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Preface

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has probably
been the most important disease to emerge in the 21st century. The COVID-19 pan-
demic was declared a Public Health Emergency of International Concern (PHEIC).
This viral zoonotic disease has been a significant cause of morbidity and mortality
worldwide, but with a higher impact in low- and middle-income countries of Africa,
Asia, and Latin America. As with other emerging diseases, this condition is strongly
associated with social conditions, along with other factors whose improvement leads
to better control of the disease and pathogen transmission. Research has been of the
utmost importance in solutions to the COVID-19 crisis: a great deal of knowledge was
gathered between December 2019 and December 2022 [1-17]. Up to December 4,
2022, more than 645,195,564 cases had been reported globally, with 6,640,845 deaths.
Appropriate evidence-based management and the development of safe and effective
vaccines have been key to controlling the virus [18-25], and more than 13,054,668,703
doses of a vaccine had been given by December 2022.

This book presents a selection of the learning from research and clinical practice
during the last two years regarding SARS-CoV-2/COVID-19. The 18 chapters are
organized into four major sections: “Overview and Epidemiology”, “Diagnosis and
Treatment”, “Genomics, Bioinformatics and Immunology” and “Trials and Studies”.
Among the reasons for the commissioning of this book by IntechOpen is my long
commitment to tropical and emerging disease research, especially vector-borne,
zoonotic, and neglected tropical diseases. I am a Council Member of the International
Society for Infectious Diseases (ISID), and President of the Colombian Association
of Infectious Diseases (Asociacién Colombiana de Infectologia, ACIN), as well

as of the Committee on Tropical Medicine, Zoonoses and Travel Medicine of the
ACIN. In 2020 I founded the Latin American Network of Research on COVID-19
(LANCOVID).

Following the same philosophy that was used for my eleven previous books with
IntechOpen [26-36], this book is not intended to be an exhaustive compilation.
Research in SARS-CoV-29/COVID-19 has become highly dynamic and requires the
most recent available evidence to be consulted for appropriate diagnostic and spe-
cialty decisions.

I am grateful to IntechOpen for the opportunity to edit this interesting and important
book. I would especially like to thank Author Service Managers Josip Knapic¢ and
Marica Novakovic and Commissioning Editor Lucija Tomicic Dromgool for their
constant support.

This book is dedicated to my family in Venezuela, Chile, and Colombia (Aurora,
Alfonso José, Alejandro, and Andrea, the neurologist), and to my beloved wife
Katterine, who makes every day special and cares for me in every aspect of my life.



I would also like to thank my friends and my undergraduate and postgraduate
students in Colombia, Venezuela, and Latin America. In 2019, I began work at the
Fundacién Universitaria Auténoma de las Américas, Pereira, Risaralda, Colombia,
anew “home” that has given me support and trust in my research and teaching
endeavors. Special thanks are due to Dr. Maria Monica Murillo, Dean at the Faculty of
Medicine, and former School of Medicine Director Dr. Jaime Cardona-Ospina, a long-
time friend and colleague. I would like to acknowledge the significant support given
by Dr. Jose Antonio Sudrez, “Tony” (Venezuela/Panama), and my friend Dr. Alberto
Paniz-Mondolfi (Venezuela/USA).

I hope that readers will enjoy this publication as much as I enjoyed putting it together
with my talented and knowledgeable collaborators.

Alfonso J. Rodriguez-Morales

MD, MSc, DTM&H, DipEd, FRSTMH(Lon), FFTM RCPS(Glasg),

FACE, FISAC, HonDSc

Professor,
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Lecturer,
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Section 1

Overview and Epidemiology







Chapter1

Introductory Chapter: Lessons
from SARS-CoV-2/COVID-19 after
Two Years of Pandemic

Alfonso J. Rodriguez-Movales and D. Katterine Bonilla-Aldana

1. Introduction

In December 2019, the apparent emergence of a new disease, the Coronavirus
Disease 2019 (COVID-19), in Wuhan, Hubei, China, caused by a new coronavirus, the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), occurred [1-4].
This viral emerging zoonotic disease was initially linked to a fresh seafood market in
Wuhan city, with the secondary human-to-human transmission, initially considered
by droplets and later confirmed in an aerosolized way, among other potential and
alternate routes of transmission [5-11], even including transmission from human-
to-animals, particularly to dogs, different felines (cats, lions, and tigers) and minks,
among others [12, 13]. Initially affecting China [14-16], the SARS-CoV-2 spread
rapidly in a few days to other countries in Asia, as well as later to Europe [17-20],
North America [21-23], Africa, and Latin America [9, 24-27]. On January 30, 2020,
after the assessments of the Emergency Committee, under the International Health
Regulations (IHR), the World Health Organization (WHO) Director General declared
that the SARS-CoV-2 outbreak constitutes a Public Health Emergency of International
Concern (PHEIC). On March 11, 2020, the WHO declared the SARS-CoV-2 outbreak
as a pandemic. Two years later, the pandemic continues, summarizing a total of
628,184,448 cases up to October 25, 2022, with 6,580,107 deaths (Figure1).

Over this time, the initial impact of the outbreak lead globally to generalized
lockdowns and quarantine [28-30], a collapse of the health systems, especially in
low- and middle-income countries [31], as well as devastating impacts on travel, tour-
ism, economy, education, and multiple other societal sectors [32, 33]. Fortunately,
only a low proportion of infected individuals develop mild or severe diseases that
required hospitalization and admittance to an intensive care unit, but still, given the
magnitude of the pandemic, imply a collapse in countries with limited resources and
facilities. During 2020, no effective treatments and vaccines were available, only
non-pharmacological interventions (NPI), including the massive use of face masks
(including personal protection equipments [PPE], such as N95 filters, especially for
healthcare workers), and after December 2021, some treatments, including the use
dexamethasone [34-38], and RNA and viral vector vaccines, such as BNT162b2 vac-
cine (Pfizer/BioNTech®), the ChAdOx1 nCoV-19 vaccine (AstraZeneca/Oxford®),
mRNA-1273 (Moderna®), among others, were available and widely used [39-45].

One of the major issues after 2021 was the emergence of the mutations of the
SARS-CoV-2 leading to variants of different nature, particularly the variants of
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Figure 1.

COVID-19 dashboard showing the cumulated incidence, mortality, and vaccination, as well as their total during
the last 28 days, evolution since 2020, and the top of countries in such indicators; up to October 25, 2022. (https://
gisanddata.maps.arcgis.com/apps/dashboards/bday594740fd40299423467b48e9ecf6).
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Figure 2.
SARS-CoV-2 variants and genomes were sequenced and collected at the GISAID database up to October 25, 2022.
(https:/fwww.gisaid.org/).
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interest (VOI), and the variants of concern (VOC), which decrease the protection
capacity of used vaccines [40, 44, 46, 47]. The emergence of the VOCs, Alpha, Beta,
Gamma, Delta, and Omicron (Figure 2), as well as the Omicron’s sublineage during
those months, have been a real challenge for prevention and control of the pandemic.

2. Vaccines impact on the course of pandemic

Despite all the issues and difficulties, the humankind succeeds enough against
the SARS-CoV-2/COVID-19, returning to a new “normal” life, after a successfully
deployed and globally aggressive plan of vaccination against SARS-CoV-2/COVID-19
with multiple vaccine types. Up to October 25, 2022, a total of 12,822,482,039 vaccine
doses have been administered in the world, representing the largest historical effort in
vaccination [44, 47-49]. Over these months, multiple studies on vaccine impacts, pre-
clinical, phase 1, phase 2, phase 3 (efficacy), and phase 4 (effectiveness, real-world
impact), as well as their corresponding side effects assessment, have been developed
showing the high efficacy, effectiveness, and safety of the used anti-COVID-19 vac-
cines (Figure 3) [41, 50-53].

Using vaccines with 50% of efficacy, or more, some of them above 75-80%,
together with other measures, transmission was affected, but particularly mortality.
Additionally to the published studies (Figure 3), multiple countries (e.g., the United
States of America) monitor data regarding incidence and mortality among non-
vaccinated and vaccinated people.

Case fatality rate among those not-vaccinated according to some analyses in
the United States of America reached up to 12 times higher than compared with

329
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Figure 3.
Phase 3 and phase 4 COVID-19 vaccine studies published in PubMed-indexed journals up to October 25, 2022.



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

Select Outcome April 03, 2022-September 03, 2022 (26 LS. jurisdictions)

@ Deaths — v accin ated ~Primary seres only =—Primary serdes and 1 booster dose® Primary series and 2+ booste.

Incidence per 100,000 population

May 2022 Jun 2022 Jul 2022 Aug 2022
Positive specimen collection date by start of week
In August 2022, among people ages 50 years and older, unvaccinated people had:

_ compared to people vaccinated with a primary series and two or more booster doses.”

Among people ages 50 years and older, vaccinated people with a primary series and one booster dose had:

X
Risk of Dying from COVID-19

Source: COC COVID-19 Response_ Epidemiclogy Task Force, Surveillonce & Anclytics Team, Voocine Sreckthrough

compared to people vaccinated with a primary series and two or more booster doses.”

Figure 4.
Rates of COVID-19 deaths by vaccination status and two or morve (2+) booster doses™ in ages 50+ years. (hitps://
covid.cdc.gov/covid-data-tracker/ #rates-by-vaccine-status).

people with boosters, especially in elderly people (Figure 4). Anti-COVID-19
vaccines save lives.

For October 2022, multiple countries have applied a fourth dose or second booster
in their populations. Obviously, the coverage at primary and booster schemes is highly
variable among countries. Prioritizing vaccination coverage must remain as one of
the key factors driving vaccine uptake [54]. Also, vaccine hesitancy is important and
should be prevented with comprehensive population education [55].

