et al., 2020a; Kirtipal et al., 2020). Experts reveal that high urbanization and domesticated
birds are the main drivers and generators of these diseases, allowing a rapid exchange
between species, resulting in a highly rate of viral recombination (Kirtipal et al., 2020;
Lauxmann et al., 2020).

Bats for instance, have been responsible for about 400 new strains of CoV,
according to the EcoHealth Alliance of China (Kirtipal et al., 2020). The bats are the unique
mammals with a conditioned immune system able to resist a wide range of viruses.
Although no directly scientific evidence exist about the transmission between bats to
humans, it is suspected a vector-borne transmission via intermediate species, in this case,
bats carrying coronaviruses strains (Kirtipal et al., 2020; Lauxmann et al., 2020). However,
a suspicion focuses on pangolins: possibly these animals helped in the acquisition of a
fragment of the spike protein for SARS-Cov-2. The similarities between the functional sites
of the spike protein in the virus isolated from pangolins and those from SARS-CoV-2 could
reinforce this theory (Lam et al., 2020; Wong et al., 2020).

HCoV-229E virus was the first coronavirus identified from human (HCoV), it was
took place in Foshan, China in November 2002, causing a global concern with a lethal rate
of 10% (Kirtipal et al., 2020). Over 8,096 people affected, across 28 countries and 774
fatalities. One decade later, the second HCoV was HCoV-OC43 appeared in Jeddah, Saudi
Arabia in June 2012, reaching levels of 35% fatality worldwide (Kirtipal et al., 2020). The
infection caused by this pathogen, the Middle East Respiratory Syndrome Coronavirus
(MERS-CoV), reached 2,494 cases with 858 deaths, affecting 27 countries (Kirtipal et al.,
2020). Probably MERS-CoV could originally come from bats, through dromedary camels
as vectors for human transmission (Lauxmann et al., 2020). Currently, the causative agent
of COVID-19 pandemic is the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) (Hu et al., 2020a; Kirtipal et al., 2020; Wang et al., 2020a; Giovanetti et al., 2021).
The unusual and overwhelming spread of SARS-CoV-2 is related to a higher number of
confirmed cases and the geographic spread of the disease (Wang et al., 2020a). The rapid
circulation of SARS-CoV-2 between species that harbor the virus or in infected hosts could
easily facilitate the emergence of new pathogenic variants through the appearance of viral
mutations, either by selective pressures or by increased contact with humans. Finally, the
anthropological actions that directly influences the environment causing dismantlement,
habitat degradation of many animals, urbanization, illegal commerce of wild animals,
including their consumption as food, in addition to the increase in global temperature,
favors human-animal contact and thus, the emergence of many diseases never before
reported such as COVID-19 (WHO, 2021).

2.1. Genetics basis of SARS-CoV-2

The SARS-CoV-2 is comprised of an RNA genome composed of a positive-sense
single chain. In its genomes are present coronavirus genes that codify structural proteins,
which are involved to viral membrane, envelope and nucleocapsid synthesis. Another
important, the spike protein (protein S), is close related to the transmission of the virus
(Tufan et al.,, 2020). Although phylopathogenesis of SARS-CoV-2 is not yet well
determined (Garcia-Salido, 2020), the genetic sequences of this virus are available in public
databases such as GISAID (https://www.gisaid.org/). The scientific community can access
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the reference sequence of the SARS-CoV-2 genome - NCBI reference number: NC 045512
(Hu et al., 2020a) and several other sequences, which allows comparing the sequences of
the coronaviruses and monitoring the evolution of the pandemic in real time.

The Coronavirus genomes present a size from 26 to 32 Kb base pairs. SARS-CoV-2
is an enveloped virus, with a single-chain RNA genome and the size of its genome reaches
almost 30 Kb, harboring 14 ORFs that encode 50 proteins (Khailany et al., 2020; Lu et al.,
2020; Raskin, 2020; Wang et al., 2020d). Its genome architecture showed that genes present
in the 3’ portion of the genome, including surface protein (S), envelope (E), membrane (M),
and nucleocapsid synthesis (N), encode structural proteins. This portion is located in only
one third of the whole genome. The two-thirds portions of the genome located in the 5'
region comprise coding sequences (ORFla and ORF1ab) which encode polyproteins (PPla
and PP1lab), respectively. Others nine accessory proteins are found in SARS-CoV genomes
(Khailany et al., 2020; Raskin, 2020) and are crucial for the production of an imbalance in
the host immune response called cytokine storm. Sixteen non-structural proteins are
identified are they are involved in process such as replication and proofreading activity,
translation, defense against host proteins and immune system scape (Raskin, 2020). The
surface glycoprotein S is one of the key factors in the invasion of SARS-CoV-2 into the
host system and the transmission of the virus among humans (Zhu et al., 2018; Huang et al.,
2020).

Mulato-Briones et al. (2020) performed out a genomic computational analysis, that
compared several SARS-CoV-2 isolates from the United States, Brazil, Nepal, and China
and the majority of genomes share high identity values in more than 99% in all cases
(Mulato-Briones et al., 2020). Mulato-Briones et al. (2020) state that approximately four
base pairs were different among the isolates analyzed, which is an indication that the SARS-
CoV-2 genome has high stability (Mulato-Briones et al., 2020). Comparing the causative
agent of COVID-19 with other coronaviruses, its genomic structure is closely related to the
BatCoVRatG13 (found in a horseshoe bat, Rhinolophus affinis), sharing an identity of the
96% of its genomic sequence (Hu et al., 2020a; Pastrian-Soto, 2020; Wang et al., 2020d).
This close genetic similarity with RaTG13 lead the scientific community to affirm that
SARS-CoV-2 could have come from bats (Garcia-Salido, 2020; Lauxamann et al., 2020).
Furthermore, current works reported a greater similarity with another virus, the ‘RmYNO02’,
an emergent coronavirus isolated from the bat Rhinolophus malayanus (Hu et al., 2020a).
This virus has been sampled in Yunnan, China reaching a 97.2% of similarity with SARS-
CoV-2 (Hu et al., 2020a). Finally, the current human coronavirus shares 79% of genomic
similarity with its predecessor SARS-CoV and 50% of genomic similarity with MERS-CoV
(Hu et al., 2020a). The Coronavirus Study Group (CSG) has recognized the SARS-CoV-2
closely related to SARS-CoV (Lauxamann et al., 2020). In phylogenetic arrangements,
SARS-CoV-2 is grouped parallel to SARSr-CoVs and SARS-CoV. However, it was
considered part of a distinct group lineage consisting of four horseshoe bat coronaviruses
(RaTG13, RmYNO02, ZC45 and ZXC21) (Hu et al., 2020a).

2.2. Current variants of SARS-CoV-2 across the countries
Generally, genetic material of living beings and viruses is subject to changes in its

either content, by mutations, recombination, gain or loss of part of its genomic sequence
(Fleischmann, 1996; Lauring and Hodcroft, 2021; Mohammadi et al., 2021). These changes
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can be the result of interaction with internal factors (i.e., resulting of cellular processes) as
well as external factors (for example, chemical compounds) (Fleischmann, 1996). In
viruses, mutations are usually present and can occur as result of their replication process,
which can generate specific and punctual changes in their original genomic sequence
(Fleischmann, 1996; Callaway, 2020; Lauring and Hodcroft, 2021; Mohammadi et al.,
2021). Coronaviruses also tend to present frequent genetic recombination events (Singh and
Yi, 2021).

Mutations in viruses’ genomes can arise resulting of the replication process of their
genetic material and can be associated with certain enzymes involved in replication
(Callaway, 2020; Lauring and Hodcroft, 2021; Mohammadi et al., 2021). However, they
can also arise from the action of enzymes present in the host, for example, and even from
spontaneous damage to nucleic acids. Generally, RNA viruses, including coronaviruses,
have a higher mutation rate, which is not observed for DNA viruses (Callaway, 2020;
Lauring and Hodcroft, 2021). For coronaviruses, a lower mutation rate is observed and this
is probably due to the action of an enzyme that could correct the errors produced in the
replication processes (Fleischmann, 1996; Callaway, 2020; Lauring and Hodcroft, 2021;
Mohammadi et al., 2021). In addition, the size of the genome, the degree of fidelity of this
enzyme that corrects post-replication errors, among other factors, can also influence the rate
of viral mutation (Mohammadi et al., 2021).

