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Abstract:

COVID-19 was declared a pandemic in 2020 and spanned a three-year period, causing devastating effects across the
globe. The death toll from the infection reached millions, with medical experts and government officials worldwide
working tirelessly to control its spread. Symptoms from the virus ranged from mild (i.e., fever and cough) to severe
(i.e., respiratory failure and multi-organ dysfunction), creating difficulties in tracking its progression and developing
appropriate treatments. The aim of this article is to provide a comprehensive review of the SARS-Cov-2 virus, the
cause of COVID-19, and its varied characteristics studied throughout the pandemic, including its structure, common
symptoms, and the numerous treatment options made available. Viral and host genetics are described as well, as
multiple studies have linked molecular variants to differing degrees of disease severity. Polygenic risk scoring (PRS)
has been an approach used for the determination of risk for severe outcomes, assisting with the identification of
significant genetic variants and high-risk population groups.
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1. INTRODUCTION
There are multiple types of coronaviruses, each
infecting different animals and involving numerous modes

2. THE VIRAL STRUCTURE, MECHANISM OF
ENTRY, LABORATORY DIAGNOSTICS, AND DISEASE

of host cell entry. They can be divided into three genera (I,
II, and III) based on recent genome sequence analysis [1].
Group I includes animal pathogens, as well as the human
coronaviruses HCoV-229E and NL63, which are
responsible for various respiratory infections. Group II
also includes animal pathogens, which are of veterinary
relevance, and human coronaviruses OC43 and HKU1,
also causing respiratory infections. Group III, as of now,
only includes avian coronaviruses [2]. There is currently a
debate regarding whether SARS-CoV defines a new group
of coronaviruses or whether it is a distant member of
Group II (Table 1) [3, 4].

STAGES

SARS-CoV-2, the cause of COVID-19, is a positive-
sense, single-stranded RNA virus surrounded by an
envelope made of glycoprotein. Under an electron
microscope, it has a crown or “corona”-like morphology,
which is what established the name “coronavirus” for this
family [4]. The genome is comprised of roughly 30,000
nucleotides, which encode all its necessary proteins,
including four structural proteins and numerous non-
structural proteins (Fig. 1). The structural proteins include
the following:
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Table 1. Types of coronaviruses [3, 4].
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Group

Virus

1 229E (human coronavirus)

TGEV

PRCoV

Canine corornavirus

FeCoV

FIPV

NL-63 (human coronavirus)

1I 0C34 (human coronavirus)

MHV

Sialodacryoadenitis coronavirus

Hemagglutinating encephalomyocarditis virus

BCoV

HKU1

SARS-CoV

11

IBV

Turkey coronavirus

Spike glycoprotein

Envelope protein

Hemagglutinin-esterase dimer

Nucleocapsid protein and RNA

Membrane protein

Fig. (1). Schematic representation of the SARS-CoV-2 virus structure [11-15].

2.1. Nucleocapsid (N) Protein

Within the protein shell capsid, there is the N-protein,
which binds to the viral RNA via the N-terminal of the
protein, forming the nucleocapsid. This process allows the
virus to hijack human cells during infection and use their
cellular machinery to create new viral particles. It is a
vital protein involved with viral replication and
transcription and ultimately completes the viral formation
[5].

2.2. Spike (S) Glycoprotein

The integration of spike (S) glycoprotein over the
surface of the virus allows it to mediate its attachment to
host cell angiotensin-converting enzyme 2 (ACE2)
receptors and fusion between the viral and host cell
membranes, facilitating entry [6]. It is made of three
identical chains of 1,273 amino acids each and two well-
defined protein domain regions: S1 and S2 subunits. These
are associated with cell recognition and fusion of the viral

and cell membranes, respectively [7]. It has been observed
in some coronavirus strains that the expression of the S
protein can also mediate cell-to-cell fusion between
infected and adjacent, uninfected cells. This forms giant
multinucleated cells, or syncytia, which are potentially
used as a strategy for the virus to spread directly between
cells while avoiding countering antibodies [7, 8].

2.3. Envelope (E) Protein

This small membrane protein is made of roughly
76-109 amino acids and is a minor component of the virus
particle. Nevertheless, it plays an important role in virus
assembly, membrane permeability of the host cell
membrane, and viral-host cell interactions [9]. The
majority of this protein is located at the site of
intracellular trafficking, such as the endoplasmic
reticulum and the Golgi apparatus, where it assists with
viral assembly, budding, and maturation [10].
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2.4. Membrane (M) Protein

This is the most abundant protein found on the viral
surface and determines the shape of the viral envelope. It
is believed to be the central organizer for assembly via
interactions with the other major proteins [11].

e Interaction between S and M proteins is necessary for
retention of the S protein at the site of intracellular
trafficking to ensure incorporation into new viral particles
[12].

e Binding M with N proteins stabilizes the nucleocapsid as
well as the internal core of virions, which ultimately
allows the completion of the viral assembly [13].

e M and E proteins together make up the viral envelope,
and their interaction allows for the adequate production
and release of virus-like particles (VLPs) [14].

Another non-structural protein is the Hemagglutinin-
esterase dimer (HE), located on the viral surface. It is not
required for replication; however, it may be involved with
viral entry into the host cells and appears to be important
for infection [15].

The mechanism of viral entry and replication in the
host cell involves numerous steps. The spike protein is
first attached to the ACE2 receptors located on the surface
of many human cells, allowing viral entry. The S protein is
then cleaved by host proteases between the S1 and S2

subunits. In a later stage, the S2 domain is cleaved,
releasing a fusion peptide that leads to the activation of
membrane fusion. Human cells will generally ingest the
virus via endocytosis. Once in the endosome, a three-step
process has been hypothesized as the method for
membrane fusion. This involves receptor-binding, induced
conformational changes in the S glycoprotein, and
cathepsin L proteolysis within the endosome via
intracellular proteases [16]. This is followed by the
opening of the endosome to allow the virus entry into the
cytoplasm and uncoating of the viral nucleocapsid. A
second hypothesis for viral entry involves a two-step
method where the virus binds to a host cell surface
receptor by its S1 subunit, resulting in the S glycoprotein
being cleaved by the host proteases. This causes fusion of
the viral and host cell membranes at low pH via the S2
subunit [17]. Once the virus has entered the cytoplasm,
the genetic material can then be replicated via the
replication/transcription complex (RTC). This complex is
part of the viral genome and is made of non-structural
proteins. Replicase proteins are translated from the
genome, allowing for the generation of full-length negative
sense RNA strands. These are then used as templates for
new full-length genomes. The required structural proteins
are generated, and the newly created virions are exported
from the host cell by transportation to the cell membrane
in vesicles and secreted via exocytosis. These new virions
are then able to infect other host cells (Fig. 2) [18].
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Fig. (2). The mechanism of SARS-Cov-2 entry and replication. The virus enters the host cell via the ACE2 receptor and releases its RNA.
The RNA is translated into polypeptides, which then undergo proteolysis to release active proteins. This allows for RNA replication and
protein translation, creating new viral particles to be released from the host cell [16-18].
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Fig. (3). Most commonly associated symptoms with COVID-19 [19].

Other strains of coronavirus generally only cause mild
infection, according to case reports from the Chinese
Center for Disease Control and Prevention. COVID-19
symptoms, however, can range from mild to severe to
critical. The most commonly experienced COVID-19
symptoms are cough, fever, and myalgia, according to the
CDC of the United States (Fig. 3) [19]. In the first part of
the pandemic, 81% of patients tended to have mild
symptoms, exhibiting either no or mild pneumonia
symptoms. Up to 14% of patients had severe disease,
exhibiting dyspnea, hypoxia, or >50% lung involvement
within the first 2 days of infection. The critical disease was
found in 5% of patients who exhibited respiratory failure,
shock, or multi-organ dysfunction [20]. Patients were
hospitalized when they experienced severe or critical
disease. However, it is estimated that around 33% of
infected patients remained asymptomatic [21]. Overall
fatality rates varied by location and across different risk
groups, with an estimation to be between 0.1-6.0% case-
fatality by country. It was initially thought to be much
higher due to the larger number of asymptomatic cases
that were not diagnosed [22, 23]. Fatality rates have
progressively dropped due to the availability of new
vaccines and treatments; however, severe cases still result
in hospitalization with critical disease.

COVID-19 has multiple clinical phases that can be used
to monitor its progression. While it was initially believed
to be only a respiratory disease, it has become more
evident that it is a multi-organ and heterogeneous illness.
As the disease progresses and the severity increases, the
disease stage can be determined using objective and
molecular criteria. Knowing the disease data can assist in
clinical decisions for patient management, improved

prognosis, and appropriate treatment selections. Cordon-
Cardo et al. (2020) described the characteristics of the
stages, including the therapeutic interventions (Table 2).
The first stage involves diagnostic tests, such as SARS-
CoV-2 detection and viral load (RT-gPCR, qLAMP). The
other three stages involve disease monitoring for
inflammatory markers, cytokine panels, thrombosis
markers, and antibody tests (quantitative, neutralization,
etc.) [24].

Table 2. COVID-19 severity staging [24].

Stage Characteristics Treatments
Stage 1: Viral entry and
Asymptomatic replication
Stage 2: Viral dissemination | Anti-virals, antithrombotics,
Mild/Moderate steroids, immunomodulators,

convalescent plasma,
hyperimmune serum, and
clonal antibodies

Stage 3: Severe Multisystem Respiratory support,
inflammation antithrombotics, steroids,
immunomodulators,

convalescent plasma,
hyperimmune serum, clonal
antibodies, and mesenchymal
stem cells

Stage 4: Critical | Endothelial damage

and thrombosis

Respiratory support,
antithrombotics, steroids,
immunomodulators, and
mesenchymal stem cells

COVID-19 diagnosis is typically performed using
reverse transcriptase-polymerase chain reaction (RT-PCR)
assay, chest CT, or both, depending on access to local viral
testing and the time of diagnosis in the course of the
disease. Chest CT is most effective in disease monitoring
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for patients who have progressed to pneumonia. In
patients with COVID-19 pneumonia, ground-glass
opacities were observed on chest CT more frequently than
in patients with non-COVID-19 pneumonia [25, 26]. RT-
PCR is used to generate cDNA from SARS-CoV-2 RNA
extracted from respiratory samples. Common SARS-CoV-2
gene targets include the envelope, nucleocapsid, spike,
RNA-dependent RNA polymerase, and ORF1 genes [27].
Multiple different primer-probe sets for detection and test
kits have been developed with variable sensitivity [28].
The viral RNA obtained from the samples is detected via
PCR, where the RNA undergoes multiple replications until
it can be detected with a fluorescent signal. The fewer
cycles required for detection indicate a higher viral RNA
load. When the number of cycles is less than 40, the test is
considered positive. However, a positive PCR result
indicates the presence of viral RNA and is not necessarily
a viable virus [27].

Generally, the viral RNA becomes detectable as early
as day 1 of symptoms and peaks within the first week of
onset. Positivity usually starts to decline by week 3 [29]. It
also depends on the type of sample obtained, as a sputum
sample may remain positive for longer than a
nasopharyngeal swab. Highest positivity is found in
bronchoalveolar lavage specimens (93%), followed by
sputum (72%), nasal swab (63%), and pharyngeal swab
(32%) [30]. An indirect method to detect a positive
COVID-19 infection is to measure the immune response to
the virus. Measuring serology can be useful in cases
where the patients present beyond the first 2 weeks of

Probability of detection

onset due to a milder course. It can also help identify how
widespread COVID-19 is within a community. IgM and IgG
antibodies can be detected as early as the fourth day of
symptom onset, and higher levels are observed in the
second and third week of illness. Afterwards, IgM levels
begin to decline and almost disappear by week 7, whereas
IgG levels will continue to persist beyond 7 weeks (Fig. 4)
[31, 32].

Studies have shown that progressive respiratory
failure is the primary cause of death in those infected with
the SARS-Cov-2 virus. This is due to the development of
acute respiratory distress syndrome (ARDS)-like
symptoms; however, COVID-19 pneumonia is a specific
type of respiratory disease. ARDS is an acute, life-
threatening inflammation of the lung due to infection,
trauma, or other inflammatory conditions. This excessive
inflammation leads to alveolar damage and increased
permeability of endothelial and epithelial cells, causing
decreased respiratory compliance. These cellular changes
result in the accumulation of protein-rich fluid in the
interstitium and air space, which causes impaired gas
exchange and varying levels of hypoxemia. This
impairment of the lung microvascular barrier is central to
the pathogenesis of ARDS [33, 34]. Chemokines and
cytokines have also been shown to contribute to lung
injury, as they lead to the recruitment of various types of
immune cells, such as neutrophils. These immune cells are
important for resolving the cause of the inflammation;
however, they can lead to significant damage to the
normal lung cells as well [35].

—~—

Week 1 | Week 2 | Week 3 | Week 4 | Week 5 | Week 6 | Week 7 | Week 8
PCR detectioh CC X~ IgM antibody IgG antibody Week 1

Fig. (4). Estimated variation over time of diagnostic tests for detection of COVID-19 infection relative to onset of symptoms [29-32].
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ARDS in patients with COVID-19 have been observed
to have different physical changes than in patients with
ARDS from other causes. One study compared the lungs of
seven patients who died from COVID-19 to the lungs of
seven patients who died from ARDS secondary to an
influenza infection and 10 uninfected control lungs. The
lungs of those who died of COVID-19 or influenza-
associated respiratory failure were found to have diffuse
alveolar damage in the peripheral lung with perivascular
T-cell infiltration. However, COVID-19 lungs also showed
distinctive vascular features involving severe endothelial
injury associated with an intracellular virus and disrupted
cell membranes. There was also widespread thrombosis
with microangiopathy. Alveolar capillary microthrombi
was found to be 9x more prevalent in patients with
COVID-19 than those with influenza. There was also a 2.7x
increase in new vessel growth among COVID-19 patients,
predominantly through intussusceptive angiogenesis [36].

Comorbidities are quite commonly seen in patients
infected with COVID-19, with hypertension being the most
common, followed by diabetes and coronary heart disease.
Risk factors, such as older age, high lactate dehydro-
genase levels, and a D-dimer level greater than 1 png/mL,
were also indicative of a poor prognosis in the early stage
[37, 38]. Other studies also found independent risk factors
that were associated with no improvement in these
patients, including male sex, a severe COVID-19 condition,
expectoration, muscle ache, and decreased albumin [39].
Additionally, other particular laboratory findings have
been associated with worse outcomes, including
lymphopenia, thrombocytopenia, and elevated liver
enzymes (Table 3) [40, 41].

Table 3. Laboratory abnormalities associated with
severe COVID-19 [37-41].

Laboratory feature Abnormal value Normal range
D-dimer >1000 ng/mL <500 ng/mL
CRP >100 mg/L <8.0 mg/L
LDH >245 units/L 110-210 units/L
Troponin >2x the upper limit of Females: 0 -9 ng/L
normal Males: 0-14 ng/L
Ferritin >500 mcg/L Females: 10-200 mcg/L
Males: 30-300 mcg/L
CPK >2x the upper limit of 40-150 units/L
normal
Absolute lymphocyte <800/pL 1800-7000/pL
count
Platelet count <23-31x 10°/L 150-450 x 10°/L
AST and ALT >3x the upper limit of AST: 10-40 units/L
normal ALT: 7-56 units/L

While initially believed to be exclusively a respiratory
disease, COVID-19 has been observed to involve more
than just the throat and the lungs. The virus has been
observed to have a significant impact on the
cardiovascular system, leading to various conditions
including myocarditis, myocardial injury, scar formation,
arrhythmias, heart block, and vascular occlusion due to
local thrombus formation or embolism, which can lead to
cardiac death [42-44]. Other potential systems include the
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brain and the kidneys, resulting in multi-organ failure. It
has been hypothesized that, especially in the later
complicated stages of the disease, COVID-19 can be
considered an endothelial disease. The reasoning for this
takes into consideration how the vascular endothelium
cells not only direct the circulating blood to the tissues but
also assist with maintaining homeostasis in the body. This
includes regulating an array of functions, such as
hemostasis, fibrinolysis, inflammation, oxidative stress,
vascular permeability, and vasculature structure. These
functions normally contribute to coordinating host
defenses and maintaining overall homeostasis; however,
they can also contribute to disease if defense mechanisms
overreach during an illness and turn against the host.
Such is the case of COVID-19, which triggers an increase
in cytokines and protein proinflammatory mediators,
triggering endothelial functions towards a defensive mode.
Continuing down this path can lead to a cytokine storm
with positive feedback loops maintaining the cytokine
production that overpowers the counter-regulatory
mechanisms, resulting in significant damage to the host
[45].