It is now clear that none of the available COVID-19 vaccines provides robust,
lasting protection against infection, particularly in the Omicron era, and likely
due to inadequate and/or short-lived mucosal immunity [56, 57]. However,
booster doses of all widely used vaccines offer very high levels of protection
against severe outcomes [54]. With this consistency of protection against severe
disease across different variants, the case for developing variant-specific vac-
cines becomes less urgent, particularly if heterologous schedules can potentially
circumvent some of the challenges homologous schedules may encounter in the
face of new variants [58-60].

3. Conclusions

COVID-19 pandemic has not been over. Although the evolution during the last
months, especially in 2022, has been significantly positive, still SARS-CoV-2 and its
variants, particularly the sublineages of Omicron (Figure 5), continue changing and
circulating. That means preparedness, vaccination, assessment, and research, consid-
ering this evolving scenario, should be considered and continuously applied.
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Figures.
Omiicron sublineages over time, up to October 25, 2022. (https://www.gisaid.org/).

Prevention is key in general, continued education, surveillance, and monitor-
ing, has been essential, and still will be up to the time SARS-CoV-2 became endemic
or disappear. Many lessons have been learnt at differential levels [61, 62], but is
essential to be highly, and even, better prepared for the next pandemic, to be caused
by a coronavirus, another zoonotic virus making a spillover [3, 62] (e.g., zoonotic
Influenza or monkey pox) [63, 64], or in general by another emerging or remerging
pathogen. In the future outbreaks, we cannot fall into some of the mistakes done
during the COVID-19 pandemic [65]. We have to work on the impacts of COVID-19
on other infectious diseases, such as the decrease of vaccine coverages against other
vaccine-preventable diseases [66], as well as to deal with long-COVID-19 syndrome
[67], among others.

We need to be better prepared for viral threats, monitor risks, and increase our
preparedness and effective responsiveness against outbreaks, epidemics, and pan-
demics, to promote a safer and healthier world.
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Abstract

The research community agrees that the main indirect way the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) spreads among people who do not
keep social distance is through the emission of infected respiratory droplets. Infected
people exhale droplets of different sizes and emission velocities while breathing,
talking, sneezing, or coughing. Complex two-phase flow modeling considering evap-
oration and condensation phenomena describes droplets’ trajectories under the spe-
cific thermofluid dynamic boundary conditions, including air temperature, relative
humidity, and velocity. However, public health organizations simply suggest a safe
distance in the range of 1-2 m regardless of the effect of boundary conditions on
droplets’ motion. This chapter aims to highlight open research questions to be
addressed and clarify how framework conditions can influence safe distance in an
indoor environment and which technical countermeasures (such as face masks wear-
ing or heating, ventilation, and air conditioning (HVAC) control) can be adopted to
minimize the infection risk.

Keywords: SARS-CoV-2, droplets, airborne, aerosol, face masks, HVAC system, safe
distance, contagion prevention

1. Introduction

Regardless of whether vaccination is efficient and effective [1, 2], a good
knowledge of the mechanisms underlying infection among people would have helped
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spreading by
minimizing lockdown measures. The scientific community has largely investigated
how an infected person transmits pathogens to a susceptible person [3]. What is
known is that an infected person emits a certain number of droplets. Some of these
droplets, defined as infected, carry a certain number of virions or viral particles that
can potentially infect target host cells if reached. The literature also shows that the
emission of droplets can occur in different ways, for example, through speech,
breathing, coughing, and sneezing. What is still not commonly agreed upon is related
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to the i) number, ii) size distribution, and iii) emission velocity of the potentially
infected droplets for each of these emission modes. After the seminal papers of Wells
[4] and Duguid [5], many investigators have grappled with the issue showing broad
differences in the experimental results [6]. The reasons can be identified in i) a not
full understanding of the physics underpinning the formation of respiratory droplets,
ii) the absence of a common methodology, being the different experiments performed
by using different techniques and under different ambient conditions, iii) the lack of a
rigorous presentation of data, which is often not provided, and iv) the natural vari-
ability across individuals.

In addition, the conditions of the ambient air in which these droplets move
have also to be considered. Knowing this information is essential to studying the
mechanisms that govern the motion of potentially infected droplets. Safe distance,
defined as the average distance to which, ideally, a negligible infection probability
exists, can be identified once the emitted infected droplets’ trajectory is known.
However, rigorous terminology and definitions are needed to investigate droplets’
motion based on the scientific method. To date, instead, a lack of unambiguous
and agreed terminology exists. For example, terms commonly used for direct
transmissions, such as “droplets,” “aerosol,” and “airborne,” have been often used with
various meanings by several authors. Tang et al. [7] highlighted how significant
confusion over the definition and application of relevant terms among
professionals (i.e., clinicians versus aerosol scientists) and the general public generates
problems in mutual understanding. A second example is the lack of a distinction
between solid and liquid carriers, i.e., droplets. Without it, the impact of the
thermohygrometric conditions of the ambient air, i.e., relative humidity and
temperature, is not adequately considered when studying particles’ motion and viral
load (defined as the number of copies of ribonucleic acid (RNA) detected in a certain
volume). Solid particles that carry viral charges on their surface do not change size or
shape along their trajectory except in particular environmental conditions, i.e., if they
are condensation nuclei. On the other hand, droplets emitted with a certain viral load
reduce their volume through evaporation along their trajectory, resulting in the
variation of the balance of forces and viral load. Although experimental results
demonstrated that a SARS-CoV-2 viral load lower than 100,000 virions per cubic
centimeter (cc) corresponds to a negligible risk of infection [8, 9], to date, the
infection risk as a function of the infected droplets’ viral load along their trajectory has
not yet been sufficiently investigated.

This chapter underlines what are the unsolved research questions (RQs) crucial
for a full understanding of SARS-CoV-2 spreading routes and relative countermea-
sures. Nevertheless, this chapter proposes rigorous terminology and reports
evidence to minimize the risk of SARS-CoV-2 infection based on the existing
knowledge. The study demonstrates why an effective strategy cannot disregard, at
least, i) the use of the facial mask, ii) the control of the thermohygrometric
conditions of the ambient air, and iii) the maintenance of the safe distance. In
particular, the simplified model shows that the facial mask acts as a first physical
barrier against the larger droplets, which can reach very high viral loads in the case of
incomplete evaporation. On the other hand, the control of the thermohygrometric
conditions acts as a second immaterial barrier that guarantees the complete
evaporation of the smaller droplets that come out of the mask before reaching
any susceptible subject. Once droplets are completely evaporated, the virions are
released into the surrounding environment, where the viral load is low enough to be
unlikely to infect.
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2. Size distribution of the infected droplets and calculation of the number
of virions emitted

Many studies are available in the literature focusing on analyzing the dimensional
distribution of the droplets emitted for different possible emission mechanisms such
as breathing, speech, cough, and sneezing. However, since no universally accepted
standard test identifies the instrumentation and the procedure to investigate the topic,
the results are difficult to compare with each other. For example, if a single cough
event is considered, [10] states that the droplets in the submicron range represent 97%
of the exhaled droplets, while [11] reports only less than 4% and [5] measures not
even a single droplet within submicron range. Therefore, the first unsolved research
question RQ1 is the standardized characterization of the sizes and the distribution of
the exhaled droplets for all the expulsion processes.

Since a standard characterization of the initial distribution of droplet sizes is
missing, in the following evaluation, the data reported by [12] were used. [12] has
been selected as a data source due to the high number of citations, the robust meth-
odology adopted, and the quality of exposure. The following results are affected by
the data source selected; nevertheless, the focus of this chapter is more on the
suggested methodology to assess SARS-CoV-2 spreading mechanisms and the related
comparison. In [12], only droplets with a diameter greater than 20 microns were
considered, although a “16-channel dust monitor” was available. Furthermore, only
speech and cough mechanisms were investigated. In the first case, the involved sub-
jects were asked to count from 1 to 100. Therefore, assuming that about 100 seconds
are necessary to complete the count, the emission rate is calculated by dividing the
droplets counted by this time interval. Moreover, the individuals were asked to make
20 coughs each to simulate the cough mechanism.

Since the data refer to a group of people, the average number of droplets Nyropiet,u
emitted by a subject for each jth-dimensional interval [drops/individual] is calculated as

N
Zi:lNdroplet,j,i

N, sample

(1)

N dropletj,u —

where Ng;oplet,; is the number of droplets emitted by the ith individual [droplets/
person], while Ngmple is the number of people who participated in the test. The
number of droplets emitted by 99% of individuals, assuming a Gaussian distribution
with a standard deviation o;, for the jth interval is equal to

Ndroplet,j,99% = Ndroplet,j,u +2.58 0j (2)

The total number of droplets emitted Ngroplet,n and Nroplet,999 are, respectively,
computed as

M
N droplet,uy — Z N droplet,j,u (3)
=1
M
N droplet,99% — N droplet,j,99%- (4)
j=1

where M is the number of dimensional intervals on which the range has been
divided.
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The definition of the initial viral load of emitted droplets and the relationship with
the viral load present in oronasopharyngeal (ONP) swabs represents the second RQ2. To
calculate the number of virions emitted, it was assumed that all the infected droplets had
the same initial viral load Ao [RNA copies/mL]. This simplifying hypothesis is necessary
since the topic is still under investigation and without clear results [13]. There is evi-
dence that viral load in emitted droplets should be lower than in ONP swabs: for
example, [14] detected RNA copies of SARS-CoV-2 in exhaled breaths (EBs), which was
three to four orders of magnitude lower than the RNA detected in the same participants’
ONP swabs and with no correlation among EB and ONP. Nevertheless, since the results
may vary based on the methodology applied, in the following assessment, it is conser-
vatively assumed that the initial viral load A is equal to the one present in ONP swab.