The WHO classified the virus variants based on changes in their genomic content
through one or more mutations, which can lead to changes in the infection and transmission
of that virus with respect to the original virus. According to Center for Disease Control and
Prevention (CDC), during the last pandemic months have been emerged several genetics
variants of SARS-CoV-2. Comparative analysis genomic sequences among these viruses
isolated from distinct countries have allowed identifying genetic differences, most
commonly, somatic mutations. Two types of variants are of interesting in public health: the
variant of interest and variant of concern. To classify one variant such as interest some
criteria are take into account: specific genetic marker that could affect the transmission
processes, the diagnosis, and the therapies available, as well as, to be able to escape of host
immune system. Furthermore, these variants can lead to an increase in the number of
specific cases or outbreaks and be locally restricted to a specific location. In accordance
with CDC, currently there are not any variant of interest, all of them were formed variant
being monitoring (VBM). Among them are Alpha (B.1.1.7 ) from United Kingdom
(September 2020); Beta (B.1.351, B.1.351.2, B.1.351.3) from South Africa (May 2020);
Gamma (P.1, P.1.1, P.1.2) from Japan/Brazil (November 2020); Delta (B.1.617.2, AY.1,
AY.2, AY.3, AY .4, AY.5, AY.6, AY.7, AY.8, AY.9, AY.10, AY.11, AY.12) from India
(Octuber 2020); Epsilon (B.1.427 and B.1.429) from United States of America (March
2020); Eta (B.1.525) from several countries (December 2020); Iota (B.1.526) from United
States of America (November 2020); Kappa (B.1.617.1) from India (Octuber 2020); 1.617.3
from India (Octuber 02020), Zeta (P.2) from Brazil (April 2020) and Mu (B.1.621) from
Colombia was declared by the World Health Organization (WHO) (June, 2022). The second
classification of variants (variants of concern), considers an increase of transmissibility, the
emerging of severe disease with increase of death cases, inefficacy of treatment and
immunity control through vaccination and failure in the diagnosis methods available. In
these classification is Omicron (B.1.1.529, BA.1, BA.1.1, BA.2, BA.3, BA4 and BA.5
lineages) from South Africa (June, 2022) according to World Health Organization (WHO).
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Supplementary 1 summarizes the SARS-CoV-2 variants found to date and their
characteristics related to genetic and immunological changes found.

Globally, an increase in the number of countries and territories reporting continues
to be observed. However, this increase must take into account the limitations related to
surveillance systems or surveillance mechanisms, as well as the capacity of the countries
and territories to sequence samples. According to the COVID-19 WHO Weekly
Epidemiological Update published on 26th June 2022, the Omicron variant has been
worldwide reported. This variant remains the dominant variant circulating in the world,
reaching 94% of the sequences generated. The rates linked to each lineage are BA.2 (25%),
BA.2.12.1 (11%), BA.4 (12%) and BA.5 represents 43%.

2.3. Transmission and infectivity of SARS-CoV-2

Depending on the variant, the transmission and infectivity can change. However, in
this section we will describe this topic focusing on the generalities of the transmission and
infectivity of SARS-CoV-2. The common transmission route of the virus is via airborne
droplets (Pastrian-Soto, 2020), either directly through exposure to cough or sneeze at
around 1.8 meters or less (Lauxamann et al., 2020; Sepulveda et al., 2020) or entering
through the mouth, nose and eyes mucosa due to physical contact (Lauxamann et al., 2020).
However, airborne transmission mechanism still need a better understanding (Septlveda et
al., 2020). Although evidence suggests that oral-fecal or vertical mother-fetus routes are still
not ruled out (Quintero et al., 2020). Recent studies reveal that in 20% of patients with
COVID-19, the viral RNA was found positive in faecal matter, opening the possibility of
indirect transmission via faecal-oral transmission (Hu et al., 2020a; Lauxamann et al.,
2020). Another source of contagion is during dental or medical procedures with patients’
saliva or contaminated blood exposure (Lauxamann et al., 2020; Septlveda et al., 2020). In
addition, contaminated surfaces are also a great source of COVID-19 transmission
(Lauxamann et al., 2020).

Studies also reveal that estimated average incubation period is between 3 to 9 days,
with a range oscillating between 0 to 24 days (Sepulveda et al., 2020). This study also
suggest that the highest viral risk (44%) of transmission occurs prior to symptoms onset,
whilst 18% of the SARS-CoV-2 positive cases remain asymptomatic, most of them being
young patients. Asymptomatic infections refer to the positive detection of nucleic acid of
SARS-CoV-2 in patient samples by reverse transcriptase polymerase chain reaction (RT-
PCR), but have no typical clinical symptoms or signs, and no apparent abnormalities in
images, including lung computed tomography (CT). Although patients tend to overcome
after 10 to 15 days in most of the cases, severe cases continue to contagious for up to 25
days from the initial onset of symptoms (Sepulveda et al., 2020). The asymptomatic patients
are fully capable of transmitting the virus (Vardhana and Wolchok, 2020). In addition, the
prolonged human contact may play a role in virus adaptation to humans.

2.4. Clinical aspects of the COVID-19 pandemic
According to the progression of COVID-19, the clinical variation range from

asymptomatic, mild clinical symptoms to acute respiratory-distress syndrome (ARDS) and
even death in some of the cases (Ahmadpoor and Rostaing, 2020; Garcia-Salido, 2020;
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Tufan et al., 2020). The first clinical and epidemiological characteristics of COVID-19
show symptoms of fever, dry cough, chest malaise, headache, gastrointestinal infection, and
viral pneumonia (Lauxamann et al., 2020). However, the most critical cases presented
dyspnea and infiltration in both lungs (Hu et al., 2020b). In addition, digestive
manifestations include weight loss, ranged from 39.9%-50.2% of cases, diarrhea, nausea,
vomiting, abdominal pain and gastrointestinal bleeding (4.0%) during critical events (Hu et
al., 2020b). Case guideline of COVID-19 also point out a decrease in lymphocytes as well
as reduction of white blood cells in infected patients (Lauxamann et al., 2020). Moreover,
SARS-CoV-2 might produce serious cardiac and renal injury, especially in elderly people or
patients with comorbidities (Pastrian-Soto, 2020; Sepulveda et al., 2020; Tufan et al., 2020;
Vieira et al.,, 2020). Those prevalent comorbidities for COVID-19 cases have been
classified as hypertension (30.7%), diabetes mellitus (14.3%), cardiovascular disease
(11.9%), cerebrovascular disease (6.6%), malignant neoplasm (4.3%), chronic liver disease
(2.8%), chronic pulmonary disease (2.4%), chronic kidney disease (2.1%) and HIV (1.4%)
(Sepulveda et al., 2020). Although most of the SARS-CoV-2 -infected individuals recover
without requiring hospitalization, many others remain asymptomatic due to strong immune
responses (Laing et al., 2020).

There is limited information about the clinical course and viral load in
asymptomatic patients infected with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). However, current studies indicate that, approximately 80% of COVID-19
cases are asymptomatic or mild, 15% are severe and require oxygen, and 5% are critical
infections that require ventilation (WHO 2020). A notable feature of SARS-CoV-2 is
asymptomatic infection, where a fraction of the population infected with the virus do not
experience, develop and report symptoms (Champredon and Moghadas, 2017). The
asymptomatic infection, show the importance of "unknown" carriers of the virus. The
transmission probability relative starts rising just over two days before symptom onset, and
that ~44% of transmission may occur prior to symptom onset (He et al, 2021). The
transmission and viral load data the study from He et al. (2020) would suggest that prior to
2.4 days before symptom onset, infected people may not have sufficient virus to be
diagnostic by a test (Jarvis et al., 2020; Lucirka et al., 2020; He et al., 2021). The findings
emphasize that control measures should be adjusted to account for probable substantial
presymptomatic transmission.