SARS-Cov-2 has been shown to bind to the receptor
ACE2 on cell surfaces to gain access to the host cells. This
receptor plays a functional role in the renin-angiotensin-
aldosterone system (RAAS), which is a signalling pathway
involved with the homeostatic regulation of vascular
functions. This includes control over systemic and local
blood flow, blood pressure, natriuresis, and trophic
responses to many different stimuli. Angiotensin II (Ang II)
is the main effector molecule of the system and binds to
the ACE2 receptor [46, 47]. SARS-Cov-2 competes with
Ang II for this receptor. ACE2 expression is seen in
numerous types of cells, including respiratory epithelial
cells, myocardial cells, oesophagus epithelial cells, tongue
epithelial cells, and enterocytes from the ileum, to name a
few [48-50]. This variety in cell types expressing ACE2 can
help explain why patients exhibit a vast array of symptoms
when infected with SARS-Cov-2 due to the ability of the
virus to diffuse throughout the body.

3. PAST/CURRENT TREATMENTS AND VACCINES

By March 2020, COVID-19 had become so widespread
it was characterized as a global pandemic. As lockdowns
increased to slow the spread, efforts increased to develop
treatment options for infected patients. Initially, no
specific treatments showed high efficacy for treating the
infection. Beyond the use of interventional therapies to
treat the respiratory issues associated with the infection,
including high-flow nasal oxygen, prone positioning and
fluid management [51], classes of drugs mainly used as
potential  treatments included antiviral agents,
immunomodulators, inflammation inhibitors, low-
molecular-weight heparins, plasma, and hyperimmune
immunoglobulins. Examples of these treatments include
the following:

3.1. Lopinavir-Ritonavir (Kaletra)

These two combined antivirals are protease inhibitors
that inhibit viral replication (Fig. 5). They were mainly
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used in COVID-19 patients in the early stages with mild
symptoms, being managed at home or in the hospital.
Previous experiences with SARS-CoV-1 and MERS
infections have suggested that this drug may improve the
outcomes in some patients. However, a randomized trial
study for severe COVID-19 cases showed no significant
clinical improvement with the use of lopinavir-ritonavir
therapy [52, 53].

3.2. Remdesivir (Veklury)

This antiviral belongs to the class of nucleotide
analogues and can be used in moderate and severe cases
of COVID-19 (Fig. 6). Multiple studies have been
conducted to examine its efficacy, which have concluded
the following results:

e Grein et al. (2020) analyzed the use of remdesivir in a
small cohort of severe COVID-19 patients. A total of 68%
of patients who followed up after treatment were found to
have clinical improvement [54].

e Goldman et al. (2020) obtained the first results of the
phase 3 trial on the use of remdesivir in hospitalized
patients, where patients with severe COVID-19 were
administered the drug for either 5 or 10 days. By day 14
after initiation of treatment, clinical improvement was
found in 64% of patients in the 5-day treatment group and
54% in the 10-day treatment group. While there was no
great distinction between a 5-day and 10-day treatment
course, it is suggested that patients undergoing
mechanical ventilation could benefit from the 10-day
treatment. However, further studies on high-risk groups
are needed to determine the shortest period of therapy
[55].

e Beigel et al. (2020) did a randomized controlled trial with
1,059 patients, with 538 assigned to remdesivir and 512
on placebos. Patients assigned remdesivir were shown to
have an average hospitalization time of 11 days with a
mortality estimate of 7.1%, compared to 15 days with an
11.9% mortality estimate among those on placebos [56].

These studies have suggested that the wuse of
remdesivir can prevent the progression of a COVID-19
infection, as well as shorten the recovery times for
hospitalized patients.

3.3. New Molecules

Two molecules were developed by Dai et al. (2020)
that are capable of blocking molecules 11a and 11b, which
are protease enzymes that allow replication of SARS-
CoV-2. Both molecules showed anti-COVID-19 activity in
cell culture, and neither were observed to cause
significant cytotoxicity. Further investigation was
conducted in animal experiments to determine extended
pharmacological  potential. @~ Both  showed good
pharmacokinetic properties, such as high bioavailability
and half-life, and further studies on molecule 11a showed
no obvious toxicity when conducted on animals,
suggesting it might be a good candidate for human clinical
trials [57].

3.4. Tocilizumab (Actemra)

An antibody directed against the interleukin-6 (IL-6)
receptor, tocilizumab, was previously the most used drug
against COVID-19 (Fig. 7). Multiple studies were
conducted to determine its efficacy, and the results were
as follows:

Lopinavir/ritonavir

#
— = auenp

Fig. (5). Lopinavir-Ritonavir function as protease inhibitors, inhibiting proteolysis of newly formed polypeptides, which prevents viral

replication [52, 53].

remaesivir
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Fig. (6). Remdesivir functions as an RNA-dependent RNA polymerase inhibitor, preventing the translation of newly formed viral RNA

[54-56].
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e A study was conducted by the Agenzia Italiana de
Farmaco (AIFA), 2020 to determine its safety and
efficacy. Results suggested tocilizumab could significantly
reduce mortality at one month but had less of an impact
on early mortality (i.e., 14 days) [58].

e Guaraldi et al. (2020) conducted a retrospective
observational cohort study that included adults with
severe COVID-19 pneumonia who were hospitalized at a
tertiary center. The study evaluated the efficacy of
tocilizumab treatment when combined with usual care in
reducing mortality and its impact on the likelihood of
invasive mechanical ventilation when compared with
those receiving standard treatment. It was concluded that
administration of tocilizumab, both intravenous and
subcutaneous, may help reduce the risk of invasive
mechanical ventilation or death in patients with severe
COVID-19 pneumonia [59].

e Another study published on the AIFA website (2020) was
conducted to determine the effectiveness of early
administration of tocilizumab in patients with COVID-19
pneumonia. There were no significant differences
observed in the number of ICU admissions and 30-day
mortality rate, and it was therefore concluded that early
administration of the drug did not provide any clinical
benefit for the patients [60].

3.5. Anakinra (Kineret)

Anakinra is an inhibitor of IL-a and IL-B proinflammatory
cytokines (Fig. 8). It was suggested that treating the
hyperinflammation of COVID-19 patients could improve
mortality rates. King et al. (2020) reviewed many studies that
used anakinra to target hyperinflammation in COVID-19. They
found some success in treating the macrophage activation
syndrome caused by inflammatory conditions overall. It was
important to take the dose and administration of anakinra into
consideration due to its short plasma half-life. Studies have
shown that using the subcutaneous route, for example, could
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guarantee an adequate plasma concentration with a
bioavailability ranging from 80 to 95% [61].

3.6. Baricitinib (Olumiant)

This is an inhibitor of Janus kinases (JAK), which are
enzymes involved in the transduction of the cytokine-
mediated signal (Fig. 9). Overstimulation of this pathway can
potentially lead to hyperinflammation, as seen in many
COVID-19 patients. Cantini et al. (2020) conducted an
observational study in hospitals with moderate COVID-19
pneumonia patients to evaluate the effectiveness and safety of
2-week treatments with baricitinib plus antivirals in
comparison with the standard of care therapy. It was
observed that the 2-week case fatality rate was significantly
lower in patients treated with baricitinib than the controls.
This treatment may have also reduced the number of ICU
admissions and deaths [62].

3.7. Corticosteroids

These are immunosuppressants that can be used in
disease states where the body is hypersensitive and attacking
the cells of the host (Fig. 10). A study was conducted in the
United Kingdom called the randomised RECOVERY trial to
determine which drugs were the most effective for treating
adults hospitalised with COVID-19. The drugs in the study
included low-dose dexamethasone (a corticosteroid), lopina-
vir-ritonavir, hydroxychloroquine (an immunomodulator),
azithromycin (an antibiotic), and tocilizumab (a monoclonal
antibody). When examining the control group, who only
received standard treatments, it was observed that 28-day
mortality was higher in those who needed ventilation and
intermediate in those who only required oxygen. In the
dexamethasone treatment group, mortality was observed as
one-third lower in ventilated patients and one-fifth lower in
those requiring only oxygen [63]. The World Health
Organization (WHO) recommended that corticosteroids
should not be used in treatment for non-severe COVID-19
cases as they provide no benefit [64].

O 0

° N

OA/ IL-6
Tocilizumab
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< |
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Fig. (7). Tocilizumab is an antibody that acts as an IL-6 inhibitor, preventing it from binding to its receptor [58-60].
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Fig. (8). Anakinra is an immunosuppressive drug. It functions by inhibiting the actions of IL-a and IL-p proinflammatory cytokines on

cellular receptors [61].
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i.e., IL-6,
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Fig. (9). Baricitinib is a JAK inhibitor, preventing the increased production of cytokines that leads to hyperinflammation [62].
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Cytokines

Corticosteroid

Inflammation

Pneumonia

ARDS/Fibrosis

Edema

Fig. (10). Corticosteroids are immunosuppressants that inhibit the body’s innate immune response. For a COVID-19 infection,
corticosteroids can be given to prevent the increased production of cytokines and inflammation of the lungs, reducing the risk for
pneumonia, fluid retention, and development of ARDS and fibrosis [63, 64].

3.8. Anticoagulants

These are medicines that help prevent blood clots.
Progressive alteration of certain inflammatory and
coagulative parameters can occur in the late stages of
COVID-19 infections. These include increased degradation
of fibrin, leading to increased levels of D-dimer,
consumption of coagulation factors, and
thrombocytopenia, to name a few. Therefore, at this stage
of the disease when it becomes increasingly important to
contain hyperinflammation due to the risk of blood clots,
anticoagulant drugs such as non-fractionated low-
molecular-weight-heparin (LMWH) or unfractionated
heparin can be used to reduce this risk. A retrospective
analysis was conducted in 2020 that examined many cases
of severe COVID-19 pneumonia patients. For those who
had observable activation of their coagulation cascade, if
they were administered heparin for at least 7 days it was
suggested to be an advantage in terms of survival. LMWH
can also be used as a prophylaxis in the earlier stages of
the disease when the patient suffers from hypomobility
due to the illness to prevent the formation of venous
thromboembolism [65].

3.9. Therapeutic Antibodies

These are SARS-COV-2 antibodies taken from blood
samples of patients who had recovered from COVID-19 to
serve as an alternative therapy for patients who were
subsequently infected. It was estimated that the required
dose of antibodies needed to treat infected patients
required the removal of antibodies from at least three
recovered individuals to reach the optimal concentration.
There is limited data on the effectiveness of these
hyperimmune immunoglobulins as a treatment option due

to the short period of time between the beginning of the
pandemic and when this treatment was under
consideration. The following studies were conducted with
limited results:

e One of the first studies in 2020 used plasma for treatment
of infected patients. The results initially reported
improvement in the clinical course and overall survival of
the patients after additional administration of plasma and
hyperimmune immunoglobulins. However, these findings
need to be confirmed through randomized clinical trials
(RCTs) [66].

e A trial evaluated the safety and efficacy of using donated
plasma with SARS-CoV-2 antibodies as a treatment option
for hospitalized patients. The study was terminated due to
insufficient eligible participants; however, the results
obtained did not show significant improvement with this
treatment option [67].

Overall, the effectiveness of using the plasma of
recovered COVID-19 patients to treat patients
subsequently infected was not shown to be significant.
This treatment, plus the previously described options,
indicated the necessity of developing newer, more
effective treatment options.

3.10. Molnupavir (Lagevrio)

This is a nucleoside analog that inhibits SARS-CoV-2
replication. Multiple studies have been performed on the
effectiveness of this drug as a treatment option, showing
conflicting results. One study by Butler et al. (2023)
involved 25,000 non-hospitalized patients with early-stage
COVID-19 who were started on molnupavir. This
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treatment did not reduce the risk of hospitalization or
death; however, there was a reduced time to recovery (9
vs. 15 days) [68]. Other studies showed similar results,
suggesting molnupavir is an effective alternative
treatment for COVID-19.

3.11. Nirmatrelvir-Ritonavir (Paxlovid)

This is currently the preferred treatment choice
against COVID-19. Nirmatrelvir and ritonavir are both
protease inhibitors, the latter of which also increases the
concentration of the former to target therapeutic range
due to its additional inhibition of cytochrome P-40. This
combination drug functions by blocking the processing of
the viral polypeptides, halting the replication of new virion
particles. This mechanism of action is similar to that of
lopinavir-ritonavir, however nirmatrelvir-ritonavir differs
by targeting a protease specific to SARS-CoV-2. (Fig. 5).
Many studies have been performed on its efficacy,
demonstrating the following results:

e Hammond et al. (2022) conducted a randomized
controlled trial with 2246 patients, where 1120 were
assigned to the treatment group and 1126 to the placebo
group. The results of the study demonstrated that
treatment with nirmatrelvir-ritonavir resulted in a risk of
progression to severe COVID-19 that was 89% lower than
the risk from the placebo [69].

e Schwartz et al. (2023) conducted a population-based
cohort study of adults who had a positive COVID-19 test
between April 4™August 31%, 2022, comparing patients
who were treated with nirmatrelvir-ritonavir and those
who were not. Of the 177,545 patients in the final cohort,
even though only 5% (8,876) were treated with
nirmatrelvir-ritonavir, there were still significantly
reduced odds among these patients of hospital admission
and death from COVID-19 [70].

e Dryden-Peterson et al. (2023) conducted a population-
based cohort study to assess whether nirmatrelvir-
ritonavir reduces the risk of hospitalization and death
among outpatients with early-stage COVID-19. A total of
44,551 patients were included: 12,541 who received
nirmatrelvir-ritonavir and 32,010 who did not. While the
overall risk was already significantly low (1%) in this
population, treatment with nirmatrelvir-ritonavir was
shown to reduce this risk even further [71].

While this treatment has proven effective, there are
significant drug interactions that may require dose
adjustment or avoidance. Special care must also be taken
in patients with kidney impairment, as this can lead to
toxic levels of the drug.

Many pharmaceutical companies worldwide have also
developed vaccines to counter the SARS-CoV-2 virus.
Specifically in the United States, the three main developed
vaccines include Pfizer-BioNTech (BNT162b2 or
Comirnaty), Moderna (mRNA-1273 or Spikevax), and
Janssen (also referred to as Johnson & Johnson;
Ad26.COV2.S or Jcovden). The first two are mRNA
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vaccines, while the third one is an adenoviral vector
vaccine. BNT162b2 is indicated for individuals 5 years or
older, while mRNA-1273 and Ad26.COV2.S are indicated
for individuals 18 years old and older [72, 73].

The mRNA vaccines are more favourable over
Ad26.COV2.S due to the preferred risk-benefit ratio
associated with the mRNA vaccines. Ad26.COV2.S has
been associated with thrombosis, thrombocytopenia, and
possible Guillain-Barre syndrome, while the mRNA viruses
have only been associated with myocarditis. The benefits
outweigh the risks for all the vaccines; however, the risks
associated with the mRNA are deemed less severe [74].
There have also been many observational studies that
determined vaccine effectiveness is higher from two doses
of either mRNA vaccines compared to one dose of
Ad26.COV2.S. A case-control study examined many
immunocompetent adults who were hospitalized with
COVID-19, and it was estimated that effectiveness against
COVID-19-related hospitalization was 93% and 88% for
mRNA-1273 and BNT162b2, respectively, in comparison to
71% for Ad26.COV2.S [75]. There are numerous
differences between the three vaccines in terms of
immunogenicity (Table 4), efficacy (Table 5), and safety
(Table 6) [76-78].

Many vaccines have been produced outside of the
United States across the globe. These include University
of Oxford, AstraZeneca, and the Serum Institute of India
(ChAdOx1 nCoV-19/AZD1222 or Vaxzevria), Novavax
(NVX-CoV2373, Covovax or Nuvaxovid), CanSino Bioloigcs
(AD5-nCOV or Convidecia), Gamaleya Institute (Gam-
COVID-Vac or Sputnik V), Sinopharm (BBIBP-CorV or Vero
Cell), Sinovac (CoronaVac), Bharat Biotech/Indian Council
of Medical Research (BBV152 or Covaxin), and Zyduse
Cadila (ZyCoV-D). Each vaccine has been authorized for
usage in at least one country.

3.12. ChAdOx1 nCoV-19/AZD1222 (Vaxzevria)

This vaccine has a two-dose regimen and is based on a
replication-incompetent chimpanzee adenovirus vector
that expresses the spike protein. Its vaccine efficacy after
the second dose is 70-76% (95% CI 54.8-80.6) at 14 days
and onwards, although it is suspected to wane over time.
It was proven ineffective against the Delta and Omicron
variants. Fatigue, headache, and fever were common side
effects after receiving the vaccine and were severe in up
to 8% of recipients [79-90].

3.13. NVX-CoV2373 (Covovax or Nuvaxovid)

This vaccine is a recombinant protein nanoparticle
vaccine comprising trimeric spike glycoproteins and a
Matrix-M1 adjuvant. In the United States and Mexico
clinical trials, efficacy was found to be 90.4% (95% CI
82.9-94.6) in preventing symptomatic COVID-19 in
individuals aged 18-84 years who have never been
infected. A clinical trial in the United Kingdom found a
lower but nonetheless significant efficacy (82.7%, 95% CI
73.3-88.8) [91, 92].
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Table 4. The immunogenicity of BNT162b2, mRNA-1273, and Ad26.COV2.S [76-78].