Defined V; as the average volume of a droplet emitted in the jth dimensional
interval [mL], the released virions are calculated as in Eq. (5), while in Eq. (6), the
worst case is defined

M
v1r10ns N7EE Z Ndroplet] u V || XjLO) (5)
Nvirions,99% = Z Ndroplet,j,99% X (V]‘ | ><Aviral) . (6)
j=1

To calculate the emission rate in the case of speech, the values are multiplied by 0.6
to have [virions/min]. In the cough case, the values are divided by 20 to have an
emission rate in [virions/cough].

3. Calculation of the infected droplets’ trajectory and viral load

To calculate droplets’ trajectory and viral load variation, the model proposed by
[15] was considered. However, a premise must be highlighted. Only part of the
volume of the infected droplets is occupied by saliva, as virions occupy the remaining
part. For example, considering the voidage ratio (i.e., the difference between the
droplet’s volume and the sum of the virions’ volumes, divided by the volume of the
infected droplets) in analogy with similar physical problems, only a part of the
infected droplets’ volume consists of a liquid that can evaporate. However, to date, the
literature has no answer to RQ3: What effect the virions can induce on the droplet
evaporation process? Therefore, it cannot be excluded that an infected droplet evapo-
rates faster than a pure water droplet and that the evaporation time is proportional to
the voidage ratio. On the other hand, it is not known, for example, if the virions
hinder the mass transfer phenomenon by retaining water in the droplet. Similarly,
virions’ heat capacity is unknown, i.e., how long the virions take to reach thermal
equilibrium with the water surrounding them. Therefore, due to the existing research
gaps, the following assumption was made: the reduction of the infected droplet’s
evaporation time due to the lower volume of aqueous solution contained is
counterbalanced by the potential obstacle the virions could cause during the evapora-
tion mechanism. Therefore, the mass variation due to evaporation is calculated as

dmg 27zpDGMVD Cl (p ~Poa ) )

dt RoT.. P~ Py
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where m is the mass of the droplet [kg], D¢ is the diameter of the droplet [m], D,
is the vapor diffusion coefficient in the air surrounding the droplet [m?%/s], M, is the
molar mass of the vapor in [kg/kmol], R is the universal gas constant in [J/kmolK],
Pva and p, o, are, respectively, the partial pressure of the vapor on the surface of the
droplet and far away in [Pa], and p and T, are the air pressure [Pa] and temperature
[K], respectively. C is a corrective coefficient that takes into account the presence of
other constituents in human saliva different from pure water. The temperature varia-
tion Tz on droplet surface [K] due to the evaporation phenomenon is calculated as

dT T —Tg  d
mae =g = mDEK, =g 8 —al (T~ T2). 8)

where ¢;, is the specific heat in [kJ/kg K], K, is the thermal conductivity of the gas
in [k]/s-m-K], 7 is the latent heat of vaporization in [k]/kg], I is the Stefan-Boltzmann
constant in [kW/m?K*]. In the second-member heat balance, therefore, there are
three contributions, namely, heat conduction (first term), heat convection (second
term), and heat radiation (third term). To calculate droplets’ trajectory, the following
equation was solved:

— — Pa vrelz m
mgag =mcg (1—-—"| — CypAcp, X 9)
PG 2 ‘vre1’

where a is the droplet’s acceleration [m/s?], g is the gravity acceleration [m/ s°1, Pu
and pg are, respectively, the air and the droplet’s densities [kg/m?], C,, is the Stokes
coefficient [—], Ag is the cross-sectional area of the droplet, and v, is the relative
velocity between the drop and the surrounding air. Since the droplets’ diameter
along the horizontal distance is known, the droplet viral load [RNA copies/mL] is
calculated as

AoD% ,
X) = s
DG (x) - (10)
A(x) = Amax

In Eq. (10), Amay is calculated as the ratio between the number of virions and the
volume of the minimum droplet in which they can be contained. Therefore, since
virion volume is assumed to not change during droplets’ evaporation, the voidage
ratio decreases to a minimum, which corresponds to the maximum allowable concen-
tration A.x. To date, no data about this maximum concentration exist. To cover the
gap, the most conservative assumption is made. Specifically, the minimum voidage
ratio of a bed of sphere, i.e., 39%, from [16] is considered. Therefore, the maximum
viral load is equal to

V
1 _ ZNvirions _ (1 - QD) x VviriGons _ (1 — (ﬂ>
max VG VG Vvirions

RNAcopies
m

= 1.165 x 1015[ 3 ] (11)

where Nyirions is the number of virions contained in the droplet [#], Vi is the
droplet’s volume [mL], ¢ is the minimum void ratio (assumed equal to 39%), and
Virion is the mean virions’ volume [mL]. For the analysis, an average virion diameter
of 100 nm is assumed [17].
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4. The proposed terminology for infectious droplets’ transmission mode
classification

The terminology suggested in [18] is adopted in this chapter, and it is the
following:

* “Airborne transmission” is defined as the transport of solid particles in a fluid
suspension in the examined environment, in whatever way they are carried,
regardless of the carrying speed of the fluid current and, therefore, also including
the transport of ultrafine particles (and, as such, virions as well) subject to
Brownian motions;

* “Droplet transmission” is defined as the transport of droplets in the environment,
regardless of how they are carried, including when they contain insoluble solid
particles inside them (such as virions).

Figure 1 is an elaboration of the results calculated by [15]. The ordinate shows the
vertical distance traveled by a droplet with an initial diameter of 20 microns (solid
line) and by one of 40 microns (dashed line) falling from a height of 2 m. On the
abscissa, the horizontal distance is shown. An air temperature equal to 20°C and an
emission droplet velocity equal to 10 m/s are the boundary conditions. As shown, the
time required for the complete evaporation (extreme points of the trajectories sym-
bolized with a star), or the distance traveled, also depends on air relative humidity.

Vertical distance, [m]
¥

o
h

3%
o
L¥ )]
o
L¥4}

0 025 0,5 0,75 1 125 15 1.75 2
Axial distance, [m]

RH=30% RH=50%
RH=30% ---=---=- RH=50% --------- RH=70%

Figure 1.

Vertical and hovizontal distance traveled by droplets with an initial diameter equal to 20 microns (continuous
line) and 40 microns (dashed line) for three air velative humidity (RH) of 30%, 50%, and 70%. Air temperature
and droplets’ emission velocity equal to 20°C and 10 m/s (cough case) are considered boundary conditions.

Figure elaborated from the results of [15].
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Therefore, it is crucial to separate the two different transmission routes, since the
evaporation of the infected droplet marks the boundary between two different modes
of transport of the virions, i.e., through liquid or a solid carrier.

5. Methodology to compare droplet and airborne transmission modes

The data reported by [9], which identified and reported the link between ONP
viral load and cell culture probability, were interpolated through the Matlab “curve
fitting tool” by an interpolating equation of the fourth degree:

PA)=ad* + P2 +y2 + A+t (12)

where a, B, v, 8, and 7 are coefficients calculated equal to —0.3314, 9.34, —91.98,
385.2, and — 586.4, respectively. Based on these data, an R, equal to 0.9994 was
calculated.

To compare airborne and droplet transmission modes, another relevant and open
research question RQ4 is: What happens to viruses after complete droplet evaporation
and if they retain their full potential for infection? The droplets produced from body
secretions such as sneezing and coughing are not constituted of pure water and have a
significant amount of residue or dissolved substances, including virions. While pure
droplets evaporate completely, the real droplet evaporates to form a solid droplet
residue or droplet nucleus. The final size of the droplet nucleus, once the droplet has
evaporated to its crystallization diameter, will depend on the amount of the material
dissolved [19]. Those residues potentially give a means for the virus to be further
transported, provided that it survives the drying process. There is evidence
supporting that viruses coated by a lipid membrane tend to retain their infectivity
longer at low relative humidity [20]. However, the opposite is true in relevant coun-
terexamples as discussed by [21]. There are many literature examples, in which
virions’ spreading after droplet evaporation is modeled by considering the virions i)
entrapped in the droplet nuclei and ii) preserving their infectivity [22, 23]. Neverthe-
less, since there is no empirical evidence that i) virions are entrapped in the droplet
nucleus, ii) multiple droplet nuclei can be generated by one droplet, and iii) dissolved
substances (including virions) can be expelled by the droplet during evaporation, in
this chapter, a different approach is suggested to compare droplet and airborne trans-
mission modes. The idea is to compute the number of total droplets that an infected
subject should emit to have the same number of airborne virions that touch the host
surface in Brownian motion as those that impact the same surface being carried on a
droplet of diameter D¢ characterized by a medium concentration Aq. Virions must
traverse the distance to the target cell to infect it [24]. The same authors, to support
the hypothesis of diffusion-limited infection, declared that it is not the amount of
virus in a medium overlay in a culture well that determines the infectivity but the
viral load.

Although several complex models exist to investigate the results of the impact of a
droplet against a surface [25], it is assumed, for simplicity, that the impact area on
which the virions are deposited is equal to the cross-sectional area of the droplet.
Therefore, in the proposed model, the impact area is expressed as

_TH2
S_4Dc;. (13)
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The number of virions deposited by the droplet Nyirions,dropler [RNA copies] on the
surface S is calculated as

T
Nvirions,droplet = EIDG,O6 X AO . (14)

Since the average SARS-CoV-2 virion diameter is 100 nm, the virions motion
follows the Brownian mechanism once released from the droplet in the surrounding
air. For the comparison, it is assumed that virions are dispersed in the volume of
inhaled air: the underlying hypothesis is that all the virions can infect but are released
in the air as single particles after droplet drying. Virions that can come into contact
with the surface S are contained in a control volume V, [m?], defined as

V.=Sxdz (15)

where dz is the average diameter of the virion in [m]. The airborne viral load
Mairborne [RNA copies/mL] required to deposit the same number of virions as those
contained by a droplet of diameter D¢ can be found as

N virions,dropl
, plet
/Iairborne = . (16)
V.