2.5. What is happening with host immune system during SARV-CoV-2
infection?

The human immune system is a powerful machinery in which cells and molecules
of the innate and adaptive system act against a pathogen, in that case, the SARS-CoV-2 (de
Ledn Delgado et al., 2020). The immune system has the capacity to produce antibodies that
neutralize the interaction between the pathogens and cell receptors, by limiting their ability
to access the host cell structure (de Leon Delgado et al., 2020). It is also responsible for
activating the natural killer (NK) lymphocytes by producing a cytokine effect over the
infected cells through the mechanism of apoptosis or cell death (de Leén Delgado et al.,
2020). Scientific evidence shows that ancestors of SARS-CoV-2 produce a high immune
response (IR) through pro-inflammatory cytokines (Garcia-Salido, 2020) produced by the
white blood cells of the host. Recent advances suggest that the innate IR inhibits virus
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replication, promote viral clearance, limit viral spread throughout the organism, while
facilitating a prolonged adaptive response responsible for controlling viral infection and
clinical recovery (Ahmadpoor and Rostaing, 2020; Lauxamann et al., 2020). However, a
high increase in the immune response may play an opposite role such as the risk of
attacking not only the virus but also lung cells, leading to secondary complications of
immunopathogenesis. These secondary complications include pulmonary tissue damage,
reduced lung capacity, respiratory distress syndrome (Lauxamann et al., 2020) or even
heart, liver or brain damage (de Leon Delgado et al., 2020). Therefore, the lack of an
adequate adaptive response could lead to persistent innate-induced inflammation driven by
a “cytokine storm” (Ahmadpoor and Rostaing, 2020). Some studies reveal a significant
association between severity of COVID-19 and levels of proinflammatory cytokines
provided by the immune cells (Tufan et al., 2020).

Although an efficient immune response may be considered fundamental in the fight
against COVID-19 (Garcia-Salido, 2020; Tufan et al., 2020; Vieira et al., 2020), the
understanding of the reasons for which the immune system fails or weakens facing the
infection of SARS-CoV-2 becomes the main objective of many researches. Some studies
report that clinical severity of COVID-19 is a result of the excessive activation of host
immune response (Garcia et al., 2020).

2.5.1. Entry into human host cells

The initial pathway of coronavirus infection is mediated by binding of virus
particles to host receptor cells following by fusion of their membranes (Ashraf et al., 2021).
The virus needs entries in the host intracellular environment to use the protein synthesis
machinery from host to translate its own proteins (Ashraf et al., 2021). The glycoprotein
called spike (S), play an important role in initial attachment process and it present several
levels of amino acid conservation across members of Coronaviridae family (Casalino et al.,
2020). This homo-trimeric protein, as known as class I fusion protein, is inserted in the
virion envelope and present each monomer subdivided in two subunits (S1 and S2)
(Casalino et al., 2020; Conceicao et al., 2020; Ashraf et al., 2021). Each subunit perform a
function in binding viral particle to host cell receptors. The S2 subunit participates of viral
and host membranes fusion (Casalino et al., 2020).

The S1 subunit through of its receptor-binding motif (RBM) interacts with N-
terminal helix of angiotensin-converting enzyme 2 (ACE2) receptor at host environment
and finally can start the entry process (Casalino et al., 2020; Chowdhury et al., 2020; Ashraf
et al., 2021). The ACE2 receptor, an zinc-binding carboxypeptidase, are located in heart,
lung, kidney, vasculature, nasal and oral mucosa, gastrointestinal tract, pancreas and brain
cells surface of human body. Generally, this enzyme controls the maturation of angiotensin
hormone, which in turn, plays a role in pressure blood and vasoconstriction regulation (Yan
et al., 2020; Ashraf et al., 2021). Two proteins spike through their receptor-binding motif
(RBM) can make contact with the N-terminal helix peptidase domain (PD) of ACE2
receptor in host cells, which have higher affinity and thus, is formed the SARS-CoV-2
/ACE2 complex. The transmembrane serine protease 2 is activated and this complex
undergoes endocytosis to host intracellular environment. After, the endosome is acidified
and the genetic material of virus available in the cytoplasm for replication and translation.
However, SARS-CoV-2 could use others receptors to entry in host cell such as the

Genetics and Molecular Research 21 (4): gmr19003 ©FUNPEC-RP www.funpecrp.com.br



Genetic and immunology generalities of SARS-CoV-2 9

transmembrane protease serine 2 (TMPRSS2) and Glucose regulated protein 78 (GRP78)
(Hoffmann et al., 2020; Gadanec et al., 2021), Figure 1.
Protein Spike(S)
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Figure 1. Schematic representation of Immune Response during SARS-CoV-2 Infection. A) The binding of
SARS-CoV2 particles to host receptor cells (ACE2/TMPRSS2) followed by fusion of their membranes is the
initial pathway of COVID-19 infection. B) A variety of pattern-recognition receptors (PRRs) detect the released
pathogen-associated molecular patterns (PAMPs); once the virus enters, it actively replicates causing pyroptosis
in the cell, resulting in an increase the production of pro-inflammatory cytokines “cytokine storm”. C)
Immunological memory consists of memory CD4+ T cells, memory CD8+ T cells, memory B cells and IgA, IgM
and IgG antibodies in its receptor-binding domain (RBD).

The infectivity and the rate of transmissibility of the SARS-CoV-2 variants could be
linked to the route of entry that SARS-CoV-2 takes to infect the host cell. According to the
CDC, the Omicron variant is highly contagious, more so than other variants, making the
Omicron variant dangerous. This variant has several mutations in the spike protein and in its
RBD domain, which could turn some vaccines ineffective, hindering the acquired immunity
response against SARS-CoV-2. Specific variations (K417N and T478K) in different spike
protein sites make this variant have a higher affinity for binding to ACE2 receptors found
on the surface of certain human cell types, which allow the immune escape to the host's
cellular environment as well as increasing transmission capacity and infectivity (Hagen,
2021).

Finally, despite the fact that SARS-CoV-2 has high affinity for ACE2 receptor, the
of trimer structure formation into spike protein reduces the accessibility of SARS-CoV-2 to
receptor, so the virus is less exposed to immune system of host. Additionally, SARS-CoV-2
has a polybasic site, a genetic sequence 12 base pairs long (four amino acids), within of the
spike protein. The polybasic site forms an exposed loop and, therefore, facilitates the
cleavage of protein S by host proteases (furin) aiding to process of SARS-CoV-2 infection
(Raskin, 2020).

The variant Omicron (B.1.1.529) from South Africa present several mutations that
lead to amino acid substitution into spike protein (A67V, del69-70, T95I, dell42-144,
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Y 145D, del211, L2121, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K,
G4468, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G,
H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, LI81F), World Health
Organization (WHO). Additionally, can lead an increasing of transmissibility, can reduce
the effectivity of treatments with monoclonal antibodies and affects the neutralization by
post-vaccination. The map of important mutations in the two most important variants of
SARS-CoV-2 are represented in Figure 2.

SARS-COVIINITIATES

SARS-COV2 BINDING e e
| | e IO ) ENTRY TO HUMAN HOST

RECEPTORS

CYTOKINE STORM

Interferon type 1 (IFN)
Pro-inflammatary

B) INNATE IMMUNITY

5
; 'SPONSE
I ﬁ cytokines Ll
i} ML .\f‘: :;:l_(:g"\'
against SARS-CoV-2
CELLULAR | — ()
RESPONSE =
T q:} IMMUNE MEMORY
R against SARS-CoV-2 B
&h ADAPTATIVE

€} IMMUNITY RESPONSE

(RBD IgC, Ighd)
against spike protein

HUMORAL

RESPONSE

SC i

Figure 2. Schematic representation of important mutations in the spike protein of the SARS-CoV-2 virus. Main
SARS-Cov2 variants during the COVID-19 pandemic according to the Centers for Disease Control and
Prevention (CDC).