- BNT162b2 (Comirnaty)

mRNA-1273 (Spikevax)

Ad26.COV2.S (Jcovden)

Immunogenicity » Demonstrated binding and neutralizing
antibody response comparable to those in
convalescent plasma of individuals aged 18-85
years who had an asymptomatic or moderate
COVID-19 infection
* Antibodies induced in individuals aged 12-15
years and 5-11 years (with a lower dose) were
higher than in those aged 16-25 years

lower against Delta, and even lower against
Omicron

* Demonstrated binding and neutralizing
antibody response comparable to those
seen in convalescent plasma with
vaccination in healthy individuals aged

¢ Associated with higher antibody titers
after the second dose compared to

* Neutralizing antibodies levels generated are | ¢ Neutralizing antibodies levels generated
are lower against Delta, and even lower

* Demonstrated binding and neutralizing
antibody response in individuals aged 18-85
years after single dose, although slightly
lower than those in convalescent plasma
* Second dose evaluated in a few
participants showed an increase in levels
 Neutralizing activity retained against
Delta, but are significantly lower against
Omicron

18-55 years

BNT162b2

against Omicron

Table 5. The efficacy of BNT162b2, mRNA-1273, and Ad26.COV2.S [76-78].

- BNT162b2 (Comirnaty)

mRNA-1273 (Spikevax)

Ad26.COV2.S (Jcovden)

and onwards following the second dose in
individuals aged 16 and older
* Individuals aged 65 years and up with
comorbidities or obesity observe an efficacy of
91.7% (95% CI 44.2-99.8)

* Individuals aged 12-15 years without
evidence of prior infection observe an efficacy
of 100% (95% CI 75.3-100)

« Individuals aged <11 years without evidence
of prior infection observe an efficacy of a
lower vaccine dose of 91% (95% CI 68-98)

Efficacy| « 95% vaccine efficacy (95% CI 90.3-97.6) in | ¢ 94.1% vaccine efficacy (95% CI 89.3-96.8) in
preventing symptomatic COVID-19 at 7 days | preventing symptomatic COVID-19 at 14 days
and onwards following the second dose in
individuals aged 18 and older
+ Individuals aged 65 years and up observe an
efficacy of 86.4% (95% CI 61.4-95.5)

* The regular single dose regimen had a 66.9%
vaccine efficacy (95% CI 59-73.4) in preventing
moderate to severe COVID-19 at 14 days and
onwards in individuals aged 18 and older
* Vaccine efficacy against severe cases trended
higher at 78% and 85% after 14- and 28-days post-
vaccination, respectively
* The trial of two dose regimen showed preliminary
efficacy rates against symptomatic and severe
COVID-19 at 75% and 100%, respectively

Table 6. The safety of BNT162b2, mRNA-1273, and Ad26.COV2.S [76-78].

- BNT162b2 (Comirnaty)

mRNA-1273 (Spikevax)

Ad26.COV2.S (Jcovden)

Safety|  Local and systemic side effects are common,

to moderate symptoms
* Reported symptoms include reaction at

dose), fatigue (29% after first dose vs. 48%

myalgias (17% vs. 37%), fever, chills and joint
pain (20% after second dose)
* Myocarditis and pericarditis have also been
reported following receipt of the vaccine

* Local and systemic side effects are common,
especially after the second dose. Generally mild| especially after the second dose. Generally mild
to moderate symptoms

* Reported symptoms include reaction at

injection site, usually pain (in 65% after either |injection site, usually pain (in 74% after first dose

vs. 82% after the second), fatigue (33% vs. 60%), site

after second dose), headache (25% vs. 40%), [headache (27% vs. 53%), myalgias (21% vs. 51%),

fever and chills (40% after second dose), and

joint pain (32% after second dose)

* Myocarditis and pericarditis have also been

reported following receipt of the vaccine

* Local and systemic side effects are common,
mostly occurring the first day after vaccination.
76% of vaccine recipient reported at least one
reaction, mostly fatigue, pain and headache, and
61% reported at least one reaction at injection

« Others reported anxiety-related symptoms
including tachycardia, hyperventilation, light-
headedness, and syncope
« It has been associated with a specific syndrome
of thrombosis with thrombocytopenia, and
possible associated with Guillain-Barre syndrome

3.14. AD5-nCOV (Convidecia):

This vaccine has a single-dose regimen and is based on
a replication-incompetent adenovirus 5 vector that
expresses the spike protein. It was shown to have a
vaccine efficacy of 57.5% (95% CI 39.7-70) for
symptomatic infection and 91.7% (95% CI 36.1-99) for
severe infection [93].

3.15. Gam-COVID-Vac (Sputnik V)

This vaccine has a double-dose regimen and uses two
replication-incompetent adenovirus vectors that express a
full-length spike glycoprotein. It has an efficacy of 91.6%
(95% CI 85.6-95.2) in preventing symptomatic COVID-19 at
the time of the second dose. The most common side effects
were local and systemic flu-like reactions [94, 95].

3.16. BBIBP-CorV (Vero Cell):

Two inactivated, whole viruses based on two different
SARS-CoV-2 isolates from patients in China, WIV04 and
HBO02, were selected as potential COVID-19 vaccines. Each
had an aluminum hydroxide adjuvant and had a double-dose
regimen. Vaccine efficacy was shown to be around 73% (95%
CI 58-82) for WIV04 and 78% (95% CI 65-86) for HB02 [96].
The HBO02 strain was selected for the later approved BBIBP-
CorV vaccine [97].

3.17. CoronaVac

This inactivated COVID-19 vaccine has an aluminum
hydroxide adjuvant and a double-dose regimen. Vaccine
efficacy from a clinical trial in Turkey was shown to be 83.5%
(95% CI 85.4-92.1); however, lower rates were reported from
trials in other countries. In an observational study in Chile,
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effectiveness was estimated to be 70% for preventing
COVID-19 and 86-88% for preventing hospitalization or death.
Another study in Brazil reported lower effectiveness among
adults aged 70 years and older, estimating 47% for preventing
COVID-19, 56% for preventing hospitalization, and 61% for
preventing death [98-101].

3.18. BBV152 (Covaxin)

This inactivated COVID-19 vaccine has aluminum
hydroxide and a toll-like receptor agonist adjuvant with a
double-dose regimen. It has been shown to have a vaccine
efficacy of 78% (95% CI 65-86) against symptomatic
COVID-19. There have been no serious adverse events
related to the vaccine except for one possible case of
immune thrombocytopenic purpura [102].

3.19. ZyCoV-D

This is the first DNA COVID-19 vaccine. It is delivered
through a needle-free device with a high-pressure stream.
A clinical trial among 28,000 participants showed that
efficacy against symptomatic COVID-19 was reportedly
67% following three doses; however, the trial details
required for critical review of these results have not been
made public [103].

The effectiveness of the COVID-19 vaccines has been
demonstrated through multiple clinical trials and
published reports. However, concerns have risen over the
health risks associated with the use of synthetic mRNA in
some of their development [104, 105]. Many studies have
stated that the injection of a vaccine containing synthetic
mRNA has no potential risk of integration into the host
genome [106-109]. This is due to the fact that in cells,
transcribed mRNA is transported across the nuclear
membrane to the cytoplasm for translation into proteins.
This transportation is facilitated by nuclear pore
complexes, which are proteins embedded in the membrane
that regulate the transportation of molecules in and out of
the nucleus. It is this selective function that prevents
mRNA from re-entering the nucleus once translation is
complete and is the basis for the claims made concerning
the safety of mRNA vaccines. Furthermore, the integration
of mRNA into the host genome would also require reverse
transcription to create complementary or cDNA. This
process requires a reverse transcriptase, a DNA
polymerase enzyme, which is not normally present in
healthy somatic cells.

Other than retroviruses, such as the Human deficiency
virus (HIV), the genome from viruses does not typically
integrate into the infected host genome. However,
documented cases have been reported. In the human
genome, roughly 17% encodes for Long Interspersed
Element-1 (LINE1) elements, which are a type of
autonomous retrotransposons. In somatic cells, LINE1 is
normally repressed as it can contribute to the
development of disease and cancers. However, de-
repression can be seen in ageing cells, cancerous tissues,
or virus-infected cells [110]. In the case of COVID-19
infection, studies have found evidence that large fractions
of the viral RNA could be reversed, transcribed, and
integrated into the genome of the infected cells, later
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being expressed as viral-host chimeric transcripts. This
was achieved through the activation of LINE1 elements,
acting as the reverse transcriptase, and was hypothesized
to contribute to PCR-positive results being observed weeks
after the initial infection. However, as only fractions of the
genetic sequences were integrated into the host genome,
full viral replication was prevented [111-112].

There have been limited studies examining the risks
surrounding the genomic integration of vaccine-injected
mRNA. One study in 2022 examined mRNA integration in
vitro in a human liver cell line, Huh7, after vaccination
with the Pfizer BNT162b2 vaccine. The results
demonstrated increased LINE1 activity with significant
mRNA reverse transcription into cDNA [113]. However, a
few points are important to note. Firstly, the cell line used
for the study was a cancerous liver cell line. LINE1 activity
is known to be increased in cancerous tissues, which limits
the accurate representation of the general, healthy
population. In fact, another study that observed SARS-
CoV-2 genetic integration into the host genome of infected
cells reported no integration when the viral mRNA was
transfected into healthy cells. This is attributed to the
increased LINE1 activation in the infected cells that would
not be seen in the transfected ones [112]. Additionally, the
paper did not identify positive host genome integration of
the cDNA, only commenting on the fast uptake of the
vaccine in the cells and intracellular reverse transcription.
Further investigations are required to explore the risk for
vaccine-delivered mRNA integration into the host genome
in the general population and the potential impact and
health risks.

4. VIRUS VARIANTS, GENETICS, AND HOST
GENETIC IMPLICATION IN INFECTION AND
DISEASE SEVERITY

COVID-19 disease severity has shown to be highly
polygenic, with several studies linking multiple genetic
variants with levels of severity. The first SARS-CoV-2
strain was detected in Wuhan, China, in December 2019
and was called the L strain. By the end of 2020, the L
strain had gone through multiple mutations, producing the
S, V, and G strains. Throughout the pandemic, multiple
variants of the original strain were identified and are
described in Table 7. The five main variants that were
monitored included Alpha, Beta, Delta, Gamma, and
Omicron, with eight additional lesser monitored variants
[114-117]. The most severe variant was the Delta variant,
which was believed to be one of the most transmissible of
the variants and led to more severe illness and
hospitalizations. This was followed by the Alpha variant,
which was determined to be more contagious than the
original strain but with a lower severity of illness in
comparison to the other variants. The Beta and Gamma
variants were also believed to be more transmissible than
the original strain, and they had an increased ability to
evade immune responses. However, as with the Alpha
variant, the disease course was generally less severe.
Finally, the Omicron variant was considered to have the
least severe disease course with  decreased
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hospitalizations and mortality compared to the other
variants. Since its detection, it has been divided into
multiple subvariants. In terms of vaccination efficacy per
variant type, the developed vaccines had the highest
efficacy against the original SARS-CoV-2 variants.
However, additional vaccine boosters were shown to
provide increased immunity for the newer variants,
although these effects might only be temporary [118-121].

By early 2023, the COVID-19-associated death count in
the United States alone was over 1.1 million. The federal
COVID-19 Public Health Emergency (PHE) declaration
ended soon after on May 11, 2023, marking the official
end of the pandemic. Currently, only the Omicron
subvariants are variants of concern (VOC) that are still in
circulation.

As there is variation in the severity of COVID-19
symptoms, one study sought to examine the molecular
mechanisms that influences the severity. Results identified
an association between the risk of severe disease and a
multigene locus on chromosome 3p21.31 and the ABO
blood group locus on chromosome 9q34.2 [122]. The HLA
region did not show any association signal. Individuals
with blood group A were determined to have an increased
risk, while those with blood group O had a decreased risk.
A strong associative signal was observed at the
rs11385942 insertion-deletion GA or G variant at the locus
on chromosome 3p21.31. The GA allele was observed to
have a higher frequency among patients on mechanical
ventilation than those who were only receiving
supplemental oxygen. This could suggest that this risk
allele causes a predisposition to the severe forms of
COVID-19. There was no elevated risk-allele frequency
observed for the ABO locus [123, 124].

The gene cluster on chromosome 3p21.31 has been
identified as the major genetic risk locus for severe
symptoms following COVID-19 infection. The genomic
segment is a 50-kilobase locus and comprises multiple
genes, including LZTFL1, SLC6A20, FYCO1, CCR9,
CXCR6, and XCR1. This risk haplotype is inherited from
Neanderthals and is carried by around 50% of people in
South Asia, around 16% of people in Europe, and 9% of
admixed American individuals who carry at least one copy.
The highest carrier frequency is seen in Bangladesh,
where 63% of the population carries at least one copy, and
13% are homozygous for the risk haplotype. It is almost
completely absent in the African populations. Multiple
susceptibility-related and cytokine regulation-related
genes in immune cells have been assessed and described,
including a pLI score. This score is the probability of being
loss-of-function intolerant, representing how much a single
gene can tolerate mutational variants (e.g., frameshift,
stop-gain, etc.). A pLI score of 0.9 or greater indicates the
gene can be highly constrained, with mutational variants
not frequently observed. The genes with pLI scores under
0.9 are listed in Table 8 [125, 126].

The genetic risk segment includes genes of several
chemokine receptors, such as CCR9, CXCR6, and XCRI,
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which play critical roles in immune responses and
pathogenesis. They can be classified into several
functional groups, including “inflammatory”,
“homeostatic”, and “dual function”. Inflammatory
chemokines are upregulated until inflammatory conditions
are met with leukocyte recruitment to inflamed tissues.
Homeostatic chemokines are continuously expressed in
lymphoids and other organs, mediating the homeostatic
migration of various cell types. Dual-function chemokines
overlap in both fields. Unlike inflammatory chemokine
receptors, homeostatic and dual-function chemokine
receptors are more restricted, only binding with up to two
ligands [127].

Regarding the six candidate genes on chromosome
3p21.31, LZTFL1 is one of the most significant with the
rs11385942 variant located within it. The LZTFL1 gene
encodes a protein involved in protein trafficking and
primary cilia. In T lymphocytes, this gene participates in
the immunologic synapse with antigen-presenting cells,
such as dendritic cells. LZTFL1 encodes Leucine zipper
transcription factor-like 1 that is associated with the
immune synapse between an antigen-presenting cell or
target cell and a lymphocyte, such as a T/B cell or natural
killer (NK) cell. Ultimately, it was observed to modulate T-
cell activation as well as increase IL-5 levels, which is a
pro-inflammatory cytokine involved with the production of
eosinophils [128-130].

A genome-wide association study was performed for
genetic variations that may identify mechanistic targets
for therapeutic treatments against COVID-19. Additional
associations have been shown on chromosome 12q24.13
(rs10735079, p=1.65 x 10®) in a gene cluster encoding
antiviral restriction enzyme activators (OAS1, OAS2 and
0OAS3), on chromosome 19p13.2 (rs2109069, p=2.3 x
10™") near the gene encoding tyrosine kinase 2 (TYK2), on
chromosome 19p13.3 (rs2109069, p=3.98 x 10'?) within
the gene encoding dipeptidyl peptidase 9 (DPP9), and on
chromosome 21q22.1 (rs2236757, p=4.99 x 10°) in the
interferon receptor gene IFNARZ2. These genetic signals
relate to key host antiviral defence mechanisms and
mediators of inflammatory organ damage in COVID-19,
both of which can be targeted for treatment [131].

The IFNAR2 and OAS genes are involved with innate
antiviral defences, which are important in early disease. In
contrast, DPP9 and TYK2 genes are associated with host-
driven inflammatory lung injury, which impacts late, life-
threatening COVID-19 infections. These four genes are
described below:

4.1. IFNAR2:

The increased expression of this gene was associated
with reduced odds of severe COVID-19, which was in line
with the beneficial role of type I interferons. This suggests
a protective role against the virus. However, exogenous
interferon treatment was not observed to reduce mortality
in hospitalized patients, suggesting that its beneficial
effect may be mediated during the early stages of the
infection when the viral load is high [132].
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Table 7. A list of the SARS-CoV-2 variants and molecular data [114-121].