It is assumed that the droplet’s diameter distribution remains the same over time.
Therefore, the time required to achieve the airborne viral load Aziporne is calculated as

t— /1airborne xV
ZjﬂilNdroplet,j,ﬂ X (‘/]HXﬂo) x 0.6

(17)

where 0.6 is the correction factor used to convert the values in [droplets/(person x
minute)] in the case of speech. The volume V, conservatively, can be assumed to equal
the volume that a person emits during a conversation, which is 11.7 L/min, or
11,700 mL/min [26].

6. Strategies against SARS-CoV-2 direct transmission within confined
spaces

The strategy to minimize the risk of virus spreading must avoid the viral load
reaching the susceptible subject. Alternatively, any viral load that comes into contact
with the host surface should be responsible for a negligible risk of infection, i.e., equal
to or less than 10° virions/mL [9]. As for industrial practice where filtration processes
are carried out in two stages, in an enclosed space where at least one infected subject
and other susceptible occupants are present, the infection risk is minimized by
adopting two filters. The first filter is the mask or any other barrier that physically
blocks with sufficient effectiveness the larger droplets that are the droplets that,
statistically, contain the greatest number of virions. Figures 2 and 3 schematically
represent, respectively, two subjects with and without the facial mask. Once emitted,
droplets’ trajectory toward the susceptible subjects depends on ambient air fluid
dynamic and thermohygrometric conditions. Assuming the experimental data of [12],
an infected subject who does not wear a mask emits during a conversation, on
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Figure 2.
Direct transmission occurring between infected and susceptible subjects that do not wear a mask or other physical
barrier.
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Figure 3.
Direct transmission occurring between infected and susceptible subjects that wear a mask or other physical barrier.

average, 460 droplets per minute whose size distribution is reported in Figure 4. In
the worst case, the number of emitted droplets can be up to approximately 1850 per
minute. On the other hand, conservatively, wearing a mask not all the droplets are
captured, and vice versa, some of them escape due to the imperfect seal on the face
[27]. Since no confirmation about the size of escaping particles is currently available,
conservatively assuming a diameter less than or equal to 30 microns, for example, the
rate of emitted droplets is about 10 times lower than the previous case. If higher
tightness is achieved, a lower emission rate would be possible. For example, if the
mask would block all the droplets with a diameter greater than 20 microns, the
emission rate would be reduced by a factor of 30.

According to the shown data, coughing without a mask, almost 110 droplets per
cough are emitted. Wearing a facial mask, the emission rate is reduced at least by a
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Figure 4.
Droplet rate emission during a conversation.

factor of 10. The role of the mask is even more evident considering the number of
virions emitted in the environment. Figure 5 shows that more than 87% of virions are
emitted during speech within droplets having a diameter greater than 450 microns,
i.e., 5% of the total emitted droplets. Therefore, assuming conservatively a threshold
value of 30 microns (9% of the total emitted droplets), the droplets that can escape the
facial mask during a speech carry, on average, about 0.0024% of the total virions. The
same is for coughing. Better results would be achieved by tight facial masks. For
example, let us assume a viral load at the emission equal to 10'%** virions/mL. This
value is the upper limit found in SARS-CoV-2 positive samples, and it refers to SARS-
CoV-2 infection in the early stages of the COVID-19 pandemic [28]. If the same viral
load characterizes all the droplets at the emission, the average virions emission rate is
approximately 10 million virions per minute when no mask is worn. This value can
achieve up to 45 million virions per minute for those infected subjects that emit more
than the average, such as superemitters. Coughing without a mask, up to 58 million
virions can be emitted per cough. Wearing a mask able to block droplets larger than 30
microns, the virions’ emission rate can be reduced by a factor of 1000 or 50,000,
respectively in the case of speech and cough.

Although the mask acts as the first element for reducing the risk of transmission of
the infection, the infected droplets that escape are still a potential risk for susceptible
individuals in the vicinity of an infected subject. Therefore, the second stage of
filtration aims to minimize the infection risk occurring if the virion reaches the target
negligible. The second barrier is immaterial and consists of the control of the air
relative humidity and keeping a safe distance.

The safe distance is defined as the distance beyond which all the droplets have
completely evaporated. The hypothesis is that all the carried virions are released into
the surrounding ambient air and maintain their infectious potential. Therefore, drop-
let transmission is switched to airborne transmission. On the other hand, in the case of
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Figure 5.
Cumulative curves of the number of droplets (solid curve) and virions (dashed curve) during speech (blue) and
cough (red).
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Figure 6.
Simplified scheme to investigate droplets’ motion toward a susceptible target.

incomplete evaporation, the droplets reach the host surface at a viral load higher than
the one they had at the emission. Figure 6 shows infected and susceptible subjects,
both equipped with masks. As the horizontal distance from the point of emission
increases, the viral load of the infected droplets increases up to a maximum value
calculated in Eq. (11). Regarding the scheme proposed in Figures 6 and 7 shows the
viral load of the droplets that come out of the mask with an initial diameter of 10
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Figure 7.
The trend of the viral load through the horizontal distance from the infected subject. The continuous and dashed
curves were calculated for 50% and 70% relative humidity, respectively.

microns, 20 microns, and 30 microns. The continuous curves refer to an air relative
humidity equal to 50%, while the dashed ones refer to 70%. As the relative humidity
increases, the front of the potential infection moves toward the susceptible subject.
For example, the 30-micron droplets completely evaporate at 1.7 m for a relative
humidity of 50%, while 2.2 m are necessary for a relative humidity of 70%. Therefore,
at a distance of 1.8 m, an infected 30-micron droplet still conveys infecting particles
with an air relative humidity of 70%.

Figure 8 shows in the ordinate axis the infection probability of the host surface
when a 30-micron droplet deposits its viral load on it. The distance is shown on the
abscissa axis. Two initial viral loads are examined: 10° virions/mL and 102 virions/mL,
i.e., one thousand times greater. The second case simulates a variant of the original
SARS-CoV-2 virus that causes a greater average viral load at emission [29]. Although
an initial viral load equal to 10° virions/mL is responsible for a negligible viral repli-
cation probability, when air relative humidity is equal to 70%, the evaporation causes
the increase of the viral load and so the infection probability. In the case of a higher
viral load at the emission, the role of relative humidity concerning the risk of viral
infection is even more evident. To control the relative humidity at 50% would guar-
antee the blockage of the infection front at a distance of almost 1.8 m from the
infected subject. On the other hand, with increasing air relative humidity up to 70%,
the 30-micron droplet completely evaporates at a distance of 2.2 m; furthermore, a
viral load able to infect still exists between 1.8 and 2.2 m. Therefore, without the air
relative humidity control, the infection front moves toward or away from the suscep-
tible subject based on the existing environmental thermohygrometric conditions.
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Virions are released into the air when droplets completely evaporate. Since the
virion’s average size is 100 nm, Brownian motion occurs. Once released, the virions
are wetted particles. However, the liquid film evaporates quickly since the ratio
between the evaporating surface and the mass of water is high. In the specific case,
since the mass of water does not fill the entire volume but only the external layer of
the virions, airborne transmission occurs after the evaporation of the aqueous film.
The authors conservatively assume that the minimum volume of air where the virions
are released is equal to the volume of exhaled air. In the case of speech, it is 11.7 L/min

[26]. Assuming two subjects, one of which is infected, who speak together, if all the
droplets that escape the mask evaporate before reaching the host surfaces, the viral
load in the volume is, on average, equal to 2.6 x 10~®and 2.9 x 103 virions/mL,
respectively, for an initial viral load of 10° and 10® virions/mL.

Based on these viral loads and the Brownian motion of the virions, airborne
transmission causes a negligible infection risk. Figure 9 shows that the virions that can
reach the host surface are those inside the control volume highlighted in red, whose
height is equal to the diameter of the virion (indicated as dz). Therefore, the proba-
bility of infection with the airborne transmission is much lower than for droplet one.
In droplet transmission, infected droplets are blocked by the target surface through
interception or impact mechanisms, thus determining a significant deposition of

virions in terms of both number and load. For simplicity, it can be assumed that the
target surface has a size equivalent to the cross section of the droplets, as shown

schematically in Figure 10.
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The control volume where are located the virions that can touch the host surface is colored in red.
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Figure 10.
Comparison between droplet transmission and airborne transmission.

To compare the airborne and droplet transmissions, the number of the infected
droplets that have to evaporate to be equivalent to a single infected droplet that
reaches the host surface before evaporating is calculated. Figure 11 shows the results
for a 10-micron droplet. The infected subject should emit 1.2 x 10'* droplets so that
the number of virions that reach the host through airborne transmission is equivalent
to the number released on the same surface by a 10-micron droplet. Assuming the
worst case for the speech, i.e., an emission rate equal to 1850 drops per minute, it
would take 6.5 x 10" min for the infected subject to emit that number of drops, or a
time interval several orders of magnitude longer than what, reasonably, two individ-
uals employed to speech.

7. Conclusions

This chapter demonstrates that available knowledge is largely inadequate to
make predictions on the reach of infectious droplets emitted during an emission
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Figure 11.
Number of droplets that the infected subject must emit since the aivborne transmission is equivalent to the droplet
transmission of an infected droplet with a diameter between 1 and 30 microns.

phenomenon since several research questions still need to be properly addressed:

i) standardized characterization of the sizes and distribution of the exhaled droplets
for all the human expulsion processes; ii) definition of the initial viral load of emitted
droplets and the relationship with the viral load present in oronasopharyngeal swabs;
iii) the effect the virions can induce on the droplet evaporation process; and iv) what
happens to viruses after complete droplet evaporation and if they retain their full
potential for infection.