2.5.2. Innate immunity response generated by SARS-CoV-2

Vertebrates show two general types of immune response against viral infections.
One is a rapid "innate" response to eliminate the infection. In some cases, innate response
could be sufficient to eliminate an infection (de Leon Delgado et al., 2020). Innate immune
response to combat SARS-CoV-2 infection, similar to that of other Coronaviruses and
microorganisms, starts with activation of pattern recognition receptors (PRRs). During the
binding of SARS-CoV-2 to the membrane surface, its internalization, endosomal transport,
removal of the cytosolic coating, polymerization of its genomic material (RNA), and
translation of viral proteins inside host environment are active by many pathogen-associated
molecular patterns (PAMPs), such as cell membrane, endosomes and cytoplasm (Chen et
al., 2020a). In turn, it triggers an increased expression of interferon type 1 (IFN) and other
pro-inflammatory cytokines, Figure 1. This immune dysregulation, called hypercytokinemia
or cytokine storm," is often associated with adverse outcomes such as respiratory disorders
(Chen et al.,, 2020b). The genetic mutations of SARS-CoV-2, in comparison to the
Pangolin-CoV, MERS-CoV, SARS-CoV and RaTGl13 might provide information
concerning to deactivation or overexpression of the IFN pathway in COVID-19 (Kumar et
al., 2021; Zhang et. al, 2022). Once the virus enters, it actively replicates causing
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pyropoptosis in the cell, resulting in the release of harmful compounds and consequently the
growth of pro-inflammatory cytokines production around the surrounding cells, including
the endothelial, epithelial, and macrophages. Pyroptosis is defined as a highly inflammatory
form of programmed cell death, which is commonly related to infectious and autoimmune
diseases (Yu et al., 2021). During the initial inflammation process, macrophages attracted
by interleukin 8 (IL-8) are responsible for recognizing SARS-CoV-2 viral particles that
have been neutralized. Apoptotic cells and pathogen-associated pattern molecules (PAMPs)
are removed by phagocytosis (Poon et al., 2014). Therefore, it prevents their binding to
PRRs and induces more inflammation. (Tay et al., 2020). The associated lymphopenia
might be mainly explained due to the pulmonary recruitment of immune cells from the
blood and the lymphocyte infiltration into the airways, in addition to the increased
neutrophil-lymphocyte ratio observed in approximately 80% of the SARS-CoV-2 patients
(Wang et al., 2020b). The reduction in mobility of COVID-19 infection is determined,
almost exclusively, by an adequate balance of innate immune responses between resistance
and tolerance, such as occurs against a coronavirus infection in bats (Barnejee et al., 2019).
In addition, after an asymptomatic SARS-CoV-2 infection, people with unhealthy
immune systems may exhibit a pattern of illness by suffering an over-immune reaction
commonly named as cytokine storm, and consequently an increased respiratory distress that
could potentially lead to death (McGonagle et al., 2020). This uncontrolled increase of
cytokines due to COVID-19 might suggests, in most of the cases, a failure in the pattern
recognition mechanism of the immune system. The role of the interferon (IFN) inducible
genes such as Interferon stimulated gene (ISG) and MxA proteins are vital to prevent the
formation of progeny virions through the inactivation of the nucleocapsid protein (NC) or
the ribonucleoprotein inhibition (Kumar et al., 2021). Controlling cytokine storm in the very
early stage of COVID-19, via immunomodulatory drugs and cytokine antagonists, as well
as reducing the infiltration of pulmonary inflammatory cells, are the key components for
improving the success rate of treatments, as well as reducing the mortality rate of patients
with COVID-19 (Ye et al., 2020). Previous studies have revealed that serum levels of
cytokines are significantly high in patients with acute respiratory distress syndrome
(ARDS), being positively correlated the level of cytokine increase, with the mortality rate
(Parsons et al., 2005). In addition, the elevation of the cytokines rates might contribute to a
clinical course of extrapulmonary multi-organ failure in patients (Wang and Ma, 2008).
Some studies have found that germline variants of genes related to primary
immunodeficiency (PID), including anomalies of innate immunity response, are strongly
attached to hereditary factors which deregulate the inflammatory responses of the host
during the COVID-19 infection (Cunningham et al., 2020). A set of twelve (12) primary
immunodeficiency’s (PID) genes, listed as follows: PRF1, UNC13D, STX11, STXBP2,
RAB27A, LYST, AP3B1, SH2D1A, BIRC4, ITK, CD27 and MAGT1 have been
recognized as triggers of cytokine storms, being called hemophagocytic lymphohistiocytosis
(HLH) genes (Al-Samkari and Berliner, 2018). A recent study performed by Luo (2021)
and colleagues, focused on the whole exome sequencing, using 233 COVID-19 hospitalized
patients, it provided the identification of four variants of the PID genes called: UNC13D;
AP3B1; RNF168; DHX58 which were significantly enriched in patients with COVID-19,
who also experienced serious cytokine storms. The germline variants of NC13D and AP3B1
for instance, were found associated with severe cytokine storms, causing fatal outcomes to
the patients. Those genetic implications provide relevant information for a better
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understanding of the optimal individual conditions to develop severe cytokine storms in
certain patients (Luo et al., 2021).

SARS-CoV-2, also activates a complex and powerful proinflammatory leukocytes
based on eosinophil cells, characterized by expression of preformed cationic granules
comprised by cytotoxic proteins, such as: eosinophil peroxidase (EPO) and RNase 2
(neurotoxin eosinophilic and cationic eosinophilic proteins) (Fulkerson and Rothenberg,
2013; Ramirez et al., 2018; Flores-Torres et al., 2019). As a result, those cells produce
reactive nitrogen substance for antiviral purposes (Flores-Torres et al., 2019). At the early
stage of the infection, the activation of eosinophil cells could be beneficial, as they facilitate
the removal of viral replication (Fulkerson and Rothenberg, 2013). However, Ho (2021) and
colleagues suggest this response might also provide protection against COVID-19 infection.
According to the authors, blocking eosinophil activation, in critical COVID-19 patients,
could lead to a harmful immunity process. This study emphasizes the importance of
eosinophils cells, as key components for antiviral immunity response, particularly in
relation to SARS-CoV-2 (Ho et al., 2021). Further studies are necessary to better understand
those mechanisms of activation. Furthermore, a special attention should be put to clinical
studies for the prognostic implication of eosinophilic inflammatory disorders produced by
COVID-19, and the eosinophilia as a key diagnostic parameter of COVID-19 infection.

2.5.3. Adaptive immunity response generated by SARS-CoV-2

The "adaptive immune response” is activated once the virus infection progresses
beyond the first round of viral replication (Klimpel, 1996; Mueller and Rouse, 2008; Rouse
and Sehrawat, 2010). The adaptive immune response itself is composed by two different
classes of reactions: the humoral response (mediated by the synthesis of the virus-specific
antibodies B-lymphocytes) and the T cell-response (mediated by the synthesis of specific
cytotoxic T lymphocytes able to destroy the infected cells). Such components or reactions
of the adaptive immune response are also responsible for the production of long-lived
“memory cells" for more rapid response (immunity) to subsequent viral infection, caused by
the same virus. The adaptive immune responses strongly depend on the major
histocompatibility complex (MHC) class I and class II proteins (Iwasaki and Medzhitov,
2015).

SARS-CoV-2 generates specific immune memory induced by B and T cells, over a
period of at least 6 to 8 months longer, after the onset of the infection (Hartley et al., 2020;
Zuo et al, 2021). Substantial immune memory generated after initial SARS-CoV-2
infection four main types of cells: memory B cells, against spike protein (RBD IgG, IgM),
CD8 " T, CD4 " T and antibodies, (see Figure 1). According to previous studies, the
immune memory in 95% of SARS-CoV-2 infected subjects, measured in at least three of
these immune compartments, reaches an average lifetime in a range of 5 to 8§ months. In
addition, these studies demonstrated the potential of that immune memory developed over
time to face a possible secondary illness of COVID-19 in most of the population (Dan et. al,
2021; Sandberg et al., 2021). Long-lasting IgG peaks were identified in subject post
infection, showing a slight decline of about 6 to 8 months in the entire population (Dan et
al., 2021). On the contrary, the study carried out by Carsetti and colleagues (2020), included
asymptomatic cases, highlighting the early and transient increase of IgA and IgM in a less
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expressive way. It was found that specific IgG is associated with asymptomatic SARS-
CoV-2 infection (Carsetti et al., 2020).