Variant type

First outbreak

Earliest detection

Associated mutations

Alpha (B1.1.7) United Kingdom September 2020 H69-, V70-, Y144-, LA52R, E474K, S494P, A570D, D614G, T7161, S98A, D1118H,
K1191N, N501Y, and P681H
Beta (B.1.351) South Africa May 2020 L241-, L242-, A243-, P38RL, K417N, E484K, N501Y, L18F, D80A, D215G, and A701V
Epsilon (B1.427/B.1.429)|Southern California July 2020 D1183Y, S131, W152C and L452R
Delta (B.1.617.2) India October 2020 E156-, F157-, A222V, W258L, K417N, T19R, V70F, T95I, G142D, L452R, T478K,
P681R, R158G, D614G, and D950N
Gamma (B.1.1.28.1) Brazil November 2020 L18F, T20N, P26S, D138Y, R190S, D614G, H655Y, P681H, T10271, K417T, E484K,
and N501Y
Kappa (B.1.617.1) India December 2020 E154K, L452R, E484Q, and P681R
Lambda (C.37) Peru December 2020 G75V, T761, L452Q, F490S, D614G, and T859N
Eta (B.1.525) UK and Nigeria December 2020 A67V, H69-, V70-, Y144-, E484K, D614G, Q677H, and F888L
Mu (B.1.621/B.1.621.1) Colombia January 2021 T95I, R346K, E484K, N501Y, D614G, P681H, D950N, and N1074K
Iota (B.1.526) New York City February 2021 Y144-, L5F, D80G, T951, F157S, D253G, L452R, S477N, E484K, D164G, A701V,
T859N, D950H, and Q957R
Zeta (P.2) Brazil February 2021 E484K, D614G, N501Y, D614G, and P681H
Theta (P.3) The Philippines February 2021 E484K, D614G, N501Y, D614G, and P681H
Omicron (B.1.529) South Africa November 2021 A67V, T951, G142D, Y145D, N2111, L2121, G339D, R346K, S373P, S375F, K417N,

N440K, G446S, S477N, T478K, E484A, Q493R, Q496S, Q498R, N501Y, Y505H, T547K,
D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and L981F

Table 8. Measurement of intolerance to loss-of-function variants of genes related to COVID-19 susceptibility,
hyperinflammation and severity. pLI scores indicate how constrained the gene is. The bolded genes are the
most significant for tolerance to loss-of-function variants [125, 126].

Signal Gene name pLI
Intermediate PLC-3 0
IRAK4 0
JAK2 0.65
PIK3CG 0
GM-CSF 0.83
LZTFL1 0.06
SLC6A20 0
FYCO1 0
Chemokine CCL2 0.608
CCL7 0.001
CCR2 0.02
CCR5 0
CCR9 0
CXCR6 0
XCR1 0.02
CXCL10 0.37
Cytokine storm IL-1B 0.13
IL-6 0.32
IL-8 0
IL-10 0.01
1L-18 0.03
IL-1RA 0.03
TNF 0.803
IFN-y 0.472

4.2. OAS Gene Cluster

These genes encode enzymes that produce 2'5'-
oligoadenylate (2-5A), which is a host antiviral mediator.
Its role is to trigger an effector enzyme, RNase L, which

degrades double-stranded RNA, a replication intermediate
of SARS-CoV-2 and other coronaviruses. This offers a
potential therapeutic treatment, as endogenous
phosphodiesterase 12 (PDE-12) degrades 2-5A in the body.
The use of PDE-12 inhibitors can, therefore, be used to
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augment OAS-mediated antiviral activity [133].

4.3. DPP9

This gene encodes a serine protease that is involved
with many intracellular functions, including antiviral
activities. Some examples are the cleavage of CXCL10, an
antiviral signalling mediator, as well as having key roles in
antigen presentation and inflammasome activation [134].

4.4. TYK2

This gene is a member of the Janus family and is
involved with cytokine signaling and antiviral immunity. It
has been chosen as one of four gene targets for JAK
inhibitors, such as baricitinib, due to the association
between TYKZ2 expression and critical illnesses [135].

Other important genes include SLC6A20, which is
expressed in the gastrointestinal tract and encodes
sodium-imino acid (proline) transporter 1 (SIT1),
reportedly regulated by ACE2 receptors. This gives
evidence as to why individuals infected with COVID-19
infections can experience gastrointestinal symptoms, such
as nausea, vomiting, and diarrhea [136, 137]. FYCOI1
encodes the FYVE and coiled-coil domain containing 1,
which is an autophagy adaptor protein. Studies have found
associations between this region and clinical
characteristics found in individuals with severe COVID-19
infections. This is due to the likelihood of it being a key
mediator linking the primary site of coronavirus
replication, ER-derived double-membrane vesicles, with
the microtubule network in the host. This offers a
potential target for therapeutic treatment against
COVID-19, as downregulating expression of FYCO1 could
potentially decrease replication and infectivity of the virus
[138].

Many studies were performed at Mount Sinai Health
System in New York City regarding the molecular profile
of COVID-19. One study sought to explore the genetic
variations seen in children presenting with multisystem
inflammatory syndrome following a diagnosis of COVID-19
[139]. Multisystem inflammatory syndrome in children
(MIS-C) presents with symptoms including fever,
inflammation, and widespread pathology in multiple
organs, similar to those seen in Kawasaki disease [140,
141]. The study involved RNA sequencing of 30 blood
specimens obtained from MIS-C patients, pediatric
COVID-19 cases, and healthy control genes while
implementing different statistical approaches including co-
expression and Bayesian probabilistic-causal networks to
identify disease-associated genes. Among the MIS-C
population, the results showed that there was a decrease
in NK cells, cytotoxic (CD8+) T-cells, and a downregulated
module of genes associated with mature CD8+ (Tex) cells

and CD56"CD57+ NK cells. CD8+ T cells are capable of
regulating one another when confronted with a viral
infection, and a depletion of circulating NK cells can lead
to CD8+ T cell exhaustion. This exhaustion causes specific
CD8+ T cells to have poor cytokine output, cytolytic
activity, and inhibition of proliferative capacity. This can
lead to severe T cell immunopathology following a viral
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infection when, on the contrary, its presence can improve
the symptoms [142, 143]. Nine key regulators were
implicated in these findings, including TGFBR3, TBX21,
C10RF21, S1PR5, PRF1, MYBL1, KLRD1, SH2D1B, and
GZMA. All of these genes have known associations with
NK cells and CD8+ T cells, as well as illnesses similar to
MIS-C [144, 145]. The conclusion indicated that an
aberration in these aforementioned genes could lead to a
decrease in NK cells with an accompanied lack in CD8+ T
cell exhaustion, which may lead to severe inflammatory
disease similar to MIS-C. TBX21 has also shown to be the
most promising therapeutic target of the nine genes due to
its coding T-bet, which is a biological switch in the
int

transition of Tex"*” to Tex™ during Tex differentiation

[146]. However, future studies would be needed to
determine why the resolution of a COVID-19 infection
would lead to the development of MIS-C.

Another study conducted at Mount Sinai Health
System evaluated the role of differing genes among the
SARS-CoV-2 variants when developing rapid diagnostic
tests. As new variants emerged as the pandemic
progressed, there was an increased risk for “target
dropout” due to the insufficient amplification of the target,
leading to false negatives caused by primer/probe binding
site (PBS) mismatches. One diagnostic test is the Agena
MassARRAY® SARS-CoV-2 Panel, which utilizes probes
for five targets across the N and ORF1ab genes, allowing
for a broad platform to accommodate for PBS mismatches.
The study used this diagnostic test to determine target
results and sequence data for 1262 positive cases of
COVID-19. Not surprisingly, the PBS mismatches were
higher in specimens with target dropout. It was also
observed that among specimens with N3 target dropout,
57% contained an A28095T substitution that is very
specific for the Alpha variant. Furthermore, redundancy in
target design can be beneficial in preventing false
negatives, and understanding target performance can help
explain the activity of the numerous SARS-CoV-2 variants
[147].

There was limited information on COVID-19 when it
was introduced to the United States, as most data was
concerned about its spread. Respiratory pathogen-
negative nasopharyngeal specimens from 3,040 patients
were obtained from the Mount Sinai Health System during
the first ten weeks of 2020 for a study attempting to better
understand the viral origin and its transmission. These
samples were negative for diagnostic molecular
amplification testing for routine respiratory pathogens.
They were evaluated for the presence of two COVID-19
viral markers, the SARS-CoV-2 specific ORF1ab genes and
the pan-Sarbecovirus envelope E gene. Results from this
study indicated that the COVID-19 infection was present in
NYC at least 6 to 8 weeks before the first official wave of
the pandemic and was overlooked as another type of viral
respiratory infection [148].

One other study at Mount Sinai Health System
attempted to understand the molecular etiology behind
the post-acute sequelae of the COVID-19 infection. Blood
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samples were obtained for whole blood RNA sequencing
and serology from 567 patients who were being followed
into the post-acute period. The study sought to determine
if the relationship between acute phase COVID-19 and the
development of post-acute sequelae could be observed in
blood gene expression. In addition to the RNA sequencing,
cell-type specific changes in gene expression were
assessed for association with commonly observed
symptoms of the infection. Results showed at least two
etiologies for different sets of symptoms, one dependent
and one independent of the antibody response. Processes
leading to post-acute sequelae had already begun during
patient hospitalization, indicating that study designs often
missed an important time period to explore the
pathogenesis of post-acute sequelae. Additionally, the
molecular processes leading to post-acute sequelae were
also not simply explained by acute severity. In regard to
inflammatory cell response, plasma cells were found to
play a key role in this process. The downregulation of
genes associated with antibody production that also play a
functioning role in pulmonary symptoms were
independent of the antibody titers, whereas the
upregulation of genes involved in the same processes
causing other COVID-19 symptoms (i.e., sleep problems,
nausea, skin rash, etc.) were highly dependent on the
antibody response. The latter suggests these symptoms
are linked to the immune system's response to the virus
[149].

A final study at Mount Sinai Health System was
performed using autopsy tissues to examine the molecular
profiling of COVID-19-induced damage further. Rapid
autopsies were performed on two deceased patients with
variable medical histories but who passed with the
COVID-19 infection. Tissue samples were taken from
infected and non-infected areas for comparison using
multiscale, next-generation RNA-sequencing methods,
which revealed four major regulatory pathways involved in
the disease process. These pathways involved blood vessel
development, cytokine production, cell activation, and
structure degradation. Effectors found within these
pathways could provide potential diagnostic and
therapeutic targets, including the complement receptor
C3AR1, calcitonin receptor-like receptors, (CLR) and the
cellular matrix proteoglycan decorin. While this study had
a limited sample size, the findings encourage further
development of advanced molecular techniques that can
be applied to a larger sample size and expand on the
understanding of COVID-19 pathophysiology [150].

5. POLYGENIC RISK SCORES (PRS) WITH COVID-19

Polygenic risk scores (PRS) have been widely applied
in clinical studies investigating genetic variants associated
with complex diseases that have a polygenic architecture.
They are particularly useful in discerning the association
between genetic scores and disease status, especially in
cohorts where there is a higher prior probability of
disease. For example, they can be used to assist in
diagnosis or to inform treatment choices. A polygenic risk
score is calculated by computing the sum of risk alleles
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per individual, weighted by the risk allele effect sizes as
estimated by a genome-wide association study (GWAS) on
the phenotype. It is described as a single-value estimate of
an individual’s genetic liability to a phenotype. It can be
calculated as the sum of their genome-wide genotypes and
weighted by corresponding genotype effect size estimates
derived from the GWAS summary statistic data (Fig. 11)
[151, 152].

PRS = Y74 (Y0 ot x J

Fig. (11). Equation to calculate polygenic risk scores [151, 152].

Polygenic risk scoring is one approach to associating
the risk of severe outcomes in genome-wide association
studies that have clearly shown that common complex
disorders have a polygenic architecture. This has enabled
researchers to identify genetic variants associated with
diseases. The variety of host genetic variants that
determine susceptibility to COVID-19 infection and
severity can be combined in a PRS. Studies have been
conducted to compute genetic risk scores in different
populations to determine high-risk groups. One study
evaluated how well a genetic risk score based on
chromosomal-scale length variation and machine-learning
classification algorithms can predict the severity of a
COVID-19 infection. Three groups of patients with severe
COVID-19 infections were selected, one including patients
less than 90 years old, the second less than 80 years old,
and the third less than 70 years old. These patients were
compared against age-matched people deemed normal
(i.e., not infected). A significant difference was observed
between the three age groups and their corresponding
controls. This indicates that the germ line genetics of the
infected patients is correlated with COVID-19 severity.
However, while it was shown that genetics play a
significant role, it is still too early to develop a useful
genetic test to predict severity due to limited data [153,
154].

Another study analyzed PRS and history of chronic
obstructive pulmonary disease (COPD) in patients and
their association with severe COVID-19 disease. The PRS
for the participants was calculated using 112 single
nucleotide polymorphisms that were believed to be related
to COVID-19 disease severity. The history of COPD was
factored into the overall risk. The study then used logistic
regression models to examine associations of genetic risk
with or without COPD and the severity of COVID-19
disease. About 712 of the 430,582 participants in the study
developed severe COVID-19, and 19.8% of these patients
had pre-existing COPD. When examining the PRS, those
with lower risk scores were observed to have a lower
chance of developing severe COVID-19 when compared
with others who had intermediate or high PRS [155].

A third study examined the causality of specific
coagulation factors, such as D-dimers, prothrombin time
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(PT), von Willebrand factor (VWF), platelet count, and
fibrinogen in the incidence of COVID-19 severity. To
investigate the causal relationships, SNPs associated with
12 coagulation factors were selected, including VWF,
ADAMTS13, tPA, FX, PAI-1, D-dimer, FVII, FVIII, FXI,
aPTT, ETP, and PT. Results showed that genetic
predisposition to the antigen level of VWF and the activity
level of its cleaving protease, ADAMTS13, were causally
associated with the incidence of COVID-19 severity.
However, their effects were displayed in opposite
directions, with plasma VWF antigen level showing a
positive association while ADAMTS13 displayed a negative
association. Furthermore, the statistical significance of
ADAMTS13 could not always be reproduced with repeated
tests, which weakens the association. The predictive
ability of PRS derived from the VWF-associated genetic
variants was then explored together with other critical
risk factors, including age, sex, body mass index (BMI),
coronary artery disease (CAD), systolic blood pressure
(SBP), type 2 diabetes mellitus (T2DM), and COPD. It was
determined that PRS of VWF was an independent risk
factor in distinguishing severe COVID-19 infections from
healthy controls, with an observed 16% higher risk [156].

Furthermore, when investigating the contribution of
VWF PRS in relation to the other critical risk factors, age
was determined to be the most important risk factor for
COVID-19 severity. However, VWF PRS showed a larger
normalized effect size than SBP, which emphasizes that
while it is not the most important factor, its predictive
value is still significant in determining prevention and a
personalized treatment plan. Therefore, monitoring
plasma levels of VWF can assist with developing strategies
to control severity as well as associated thrombotic
complications [156].

CONCLUSION

The COVID-19 disease has been shown to have
significant complexity, eliciting symptoms of differing
severity from person to person. This increased complexity
led to the development of multiple different treatment
types, all with varying levels of success. The previously
performed studies surrounding the causative virus SARS-
CoV-2 have shown that while further research is required,
exploring the molecular makeup across different
populations can assist in better understanding pre-existing
risks for severe COVID-19 infections and their prognosis.
This can further help with developing treatment and
targeted therapies, combat the disease more efficiently,
and continue to help move past this pandemic worldwide.

AUTHORS' CONTRIBUTIONS

It is hereby acknowledged that all authors have
accepted responsibility for the manuscript's content and
consented to its submission. They have meticulously
reviewed all results and unanimously approved the final
version of the manuscript.

LIST OF ABBREVIATIONS
PRS = Polygenic risk scoring

Marika L. Forsythe

ACE2 = Angiotensin-converting enzyme 2
VLPs = Virus-like particles

RTC = Replication/transcription complex
ARDS = Acute respiratory distress syndrome
RAAS = Renin-angiotensinaldosterone system
AngIl = Angiotensin II

IL-6 = Interleukin-6

JAK = Janus kinases

LMWH = Lowmolecular-weight-heparin

RCTs = Randomized clinical trials

PHE = Public Health Emergency

VOC = Variants of concern

SIT1 = Sodium-imino acid (proline) transporter 1
CLR = Calcitonin receptor-like receptors
GWAS = Genome-wide association study
COPD = Obstructive pulmonary disease

PT = Prothrombin time

VWF = Von Willebrand factor

BMI = Body mass index

CAD = Coronary Artery Disease

SBP = Systolic blood pressure

T2DM = Type 2 diabetes mellitus

CONSENT FOR PUBLICATION
Not applicable.