Nevertheless, in this chapter, some hypotheses have been described to model and
compare different SARS-CoV-2 spreading routes. The results show that an effective
preventive strategy against SARS-CoV-2 spread cannot neglect three elements: using
the facial mask, controlling the relative humidity, and keeping social distance. Partic-
ularly, the control of air relative humidity in confined spaces is an essential element.
The time an infected droplet takes to evaporate completely depends on the relative
humidity of the ambient air. The droplet can move in suspension or settle on a surface,
but it remains a potential danger until it completely evaporates. In this case, droplet
transmission is substituted by airborne transmission, which should be associated with
a modest risk of contagion. The use of the mask allows for blocking of the larger
droplets; the control of the air relative humidity guarantees, as suggested in this
chapter, that the escaping droplets evaporate until a defined time before reaching the
susceptible target. On the other hand, the social distance concept loses its effective-
ness. If there is high humidity in the environment, the droplets that escape the mask
and that do not settle on the ground would remain in suspension without evaporating
and for a relatively long time, significantly increasing the probability of infection [30].
In the worst case, i.e., in saturation conditions (relative humidity equal to 100%),
evaporation time tends to infinity, making the concept of safe distance meaningless: at
no point in the confined environment, it would be possible to guarantee the absence of
virion-carrying droplets. Particular attention must be paid to avoid a susceptible
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individual coming into contact with droplets that have not completely evaporated. In
such a case, cells’ infection risk increases as the droplets’ viral load is greater than the
initial one. The contact with not completely evaporated droplets could explain, in the
case of variants such as, for example, the delta variant, characterized by an average
emission load higher by a factor of 10> than those of the original virus [29], the greater
transmissibility. As the results show, the higher load at the emission determines an
increase in the probability of infection of the susceptible targets’ cells, especially in the
case of high relative humidity conditions when the infection front moves forward.
Although there are still many points to be clarified about virus transmission, only
through the combined control of the air relative humidity, the social distance, and the
wearing of the facial mask, it will be possible to ensure safe conditions in confined
places and to minimize infection cases.
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Chapter 3

Perspective Chapter: COVID-19
behind Ground Glasses

Bahadir Ertiirk and Zamir Kemal Ertiivk

Abstract

A hazy increase in opacity in the lung parenchyma without obscuring the underlying
bronchovascular structures on chest CT is called a ground-glass pattern. Ground-glass
opacities occur as a result of a wide variety of interstitial and alveolar diseases. It does
not represent a specific finding. Coronaviruses are enveloped RNA viruses that can
also infect many animal species. They also cause mild or severe respiratory infec-
tions in humans. The pandemic caused by SARS-CoV-2 has suddenly turned into the
most important health problem of our day. Chest CT is frequently used due to the
limited use of chest radiographs in COVID-19 disease. Thus, the ground glass pattern,
which is the most common finding of this virus in CT, entered our lives intensively.

In this article, we examined the concept of ground glass, its causes, and differential
diagnosis.

Keywords: COVID-19, chest CT, ground-glass opacity

1. Introduction

In the last months of 2019, some viral pneumonia cases were detected in the city
of Wuhan in China’s Hubei Province. A new type of coronavirus has been identified
in the etiology of these cases. The virus has spread rapidly. It has created an epidemic in
China. Then it spread all over the world, causing a pandemic that continues today.
In February 2020, the World Health Organization identified COVID-19, which means
coronavirus 2019 disease [1]. The virus that caused this disease was named SARS-
CoV-2. Coronaviruses are enveloped RNA viruses that can also infect many animal
species. They also cause mild or severe respiratory infections in humans. Previously,
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle East
Respiratory Syndrome Coronavirus (MERS-CoV) infected humans and caused
epidemics in 2002 and 2012, respectively [2]. But the pandemic caused by the SARS-
CoV-2 virus, which continues today, overwhelmingly outperformed these two viruses
both in terms of the number of infected people and their spread around the world,
according to the epidemics caused by SARS-CoV and MERS-CoV [3]. As of May 7,
2022, more than 516 million cases have been detected worldwide. More than 6.2 mil-
lion patients died from this disease.

Some of the patients have the disease asymptomatically, while others have it
symptomatically. Clinically objective abnormal findings are detected in some asymp-
tomatic patients. In the study of Hu et al., thoracic tomography was performed on
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Figure 1.
A 31-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities (GGO) and atelectasis.

Figure 2.
A 65-year-old male with coronavirus disease 2019 pneumonia. Subpleural patchy infiltration.

patients with asymptomatic infection, and typical ground-glass opacities or patchy
shadowing was detected in half of the patients, and atypical imaging abnormalities
were detected in 20% (Figures 1 and 2), [4]. Some of the asymptomatic patients may
become symptomatic over time.

Symptomatic disease can also be examined under three categories: mild ill-
ness, severe illness, and critical illness. There is a chance that mild disease accounts
for the majority of cases. The incubation period for COVID-19 is within the first
14 days after exposure. In most cases, the disease occurs about 5 days after exposure
[5]. Cough, myalgia, and headache are the most commonly reported symptoms in
patients with symptomatic COVID-19. There are no specific symptoms to distinguish
COVID-19 from other infectious diseases [6]. Symptoms such as fever and cough
and parameters such as oxygen saturation and lung auscultation findings are the first
and most easily accessible diagnostic information. Such information can be used to
categorize COVID-19 disease and to select patients for further diagnostic testing. At
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the preanalytical stage, obtaining the appropriate respiratory tract sample at the right
anatomical site at the right time is essential for the molecular diagnosis of COVID-19.
At the analytical stage, real-time reverse transcription PCR (RT-PCR) tests are the
preferred molecular test method for the etiological diagnosis of SARS-CoV-2 infec-
tion [7]. Pneumonia is a common serious symptom of infection, characterized mainly
by fever, cough, dyspnea, and bilateral infiltrates on lung imaging. Methods such as
chest radiography, chest computed tomography, and pulmonary ultrasonography are
used for imaging the lungs.

2. Discussion

Although chest radiography is a low-cost and easily accessible method, it has low
sensitivity in screening patients with COVID-19. It may be useful in the evaluation of
complications such as pneumothorax and pleural effusion in the follow-up of hospi-
talized patients (Figures 3 and 4), [8]. Chest radiographs may be normal in early or
mild disease.

Imaging plays an important role in the diagnosis and follow-up of thoracic dis-
eases. Different imaging modalities have advantages and disadvantages. Today, there
have been advanced developments in cross-sectional imaging methods. In many
cases, cross-sectional methods for chest diseases have replaced radiography. However,
chest radiographs continue to play a basic role. In the first step, the priority is always

Figure 3.
A 44-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities and cvazy paving pattern.

Figure 4.
A 47-year-old male with covonavirus disease 2019 pneumonia. Ground glass nodule (4 mm).
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chest radiography. Imaging of the thorax involves difficulties due to differences in
tissue density and thickness. Chest radiography is used with different indications

in both acute and chronic lung diseases. One of the most important advantages of
chest radiography is the low dose radiation exposure. In an outpatient patient, chest
radiography usually involves imaging with posteroanterior and left lateral projections
in the inspirium.

Although chest CT is highly sensitive, it has a low specificity. To facilitate
interpretation and reduce the variability of radiological reports, there are some
standardizations in the reports. Among the current classifications for COVID-19, it
is possible to divide radiological findings into typical, indeterminate, atypical, and
negative findings. The structured report also includes an estimate of the extent of
lung involvement [8]. As with chest radiographs, thoracic CT may be normal soon
after the onset of symptoms. According to the Fleischner consensus, CT in COVID-19
should be used as an aid in medical triage to determine the basic pulmonary condition
in patients with moderate to severe disease, to detect underlying cardiopulmonary
abnormalities, to determine the cause in case of clinical worsening, to find limited
resources in patients at risk of disease progression [9]. A meta-analysis of Bao et
al., which included 13 studies, examined the coronavirus findings of CT. Common
findings were ground-glass opacities in 83%, mixed consolidation with ground-glass
opacities in 58%, pleural thickening in 52%, interlobular septal thickening in 48%,
and air bronchograms in 46% (Figure 5). Other less common findings were crazy
paving pattern, bronchiectasis, pleural effusion, pericardial effusion, and lymphade-
nopathy (Figures 6 and 7), [10].

Chest CT has managed to become one of the indispensable diagnostic methods of
today. The main disadvantage is the relatively high radio exposure. The risk of carcino-
genesis from a CT scan is much lower than the benefit of screening for the appropriate
indication [11]. Therefore, physicians should not hesitate to have the necessary CT scans
due to radiation concerns [12]. The thickness of routine CT scan sections ranges from 3
to 5 mm. Chest CT covers the entire thorax from the apex of the lungs to the posterior
costophrenic angles. Screening is mostly done in the supine position. The vast majority
of cases are shot without giving a contrast agent. However, contrast material is also used
in some special indications (such as pulmonary embolism and aneurysm).

Pulmonary ultrasonography can be used to evaluate lung involvement in patients
with suspected COVID-19 when other imaging sources are not available. Pulmonary

Figures.
A 43-year-old female with covonavirus disease 2019 pneumonia. Consolidation with air bronchograms.
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Figure 6.
A 56-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) and
consolidation with air bronchograms.