It is necessary to know the factors related to the host-pathogen relationship,
particularly those that generate the virus-specific antibodies, which limit the spread of the
causative agent of the disease or the overproduction of cytokines produced by host to
combat the infection (Laing et al., 2020). One of the biggest issues for the control of SARS-
CoV-2 is the ability to track the circulating variants and understand the diversity of major
histocompatibility complex (MHC) class I and class II in the human population worldwide
(Dearlove et al., 2020). According to the authors, MHCI and MHCII play a key role to
activate the adaptive immune system and consequently establish a strong and long-lasting
immune response. Experts also affirm that the MHC system is placed on the short arm of
chromosome 6, considered the most complex and diverse genetic system within the human
genome, because of the inclusion of HLA (human leukocyte antigen) genes (Breuning et al.,
1977). The HLA gene variants have been implicated in the host susceptibility or resistance
to a wide range of diseases, including those derived from SARS and MERS viruses (Lin et
al., 2003; Hajeer et al., 2016). Concerning the relation between ethnicity and COVID-19
infection reveal that blacks (African Americans (8%) and Asians (5%) compared to
Caucasians people (33%) are at higher risk of contracting COVID-19 (Koper J., et al,,
2020). Studies carried out by Liang and colleagues (2021) show substantial differences in
the presentation of the epitope of the SARS-CoV-2 proteins into the Major
Histocompatibility Complex II (MHCII) based on different ethnic groups and slight
differences in the presentation of epitope of the MHCI. These results indicate that the high
level of COVID-19 mortality rates observed in some countries appear to be linked to a poor
presentation of MHCII class and consequently a weak adaptive immune response against
these viral envelope proteins (Liang et al., 2021). Nevertheless, patient heterogeneity,
including not only ethnicity but also age, gender, clinical conditions and underlying illness
are important drivers to be considered for COVID-19 transmission (Laing AG et al., 2020).
Sepulveda and colleagues (2020) states that the most vulnerable stratus of the population to
be infected with COVID-19 are adults aged 30-79 years old (reaching 87% of the
population). This rate are followed by the group aged 20-29 (8%), then those over 80 years
old (3%) and finally the group of people under 19 years (2%) (Sepulveda et al., 2019).

Langton and colleagues (2021) provided evidence that demonstrated that the HLA
alleles could interact with patient conditions to increase the susceptibility to the
development of serious complications of the disease. HLA alleles associated with
asymptomatic disease are commonly seen in European descent, mainly coming from higher
latitudes (Langton et al., 2021). However, the most remarkable finding of this study is
related to the protection provided by the presence of the DRB1 *04:01 allele, which mainly
occurs in 57% of the cases (Chen et al., 2002). According to the authors, some HLA alleles
provide stronger protection because of the presence of multiple epitopes able to activate T
cells, in response to invasive pathogens. Because both, genetic and medical conditions of
patients play a key role either for disease severity, or for mortality rate of COVID-19, a
better understanding regarding the connection between HLA alleles and SARS- CoV-2
proteins presentation could provide a broader perspective to understand the behavior of the
virus. This understanding could strongly contribute to the development of more effective
vaccines in the fight against COVID-19 (Noorimotlagh et al., 2020; Ramirez-Salinas et al.,
2020; Smith et al., 2021). Up to date, the WHO has authorized clinical and preclinical
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studies based on 238 candidate vaccines (WHO list as of February 2, 2021), being six of
them, widely implemented worldwide nowadays (Oxford / AstraZeneca, Pfizer / BioNTech,
Sinovac, Sinopharm, Modern and Sputnik).

Finally, the humoral immunity process against COVID-19 is crucial to provide a
long-term prevention for the current pandemic. Despite the different studies, regarding
acquired immune memory against SARS-CoV-2, Wu et al. (2021) stated that more studies
are needed to better understand the long-term antibody responses with neutralized activities
against SARS-CoV-2 (Wu and McGoogan, 2021). These authors conducted a clinical study
with 349 symptomatic COVID-19 patients (585 samples) and found that human body
produces immunoglobulins (IgM-S and IgG-S) commonly known as antibodies, in charge
of recognizing the receptor-binding domain (RBD) of the Spike protein (S) from SARS-
CoV-2. Furthermore, those molecules are able to recognize the nucleocapsid proteins (N)
(IgM-N and IgG-N). The authors also found that during the first week after the onset of
SARS-CoV-2, the immunoglobulin frequencies were IgM-S (67%)> I1gG-N (33%)> IgM-N
(22%)> 1gG-S (11%) in those 349 patients. Although the main rate of [gM-S reached a peak
of 95% in week 5, a significant decrease to 0% was observed in week 13. In the case of
IgM-N, its rate was found around 72% in patients at week 3 and during the weeks 10 to 12
their rates were undetectable. Those patterns were not observed for IgG-S and IgG-N.
Instead of that, during the first week, 1gG-S reached a rate level of 98% and IgG-N, 88%
and both indicators remained over time (26 weeks) (Wu et al., 2020).

In addition, the seroconversion incidence in patients with SARS-CoV-2 reached up
to 90% between the 10 and 14 days (Zhao et al., 2019; Lou et al., 2020; Carrillo et al., 2021;
Wu et al., 2021). As reported by Wu and colleagues (2021), the response against SARS-
CoV-2 in several cases is transient, and the typical composition of IgA, IgG and IgM
decrease after the 2 or 3 weeks (Zhao et al., 2019; Carrillo et al., 2021). However, IgA and
IgG can be detected before the presence of IgM (during the 4 to 6 days after the onset of
symptoms). The presence of a particular antibody appears to be conditioned by the severity
of COVID-19 infection. According to previous studies, higher levels of IgG and IgA are
observed during severe cases, compared to mild cases, in which the presence of those
immunoglobulins are almost undetectable (Zhao et al., 2019; Long et al., 2020; Lou et al.,
2020; Carrillo et al., 2021).

CONCLUSIONS

The current pandemic calls for action on many fronts that could play a key role in
controlling the disease globally. The rapid growth of the world population; the huge
increase in people living in urban areas; the transfer of pathogens from animals to humans;
and a hyperconnected world facilitate the spread of the COVID-19 disease.

A real scenario of the COVID-19 pandemic shows disproportionate damage to poor
countries. It has also been said that SARS-CoV-2 will probably never be globally eradicated
due to zoonotic presence and attachment to the environment. Insights from this work
revealed three critical factors shaping the course of the COVID-19 epidemic, summarized
below: (i) population immunity and effective vaccination; (ii) VOC variants of concern and
(iii) public response to the pandemic. Therefore, global strategies are urgently required to
deal with the endemic presence of COVID-19 over a long period. In this sense, it is
essential to generate more knowledge about how the human body responds to SARS-CoV-2
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infection and how the genetic bases of this infectious agent interfere with this response in
order to develop more protective vaccines and effective antiviral drugs.

ACKNOWLEDGMENTS

The authors would particularly like to acknowledge the support of the Center of
Advanced Studies of Maule at the Universidad Catolica del Maule, Chile.

AUTHORS' CONTRIBUTIONS

MC, MSV, VD: Research design, database organization, data analysis, manuscript
writing.

CONFLICTS OF INTEREST
The authors declare no conflict of interest.

REFERENCES

Ahmadpoor P and Rostaing L (2020). Why the immune system fails to mount an adaptive immune response to a
Covid-19 infection. Transpl. Int. 33(7): 824-825. doi: 110.1111/tri.13611.

Al-Samkari H and Berliner N (2018). Hemophagocytic Lymphohistiocytosis. Ann. Rev. Pathol.13: 27-49. doi:
10.1146/annurev-pathol-020117-043625.

Ashraf UM, Abokor AA, Edwards JM, Waigi EW, et al. (2021). SARS-CoV-2, ACE2 expression, and systemic organ
invasion. Physiol. Genomics. 53(2): 51-60. doi: 10.1152/physiolgenomics.00087.2020.

Banerjee A, Kulcsar K, Misra V, Frieman M, et al. (2019). Bats and Coronaviruses. FViruses. 11(1): 41. doi:
10.3390/v11010041.

Callaway E (2020). The coronavirus is mutating - does it matter? Nature. 585(7824): 174-177.
https://doi.org/10.1038/d41586-020-02544-6.

Carrillo J, Izquierdo-Useros N, Avila-Nieto C, Pradenas E, et al. (2021). Humoral immune responses and neutralizing
antibodies against SARS-CoV-2; implications in pathogenesis and protective immunity. Biochem. Biophys. Res.
Commun. 538: 187-191. doi: 10.1016/j.bbrc.2020.10.108.

Carsetti R, Zaffina S, Piano Mortari E, Terreri S, et al. (2020). Different Innate and Adaptive Immune Responses to
SARS-CoV-2 Infection of Asymptomatic, Mild, and Severe Cases. Front. Immunol. 11: 610300. doi:
10.3389/fimmu.2020.610300.

Casalino L, Gaieb Z, Goldsmith JA, Hjorth CK, et al. (2020). The Roles of Glycans in the SARS-CoV-2 Spike Protein.
ACS Cent. Sci. 6(10): 1722-1734. doi: 0.1021/acscentsci.0c01056.

Champredon D and Moghadas SM (2017). Quantifying the contribution of asymptomatic infection to the cumulative
incidence. Epidemiol. Infect. 145: 1256-1258. doi: 10.1017/80950268817000115.