FUNDING
None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

[1] Gonzalez JM, Gomez-Puertas P, Cavanagh D, Gorbalenya AE,
Enjuanes L. A comparative sequence analysis to revise the current
taxonomy of the family Coronaviridae. Arch Virol 2003; 148(11):
2207-35.
http://dx.doi.org/10.1007/s00705-003-0162-1 PMID: 14579179

[2] Cavanagh D, Mawditt K, Welchman DB, Britton P, Gough RE.
Coronaviruses from pheasants ( Phasianus colchicus ) are
genetically closely related to coronaviruses of domestic fowl
(infectious bronchitis virus) and turkeys. Avian Pathol 2002; 31(1):
81-93.
http://dx.doi.org/10.1080/03079450120106651 PMID: 12425795

[3] Gorbalenya AE, Snijder EJ, Spaan WJM. Severe acute respiratory
syndrome coronavirus phylogeny: toward consensus. J Virol 2004;
78(15): 7863-6.
http://dx.doi.org/10.1128/JV1.78.15.7863-7866.2004 PMID:
15254158


http://dx.doi.org/10.1007/s00705-003-0162-1
http://www.ncbi.nlm.nih.gov/pubmed/14579179
http://dx.doi.org/10.1080/03079450120106651
http://www.ncbi.nlm.nih.gov/pubmed/12425795
http://dx.doi.org/10.1128/JVI.78.15.7863-7866.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254158

Study of the COVID-19 Outbreak

(4]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Weiss SR, Navas-Martin S. Coronavirus pathogenesis and the
emerging pathogen severe acute respiratory syndrome
coronavirus. Microbiol Mol Biol Rev 2005; 69(4): 635-64.
http://dx.doi.org/10.1128/MMBR.69.4.635-664.2005 PMID:
16339739

Boopathi S, Poma AB, Kolandaivel P. Novel 2019 coronavirus
structure, mechanism of action, antiviral drug promises and rule
out against its treatment. ] Biomol Struct Dyn 2020; 39(9): 1-10.
http://dx.doi.org/10.1080/07391102.2020.1758788 PMID:
32306836

Kirchdoerfer RN, Cottrell CA, Wang N, et al. Pre-fusion structure
of a human coronavirus spike protein. Nature 2016; 531(7592):
118-21.

http://dx.doi.org/10.1038/nature17200 PMID: 26935699

Walls AC, Park Y], Tortorici MA, Wall A, McGuire AT, Veesler D.
Structure, Function, and Antigenicity of the SARS-CoV-2 Spike
Glycoprotein. Cell 2020; 181(2): 281-292.e6.
http://dx.doi.org/10.1016/j.cell.2020.02.058 PMID: 32155444
Glowacka I, Bertram S, Miiller MA, et al. Evidence that TMPRSS2
activates the severe acute respiratory syndrome coronavirus spike
protein for membrane fusion and reduces viral control by the
humoral immune response. J Virol 2011; 85(9): 4122-34.
http://dx.doi.org/10.1128/JVI1.02232-10 PMID: 21325420

Qian Z, Dominguez SR, Holmes KV. Role of the spike glycoprotein
of human Middle East respiratory syndrome coronavirus (MERS-
CoV) in virus entry and syncytia formation. PLoS One 2013; 8(10):
€76469.

http://dx.doi.org/10.1371/journal.pone.0076469 PMID: 24098509
Gupta MK, Vemula S, Donde R, Gouda G, Behera L, Vadde R. In-
silico approaches to detect inhibitors of the human severe acute
respiratory syndrome coronavirus envelope protein ion channel. J
Biomol Struct Dyn 2021; 39(7): 2617-27.
http://dx.doi.org/10.1080/07391102.2020.1751300
32238078

Nieto-Torres JL, DeDiego ML, Alvarez E, et al. Subcellular
location and topology of severe acute respiratory syndrome
coronavirus envelope protein. Virology 2011; 415(2): 69-82.
http://dx.doi.org/10.1016/j.virol.2011.03.029 PMID: 21524776
Masters PS. The molecular biology of coronaviruses. Adv Virus
Res 2006; 66: 193-292.
http://dx.doi.org/10.1016/S0065-3527(06)66005-3
16877062

Fehr AR, Perlman S. Coronaviruses: an overview of their
replication and pathogenesis. Methods Mol Biol 2015; 1282: 1-23.
http://dx.doi.org/10.1007/978-1-4939-2438-7 1 PMID: 25720466
Narayanan K, Maeda A, Maeda ], Makino S. Characterization of
the coronavirus M protein and nucleocapsid interaction in
infected cells. J Virol 2000; 74(17): 8127-34.
http://dx.doi.org/10.1128/JVI1.74.17.8127-8134.2000
10933723

Corse E, Machamer CE. The cytoplasmic tails of infectious
bronchitis virus E and M proteins mediate their interaction.
Virology 2003; 312(1): 25-34.
http://dx.doi.org/10.1016/S0042-6822(03)00175-2
12890618

Lissenberg A, Vrolijk MM, van Vliet ALW, et al. Luxury at a cost?
Recombinant mouse hepatitis viruses expressing the accessory
hemagglutinin esterase protein display reduced fitness in vitro. J
Virol 2005; 79(24): 15054-63.
http://dx.doi.org/10.1128/JVI1.79.24.15054-15063.2005
16306576

Simmons G, Gosalia DN, Rennekamp A], Reeves JD, Diamond SL,
Bates P. Inhibitors of cathepsin L prevent severe acute respiratory
syndrome coronavirus entry. Proc Natl Acad Sci USA 2005;
102(33): 11876-81.

http://dx.doi.org/10.1073/pnas.0505577102 PMID: 16081529
Hasan A, Paray BA, Hussain A, et al. A review on the cleavage
priming of the spike protein on coronavirus by angiotensin-
converting enzyme-2 and furin. J Biomol Struct Dyn 2021; 39(8):
3025-33.

PMID:

PMID:

PMID:

PMID:

PMID:

(23]

19

http://dx.doi.org/10.1080/07391102.2020.1754293 PMID:
32274964

Stokes EK, Zambrano LD, Anderson KN, et al. Coronavirus
Disease 2019 Case Surveillance — United States, January 22-May
30, 2020. MMWR Morb Mortal Wkly Rep 2020; 69(24): 759-65.
http://dx.doi.org/10.15585/mmwr.mm6924e2 PMID: 32555134
Wu Z, McGoogan JM. Characteristics of and Important Lessons
From the Coronavirus Disease 2019 (COVID-19) Outbreak in
China. JAMA 2020; 323(13): 1239-42.
http://dx.doi.org/10.1001/jama.2020.2648 PMID: 32091533

Oran DP, Topol EJ. The Proportion of SARS-CoV-2 Infections That
Are Asymptomatic. Ann Intern Med 2021; 174(5): 655-62.
http://dx.doi.org/10.7326/M20-6976 PMID: 33481642
Meyerowitz-Katz G, Merone L. A systematic review and meta-
analysis of published research data on COVID-19 infection fatality
rates. Int J Infect Dis 2020; 101: 138-48.
http://dx.doi.org/10.1016/j.ijid.2020.09.1464 PMID: 33007452
loannidis JPA. Reconciling estimates of global spread and
infection fatality rates of COVID-19: An overview of systematic
evaluations. Eur J Clin Invest 2021; 51(5): e13554.
http://dx.doi.org/10.1111/eci.13554 PMID: 33768536
Cordon-Cardo C, Pujadas E, Wajnberg A, et al. COVID-19: Staging
of a New Disease. Cancer Cell 2020; 38(5): 594-7.
http://dx.doi.org/10.1016/j.ccell.2020.10.006 PMID: 33086031
Westcott B, Renton A, Picheta R, Alfonso F III. April 15
coronavirus news. CNN 2020. https://www.cnn.com/asia/live-
news/coronavirus-pandemic-intl-04-15-20#h 5ee620a9318
bf997369£523e02175d8e

Cheng Z, Lu Y, Cao Q, et al. Clinical Features and Chest CT
Manifestations of Coronavirus Disease 2019 (COVID-19) in a
Single-Center Study in Shanghai, China. AJR Am ] Roentgenol
2020; 215(1): 121-6.

http://dx.doi.org/10.2214/AJR.20.22959 PMID: 32174128
Sethuraman N, Jeremiah SS, Ryo A. Interpreting Diagnostic Tests
for SARS-CoV-2. JAMA 2020; 323(22): 2249-51.
http://dx.doi.org/10.1001/jama.2020.8259 PMID: 32374370

Nalla AK, Casto AM, Huang MLW, et al. Comparative
Performance of SARS-CoV-2 Detection Assays Using Seven
Different Primer-Probe Sets and One Assay Kit. J Clin Microbiol
2020; 58(6): €00557-20.

http://dx.doi.org/10.1128/JCM.00557-20 PMID: 32269100

Wolfel R, Corman VM, Guggemos W, et al. Virological assessment
of hospitalized patients with COVID-2019. Nature 2020;
581(7809): 465-9.

http://dx.doi.org/10.1038/s41586-020-2196-x PMID: 32235945
Wang W, Xu Y, Gao R, et al. Detection of SARS-CoV-2 in different
types of clinical specimens. JAMA 2020; 323(18): 1843-4.
http://dx.doi.org/10.1001/jama.2020.3786 PMID: 32159775

Lou B, Li TD, Zheng SF, et al. Serology characteristics of SARS-
CoV-2 infection after exposure and post-symptom onset. Eur
Respir J 2020; 56(2): 2000763.
http://dx.doi.org/10.1183/13993003.00763-2020 PMID: 32430429
Xiao AT, Gao C, Zhang S. Profile of specific antibodies to SARS-
CoV-2: The first report. J Infect 2020; 81(1): 147-78.
http://dx.doi.org/10.1016/j.jinf.2020.03.012 PMID: 32209385
Gattinoni L, Chiumello D, Rossi S. COVID-19 pneumonia: ARDS or
not? Crit Care 2020; 24(1): 154.
http://dx.doi.org/10.1186/s13054-020-02880-z PMID: 32299472
Huppert L, Matthay M, Ware L. Pathogenesis of Acute Respiratory
Distress Syndrome. Semin Respir Crit Care Med 2019; 40(1):
031-9.

http://dx.doi.org/10.1055/s-0039-1683996 PMID: 31060086
Zemans RL, Colgan SP, Downey GP. Transepithelial migration of
neutrophils: mechanisms and implications for acute lung injury.
Am ] Respir Cell Mol Biol 2009; 40(5): 519-35.
http://dx.doi.org/10.1165/rcmb.2008-0348TR PMID: 18978300
Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary
Vascular Endothelialitis, Thrombosis, and Angiogenesis in
Covid-19. N Engl J Med 2020; 383(2): 120-8.
http://dx.doi.org/10.1056/NEJMo0a2015432 PMID: 32437596


http://dx.doi.org/10.1128/MMBR.69.4.635-664.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339739
http://dx.doi.org/10.1080/07391102.2020.1758788
http://www.ncbi.nlm.nih.gov/pubmed/32306836
http://dx.doi.org/10.1038/nature17200
http://www.ncbi.nlm.nih.gov/pubmed/26935699
http://dx.doi.org/10.1016/j.cell.2020.02.058
http://www.ncbi.nlm.nih.gov/pubmed/32155444
http://dx.doi.org/10.1128/JVI.02232-10
http://www.ncbi.nlm.nih.gov/pubmed/21325420
http://dx.doi.org/10.1371/journal.pone.0076469
http://www.ncbi.nlm.nih.gov/pubmed/24098509
http://dx.doi.org/10.1080/07391102.2020.1751300
http://www.ncbi.nlm.nih.gov/pubmed/32238078
http://dx.doi.org/10.1016/j.virol.2011.03.029
http://www.ncbi.nlm.nih.gov/pubmed/21524776
http://dx.doi.org/10.1016/S0065-3527(06)66005-3
http://www.ncbi.nlm.nih.gov/pubmed/16877062
http://dx.doi.org/10.1007/978-1-4939-2438-7_1
http://www.ncbi.nlm.nih.gov/pubmed/25720466
http://dx.doi.org/10.1128/JVI.74.17.8127-8134.2000
http://www.ncbi.nlm.nih.gov/pubmed/10933723
http://dx.doi.org/10.1016/S0042-6822(03)00175-2
http://www.ncbi.nlm.nih.gov/pubmed/12890618
http://dx.doi.org/10.1128/JVI.79.24.15054-15063.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306576
http://dx.doi.org/10.1073/pnas.0505577102
http://www.ncbi.nlm.nih.gov/pubmed/16081529
http://dx.doi.org/10.1080/07391102.2020.1754293
http://www.ncbi.nlm.nih.gov/pubmed/32274964
http://dx.doi.org/10.15585/mmwr.mm6924e2
http://www.ncbi.nlm.nih.gov/pubmed/32555134
http://dx.doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/pubmed/32091533
http://dx.doi.org/10.7326/M20-6976
http://www.ncbi.nlm.nih.gov/pubmed/33481642
http://dx.doi.org/10.1016/j.ijid.2020.09.1464
http://www.ncbi.nlm.nih.gov/pubmed/33007452
http://dx.doi.org/10.1111/eci.13554
http://www.ncbi.nlm.nih.gov/pubmed/33768536
http://dx.doi.org/10.1016/j.ccell.2020.10.006
http://www.ncbi.nlm.nih.gov/pubmed/33086031
https://www.cnn.com/asia/live-news/coronavirus-pandemic-intl-04-15-20#h_5ee620a9318bf997369f523e02175d8e
https://www.cnn.com/asia/live-news/coronavirus-pandemic-intl-04-15-20#h_5ee620a9318bf997369f523e02175d8e
https://www.cnn.com/asia/live-news/coronavirus-pandemic-intl-04-15-20#h_5ee620a9318bf997369f523e02175d8e
http://dx.doi.org/10.2214/AJR.20.22959
http://www.ncbi.nlm.nih.gov/pubmed/32174128
http://dx.doi.org/10.1001/jama.2020.8259
http://www.ncbi.nlm.nih.gov/pubmed/32374370
http://dx.doi.org/10.1128/JCM.00557-20
http://www.ncbi.nlm.nih.gov/pubmed/32269100
http://dx.doi.org/10.1038/s41586-020-2196-x
http://www.ncbi.nlm.nih.gov/pubmed/32235945
http://dx.doi.org/10.1001/jama.2020.3786
http://www.ncbi.nlm.nih.gov/pubmed/32159775
http://dx.doi.org/10.1183/13993003.00763-2020
http://www.ncbi.nlm.nih.gov/pubmed/32430429
http://dx.doi.org/10.1016/j.jinf.2020.03.012
http://www.ncbi.nlm.nih.gov/pubmed/32209385
http://dx.doi.org/10.1186/s13054-020-02880-z
http://www.ncbi.nlm.nih.gov/pubmed/32299472
http://dx.doi.org/10.1055/s-0039-1683996
http://www.ncbi.nlm.nih.gov/pubmed/31060086
http://dx.doi.org/10.1165/rcmb.2008-0348TR
http://www.ncbi.nlm.nih.gov/pubmed/18978300
http://dx.doi.org/10.1056/NEJMoa2015432
http://www.ncbi.nlm.nih.gov/pubmed/32437596

20 The Open COVID Journal, 2024, Vol. 4

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Zhou F, Yu T, Du R, et al. Clinical course and risk factors for
mortality of adult inpatients with COVID-19 in Wuhan, China: a
retrospective cohort study. Lancet 2020; 395(10229): 1054-62.
http://dx.doi.org/10.1016/S0140-6736(20)30566-3 PMID:
32171076

LiX, Xu S, Yu M, et al. Risk factors for severity and mortality in
adult COVID-19 inpatients in Wuhan. J Allergy Clin Immunol
2020; 146(1): 110-8.

http://dx.doi.org/10.1016/j.jaci.2020.04.006 PMID: 32294485
Zhang J, Wang X, Jia X, et al. Risk factors for disease severity,
unimprovement, and mortality in COVID-19 patients in Wuhan,
China. Clin Microbiol Infect 2020; 26(6): 767-72.
http://dx.doi.org/10.1016/j.cmi.2020.04.012 PMID: 32304745

Liao D, Zhou F, Luo L, et al. Haematological characteristics and
risk factors in the classification and prognosis evaluation of
COVID-19: a retrospective cohort study. Lancet Haematol 2020;
7(9): e671-8.
http://dx.doi.org/10.1016/S2352-3026(20)30217-9
32659214

Zanza C, Racca F, Longhitano Y, et al. Risk Management and
Treatment of Coagulation Disorders Related to COVID-19
Infection. Int J Environ Res Public Health 2021; 18(3): 1268.
http://dx.doi.org/10.3390/ijerph18031268 PMID: 33572570

Del Valle DM, Kim-Schulze S, Huang HH, et al. An inflammatory
cytokine signature predicts COVID-19 severity and survival. Nat
Med 2020; 26(10): 1636-43.
http://dx.doi.org/10.1038/s41591-020-1051-9 PMID: 32839624

Shi S, Qin M, CaiV, et al. Characteristics and clinical significance
of myocardial injury in patients with severe coronavirus disease
2019. Eur Heart J 2020; 41(22): 2070-9.
http://dx.doi.org/10.1093/eurheartj/ehaa4d08 PMID: 32391877
Azarkish M, Laleh far V, Eslami M, Mollazadeh R. Transient
complete heart block in a patient with critical COVID-19. Eur
Heart ] 2020; 41(22): 2131.
http://dx.doi.org/10.1093/eurheartj/ehaa307 PMID: 32285920
Inciardi RM, Adamo M, Lupi L, et al. Characteristics and
outcomes of patients hospitalized for COVID-19 and cardiac
disease in Northern Italy. Eur Heart J 2020; 41(19): 1821-9.
http://dx.doi.org/10.1093/eurheartj/ehaa388 PMID: 32383763
Libby P, Lischer T. COVID-19 is, in the end, an endothelial
disease. Eur Heart ] 2020; 41(32): 3038-44.
http://dx.doi.org/10.1093/eurheartj/ehaa623 PMID: 32882706

Iwai M, Horiuchi M. Devil and angel in the renin-angiotensin
system:  ACE-angiotensin  II-AT1  receptor axis vs.
ACE2-angiotensin-(1-7)-Mas receptor axis. Hypertens Res 2009;
32(7): 533-6.