Figure7.
A 40-year-old female with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with inter-
intralobular septal thickening and crazy paving pattern.

ultrasonography can be a helpful method for monitoring in patients, especially in
intensive care units where transfer to a tomography scanner is difficult [8].

Ultrasonography has benefits such as examining vascular, cardiac, and some
mediastinal abnormalities, detecting the localization of pleural fluid and air collec-
tions and guiding appropriate interventions. Transesophageal ultrasonography allows
examination of some mediastinal structures, heart and aorta. Endobronchial ultra-
sonography is used to evaluate mediastinal lymph nodes and guides biopsy for the
staging of lung cancer. Transthoracic ultrasonography is used to examine the pleural
and subpleural areas. It is used to detect and localize pleural effusion and to assist in
thoracentesis.

A ground-glass pattern is considered to be present when there is a hazy increase in
opacity in the lung parenchyma without obscuring the underlying bronchovascular
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Figure 8.
A 37-year-old male with covonavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a
peripheral distribution.

Figure 9.
A 62-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with inter-
intralobular septal thickening.

structures [13]. The increase in opacity in which bronchovascular structures are not
observed is called consolidation (Figure 8) [14]. Pulmonary parenchymal opafica-
tion in CT scans is divided into ground glass and consolidation (Figures 9 and 10).
Ground-glass opacities are a common and important finding on CT scanning but are
often difficult to detect on chest radiography.

Ground-glass opacities are nonspecific and can occur in a variety of diseases
(Figure 11). The differential diagnosis is related to the duration of the symptoms.
Ground-glass opacities associated with acute symptoms usually indicate atypical
pneumonia (such as Pneumocystis pneumonia or COVID-19 viral pneumonia),
edema, bleeding, aspiration, or acute hypersensitivity pneumonia. Ground-glass
opacities associated with chronic symptoms are usually associated with subacute
hypersensitivity pneumonia, nonspecific interstitial pneumonia (NSIP), desquama-
tive interstitial pneumonia (DIP), invasive mucinous adenocarcinoma, lipoid pneu-
monia, and pulmonary alveolar proteinosis.
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Figure 10.
A 56-year-old male with covonavirus disease 2019 pneumonia. Ground-glass opacities (GGO) with inter-
intralobular septal thickening and cysts.

Although these opacities are not specific, differential diagnosis can be significantly
reduced by evaluating the presence of associated signs such as concomitant nodules
or reticulation (Figure 12). If the ground glass pattern does not include other inter-
stitial or alveolar manifestations, it is called isolated. The ground-glass pattern, which
includes most of both lungs, is also characterized as diffuse. Miller et al. emphasize
that clinical knowledge is essential in the evaluation and differential diagnosis of
patients with isolated and diffuse ground-glass patterns [15].

Ground-glass opacities may result from reduced air in alveolar air spaces, partial
filling of alveolar air spaces, thickening of parenchymal interstitium and alveolar
walls, relative increase in perfusion, or a combination of these factors [16]. Ground-
glass opacities are classified into seven different groups according to their morpholog-
ical patterns: diffuse, centrilobular, nodular, mosaic attenuation, crazy paving, halo
sign, and reversed halo sign (Figure 13). The causes of isolated diffuse ground glass,
which is also an important imaging finding of COVID-19, are shown in Table 1.

Chest CT findings are variable in COVID-19 pneumonia. The typical CT findings
of COVID-19 are bilateral and peripheral ground-glass opacities (Figures 14 and 15).
Features such as bilaterality, involvement of the lower lobes, and extension to the
pleural surfaces can help distinguish COVID-19 pneumonia from other causes of lung
diseases. It should be noted that the probability that CT findings represent COVID-19
is closely related to the prevalence of SARS-CoV-2 infection in society. The period at
which the CT scan is performed has a direct relationship with the imaging findings.
In COVID-19 pneumonia, ground-glass opacities, consolidations, posterior and
lower lobes involvement, peripheral and bilateral involvement are widely monitored,
while the unilateral and central involvement, nodules, Crazy Paving Pattern, and
the reversed halo sign are less monitored (Figures 16 and 17). If the prevalence of
disease in society is high, even atypical involvement is likely to represent COVID-19.
Conversely, if the prevalence of the disease is low, the CT findings, which are quite
typical for COVID-19, may have been caused by another disease [17].

Unlike COVID-19, bacterial pneumonias characteristically produce focal seg-
mental or lobar pulmonary opacities. Complications such as cavitation, lung abscess,
lymphadenopathy, parapneumonic effusions, empyema, and associated tomography
findings are not monitored in COVID-19 unless patients are superinfected with
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Figure 11.
A 27-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a
peripheral distribution.

Figure 12.
A 41-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities (GGO) and cvazy paving
pattern. Consolidation with air bronchograms and subsegmental atelectasis.

bacterial pneumonia. Therefore, these findings are distinctive in imaging [18].
Pneumocystis jirovecii is a common opportunistic infection that usually causes pneu-
monia in immunosuppressed patients. Pneumocystis jirovecii pneumonia has diffuse
ground-glass opacities in CT. Unlike COVID-19, it occurs in immunosuppressed
patients and more often in the upper lobes of the lungs.

Viruses are the most common cause of respiratory tract infections. The clinical
signs and symptoms of viral pneumonia are diverse. The immunization status of the
host is an important criterion for determining the prognosis of pneumonia. CT find-
ings of viral pneumonias can be examined in four different categories: ground-glass
opacities and consolidation, nodules, micronodules and tree-in-bud opacities, inter-
lobular septal thickening, bronchial and/or bronchiolar wall thickening (Figures 18
and 19) [19]. One of these findings that may be confused with COVID-19 pneumonia
is ground-glass opacities. Many viruses, such as cytomegalovirus (CMV), herpes
simplex virus (HSV), respiratory syncytial virus, adenovirus, and influenza viruses,
produce ground-glass opacities in CT.
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Categories Types of diseases and infections
Cause of pandemic SARS-CoV-2 Pneumonia
Opportunistic infections Pneumocystis Pneumonia (PCP)

Cytomegalovirus Pneumonia (CMV)

Herpes Simplex Virus Pneumonia (HSV)

Respiratory Syncytial Virus Bronchiolitis

Other

Chronic interstitial diseases Hypersensitivity Pneumonitis (HP)

Desquamative Interstitial Pneumonia (DIP)

Respiratory Bronchiolitis Interstitial Lung Disease (RBILD)

Nonspecific Interstitial Pneumonia (NSIP)

Acute interstitial Pneumonia (AIP)

Lymphocytic Interstitial Pneumonia (LIP)

Sarcoidosis

Acute alveolar diseases Pulmonary Edema

Heart Disease

Adult Respiratory Distress Syndrome (ARDS)

Other

Diffuse Alveolar Hemorrhage

Other causes Drug Toxicity

Pulmonary Alveolar Proteinosis (PAP)

Bronchiolitis Obliterans with Organizing Pneumonia (BOOP, COP)

Bronchoalveolar Carcinoma

Table 1.
Causes of 1solated diffuse ground-glass opacity [15].

Figure 13.
A 63-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a
peripheral distribution and crazy paving pattern.
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Figure 14.
A 45-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a
peripheral distribution and pneumothorax.

Figure 15.
A 21-year-old female with coronavirus disease 2019 pneumonia. Pneumomediastinum.

Hypersensitivity pneumonitis (HP), also called extrinsic allergic alveolitis,
occurs as a result of inhalation of organic or inorganic particles by sensitive people
[20]. In acute cases, the capillary permeability secondary to the allergy increases
and leads to pulmonary edema. The disease is divided into acute, subacute,
and chronic phases. In the acute phase, the ground-glass opacities are monitored as
diffuse.

Desquamative interstitial pneumonia (DIP) is characterized by interstitial inflam-
mation and fibrosis following the accumulation of alveolar macrophages [21]. CT
scans show diffuse ground-glass opacities in many patients.

Respiratory-bronchiolitis-associated interstitial lung disease (RBILD) is a rare,
mild inflammatory lung disease [22]. Central and peripheral bronchial wall thicken-
ing and centrilobular nodules are detected in CT, and ground-glass opacities associ-
ated with centrilobular emphysema are monitored in the upper lobes.
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Figure 16.
A 28-year-old female with coronavirus disease 2019 pneumonia. Multilober ground-glass opacities (GGO) and
subpleural consolidation.

Figure 17.
A 40-year-old male with coronavirus disease 2019 pneumonia. Linear atelectasis.

Nonspecific interstitial pneumonia is a histological subtype of idiopathic intersti-
tial pneumonia [23]. CT scans monitor ground-glass opacities, various amounts of
interstitial changes, and honeycomb appearance in most patients.

Acute interstitial pneumonia (AIP) is an acute, fast-progressing idiopathic lung
disease that often leads to fulminant respiratory failure and acute respiratory distress
syndrome (ARDS) [24]. Ground-glass opacities and alveolar consolidations accompa-
nied by traction bronchiectasis are monitored on CT.

Lymphocytic interstitial pneumonia (LIP) is a rare lung disease on the spectrum
of benign pulmonary lymphoproliferative disorders. Ground-glass opacities, cen-
trilobular and subpleural nodules, and randomly distributed thin-walled cysts are
observed on CT [25].

Sarcoidosis is a multisystemic granulomatous disease that affects people of all
ages, especially young adults [26]. Sarcoidosis has a wide range of CT findings.
Ground-glass opacities are rarely detected.
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Figure 18.
A 32-year-old male with covonavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a
peripheral distribution. Pleural effusion and fibroatelectatic bands.

Figure 19.
A 61-year-old male with covonavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a
peripherval distribution. Fibrosis and inter-intralobular septal thickening.