Chen G, Wu D, Guo W, Cao Y, et al. (2020). Clinical and immunological features of severe and moderate coronavirus
disease 2019. J. Clin. Invest. 130(5): 2620-2629. doi: 10.1172/JCI137244.

Chen DS, Tang TF, Pulyaeva H, Slack R, et al. (2002). Relative HLA-DRB1*04 allele frequencies in five United States
populations found in a hematopoietic stem cell volunteer donor registry and seven new DRB1*04 alleles. Hum.
Immunol. 63(8): 665-672. doi: 10.1016/s0198-8859(02)00418-4.

Chen N, Zhou M., Dong X, Qu J, et al. (2020). Epidemiological and clinical characteristics of 99 cases of 2019 novel
coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet. 395(10223): 507-513. doi: 10.1016/S0140-
6736(20)30211-7.

Chowdhury MA, Hossain N, Kashem MA, Shahid MA, et al. (2020). Immune response in COVID-19: A review. J.
Infect Public Health. 13(11): 1619-1629. doi: 10.1016/j.jiph.2020.07.001.

Conceicao C, Thakur N, Human S, Kelly JT, et al. (2020). The SARS-CoV-2 Spike protein has a broad tropism for
mammalian ACE2 proteins. PLoS Biology. 18(12): €3001016. doi: 10.1371/journal.pbio.3001016.

Cunningham L, Simmonds P, Kimber I, Basketter DA, et al. (2020). Perforin and resistance to SARS coronavirus 2. J.
Allergy Clin. Immunol. 146(1): 52-53. doi: 10.1016/j.jaci.2020.05.007.

Dan JM, Mateus J, Kato Y, Hastie KM, et al. (2021). Immunological memory to SARS-CoV-2 assessed for up to 8
months after infection. Science. 371(6529): eabf4063. doi: 10.1126/science.abf4063.

Genetics and Molecular Research 21 (4): gmr19003 ©FUNPEC-RP www.funpecrp.com.br


https://doi.org/110.1111/tri.13611
https://doi.org/10.1146/annurev-pathol-020117-043625
https://doi.org/10.1152/physiolgenomics.00087.2020
https://doi:10.3390/v11010041
https://doi:10.3390/v11010041
https://doi:10.3390/v11010041
https://doi.org/10.1038/d41586-020-02544-6
https://doi.org/10.1016/j.bbrc.2020.10.108
https://doi:10.3389/fimmu.2020.610300
https://doi.org/10.1021/acscentsci.0c01056
https://doi.org/10.1017/S0950268817000115
https://doi.org/10.1172/JCI137244
https://doi:10.1016/s0198-8859(02)00418-4
https://doi.org/10.1126/science.abf4063

M. Cabrera et al. 16

Dearlove B, Lewitus E, Bai H, Li Y, et al. (2020). A SARS-CoV-2 vaccine candidate would likely match all currently
circulating variants. Proc. Natl. Acad. Sci. USA. 117(38): 23652-23662. doi: 10.1073/pnas.2008281117.

de Leon Delgado J, Pareja Cruz A, Aguilar Ramirez P, Valencia YE, et al. (2020). SARS-CoV-2 y sistema inmune: una
batalla de titanes. Horiz. Med. 20(2): €1209. doi: 10.24265/horizmed.2020.v20n2.12.

Fleischmann WR Jr (1996). Viral Genetics. In S. Baron (Ed.), Medical Microbiology. (4th ed.). Chapter 43. University
of Texas Medical Branch at Galveston. Available from: https://www.ncbi.nlm.nih.gov/books/NBK8439/.

Flores-Torres AS, Salinas-Carmona MC, Salinas E and Rosas-Taraco AG (2019). Eosinophils and Respiratory Viruses.
Viral Immunol. 32(5): 198-207. doi: 10.1089/vim.2018.0150.

Gadanec LK, McSweeney KR, Qaradakhi T, Ali B, et al. (2021). Can SARS-CoV-2 Use Multiple Receptors to Enter
Host Cells?. Int. J. Mol. Sci. 22(3): 992. doi: 10.3390/ijms22030992.

Garcia-Salido A (2020). Revision narrativa sobre la respuesta inmunitaria frente a coronavirus: descripcion general,
aplicabilidad para SARS-COV-2 e implicaciones terapéuticas. An. Pediatr. (Engl Ed). 93(1): 60.e1-60.e7. doi:
10.1016/j.anpedi.2020.04.016.

Garcia LF (2020). Immune response, inflammation, and the clinical spectrum of COVID-19. Front. Immunol. 11: 1441.
doi: 10.3389/fimmu.2020.01441.

Giovanetti M, Benedetti F, Campisi G, Ciccozzi A, et al. (2021). Evolution patterns of SARS-CoV-2: Snapshot on its
genome variants. Biochem. Biophys. Res. Commun. 538: 88-91. doi: 10.1016/j.bbrc.2020.10.102.

Hagen A (2021). How Dangerous is the Delta Variant (B.1.617.2)? ASM Journal. Available online
at: https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant-B-1-617-2.

Hajeer AH, Balkhy H, Johani S, Yousef MZ, et al. (2016). Association of human leukocyte antigen class II alleles with
severe Middle East respiratory syndrome-coronavirus infection. Ann. Thorac. Med. 11(3): 211-213. doi:
10.4103/1817-1737.185756.

Hartley GE, Edwards E, Aui PM, Varese N, et al. (2020). Rapid generation of durable B cell memory to SARS-CoV-2
spike and nucleocapsid proteins in COVID-19 and convalescence. Sci. Immunol. 5(54): eabf8891. doi:
10.1126/sciimmunol.abf8891.

He J, Guo Y, Mao R and Zhang J (2021). Proportion of asymptomatic coronavirus disease 2019: A systematic review
and meta-analysis. J. Med. Virol. 93(2): 820-830. doi: 10.1002/jmv.26326.

Ho KS, Howell D, Rogers L, Narasimham B et al. (2021). The relationship between asthma, eosinophilia, and outcomes
in coronavirus disease 2019 infection. Ann. Allergy Asthma Immunol. 127(1): 42-48. doi:
10.1016/j.anai.2021.02.021.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, et al. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and
TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 181(2): 271-280.e8. doi:
10.1016/j.cell.2020.02.052.

Hu B, Guo H, Zhou P and Shi ZL (2020). Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 19: 141-
154. doi: 10.1038/s41579-020-00459-7 a.

Hu Z, Song C, Xu C, Jin G, et al. (2020) .Clinical characteristics of 24 asymptomatic infections with COVID-19
screened among close contacts in Nanjing, China. Sci. China Life Sci. 63(5): 706-711. doi: 10.1007/s11427-020-
1661-4 b.

Huang Y, Yang C, Xu XF, Xu W, et al. (2020). Structural and functional properties of SARS-CoV-2 spike protein:
potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 41: 1141-1149. doi: 10.1038/s41401-
020-0485-4.

Iwasaki A and Medzhitov R (2015). Control of adaptive immunity by the innate immune system. Nat. Immunol. 16: 343-
353. doi: 10.1038/ni.3123.

Jarvis CI, Van Zandvoort K, Gimma A, Prem K, et al. (2020). Quantifying the impact of physical distance measures on
the transmission of COVID-19 in the UK. BMC Med. 18: 124. doi: 10.1186/s12916-020-01597-8.

Khailany RA, Safdar M and Ozaslan M (2020). Genomic characterization of a novel SARS-CoV-2. Gene Rep.19:
100682. doi: 10.1016/j.genrep.2020.100682.

Kirtipal N, Bharadwaj S and Kang SG (2020). From SARS to SARS-CoV-2, insights on structure, pathogenicity and
immunity aspects of pandemic human coronaviruses. Infect. Genet. Evol. 85: 104502. doi:
10.1016/j.meegid.2020.104502.

Klimpel GR (1996). Immune Defenses. In S. Baron (Ed.), Medical Microbiology. (4th Ed.). University of Texas Medical
Branch at Galveston.

Kucirka LM, Lauer SA, Laeyendecker O, Boon D, et al. (2020). Variation in False-Negative Rate of Reverse
Transcriptase Polymerase Chain Reaction-Based SARS-CoV-2 Tests by Time Since Exposure. Ann. Intern. Med.
173(4): 262-267. doi: 10.7326/M20-1495.

Kumar P, Sobhanan J, Takano Y and Biju V (2021). Molecular recognition in the infection, replication, and transmission
of COVID-19-causing SARS-CoV-2: an emerging interface of infectious disease, biological chemistry, and
nanoscience. NPG Asia Mater. 13: 14. doi: 10.1038/s41427-020-00275-8.