http://dx.doi.org/10.1038/hr.2009.74 PMID: 19461648

Zou X, Chen K, Zou J, Han P, Hao J, Han Z. Single-cell RNA-seq
data analysis on the receptor ACE2 expression reveals the
potential risk of different human organs vulnerable to 2019-nCoV
infection. Front Med 2020; 14(2): 185-92.
http://dx.doi.org/10.1007/s11684-020-0754-0 PMID: 32170560
Lukassen S, Chua RL, Trefzer T, et al. SARS -CoV-2 receptor ACE 2
and TMPRSS 2 are primarily expressed in bronchial transient
secretory cells. EMBO J 2020; 39(10): e105114.
http://dx.doi.org/10.15252/embj.20105114 PMID: 32246845

Xu H, Zhong L, Deng ], et al. High expression of ACE2 receptor of
2019-nCoV on the epithelial cells of oral mucosa. Int J Oral Sci
2020; 12(1): 8.

http://dx.doi.org/10.1038/s41368-020-0074-x PMID: 32094336
Matthay MA, Aldrich JM, Gotts JE. Treatment for severe acute
respiratory distress syndrome from COVID-19. Lancet Respir Med
2020; 8(5): 433-4.
http://dx.doi.org/10.1016/S2213-2600(20)30127-2
32203709

Gul MH, Htun ZM, Shaukat N, Imran M, Khan A. Potential
specific therapies in COVID-19. Ther Adv Respir Dis 2020; 14
http://dx.doi.org/10.1177/1753466620926853 PMID: 32436445
Cao B, Wang Y, Wen D, et al. A Trial of Lopinavir-Ritonavir in
Adults Hospitalized with Severe Covid-19. N Engl J Med 2020;

PMID:

PMID:

[57]

[59]

[60]

[62]

[64]

[69]

Marika L. Forsythe

382(19): 1787-99.

http://dx.doi.org/10.1056/NEJM0a2001282 PMID: 32187464

Grein J, Ohmagari N, Shin D, et al. Compassionate Use of
Remdesivir for Patients with Severe Covid-19. N Engl ] Med 2020;
382(24): 2327-36.

http://dx.doi.org/10.1056/NEJM0a2007016 PMID: 32275812
Goldman JD, Lye DCB, Hui DS, et al. Remdesivir for 5 or 10 Days
in Patients with Severe Covid-19. N Engl ] Med 2020; 383(19):
1827-37.

http://dx.doi.org/10.1056/NEJM0a2015301 PMID: 32459919
Beigel JH, Tomashek KM, Dodd LE, et al. Remdesivir for the
Treatment of Covid-19 — Final Report. N Engl J Med 2020;
383(19): 1813-26.

http://dx.doi.org/10.1056/NEJMo0a2007764 PMID: 32445440

Dai W, Zhang B, Jiang XM, et al. Structure-based design of
antiviral drug candidates targeting the SARS-CoV-2 main
protease. Science 2020; 368(6497): 1331-5.
http://dx.doi.org/10.1126/science.abb4489 PMID: 32321856
COVID-19 - AIFA autorizza nuovo studio clinico con tocilizumab.
Italian Medicines Agency (Agenzia Italiana del Farmaco) 2020.
https://www.aifa.gov.it/en/-/covid-19-aifa-autorizza-nuovo-studio-cl
inico-con-tocilizumab

Guaraldi G, Meschiari M, Cozzi-Lepri A, et al. Tocilizumab in
patients with severe COVID-19: a retrospective cohort study.
Lancet Rheumatol 2020; 2(8): e474-84.
http://dx.doi.org/10.1016/S2665-9913(20)30173-9
32835257

Open label multicenter randomized study on the efficacy of early
administration of Tocilizumab in patients suffering from
COVID-19 pneumonia. Italian Medicines Agency (Agenzia Italiana
del Farmaco) 2020. https://www.aifa.gov.it/documents/20142/
1123276/ studio RE Toci 17.06.2020.pdf

King A, Vail A, O'Leary C, et al. Anakinra in COVID-19: important
considerations for clinical trials. Lancet Rheumatol 2020; 2(7):
e379-81.
http://dx.doi.org/10.1016/S2665-9913(20)30160-0
32835233

Cantini F, Niccoli L, Nannini C, et al. Beneficial impact of
Baricitinib in COVID-19 moderate pneumonia; multicentre study. J
Infect 2020; 81(4): 647-79.
http://dx.doi.org/10.1016/j.jinf.2020.06.052 PMID: 32592703
Horby P, Lim WS, Emberson JR, et al. Dexamethasone in
Hospitalized Patients with Covid-19. N Engl J Med 2021; 384(8):
693-704.

http://dx.doi.org/10.1056/NEJMo0a2021436 PMID: 32678530

WHO updates clinical care guidance with corticosteroid
recommendations. WHO. 2020. https://www.who.int/news-
room/feature-stories/detail/who-updates-clinical-care-guidance-
with-corticosteroid-recommendations

Tang N, Bai H, Chen X, Gong ], Li D, Sun Z. Anticoagulant
treatment is associated with decreased mortality in severe
coronavirus with decreased mortality in severe coronavirus
disease 2019 patients with coagulopathy. J Thromb Haemost
2020; 18(5): 1094-9.

http://dx.doi.org/10.1111/jth.14817 PMID: 32220112

Shen C, Wang Z, Zhao F, et al. Treatment of 5 Critically Il
Patients With COVID-19 With Convalescent Plasma. JAMA 2020;
323(16): 1582-9.

http://dx.doi.org/10.1001/jama.2020.4783 PMID: 32219428
Convalescent plasma vs. Standard plasma for COVID-19. NIH.
2021.https://classic.clinicaltrials.gov/ct2/show/NCT04344535
Butler CC, Hobbs FDR, Gbinigie OA, et al. Molnupiravir plus usual
care versus usual care alone as early treatment for adults with
COVID-19 at increased risk of adverse outcomes (PANORAMIC):
an open-label, platform-adaptive randomised controlled trial.
Lancet 2023; 401(10373): 281-93.
http://dx.doi.org/10.1016/S0140-6736(22)02597-1
36566761

Hammond ], Leister-Tebbe H, Gardner A, et al. Oral Nirmatrelvir
for High-Risk, Nonhospitalized Adults with Covid-19. N Engl J

PMID:

PMID:

PMID:


http://dx.doi.org/10.1016/S0140-6736(20)30566-3
http://www.ncbi.nlm.nih.gov/pubmed/32171076
http://dx.doi.org/10.1016/j.jaci.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32294485
http://dx.doi.org/10.1016/j.cmi.2020.04.012
http://www.ncbi.nlm.nih.gov/pubmed/32304745
http://dx.doi.org/10.1016/S2352-3026(20)30217-9
http://www.ncbi.nlm.nih.gov/pubmed/32659214
http://dx.doi.org/10.3390/ijerph18031268
http://www.ncbi.nlm.nih.gov/pubmed/33572570
http://dx.doi.org/10.1038/s41591-020-1051-9
http://www.ncbi.nlm.nih.gov/pubmed/32839624
http://dx.doi.org/10.1093/eurheartj/ehaa408
http://www.ncbi.nlm.nih.gov/pubmed/32391877
http://dx.doi.org/10.1093/eurheartj/ehaa307
http://www.ncbi.nlm.nih.gov/pubmed/32285920
http://dx.doi.org/10.1093/eurheartj/ehaa388
http://www.ncbi.nlm.nih.gov/pubmed/32383763
http://dx.doi.org/10.1093/eurheartj/ehaa623
http://www.ncbi.nlm.nih.gov/pubmed/32882706
http://dx.doi.org/10.1038/hr.2009.74
http://www.ncbi.nlm.nih.gov/pubmed/19461648
http://dx.doi.org/10.1007/s11684-020-0754-0
http://www.ncbi.nlm.nih.gov/pubmed/32170560
http://dx.doi.org/10.15252/embj.20105114
http://www.ncbi.nlm.nih.gov/pubmed/32246845
http://dx.doi.org/10.1038/s41368-020-0074-x
http://www.ncbi.nlm.nih.gov/pubmed/32094336
http://dx.doi.org/10.1016/S2213-2600(20)30127-2
http://www.ncbi.nlm.nih.gov/pubmed/32203709
http://dx.doi.org/10.1177/1753466620926853
http://www.ncbi.nlm.nih.gov/pubmed/32436445
http://dx.doi.org/10.1056/NEJMoa2001282
http://www.ncbi.nlm.nih.gov/pubmed/32187464
http://dx.doi.org/10.1056/NEJMoa2007016
http://www.ncbi.nlm.nih.gov/pubmed/32275812
http://dx.doi.org/10.1056/NEJMoa2015301
http://www.ncbi.nlm.nih.gov/pubmed/32459919
http://dx.doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440
http://dx.doi.org/10.1126/science.abb4489
http://www.ncbi.nlm.nih.gov/pubmed/32321856
https://www.aifa.gov.it/en/-/covid-19-aifa-autorizza-nuovo-studio-clinico-con-tocilizumab
https://www.aifa.gov.it/en/-/covid-19-aifa-autorizza-nuovo-studio-clinico-con-tocilizumab
http://dx.doi.org/10.1016/S2665-9913(20)30173-9
http://www.ncbi.nlm.nih.gov/pubmed/32835257
https://www.aifa.gov.it/documents/20142/1123276/studio_RE_Toci_17.06.2020.pdf
https://www.aifa.gov.it/documents/20142/1123276/studio_RE_Toci_17.06.2020.pdf
http://dx.doi.org/10.1016/S2665-9913(20)30160-0
http://www.ncbi.nlm.nih.gov/pubmed/32835233
http://dx.doi.org/10.1016/j.jinf.2020.06.052
http://www.ncbi.nlm.nih.gov/pubmed/32592703
http://dx.doi.org/10.1056/NEJMoa2021436
http://www.ncbi.nlm.nih.gov/pubmed/32678530
https://www.who.int/news-room/feature-stories/detail/who-updates-clinical-care-guidance-with-corticosteroid-recommendations
https://www.who.int/news-room/feature-stories/detail/who-updates-clinical-care-guidance-with-corticosteroid-recommendations
https://www.who.int/news-room/feature-stories/detail/who-updates-clinical-care-guidance-with-corticosteroid-recommendations
http://dx.doi.org/10.1111/jth.14817
http://www.ncbi.nlm.nih.gov/pubmed/32220112
http://dx.doi.org/10.1001/jama.2020.4783
http://www.ncbi.nlm.nih.gov/pubmed/32219428
https://classic.clinicaltrials.gov/ct2/show/NCT04344535
http://dx.doi.org/10.1016/S0140-6736(22)02597-1
http://www.ncbi.nlm.nih.gov/pubmed/36566761

Study of the COVID-19 Outbreak

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Med 2022; 386(15): 1397-408.
http://dx.doi.org/10.1056/NEJMoa2118542 PMID: 35172054
Schwartz KL, Wang J, Tadrous M, et al. Population-based
evaluation of the effectiveness of nirmatrelvir-ritonavir for
reducing hospital admissions and mortality from COVID-19. CMAJ
2023; 195(6): E220-6.

http://dx.doi.org/10.1503/cmaj.221608 PMID: 36781188
Dryden-Peterson S, Kim A, Kim AY, et al. Nirmatrelvir Plus
Ritonavir for Early COVID-19 in a Large U.S. Health System. Ann
Intern Med 2023; 176(1): 77-84.
http://dx.doi.org/10.7326/M22-2141 PMID: 36508742

Pfizer-BioNTech Fact Sheets (English) and FAQs. FDA.
https://www.fda.gov/media/167212/download
Spikevax and Moderna COVID-19 Vaccine. FDA. 2022.

https://public4.pagefreezer.com/content/FDA/01-05-2022T09:22/h
ttps://www.fda.gov/emergency-preparedness-and-response/corona
virus-disease-2019-covid-19/spikevax-and-moderna-covid-19-
Vaccine

Oliver SE, Wallace M, See I, et al. Use of the Janssen (Johnson &
Johnson) COVID-19 Vaccine: Updated Interim Recommendations
from the Advisory Committee on Immunization Practices —
United States, December 2021. MMWR Morb Mortal Wkly Rep
2022; 71(3): 90-5.

http://dx.doi.org/10.15585/mmwr.mm7103a4 PMID: 35051137
Self WH, Tenforde MW, Rhoads JP, et al. Comparative
Effectiveness of Moderna, Pfizer-BioNTech, and Janssen (Johnson
& Johnson) Vaccines in Preventing COVID-19 Hospitalizations
Among Adults Without Immunocompromising Conditions —
United States, March-August 2021. MMWR Morb Mortal Wkly
Rep 2021; 70(38): 1337-43.
http://dx.doi.org/10.15585/mmwr.mm7038el PMID: 34555004
Butt AA, Omer SB, Yan P, Shaikh OS, Mayr FB. SARS-CoV-2
Vaccine Effectiveness in a High-Risk National Population in a
Real-World Setting. Ann Intern Med 2021; 174(10): 1404-8.
http://dx.doi.org/10.7326/M21-1577 PMID: 34280332

Frenck RW Jr, Klein NP, Kitchin N, et al. Safety, Immunogenicity,
and Efficacy of the BNT162b2 Covid-19 Vaccine in Adolescents. N
Engl ] Med 2021; 385(3): 239-50.
http://dx.doi.org/10.1056/NEJMo0a2107456 PMID: 34043894

Gee J, Marquez P, Su ], et al. First Month of COVID-19 Vaccine
Safety Monitoring - United States, December 14, 2020-January 13,
2021. MMWR Morb Mortal Wkly Rep 2021; 70(8): 283-8.
http://dx.doi.org/10.15585/mmwr.mm7008e3 PMID: 33630816
Chapin-Bardales ], Gee ], Myers T. Reactogenicity Following
Receipt of mRNA-Based COVID-19 Vaccines. JAMA 2021; 325(21):
2201-2.

http://dx.doi.org/10.1001/jama.2021.5374 PMID: 33818592

Baden LR, El Sahly HM, Essink B, et al. Efficacy and Safety of the
mRNA-1273 SARS-CoV-2 Vaccine. N Engl ] Med 2021; 384(5):
403-16.

http://dx.doi.org/10.1056/NEJMoa2035389 PMID: 33378609
Anderson EJ, Rouphael NG, Widge AT, et al. Safety and
Immunogenicity of SARS-CoV-2 mRNA-1273 Vaccine in Older
Adults. N Engl ] Med 2020; 383(25): 2427-38.
http://dx.doi.org/10.1056/NEJMo0a2028436 PMID: 32991794
Edara VV, Pinsky BA, Suthar MS, et al. Infection and Vaccine-
Induced Neutralizing-Antibody Responses to the SARS-CoV-2
B.1.617 Variants. N Engl J Med 2021; 385(7): 664-6.
http://dx.doi.org/10.1056/NEJMc2107799 PMID: 34233096

Sadoff J, Gray G, Vandebosch A, et al. Safety and Efficacy of
Single-Dose Ad26.COV2.S Vaccine against Covid-19. N Engl ] Med
2021; 384(23): 2187-201.
http://dx.doi.org/10.1056/NEJMoa2101544 PMID: 33882225
Sadoff J, Gray G, Vandebosch A, et al. Final Analysis of Efficacy
and Safety of Single-Dose Ad26.COV2.S. N Engl J] Med 2022;
386(9): 847-60.

http://dx.doi.org/10.1056/NEJMoa2117608 PMID: 35139271

Shay DK, Gee ], Su JR, et al. Safety Monitoring of the Janssen
(Johnson & Johnson) COVID-19 Vaccine — United States,
March-April 2021. MMWR Morb Mortal Wkly Rep 2021; 70(18):

[87

[88

[93

[96]

1%
.:‘

[98

21

680-4.

http://dx.doi.org/10.15585/mmwr.mm?7018e2 PMID: 33956784
Hause AM, Gee ], Johnson T, et al. Anxiety-Related Adverse Event
Clusters After Janssen COVID-19 Vaccination — Five U.S. Mass
Vaccination Sites, April 2021. MMWR Morb Mortal Wkly Rep
2021; 70(18): 685-8.

http://dx.doi.org/10.15585/mmwr.mm?7018e3 PMID: 33956781
Interim recommendations for use of the AZD1222 (ChAdOx1-S
(recombinant)) vaccine against COVID-19 developed by Oxford
University and AstraZeneca. WHO. 2022. https://www.who.int/
publications/i/item/WHO-2019-nCoV-vaccines-

SAGE recommendation-AZD1222-2021.1

Voysey M, Clemens SAC, Madhi SA, et al. Safety and efficacy of
the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an
interim analysis of four randomised controlled trials in Brazil,
South Africa, and the UK. Lancet 2021; 397(10269): 99-111.
http://dx.doi.org/10.1016/S0140-6736(20)32661-1
33306989

Planas D, Veyer D, Baidaliuk A, et al. Reduced sensitivity of SARS-
CoV-2 variant Delta to antibody neutralization. Nature 2021;
596(7871): 276-80.