Pulmonary edema consists of imbalances in the starling forces that manage
the transport of liquids between the vascular and interstitial gaps of the lung [15].
Pulmonary edema etiology is examined in two subcategories: hydrostatic pulmonary
edema and edema due to increased permeability. Hydrostatic pulmonary edema is
most commonly monitored in left heart failure. Pulmonary edema due to increased
permeability is most often the result of Acute Respiratory Distress Syndrome (ARDS).
The most common symptom of cardiogenic pulmonary edema on CT is isolated
diffuse ground-glass opacities. ARDS is the most common cause of non-cardiogenic
pulmonary edema. Bilateral ground-glass opacities and pulmonary consolidation are
monitored on CT.

Diffuse alveolar hemorrhage is a potentially life-threatening clinical syndrome
that leads to rare respiratory failure [27]. Diffuse ground-glass opacities and consoli-
dation are often observed on CT.

Pulmonary drug toxicity is increasingly diagnosed as a cause of acute and chronic
pulmonary disease. Drugs that can cause pulmonary edema due to increased perme-
ability include cyclophosphamide, bleomycin, carmustine and methotrexate. The
toxicity of these drugs causes ground-glass opacities on CT [28].
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Pulmonary alveolar proteinosis (PAP) is a syndrome characterized by the accumu-
lation of alveolar surfactants and dysfunction of alveolar macrophages [29]. Isolated
diffuse ground-glass opacities and their associated interlobular septa thickenings are
observed on CT.

Organized pneumonia is a consequence of the inability to fully resolve inflamma-
tion in the distal lung structures (alveoli, alveolar ducts, and respiratory bronchioles)
[30]. Organized pneumonia with bronchiolitis obliterans is a histological pattern of
lung damage. CT usually shows multifocal alveolar opacities scattered throughout the
lungs. It is rarely accompanied by isolated diffuse ground-glass opacities.

The United States Preventive Services Task Force recommends screening for lung
cancer with low-dose computed tomography (LDCT) in adults between the ages
of 55 and 80 who have given up in the last 15 years or have a history of smoking 30
pack-years of smoking and still smoke [31]. Effective screening should be limited
to individuals at high risk of death from lung cancer. It should be noted that false-
positive results indicate a risk of harm due to overdiagnosis and unnecessary invasive
tests. As a result of these scans, physicians will encounter more ground-glass opaci-
ties. In the study of Lee et al., it was revealed that a significant part of permanent
ground-glass opacities may be adenocarcinoma, and the risk of invasion will increase
as the diameter increases [32]. Predicting the biological behavior of a tumor based on
the findings of computed tomography has significant effects on the choice of treat-
ment. Patients with tumors with ground-glass opacity may be the group that benefits
most from sublobar resection or, from another perspective, may not have to endure
overtreatment with more extensive lung resection [33].

Bronchoalveolar carcinoma, a type of well-differentiated pulmonary adenocarci-
noma, has a wide variety of radiographic appearances, including solitary pulmonary
nodules, pneumonia-like focal alveolar opacities, ground-glass nodules, diffuse
alveolar consolidation, and isolated diffuse ground-glass opacities [15].

The current staging system for lung cancer does not distinguish between tumors
with and without ground-glass opacity. In the study of Watanabe et al., it was revealed
that non-small-cell lung tumors with a solid component smaller than 3 cm accompa-
nied by a ground glass component had a better prognosis compared with completely
solid ones [34]. Therefore, clinical stage IA non-small-cell lung cancers should be
evaluated separately as ground-glass opacity tumors and pure solid tumors. So if even
the presence of a small ground-glass component in clinical stage I non-small-cell
lung cancer is so protective, is this feature associated with a similar benefit in patients
with larger tumors? [35]. Time and new studies will show that ground-glass opacities
occur in many diseases. With the emergence of COVID-19, it has gained an important
place in chest CT. In case of detection on CT, the morphology and distribution of
these opacities should be revealed first. Then, a differential diagnosis should be made
in the light of clinical history and examination findings. The use of such a systemic
approach will play a key role in the success of diagnosis and treatment. It should be
noted that the detection of this finding will also help in early diagnosis, differential
diagnosis, and assessment of pulmonary activity.

In the twenty-first century, humans have three pandemics associated with corona-
viruses: SARS, MERS, and COVID-19 [36]. Different strategies for effective vaccines
and therapeutic combinations must be developed as soon as possible to deal with these
viral pandemics. It will all become clear in time whether the SARS-CoV-2 virus will
turn into an endemic virus. Lack of effective surveillance or adequate response could
enable a new pandemic of SARS-CoV-2 [37]. There are many lessons to come out of this
pandemic. But the most important one is to work together as a global community [38].
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3. Conclusion

In summary, a hazy increase in opacity in the lung parenchyma without
obscuring the underlying bronchovascular structures on chest CT is called a ground-
glass pattern. Ground-glass opacities occur as a result of a wide variety of interstitial
and alveolar diseases. The pandemic caused by SARS-CoV-2 has suddenly turned into
the most important health problem of our day. Chest CT is frequently used due to the
limited use of chest radiographs in COVID-19 disease. Thus, the ground glass pattern,
which is the most common finding of this virus in CT, entered our lives intensively.
Pneumonia is a common serious symptom of infection, characterized mainly by fever,
cough, dyspnea, and bilateral infiltrates on lung imaging. Methods such as chest
radiography, chest computed tomography, and pulmonary ultrasonography are used
for imaging the lungs. Different imaging modalities have advantages and disadvan-
tages. Today, there have been advanced developments in cross-sectional imaging
methods. In many cases, cross-sectional methods for chest diseases have replaced
radiography. However, chest radiographs continue to play a basic role. In the first step,
the priority is always chest radiography. Although chest CT is highly sensitive, it has
a low specificity. To facilitate interpretation and reduce the variability of radiological
reports, there are some standardizations in the reports. Among the current clas-
sifications for COVID-19, it is possible to divide radiological findings into typical,
indeterminate, atypical, and negative findings. Ground-glass opacities are classi-
fied into seven different groups according to their morphological patterns: diffuse,
centrilobular, nodular, mosaic attenuation, crazy paving, halo sign, and reversed halo
sign. New studies will both allow us to better recognize these viruses and improve the
examination and treatment.
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Abstract

Since the pandemic began in China in December 2019, thousands of variants of
SARS-CoV-2 have emerged globally since late 2020. The World Health Organization
(WHO) defined the SARS-CoV-2 variant of concern (VOC) as a variant with
increased transmissibility, virulence, and decreased response to available diagnostics,
vaccines, and therapeutics. Areas of the emerging variant of concern arise from
countries like the United Kingdom, South Africa, Brazil, and India. These mutations
carry a lineage from N501Y, D614G, N439K, Y453F, and others, which are globally
dominated by clades 20A, 20B, and 20C. SARS-CoV-2 VOC emerged after 11 months
of evolution since the onset through massive human-to-human transmission with
five major VOCs recognized by the WHO, namely Alpha, Beta, Gamma, Delta, and
Omicron. Their emergence could be attributed to changing immunological dynamics
in the human population, which has resulted in resistance or escape from neutral-
izing antibodies, or to mutations and/or recombinations that increase transmission or
pathogenicity. This literature review intends to identify and report on SARS-CoV-2
variants that have evolved two years post-onset of the pandemic and their disease
implications.

Keywords: COVID-19, SARS-CoV-2, variants of interest, variants of concern,
genetic variations, genetic mutations, alpha, Beta, gamma, Delta, and omicron variants

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) a member of the
Coronaviridae family emerged in late 2019 in Wuhan, China, and has caused a global
pandemic of acute respiratory disease in all ages of the population, ranging from mild
symptoms to mortality [1]. It belongs to the family of coronaviruses (CoVs), sharing
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79% of the genome sequence with SARS-CoV and 50% with Middle East respiratory
syndrome coronavirus (MERS-CoV), while the rest of its structure is shared with
other betacoronavirus [1]. In this enveloped positive sense, single-stranded ribo-
nucleic acid (RNA) with crown-like S-shaped spiked proteins virus [2], there is an
incubation period of 1-14 days with a median onset time of 8 days [1]. Transmission
of SARS-CoV-2 is predominantly via droplets, aerosol, and airborne pathways [1]. It
achieves invasion by using angiotensin-converting enzyme 2 (ACE2) receptors and
human proteases as entry pathways, eventually fusing with the cell membranes in
the lung [1]. Mild clinical presentations of this virus include fever, dry cough, and
pneumonia [3]. Most patients with mild manifestations of this infection recover [3].
More severe cases cause other issues besides respiratory problems, such as injury

to the myocardial cells and heart arrhythmias [3]. Other reported problems caused
by this virus are in the central nervous system (CNS), gastrointestinal tract (GIT),
musculoskeletal system, hypercoagulability leading to stroke, and organ failure [3].
In the most critical cases, end-organ failure and acute respiratory distress have led to
death, especially in those with comorbidities such as hypertension and obesity [2, 3].

Coronaviruses continuously evolve due to mutations that occur during the rep-
lication of their genome [4]. Variants that emerged throughout the pandemic differ
from each other due to one or more mutations, such as the number and location of
substitutions in the spike (S) protein that makes each unique [4]. The United States
SARS-CoV-2 Interagency Group (SIG) defines four classes of SARS-CoV-2 variants
which are: variants being monitored (VBM), variants of interest (VOI), variants of
concern (VOC), and variants of high consequence (VOHC) [4]. Thirteen variations
in the S protein of coronavirus disease 2019 (COVID-19) have been detected by late
November 2020 [3]. On November 30, 2021, SIG classified Omicron as a VOC, replac-
ing the Delta variant [4]. Currently, there is no VOI and the VBM are Alpha, Beta,
Gamma, Epsilon, Eta, Lota, Kappa, 1.616.3, Mu, and Zeta [4].