Laing AG, Lorenc A, Del Barrio IDM, Das A, et al. (2020). A dynamic COVID-19 immune signature includes
associations with poor prognosis. Nat. Med. 26(10): 1623-1635. doi: 10.1038/s41591-020-1038-6.

Genetics and Molecular Research 21 (4): gmr19003 ©FUNPEC-RP www.funpecrp.com.br


https://doi.org/10.1073/pnas.2008281117
https://doi.org/10.24265/horizmed.2020.v20n2.12
https://www.ncbi.nlm.nih.gov/books/NBK8439/
https://doi.org/10.1089/vim.2018.0150
https://doi.org/10.3390/ijms22030992
https://doi.org/10.1016/j.anpedi.2020.04.016
https://doi.org/10.3389/fimmu.2020.01441
https://doi.org/10.1016/j.bbrc.2020.10.102
https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant-B-1-617-2
https://doi:10.4103/1817-1737.185756
https://doi.org/10.1126/sciimmunol.abf8891
https://doi.org/10.1002/jmv.26326
https://doi.org/10.1016/j.anai.2021.02.021
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41579-020-00459-7
https://doi:10.1007/s11427-020-1661-4
https://doi:10.1007/s11427-020-1661-4
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1038/ni.3123
https://doi.org/10.1186/s12916-020-01597-8
https://doi.org/10.1016/j.genrep.2020.100682
https://doi.org/10.1016/j.meegid.2020.104502
https://doi.org/10.7326/M20-1495
https://doi.org/10.1038/s41427-020-00275-8
https://doi.org/10.1038/s41591-020-1038-6

Genetic and immunology generalities of SARS-CoV-2 17

Lam TT, Jia N, Zhang YW, Shum MH, et al. (2020). Identifying SARS-CoV-2 related coronaviruses in Malayan
pangolins. Nature. 583: 282-285. doi: 10.1038/s41586-020-2169-0.

Langton DJ, Bourke SC, Lie BA, Reiff G, et al. (2021). The influence of HLA genotype on the severity of COVID-19
infection. HLA. 98(1): 14-22. https://doi:10.1111/tan.14284.

Lauxmann MA, Santucci NE and Autran-Gomez AM (2020). The SARS-CoV-2 coronavirus and the COVID-19
outbreak. /nt.l Braz. J. Urol. 46: 6-18. doi: 10.1590/S1677-5538.1BJU.2020.S101.

Lauring AS and Hodcroft EB (2021). Genetic Variants of SARS-CoV-2-What Do They Mean? JAMA. 325(6): 529-
531.doi: 10.1001/jama.2020.27124.

Lin M, Tseng HK, Trejaut JA, Lee HL, et al. (2003). Association of HLA class I with severe acute respiratory syndrome
coronavirus infection. BMC Med. Genet. 4: (9). doi: 10.1186/1471-2350-4-9.

Liang C, Bencurova E, Psota E, Neurgaonkar P, et al. (2021). Population-Predicted MHC Class II Epitope Presentation
of SARS-CoV-2 Structural Proteins Correlates to the Case Fatality Rates of COVID-19 in Different Countries. /nt.
J. Mol. Sci. 22(5): 2630. doi: 10.3390/ijms22052630.

Long QX, Liu BZ, Deng HJ, WU GC, et al. (2020). Antibody responses to SARS-CoV-2 in patients with COVID-19.
Nat Med. 26(6): 845-848. doi: 10.1038/s41591-020-0897-1.

Lou B, Li TD, Zheng SF, Su YY, et al. (2020). Serology characteristics of SARS-CoV-2 infection after exposure and
post-symptom onset. Eur. Respir. J. 56(2): 2000763. doi: 10.1183/13993003.00763-2020.

Luo H, Liu D, Liu W, Wang G, et al. (2021) Germline variants in UNC13D and AP3B1 are enriched in COVID-19
patients experiencing severe cytokine storms. Eur. J. Hum. Genet. EJHG 29(8): 1312-1315. doi: 10.1038/s41431-
021-00886-x.

Lu R, Zhao X, Li J, Niu P, et al. (2020). Genomic characterisation and epidemiology of 2019 novel coronavirus:
implications for virus origins and receptor binding. Lancet. 395(10224): 565-574. doi: 10.1016/S0140-
6736(20)30251-8.

McGonagle D, Sharif K, O'Regan A and Bridgewood C (2020). The Role of Cytokines including Interleukin-6 in
COVID-19 induced Pneumonia and Macrophage Activation Syndrome-Like Disease. Autoimmun. Rev. 19(6):
102537. doi: 10.1016/j.autrev.2020.102537.

Mohammadi E, Shafiee F, Shahzamani K, Ranjbar MM, et al. (2021). Novel and emerging mutations of SARS-CoV-2:
Biomedical implications. Biomed. Pharmacother. 139: 111599. doi: 10.1016/j.biopha.2021.111599.

Mueller SN and Rouse BT (2008). Immune responses to viruses. Clin. Immunol. 2008: 421-31. doi: 10.1016/B978-0-
323-04404-2.10027-2.

Mulato-Briones IB, Ribas-Aparicio RM, Reyes-Castellou A, Rodriguez Ildefonse 10, et al. (2020). Analisis de gendmica
comparativa del virus SARS al SARS-CoV-2. Rev. Med.Inst. Mex. Seguro Soc. 58: 1-13.

Noorimotlagh Z, Karami C, Mirzaee SA, Kaffashian M, et al. (2020). Immune and bioinformatics identification of T cell
and B cell epitopes in the protein structure of SARS-CoV-2: A systematic review. Int. Immunopharmacol. 86:
106738. doi: 10.1016/j.intimp.2020.106738.

Parsons PE, Eisner MD, Thompson BT, Matthay MA, et al. (2005). Acute Respiratory Distress Syndrome Clinical Trials
Network. Lower tidal volume ventilation and plasma cytokine markers of inflammation in patients with acute lung
injury. Crit. Care Med. 33(1): 1-232. doi: 10.1097/01.ccm.0000149854.61192.dc.

Pastrian-Soto G (2020). Bases genéticas y moleculares del COVID-19 (SARS-CoV-2). Mecanismos de patogénesis y de
respuesta inmune. /nt. J. Odontostomat. 14(3): 331-337. doi: 10.4067/S0718-381X2020000300331.

Quintero PEA, Castiblanco F, Correa AF and Reyez AMG (2020). COVID-19, médicos, gastroenterologia y emociones.
Rev. Colomb. Gastroenterol. 35: 64-68. doi: 10.22516/25007440.546.

Ramirez GA, Yacoub MR, Ripa M, Mannina D, et al. (2018). Eosinophils from Physiology to Disease: A
Comprehensive Review. BioMed. Res. Int. 9095275. doi: 10.1155/2018/9095275.

Ramirez-Salinas GL, Martinez-Archundia M, Correa-Basurto J and Garcia-Machorro J (2020) .Repositioning of Ligands
That Target the Spike Glycoprotein as Potential Drugs for SARS-CoV-2 in an In Silico Study. Molecules. 25(23):
5615. doi: 10.3390/molecules25235615.

Raskin S (2020). Genetics of COVID-19. J. Pediatr. (Rio J.). 97(182): 1-9. doi: 10.1016/j.jped.2020.09.002.

Rouse BT and Sehrawat S (2010). Immunity and immunopathology to viruses: what decides the outcome? Nat. Rev.
Immunol. 10(7): 514-26. doi: 10.1038/nri2802.

Sandberg JT, Varnait¢ R, Christ W, Chen P, et al. (2021). COVID-19 Study Group (2021). SARS-CoV-2-specific
humoral and cellular immunity persists through 9 months irrespective of COVID-19 severity at hospitalization.
Clin. Transl. Immunol. 10(7): €1306. doi: 10.1002/cti2.1306.

Singh D and Yi SV (2021). On the origin and evolution of SARS-CoV-2. Exp. Mol. Med. 53(4): 537-547. doi:
10.1038/s12276-021-00604-z.

Smith CC, Entwistle S, Willis C, Sambade M, et al. (2021). Landscape and Selection of Vaccine Epitopes in SARS-
CoV-2. Genome Med. 13(1): 101. doi: 10.1186/s13073-021-00910-1.