http://dx.doi.org/10.1038/s41586-021-03777-9 PMID: 34237773
Folegatti PM, Ewer KJ, Aley PK, et al. Safety and immunogenicity
of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: a
preliminary report of a phase 1/2, single-blind, randomised
controlled trial. Lancet 2020; 396(10249): 467-78.
http://dx.doi.org/10.1016/S0140-6736(20)31604-4
32702298

Dunkle LM, Kotloff KL, Gay CL, et al. Efficacy and Safety of NVX-
CoV2373 in Adults in the United States and Mexico. N Engl ] Med
2022; 386(6): 531-43.

http://dx.doi.org/10.1056/NEJMo0a2116185 PMID: 34910859
Heath PT, Galiza EP, Baxter DN, et al. Safety and Efficacy of the
NVX-CoV2373 Coronavirus Disease 2019 Vaccine at Completion
of the Placebo-Controlled Phase of a Randomized Controlled Trial.
Clin Infect Dis 2023; 76(3): 398-407.
http://dx.doi.org/10.1093/cid/ciac803 PMID: 36210481

Halperin SA, Ye L, MacKinnon-Cameron D, et al. Final efficacy
analysis, interim safety analysis, and immunogenicity of a single
dose of recombinant novel coronavirus vaccine (adenovirus type 5
vector) in adults 18 years and older: an international, multicentre,
randomised, double-blinded, placebo-controlled phase 3 trial.
Lancet 2022; 399(10321): 237-48.
http://dx.doi.org/10.1016/S0140-6736(21)02753-7
34953526

The Gamaleya Center statement on increasing the interval
between the first and second Sputnik V vaccine shots. Sputnik V.
https://sputnikvaccine.com/newsroom/pressreleases/the-gamaleya
-center-statement-on-increasing-the-interval-between-first-and-
second-sputnik-v-vaccine-/

Logunov DY, Dolzhikova IV, Shcheblyakov DV, et al. Safety and
efficacy of an rAd26 and rAd5 vector-based heterologous prime-
boost COVID-19 vaccine: an interim analysis of a randomised
controlled phase 3 trial in Russia. Lancet 2021; 397(10275):
671-81.
http://dx.doi.org/10.1016/S0140-6736(21)00234-8
33545094

Al Kaabi N, Zhang Y, Xia S, et al. Effect of 2 Inactivated SARS-
CoV-2 Vaccines on Symptomatic COVID-19 Infection in Adults.
JAMA 2021; 326(1): 35-45.
http://dx.doi.org/10.1001/jama.2021.8565 PMID: 34037666

Ismail AlHosani F, Eduardo Stanciole A, Aden B, et al. Impact of
the Sinopharm’s BBIBP-CorV vaccine in preventing hospital
admissions and death in infected vaccinees: Results from a
retrospective study in the emirate of Abu Dhabi, United Arab
Emirates (UAE). Vaccine 2022; 40(13): 2003-10.
http://dx.doi.org/10.1016/j.vaccine.2022.02.039 PMID: 35193793
Tanriover MD, Doganay HL, Akova M, et al. Efficacy and safety of
an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac):
interim results of a double-blind, randomised, placebo-controlled,

PMID:

PMID:

PMID:

PMID:


http://dx.doi.org/10.1056/NEJMoa2118542
http://www.ncbi.nlm.nih.gov/pubmed/35172054
http://dx.doi.org/10.1503/cmaj.221608
http://www.ncbi.nlm.nih.gov/pubmed/36781188
http://dx.doi.org/10.7326/M22-2141
http://www.ncbi.nlm.nih.gov/pubmed/36508742
https://www.fda.gov/media/167212/download
https://public4.pagefreezer.com/content/FDA/01-05-2022T09:22/https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/spikevax-and-moderna-covid-19-Vaccine
https://public4.pagefreezer.com/content/FDA/01-05-2022T09:22/https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/spikevax-and-moderna-covid-19-Vaccine
https://public4.pagefreezer.com/content/FDA/01-05-2022T09:22/https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/spikevax-and-moderna-covid-19-Vaccine
https://public4.pagefreezer.com/content/FDA/01-05-2022T09:22/https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/spikevax-and-moderna-covid-19-Vaccine
http://dx.doi.org/10.15585/mmwr.mm7103a4
http://www.ncbi.nlm.nih.gov/pubmed/35051137
http://dx.doi.org/10.15585/mmwr.mm7038e1
http://www.ncbi.nlm.nih.gov/pubmed/34555004
http://dx.doi.org/10.7326/M21-1577
http://www.ncbi.nlm.nih.gov/pubmed/34280332
http://dx.doi.org/10.1056/NEJMoa2107456
http://www.ncbi.nlm.nih.gov/pubmed/34043894
http://dx.doi.org/10.15585/mmwr.mm7008e3
http://www.ncbi.nlm.nih.gov/pubmed/33630816
http://dx.doi.org/10.1001/jama.2021.5374
http://www.ncbi.nlm.nih.gov/pubmed/33818592
http://dx.doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://dx.doi.org/10.1056/NEJMoa2028436
http://www.ncbi.nlm.nih.gov/pubmed/32991794
http://dx.doi.org/10.1056/NEJMc2107799
http://www.ncbi.nlm.nih.gov/pubmed/34233096
http://dx.doi.org/10.1056/NEJMoa2101544
http://www.ncbi.nlm.nih.gov/pubmed/33882225
http://dx.doi.org/10.1056/NEJMoa2117608
http://www.ncbi.nlm.nih.gov/pubmed/35139271
http://dx.doi.org/10.15585/mmwr.mm7018e2
http://www.ncbi.nlm.nih.gov/pubmed/33956784
http://dx.doi.org/10.15585/mmwr.mm7018e3
http://www.ncbi.nlm.nih.gov/pubmed/33956781
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-AZD1222-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-AZD1222-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-AZD1222-2021.1
http://dx.doi.org/10.1016/S0140-6736(20)32661-1
http://www.ncbi.nlm.nih.gov/pubmed/33306989
http://dx.doi.org/10.1038/s41586-021-03777-9
http://www.ncbi.nlm.nih.gov/pubmed/34237773
http://dx.doi.org/10.1016/S0140-6736(20)31604-4
http://www.ncbi.nlm.nih.gov/pubmed/32702298
http://dx.doi.org/10.1056/NEJMoa2116185
http://www.ncbi.nlm.nih.gov/pubmed/34910859
http://dx.doi.org/10.1093/cid/ciac803
http://www.ncbi.nlm.nih.gov/pubmed/36210481
http://dx.doi.org/10.1016/S0140-6736(21)02753-7
http://www.ncbi.nlm.nih.gov/pubmed/34953526
https://sputnikvaccine.com/newsroom/pressreleases/the-gamaleya-center-statement-on-increasing-the-interval-between-first-and-second-sputnik-v-vaccine-/
https://sputnikvaccine.com/newsroom/pressreleases/the-gamaleya-center-statement-on-increasing-the-interval-between-first-and-second-sputnik-v-vaccine-/
https://sputnikvaccine.com/newsroom/pressreleases/the-gamaleya-center-statement-on-increasing-the-interval-between-first-and-second-sputnik-v-vaccine-/
http://dx.doi.org/10.1016/S0140-6736(21)00234-8
http://www.ncbi.nlm.nih.gov/pubmed/33545094
http://dx.doi.org/10.1001/jama.2021.8565
http://www.ncbi.nlm.nih.gov/pubmed/34037666
http://dx.doi.org/10.1016/j.vaccine.2022.02.039
http://www.ncbi.nlm.nih.gov/pubmed/35193793

22 The Open COVID Journal, 2024, Vol. 4

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

phase 3 trial in Turkey. Lancet 2021; 398(10296): 213-22.
http://dx.doi.org/10.1016/S0140-6736(21)01429-X
34246358

Jara A, Undurraga EA, Gonzédlez C, et al. Effectiveness of an
Inactivated SARS-CoV-2 Vaccine in Chile. N Engl ] Med 2021;
385(10): 875-84.

http://dx.doi.org/10.1056/NEJMoa2107715 PMID: 34233097
Ranzani OT, Hitchings MDT, Dorion M, et al. Effectiveness of the
CoronaVac vaccine in older adults during a gamma variant
associated epidemic of covid-19 in Brazil: test negative case-
control study. BMJ 2021; 374: n2015.
http://dx.doi.org/10.1136/bmj.n2015 PMID: 34417194

Jara A, Undurraga EA, Flores JC, et al. Effectiveness of an
inactivated SARS-CoV-2 vaccine in children and adolescents: a
large-scale observational study. Lancet Regional Health -
Americas 2023; 21: 100487.
http://dx.doi.org/10.1016/j.1ana.2023.100487 PMID: 37155483
Ella R, Reddy S, Blackwelder W, et al. Efficacy, safety, and lot-to-
lot immunogenicity of an inactivated SARS-CoV-2 vaccine
(BBV152): interim results of a randomised, double-blind,
controlled, phase 3 trial. Lancet 2021; 398(10317): 2173-84.
http://dx.doi.org/10.1016/S0140-6736(21)02000-6 PMID:
34774196

Mallapaty S. India’s DNA COVID vaccine is a world first - more
are coming. Nature 2021; 597(7875): 161-2.
http://dx.doi.org/10.1038/d41586-021-02385-x PMID: 34475553
Domazet-LoSo T. mRNA Vaccines: Why Is the Biology of
Retroposition Ignored? Genes (Basel) 2022; 13(5): 719.
http://dx.doi.org/10.3390/genes13050719 PMID: 35627104
Acevedo-Whitehouse K, Bruno R. Potential health risks of mRNA-
based vaccine therapy: A hypothesis. Med Hypotheses 2023; 171:
111015.

http://dx.doi.org/10.1016/j.mehy.2023.111015 PMID: 36718314
Sahin U, Kariké K, Tiireci 0. mRNA-based therapeutics —
developing a new class of drugs. Nat Rev Drug Discov 2014;
13(10): 759-80.

http://dx.doi.org/10.1038/nrd4278 PMID: 25233993

Wadhwa A, Aljabbari A, Lokras A, Foged C, Thakur A.
Opportunities and Challenges in the Delivery of mRNA-Based
Vaccines. Pharmaceutics 2020; 12(2): 102.
http://dx.doi.org/10.3390/pharmaceutics12020102
32013049

Hincer A, Ahan RE, Aras E, Seker UOS. Making the Next
Generation of Therapeutics: mRNA Meets Synthetic Biology. ACS
Synth Biol 2023; 12(9): 2505-15.
http://dx.doi.org/10.1021/acssynbio.3c00253 PMID: 37672348
Fuller DH, Berglund P. Amplifying RNA Vaccine Development. N
Engl ] Med 2020; 382(25): 2469-71.
http://dx.doi.org/10.1056/NEJMcibr2009737 PMID: 32558474
Kazazian HH Jr, Moran JV. Mobile DNA in Health and Disease. N
Engl ] Med 2017; 377(4): 361-70.
http://dx.doi.org/10.1056/NEJMra1510092 PMID: 28745987
Zhang L, Richards A, Barrasa MI, Hughes SH, Young RA, Jaenisch
R. Reverse-transcribed SARS-CoV-2 RNA can integrate into the
genome of cultured human cells and can be expressed in patient-
derived tissues. Proc Natl Acad Sci USA 2021; 118(21):
€2105968118.

http://dx.doi.org/10.1073/pnas.2105968118 PMID: 33958444
Zhang L, Bisht P, Flamier A, et al. LINE1-Mediated Reverse
Transcription and Genomic Integration of SARS-CoV-2 mRNA
Detected in Virus-Infected but Not in Viral mRNA-Transfected
Cells. Viruses 2023; 15(3): 629.
http://dx.doi.org/10.3390/v15030629 PMID: 36992338

Aldén M, Olofsson Falla F, Yang D, et al. Intracellular Reverse
Transcription of Pfizer BioNTech COVID-19 mRNA Vaccine
BNT162b2 In Vitro in Human Liver Cell Line. Curr Issues Mol Biol
2022; 44(3): 1115-26.

http://dx.doi.org/10.3390/cimb44030073 PMID: 35723296

Duong D. Alpha, Beta, Delta, Gamma: What’s important to know
about SARS-CoV-2 variants of concern? CMAJ 2021; 193(27):

PMID:

PMID:

[115]

[116]

[117

[118]

[119

[120]

[121

[122

[123

[124]

[125]

[126]

[127

[128

[129]

[130]

Marika L. Forsythe

E1059-60.

http://dx.doi.org/10.1503/cmaj.1095949 PMID: 34253551

Andre M, Lau LS, Pokharel MD, et al. From Alpha to Omicron:
How Different Variants of Concern of the SARS-Coronavirus-2
Impacted the World. Biology (Basel) 2023; 12(9): 1267.
http://dx.doi.org/10.3390/biology12091267 PMID: 37759666
Halfmann PJ, Kuroda M, Armbrust T, et al. Characterization of the
SARS-CoV-2 B.1.621 (Mu) variant. Sci Transl Med 2022; 14(657):
eabm4908.

http://dx.doi.org/10.1126/scitranslmed.abm4908 PMID: 35579540
Ghosh N, Nandi S, Saha I. A review on evolution of emerging
SARS-CoV-2 variants based on spike glycoprotein. Int
Immunopharmacol 2022; 105: 108565.
http://dx.doi.org/10.1016/j.intimp.2022.108565 PMID: 35123183
Samieefar N, Rashedi R, Akhlaghdoust M, Mashhadi M, Darzi P,
Rezaei N. Delta Variant: The New Challenge of COVID-19
Pandemic, an Overview of Epidemiological, Clinical, and Immune
Characteristics. Acta Biomed 2022; 93(1): €2022179.
http://dx.doi.org/10.23750/abm.v93i1.12210 PMID: 35315394
Petrone D, Mateo-Urdiales A, Sacco C, et al. Reduction of the risk
of severe COVID-19 due to Omicron compared to Delta variant in
Italy (November 2021 - February 2022). Int J Infect Dis 2023;
129: 135-41.

http://dx.doi.org/10.1016/j.ijid.2023.01.027 PMID: 36708869

Sah R, Rais MA, Mohanty A, et al. Omicron (B.1.1.529) variant
and its subvariants and lineages may lead to another COVID-19
wave in the world? -An overview of current evidence and
counteracting strategies. International Journal of Surgery Open
2023; 55: 100625.

http://dx.doi.org/10.1016/j.ijs0.2023.100625 PMID: 37255735
Andrews N, Stowe ], Kirsebom F, et al. Covid-19 Vaccine
Effectiveness against the Omicron (B.1.1.529) Variant. N Engl J
Med 2022; 386(16): 1532-46.
http://dx.doi.org/10.1056/NEJMo0a2119451 PMID: 35249272
Ellinghaus D, Degenhardt F, Bujanda L, et al. Genomewide
association study of severe Covid-19 with respiratory failure. N
Engl ] Med 2020; 383(16): 1522-34.
http://dx.doi.org/10.1056/NEJM0a2020283 PMID: 32558485
Valenti L, Criffini S, Lamorte G, et al. Corrigendum to
“Chromosome 3 cluster rs11385942 variant links complement
activation with severe COVID-19” [J. Autoimmun. 117C (2020)
102595]. J Autoimmun 2021; 120: 102646.
http://dx.doi.org/10.1016/j.jaut.2021.102646 PMID: 33940483
Almadhi MA, Abdulrahman A, Alawadhi A, Rabaan AA, Atkin S,
AlQahtani M. The effect of ABO blood group and antibody class on
the risk of COVID-19 infection and severity of clinical outcomes.
Sci Rep 2021; 11(1): 5745.
http://dx.doi.org/10.1038/s41598-021-84810-9 PMID: 33707451
Zeberg H, Paabo S. The major genetic risk factor for severe
COVID-19 is inherited from Neanderthals. Nature 2020;
587(7835): 610-2.

http://dx.doi.org/10.1038/s41586-020-2818-3 PMID: 32998156
Lee J-W, Lee I-H, Sato T, Kong SW, limura T. Genetic variations in
SARS-CoV-2 interacting proteins and immune-response factors in
human populations imply aspects of modern human evolution. Dev
Growth Differ 2021; 63(3): 219-27.
http://dx.doi.org/10.1111/dgd.12717 PMID: 33595856

Zlotnik A, Yoshie O. The chemokine superfamily revisited.
Immunity 2012; 36(5): 705-16.
http://dx.doi.org/10.1016/j.immuni.2012.05.008 PMID: 22633458
Seo S, Zhang Q, Bugge K, et al. A novel protein LZTFL1 regulates
ciliary trafficking of the BBSome and Smoothened. PLoS Genet
2011; 7(11): e1002358.
http://dx.doi.org/10.1371/journal.pgen.1002358 PMID: 22072986
Jiang H, Promchan K, Lin BR, et al. LZTFL1 Upregulated by All-
Trans Retinoic Acid during CD4+ T Cell Activation Enhances IL-5
Production. ] Immunol 2016; 196(3): 1081-90.
http://dx.doi.org/10.4049/jimmunol.1500719 PMID: 26700766
Jiang J, Promchan K, Jiang H, et al. Depletion of BBS Protein
LZTFL1 Affects Growth and Causes Retinal Degeneration in Mice.