Sepulveda V, Waissbluth S and Gonzalez C (2020). Anosmia y enfermedad por Coronavirus 2019 (COVID-19): ;Qué
debemos saber? Rev. Otorrinolaringol. Cir. Cabeza Cuello. 80(2): 247-258. doi: 10.4067/S0718-
48162020000200247.

Genetics and Molecular Research 21 (4): gmr19003 ©FUNPEC-RP www.funpecrp.com.br


https://doi.org/10.1038/s41586-020-2169-0
https://doi:10.1111/tan.14284
https://doi.org/10.1590/S1677-5538.IBJU.2020.S101
https://doi.org/10.1001/jama.2020.27124
https://doi:10.1186/1471-2350-4-9
https://doi.org/10.3390/ijms22052630
https://doi:10.1038/s41591-020-0897-1
https://doi:10.1183/13993003.00763-2020
https://doi.org/10.1038/s41431-021-00886-x
https://doi.org/10.1038/s41431-021-00886-x
https://doi:10.1016/S0140-6736(20)30251-8
https://doi:10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/j.autrev.2020.102537
https://doi.org/10.1016/j.biopha.2021.111599
https://doi.org/10.1016/B978-0-323-04404-2.10027-2
https://doi.org/10.1016/B978-0-323-04404-2.10027-2
https://doi:10.1016/j.intimp.2020.106738
https://doi.org/10.1097/01.ccm.0000149854.61192.dc
http://dx.doi.org/10.4067/S0718-381X2020000300331
https://doi.org/10.22516/25007440.546
https://doi.org/10.1155/2018/9095275
https://doi:10.3390/molecules25235615
https://doi.org/10.1016/j.jped.2020.09.002
https://doi.org/10.1038/nri2802
https://doi.org/10.1002/cti2.1306
https://doi.org/10.1038/s12276-021-00604-z
http://dx.doi.org/10.4067/S0718-48162020000200247
http://dx.doi.org/10.4067/S0718-48162020000200247

M. Cabrera et al. 18

Tay MZ, Poh CM, Rénia L MacAry PA and Ng LFP (2020). The trinity of COVID-19: immunity, inflammation and
intervention. Nat. Rev. Immunol. 20(6): 363-374. doi: 10.1038/s41577-020-0311-8.

Tufan A. Giiler AA and Matucci-Cerinic M (2020). COVID-19, immune system response, hyperinflammation and
repurposing antitheumatic drugs. Turk. J. of Med. Sci. 50: 620-632. doi: 10.3906/sag-2004-168.

Vance DE, Perazzo JD and Fazeli PL (2021). Parallels Between NeuroHIV and NeuroCOVID-19: Considerations for a
Post-COVID-19 Era. J. Assoc. Nurses. AIDS Care. 32(5): €55-e59. doi: 10.1097/JNC.0000000000000265.

Vardhana SA and Wolchok JD (2020). The many faces of the anti-COVID immune response. J. Exp. Med. 217(6):
€20200678. doi: 10.1084/jem.20200678.

Vieira CM, Franco OH, Restrepo CG and Abel T (2020). COVID-19: The forgotten priorities of the pandemic.
Maturitas. 136: 38-41. doi: 10.1016/j.maturitas.2020.04.004.

Wang R, Chen J, Hozumi Y, Yin C and Wei GW (2020). Decoding Asymptomatic COVID-19 Infection and
Transmission. J. Phys. Chem. Lett. 11(23): 10007-10015. doi: 10.1021/acs.jpclett.0c02765.

Wang Y, He Y, Tong J, Qin Y, et al. (2020). Characterization of an Asymptomatic Cohort of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) Infected Individuals Outside of Wuhan, China. Clin. Infect. Dis. 71(16):
2132-2138. doi: 10.1093/cid/ciaa629.

Wang H and Ma S (2008). The cytokine storm and factors determining the sequence and severity of organ dysfunction
in multiple organ dysfunction syndrome. Am. J. Emerg. Med. 26(6): 711-715. doi: 10.1016/j.ajem.2007.10.031.
Wang MY, Zhao R, Gao LJ, Gao XF, et al. (2020). SARS-CoV-2: structure, biology, and structure-based therapeutics

development. Front. Cell. Infect. Microbiol. 10: 587269. doi: 10.3389/fcimb.2020.587269.

Wong MC, Cregeen SJJ, Ajami NJ and Pretosino JE (2020). Evidence of recombination in coronaviruses implicating
pangolin origins of nCoV-2019. bioRxiv. 1-9. doi: 10.1101/2020.02.07.939207.

World Health Organization (WHO). Coronavirus disease 2019 (COVID-19). Clinical management of severe acute
respiratory  infection (SARI) when COVID-19 disease is suspected.  Situation  Report-98,
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports, 2022 (accessed 30th June
2022).

Wu Z and McGoogan JM (2020). Characteristics of and Important Lessons From the Coronavirus Disease 2019
(COVID-19) Outbreak in China: Summary of a Report of 72314 Cases From the Chinese Center for Disease
Control and Prevention. JAMA. 323(13): 1239-1242. doi: 10.1001/jama.2020.2648.

Wu J, Liang B, Chen C, Wang H, et al. (2021). SARS-CoV-2 infection induces sustained humoral immune responses in
convalescent patients following symptomatic COVID-19. Nat Commun. 12(1): 1813. doi: 10.1038/s41467-021-
22034-11.

Yan R, Zhang Y, Li Y, Xia L, et al. (2020). Structural basis for the recognition of SARS-CoV-2 by full-length human
ACE2. Science. 367(6485): 1444-1448. doi: 10.1126/science.abb2762.

Ye Q, Wang B and Mao J (2020). The pathogenesis and treatment of the ‘Cytokine Storm' in COVID-19. J. Infect.
80(6): 607-613. doi: 10.1016/;.jinf.2020.03.037.

Yu P, Zhang X, Liu N, Tang L, et al (2021). Pyroptosis: mechanisms and diseases. Signal Transduct. Target Ther. 6(1):
1-21. doi: 10.1038/s41392-021-00507-5.

Yuki K, Fujiogi M and Koutsogiannaki S (2020). COVID-19 pathophysiology: A review. Clin. Immunol. 215: 108427.
doi: 10.1016/j.clim.2020.108427.

Zhang Q, Bastard P, COVID Human Genetic Effort, Cobat A, et al. (2022). Human genetic and immunological
determinants of critical COVID-19 pneumonia. Nature. 603(7902): 587-598. doi : 10.1038/s41586-022-04447-0.

Zhao J, Yuan Q, Wang H, Liu W, et al. (2020). Antibody Responses to SARS-CoV-2 in Patients With Novel
Coronavirus Disease 2019. Clin. Infect. Dis. 71(16): 2027-2034. doi: 10.1093/cid/ciaa344.

Zhu Z, Zhang Z, Chen W, Cai Z, et al. (2018). Predicting the receptor-binding domain usage of the coronavirus based on
k-mer frequency on spike protein. Infect. Genet. Evol. 61: 183-184. doi: 10. 1016/j.meegid.2018.03.028.

Zhu N, Zhang D, Wang W, Li X, et al. (2020). A Novel Coronavirus from Patients with Pneumonia in China, 2019. N.
Engl. J. Med. 382(8): 727-33. doi: 10.1056/NEJM0a2001017.

Zuo J, Dowell AC, Pearce H, Verma K, et al. (2021). Robust SARS-CoV-2-specific T cell immunity is maintained at 6
months following primary infection. Nat. Immunol. 22(5): 620-626. doi: 10.1038/s41590-021-00902-8.

Genetics and Molecular Research 21 (4): gmr19003 ©FUNPEC-RP www.funpecrp.com.br


https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.3906/sag-2004-168
https://doi:10.1097/JNC.0000000000000265
https://doi.org/10.1084/jem.20200678
https://doi.org/10.1016/j.maturitas.2020.04.004
https://doi:10.1021/acs.jpclett.0c02765
https://doi.org/10.1093/cid/ciaa629
https://doi.org/10.1016/j.ajem.2007.10.031
https://doi.org/10.3389/fcimb.2020.587269
https://doi.org/10.1101/2020.02.07.939207
https://doi:10.1001/jama.2020.2648
https://doi:10.1038/s41467-021-22034-11
https://doi:10.1038/s41467-021-22034-11
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/j.clim.2020.108427
https://doi.org/10.1038/s41586-022-04447-0
https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.%201016/j.meegid.2018.03.028
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1038/s41590-021-00902-8