http://dx.doi.org/10.1016/S0140-6736(21)01429-X
http://www.ncbi.nlm.nih.gov/pubmed/34246358
http://dx.doi.org/10.1056/NEJMoa2107715
http://www.ncbi.nlm.nih.gov/pubmed/34233097
http://dx.doi.org/10.1136/bmj.n2015
http://www.ncbi.nlm.nih.gov/pubmed/34417194
http://dx.doi.org/10.1016/j.lana.2023.100487
http://www.ncbi.nlm.nih.gov/pubmed/37155483
http://dx.doi.org/10.1016/S0140-6736(21)02000-6
http://www.ncbi.nlm.nih.gov/pubmed/34774196
http://dx.doi.org/10.1038/d41586-021-02385-x
http://www.ncbi.nlm.nih.gov/pubmed/34475553
http://dx.doi.org/10.3390/genes13050719
http://www.ncbi.nlm.nih.gov/pubmed/35627104
http://dx.doi.org/10.1016/j.mehy.2023.111015
http://www.ncbi.nlm.nih.gov/pubmed/36718314
http://dx.doi.org/10.1038/nrd4278
http://www.ncbi.nlm.nih.gov/pubmed/25233993
http://dx.doi.org/10.3390/pharmaceutics12020102
http://www.ncbi.nlm.nih.gov/pubmed/32013049
http://dx.doi.org/10.1021/acssynbio.3c00253
http://www.ncbi.nlm.nih.gov/pubmed/37672348
http://dx.doi.org/10.1056/NEJMcibr2009737
http://www.ncbi.nlm.nih.gov/pubmed/32558474
http://dx.doi.org/10.1056/NEJMra1510092
http://www.ncbi.nlm.nih.gov/pubmed/28745987
http://dx.doi.org/10.1073/pnas.2105968118
http://www.ncbi.nlm.nih.gov/pubmed/33958444
http://dx.doi.org/10.3390/v15030629
http://www.ncbi.nlm.nih.gov/pubmed/36992338
http://dx.doi.org/10.3390/cimb44030073
http://www.ncbi.nlm.nih.gov/pubmed/35723296
http://dx.doi.org/10.1503/cmaj.1095949
http://www.ncbi.nlm.nih.gov/pubmed/34253551
http://dx.doi.org/10.3390/biology12091267
http://www.ncbi.nlm.nih.gov/pubmed/37759666
http://dx.doi.org/10.1126/scitranslmed.abm4908
http://www.ncbi.nlm.nih.gov/pubmed/35579540
http://dx.doi.org/10.1016/j.intimp.2022.108565
http://www.ncbi.nlm.nih.gov/pubmed/35123183
http://dx.doi.org/10.23750/abm.v93i1.12210
http://www.ncbi.nlm.nih.gov/pubmed/35315394
http://dx.doi.org/10.1016/j.ijid.2023.01.027
http://www.ncbi.nlm.nih.gov/pubmed/36708869
http://dx.doi.org/10.1016/j.ijso.2023.100625
http://www.ncbi.nlm.nih.gov/pubmed/37255735
http://dx.doi.org/10.1056/NEJMoa2119451
http://www.ncbi.nlm.nih.gov/pubmed/35249272
http://dx.doi.org/10.1056/NEJMoa2020283
http://www.ncbi.nlm.nih.gov/pubmed/32558485
http://dx.doi.org/10.1016/j.jaut.2021.102646
http://www.ncbi.nlm.nih.gov/pubmed/33940483
http://dx.doi.org/10.1038/s41598-021-84810-9
http://www.ncbi.nlm.nih.gov/pubmed/33707451
http://dx.doi.org/10.1038/s41586-020-2818-3
http://www.ncbi.nlm.nih.gov/pubmed/32998156
http://dx.doi.org/10.1111/dgd.12717
http://www.ncbi.nlm.nih.gov/pubmed/33595856
http://dx.doi.org/10.1016/j.immuni.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22633458
http://dx.doi.org/10.1371/journal.pgen.1002358
http://www.ncbi.nlm.nih.gov/pubmed/22072986
http://dx.doi.org/10.4049/jimmunol.1500719
http://www.ncbi.nlm.nih.gov/pubmed/26700766

Study of the COVID-19 Outbreak

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

J Genet Genomics 2016; 43(6): 381-91.
http://dx.doi.org/10.1016/j.jgg.2015.11.006 PMID: 27312011
Pairo-Castineira E, Clohisey S, Klaric L, et al. Genetic mechanisms
of critical illness in COVID-19. Nature 2021; 591(7848): 92-8.
http://dx.doi.org/10.1038/s41586-020-03065-y PMID: 33307546
Zhang Q, Bastard P, Liu Z, et al. Inborn errors of type I IFN
immunity in patients with life-threatening COVID-19. Science
2020; 370(6515): eabd4570.
http://dx.doi.org/10.1126/science.abd4570 PMID: 32972995

Wood ER, Bledsoe R, Chai ], et al. The Role of Phosphodiesterase
12 (PDE12) as a Negative Regulator of the Innate Immune
Response and the Discovery of Antiviral Inhibitors. J Biol Chem
2015; 290(32): 19681-96.
http://dx.doi.org/10.1074/jbc.M115.653113 PMID: 26055709
Zhang H, Maqgsudi S, Rainczuk A, et al. Identification of novel
dipeptidyl peptidase 9 substrates by two-dimensional differential
in-gel electrophoresis. FEBS ] 2015; 282(19): 3737-57.
http://dx.doi.org/10.1111/febs.13371 PMID: 26175140

Nguyen DT, Mathias S, Bologa C, et al. Pharos: Collating protein
information to shed light on the druggable genome. Nucleic Acids
Res 2017; 45(D1): D995-D1002.
http://dx.doi.org/10.1093/nar/gkw1072 PMID: 27903890

Kuba K, Imai Y, Ohto-Nakanishi T, Penninger JM. Trilogy of ACE2:
A peptidase in the renin-angiotensin system, a SARS receptor,
and a partner for amino acid transporters. Pharmacol Ther 2010;
128(1): 119-28.
http://dx.doi.org/10.1016/j.pharmthera.2010.06.003
20599443

Vuille-dit-Bille RN, Camargo SM, Emmenegger L, et al. Human
intestine luminal ACE2 and amino acid transporter expression
increased by ACE-inhibitors. Amino Acids 2015; 47(4): 693-705.
http://dx.doi.org/10.1007/s00726-014-1889-6 PMID: 25534429
Smieszek SP, Przychodzen B, Polymeropoulos C, Polymeropoulos
V, Polymeropoulos MH. Role of FYVE and Coiled-Coil Domain
Autophagy Adaptor I in severity of COVID-19 infection. medRxiv
2021.

http://dx.doi.org/10.1101/2021.01.22.21250070

Beckmann ND, Comella PH, Cheng E, et al. Downregulation of
exhausted cytotoxic T cells in gene expression networks of
multisystem inflammatory syndrome in children. Nat Commun
2021; 12(1): 4854.

http://dx.doi.org/10.1038/s41467-021-24981-1 PMID: 34381049
Dufort EM, Koumans EH, Chow EJ, et al. Multisystem
Inflammatory Syndrome in Children in New York State. N Engl J
Med 2020; 383(4): 347-58.
http://dx.doi.org/10.1056/NEJMo0a2021756 PMID: 32598830
Verdoni L, Mazza A, Gervasoni A, et al. An outbreak of severe
Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2

PMID:

epidemic: an observational cohort study. Lancet 2020;
395(10239): 1771-8.
http://dx.doi.org/10.1016/S0140-6736(20)31103-X PMID:

32410760

Uzhachenko RV, Shanker A. CD8" T Lymphocyte and NK Cell
Network: Circuitry in the Cytotoxic Domain of Immunity. Front
Immunol 2019; 10: 1906.
http://dx.doi.org/10.3389/fimmu.2019.01906 PMID: 31456803
Cook KD, Whitmire JK. The depletion of NK cells prevents T cell

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

23

exhaustion to efficiently control disseminating virus infection. J
Immunol 2013; 190(2): 641-9.
http://dx.doi.org/10.4049/jimmunol.1202448 PMID: 23241878
Foltz JA, Moseman JE, Thakkar A, Chakravarti N, Lee DA. TGFp
Imprinting During Activation Promotes Natural Killer Cell
Cytokine Hypersecretion. Cancers (Basel) 2018; 10(11): 423.
http://dx.doi.org/10.3390/cancers10110423 PMID: 30400618

Kim JY, Shin JH, Sung SI, et al. A novel PRF1 gene mutation in a
fatal neonate case with type 2 familial hemophagocytic
lymphohistiocytosis. Korean ] Pediatr 2014; 57(1): 50-3.
http://dx.doi.org/10.3345/kjp.2014.57.1.50 PMID: 24578718

Beltra JC, Manne S, Abdel-Hakeem MS, et al. Developmental
Relationships of Four Exhausted CD8" T Cell Subsets Reveals

Underlying Transcriptional and Epigenetic Landscape Control
Mechanisms. Immunity 2020; 52(5): 825-841.e8.
http://dx.doi.org/10.1016/j.immuni.2020.04.014 PMID: 32396847
Hernandez MM, Banu R, Gonzalez-Reiche AS, et al. Robust
clinical detection of SARS-CoV-2 variants by RT-PCR/MALDI-TOF
multitarget approach. ] Med Virol 2022; 94(4): 1606-16.
http://dx.doi.org/10.1002/jmv.27510 PMID: 34877674

Hernandez MM, Gonzalez-Reiche AS, Alshammary H, et al.
Molecular evidence of SARS-CoV-2 in New York before the first
pandemic wave. Nat Commun 2021; 12(1): 3463.
http://dx.doi.org/10.1038/s41467-021-23688-7 PMID: 34103497
Thompson RC, Simons NW, Wilkins L, et al. Acute COVID-19
gene-expression profiles show multiple etiologies of long-term
sequelae. medRxiv 2021; 34642700.
http://dx.doi.org/10.1101/2021.10.04.21264434

Pujadas E, Beaumont M, Shah H, et al. Molecular Profiling of
Coronavirus Disease 2019 (COVID-19) Autopsies Uncovers Novel
Disease Mechanisms. Am J Pathol 2021; 191(12): 2064-71.
http://dx.doi.org/10.1016/j.ajpath.2021.08.009 PMID: 34506752
Choi SW, O’Reilly PF. PRSice-2: Polygenic Risk Score software for
biobank-scale data. Gigascience 2019; 8(7): giz082.
http://dx.doi.org/10.1093/gigascience/giz082 PMID: 31307061
Gunn S. How to: perform polygenic risk score analysis. Front Line
Genomics 2020. https://frontlinegenomics.com/how-to-perform-
polygenic-risk-score-analysis/

Prakrithi P, Lakra P, Sundar D, Kapoor M, Mukerji M, Gupta I.
Genetic Risk Prediction of COVID-19 Susceptibility and Severity in
the Indian Population. Front Genet 2021; 12: 714185.
http://dx.doi.org/10.3389/fgene.2021.714185 PMID: 34707636
Toh C, Brody JP. Evaluation of a genetic risk score for severity of
COVID-19 using human chromosomal-scale length variation. Hum
Genomics 2020; 14(1): 36.
http://dx.doi.org/10.1186/s40246-020-00288-y PMID: 33036646
Huang QM, Zhang PD, Li ZH, et al. Genetic Risk and Chronic
Obstructive Pulmonary Disease Independently Predict the Risk of
Incident Severe COVID-19. Ann Am Thorac Soc 2022; 19(1):
58-65.
http://dx.doi.org/10.1513/AnnalsATS.202102-1710C
34242153

Zhou Y, Qian X, Liu Z, et al. Coagulation factors and the incidence
of COVID-19 severity: Mendelian randomization analyses and
supporting evidence. Signal Transduct Target Ther 2021; 6(1):
222.

http://dx.doi.org/10.1038/s41392-021-00640-1 PMID: 34099622

PMID:


http://dx.doi.org/10.1016/j.jgg.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27312011
http://dx.doi.org/10.1038/s41586-020-03065-y
http://www.ncbi.nlm.nih.gov/pubmed/33307546
http://dx.doi.org/10.1126/science.abd4570
http://www.ncbi.nlm.nih.gov/pubmed/32972995
http://dx.doi.org/10.1074/jbc.M115.653113
http://www.ncbi.nlm.nih.gov/pubmed/26055709
http://dx.doi.org/10.1111/febs.13371
http://www.ncbi.nlm.nih.gov/pubmed/26175140
http://dx.doi.org/10.1093/nar/gkw1072
http://www.ncbi.nlm.nih.gov/pubmed/27903890
http://dx.doi.org/10.1016/j.pharmthera.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20599443
http://dx.doi.org/10.1007/s00726-014-1889-6
http://www.ncbi.nlm.nih.gov/pubmed/25534429
http://dx.doi.org/10.1101/2021.01.22.21250070
http://dx.doi.org/10.1038/s41467-021-24981-1
http://www.ncbi.nlm.nih.gov/pubmed/34381049
http://dx.doi.org/10.1056/NEJMoa2021756
http://www.ncbi.nlm.nih.gov/pubmed/32598830
http://dx.doi.org/10.1016/S0140-6736(20)31103-X
http://www.ncbi.nlm.nih.gov/pubmed/32410760
http://dx.doi.org/10.3389/fimmu.2019.01906
http://www.ncbi.nlm.nih.gov/pubmed/31456803
http://dx.doi.org/10.4049/jimmunol.1202448
http://www.ncbi.nlm.nih.gov/pubmed/23241878
http://dx.doi.org/10.3390/cancers10110423
http://www.ncbi.nlm.nih.gov/pubmed/30400618
http://dx.doi.org/10.3345/kjp.2014.57.1.50
http://www.ncbi.nlm.nih.gov/pubmed/24578718
http://dx.doi.org/10.1016/j.immuni.2020.04.014
http://www.ncbi.nlm.nih.gov/pubmed/32396847
http://dx.doi.org/10.1002/jmv.27510
http://www.ncbi.nlm.nih.gov/pubmed/34877674
http://dx.doi.org/10.1038/s41467-021-23688-7
http://www.ncbi.nlm.nih.gov/pubmed/34103497
http://dx.doi.org/10.1101/2021.10.04.21264434
http://dx.doi.org/10.1016/j.ajpath.2021.08.009
http://www.ncbi.nlm.nih.gov/pubmed/34506752
http://dx.doi.org/10.1093/gigascience/giz082
http://www.ncbi.nlm.nih.gov/pubmed/31307061
https://frontlinegenomics.com/how-to-perform-polygenic-risk-score-analysis/
https://frontlinegenomics.com/how-to-perform-polygenic-risk-score-analysis/
http://dx.doi.org/10.3389/fgene.2021.714185
http://www.ncbi.nlm.nih.gov/pubmed/34707636
http://dx.doi.org/10.1186/s40246-020-00288-y
http://www.ncbi.nlm.nih.gov/pubmed/33036646
http://dx.doi.org/10.1513/AnnalsATS.202102-171OC
http://www.ncbi.nlm.nih.gov/pubmed/34242153
http://dx.doi.org/10.1038/s41392-021-00640-1
http://www.ncbi.nlm.nih.gov/pubmed/34099622

	[1. INTRODUCTION]
	1. INTRODUCTION
	2. THE VIRAL STRUCTURE, MECHANISM OF ENTRY, LABORATORY DIAGNOSTICS, AND DISEASE STAGES
	2.1. Nucleocapsid (N) Protein
	2.2. Spike (S) Glycoprotein
	2.3. Envelope (E) Protein
	2.4. Membrane (M) Protein

	3. PAST/CURRENT TREATMENTS AND VACCINES
	3.1. Lopinavir-Ritonavir (Kaletra)
	3.2. Remdesivir (Veklury)
	3.3. New Molecules
	3.4. Tocilizumab (Actemra)
	3.5. Anakinra (Kineret)
	3.6. Baricitinib (Olumiant)
	3.7. Corticosteroids
	3.8. Anticoagulants
	3.9. Therapeutic Antibodies
	3.10. Molnupavir (Lagevrio)
	3.11. Nirmatrelvir-Ritonavir (Paxlovid)
	3.12. ChAdOx1 nCoV-19/AZD1222 (Vaxzevria)
	3.13. NVX-CoV2373 (Covovax or Nuvaxovid)
	3.14. AD5-nCOV (Convidecia):
	3.15. Gam-COVID-Vac (Sputnik V)
	3.16. BBIBP-CorV (Vero Cell):
	3.17. CoronaVac
	3.18. BBV152 (Covaxin)
	3.19. ZyCoV-D

	4. VIRUS VARIANTS, GENETICS, AND HOST GENETIC IMPLICATION IN INFECTION AND DISEASE SEVERITY
	4.1. IFNAR2:
	4.2. OAS Gene Cluster
	4.3. DPP9
	4.4. TYK2

	5. POLYGENIC RISK SCORES (PRS) WITH COVID-19
	CONCLUSION
	AUTHORS' CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