Of the two VOCs, Delta and Omicron, the Delta variant has been shown to cause a
more severe illness in the unvaccinated as compared to the vaccinated [5]. November
2021, the Omicron variant was first discovered in Botswana [5]. Omicron was desig-
nated as a VOC by the World Health Organization (WHO), which stated that early
research suggests that it carries a higher risk of reinfection than other variants [5].
Currently, in the United States, the Omicron variant is the most common [5]. In
December of 2020, the Delta variant was first found in India but has since spread across
178 countries [5]. Changes to the S protein may render the Delta variant up to 50% more
transmissible than other prior COVID-19 variants, according to research [5].

Significant advances have been made toward “real-time” generation and sharing
of SARS-CoV-2 data throughout the pandemic [6]. As a result, a computational
tool, Phylogenetic Assignment of Named Global Outbreak Lineages (Pangolin) was
developed to assign the most likely lineage to a genome sequence for managing and
interpreting the rapid generation and sharing of data worldwide, at either a national
or regional level [6]. Hence this nomenclature was developed to name and track
global transmission lineages of SARS-CoV-2 [6]. Nextstrain and GISAID focus on the
prevalence and persistence of a variant by ‘clades’ [6]. Thus, the WHO has estab-
lished a structure for nomenclature using GISAID, Nextstrain, and Pangolin (Pango)
nomenclature, so that the scientific community may be able to name and track the
variants of SARS-CoV-2 [7].

According to the WHO situation report as of March 22, 2022, there has been a 7%
rise in COVID-19 positive cases for the week of March 14-20, 2022, versus the week
before [8]. However, there has been a 23% decrease in mortality in comparison to the
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week before [8]. About 12 million new cases and slightly below 33 thousand deaths
have been reported in this period among the six WHO regions [8]. Approximately
468,000,000 COVID-19 positive cases and slightly over 6,000,000 deaths have been
disclosed universally as of March 22, 2022 [8].

COVID-19 has become a continuously evolving disease due to rapid changes
in the viral variants and despite mitigation strategies such as facial masks, social
distancing, hand hygiene, vaccine therapies, and other therapies [2]. One of the
earliest VOCs was the Alpha variant (B.1.1.7), which had a high transmissibil-
ity rate [2]. Recently, Omicron (B.1.1.529) appears to be at least two times more
transmissible than Delta, with Delta variations being 50-70% more transmissible
than earlier variants such as Alpha [2]. VOCs remain prevalent, particularly among
unimmunized persons [2]. VBM were more problematic earlier in the pandemic and
were more notable for high transmission and increased virulence [2]. These include
B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma), and of lesser concern, Epsilon
(B.1.427 and B.1.429), Eta (B.1.525), Iota (B.1.526), Kappa (B.1.617.1), 1.617.3, Mu
(B.1.621, B.1.621.1), and Zeta (P.2) [2].

The two other categories described by the WHO include VOI, which are variants
that are widely circulating within a population or have the potential to have an impact
on a population, and VOHC, which are mutations that elude vaccines and current
therapies that are in place. Currently, there are no circulating VOI and VOHC [2].
Given the continuous evolution of SARS-CoV-2, the impact of variants on public
health may be reclassified based on their attributes and prevalence. VOCs and VOIs
may differ from those of other reporting agencies because of the impact the variants
may cause by location. The purpose of this paper is to discuss the genetic lineages of
SARS-CoV-2 that have emerged as variants and circulated globally during the 2 years
since the onset of the COVID-19 pandemic.

2. Methodology

PubMed, Google Scholar, EBSCOhost, Mendeley, and MedLine Plus were used to
conduct the electronic literature search. The search was confined to relevant publica-
tions and articles published between January 2020 and April 2022. If a manuscript
was relevant to the issue of genetic mutations or variations of SARS-CoV-2, it was
chosen. To narrow and guide the search process, the listed keywords were sought
after. COVID-19, SARS-CoV-2, variants of interest (VOI), variants of concern (VOC),
genetic variances, and genetic mutations are among them.

3. Variant being monitored

Viruses are known to change over time. SARS-CoV-2 has undergone multiple
modifications since the start of the COVID-19 pandemic in Wuhan in late 2019 [9].
Comparing the SARS-CoV-2 pathogenic S protein sequence to the Wuhan-Hu-1
reference protein sequence showed about 96.5% of the original S protein sequence has
undergone mutations [9]. These mutations lead to genetic differences, which results
in the emergence of new variants of the virus [9]. Centers for Disease Control and
Prevention (CDC), in collaboration with the SIG, added a fourth class of variant clas-
sification named VBM on September 21, 2021, as depicted in Table 1 [22]. The other
classes include VOI, VOC, and VOHC [22].
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Lineage Predominate Countries Affected  Date of Designation =~ Description
Alpha United Kingdom (UK) 24.0%, September 3, 2020. First detected in the UK and
B.1.1.7 United States of America (USA) has spread to over 52 countries
QLineages  20.0%, Germany 9.0%, Sweden including the USA [10-12]
6.0%, and Denmark 6.0%
Beta South Africa 18.0%, Philippines September 9, 2020 South African lineage [10, 11, 13]
B.1.351 10.0%, USA 9.0%, Sweden 8.0%,
and Germany 7.0%
Gamma Brazil 56.0%, USA 29.0%, Chile October 1, 2020 Brazilian lineage with functionally
P1 3.0%, Argentina 2.0%, and Spain significant spike mutations [10,
1.0% 11, 13]
Epsilon USA 98.0%, Mexico 1.0%, Aruba January 26, 2020 USA lineage, predominantly in
B.1.429 0.0%, and Argentina 0.0% California [10, 11, 14]
Eta Canada 20.0%, USA 15.0%, March 25, 2020 International lineage [10, 11, 15]
B.1.525 Germany 9.0%, France 8.0%, and
Denmark 7.0%
Iota USA 97.0%, Ecuador 1.0%, Canada  January 28, 2020, Predominately in New York, with S
B.1.526 1.0%, Puerto Rico 1.0%, and Spain mutation E484K [10, 11, 16]
0.0%
Kappa India 72.0%, UK 6.0%, Canada March 3, 2020 Indian lineage [10, 11, 17]
B.1.6171 6.0%, USA 5.0%, and Ireland 3.0%
N/A India 89.0%, UK 4.0%, USA 3.0%, January1,2021 Indian lineage [10, 11, 18]
B.1.6173 Malawi 2.0%, and Russia 1.0%
Zeta Brazil 56.0%, USA 25.0%, Canada  April 13,2020 Brazilian lineage [10, 11, 19, 20]
P2 5.0%, Argentina 2.0%, and
Paraguay 2.0%
Mu USA 42.0%, Colombia 27.0%, December 15, 2020 Predominantly in Columbia [10,
B.1.621 Chile 9.0%, Spain 5.0%, Mexico 11, 21]

3.0%

Note. Researchers and public health authorities globally are using the Pango nomenclature to track the transmission and
spread of SARS-CoV-2, including variations of concern and interest. This table contains information on various lineages
and their distribution [10-21].

Table1.
Lineage list.
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The VBM class includes variants under surveillance for mutations leading to
increased receptor binding, reduced neutralization by host immune systems,
decreased efficacy of treatments, and an increase in disease severity and transmis-
sibility but have not yet been deemed a public health threat by SIG at this time [22].
The VBM class also includes previously designated VOIs and VOCs that are no longer
detected or have a decreased prevalence in the population [22]. The variants belong-
ing to the VBM class do not pose a significant risk to public health [22]. Regardless of
the minimal risk presented by the VBM class, they are closely monitored for new data
[22]. VBM class that warrants more concern can have their classification changed to
VOI or VOC if required by SIG [2].
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4, Variant of concern
4.1 Delta

Viruses constantly undergo mutations resulting in new variants [23]. Table 2 shows
the Delta variant of COVID-19, formally known as B.1.617.2 [4, 19]. Part of the AY
lineage, this variant appeared in late 2020 from India and had spread to over 179 coun-
tries by late 2021 [4, 24]. By late 2021, the Delta variant was the most transmissible,
spreading more easily than the first identified Alpha variant - roughly two times more
contagious than the original virus [24]. Mutations of the S protein in the Delta variant
have not been analyzed in detail, though the following substitutions identified are
T19R, (V70F*), T95I, G142D, E156-, F157-, R158G, (A222V*), (W258L"), (K417N*),
L452R, T478K, D614G, P681R, and D950N [4]. The Delta variant is thought to have a
distinct receptor-binding interface than the other forms [24]. The replication capacity
of the Delta variant has been noted to be more efficient, leading to increased rates of
transmission, infectivity, and viral load in comparison to other strains [24].

Antiviral medication has been developed to minimize symptoms and lessen the
duration of viral infection. There are no less than 13 vaccines against SARS-CoV-2
being used [25]. Each vaccine has been developed with the aim of the immune system
recognizing the immunodominant S protein [26]. Although the development of
vaccines has proven successful in decreasing fatalities, reports suggest that mutations
continue to increase - proposing that the administration of these vaccines does not
eradicate disease spread [24]. Therefore, the attributes for the Delta variant suggest
that monoclonal antibody therapies with Emergency Use Authorization (EUA) are
effective against nearly all Delta lineages [4]. The AY.1 and AY.2 lineages are resistant
to several monoclonal antibody treatments [4]. In addition, research has shown a
decrease in post-vaccination sera neutralization [4].

4.2 Omicron

The Omicron variant (B.1.1.529, BA lineages, and other recombinant lineages,
respectively depicted in Table 2) of SARS-CoV-2 was initially reported to the WHO
in late November 2021, by South Africa [4, 7, 27, 28]. By December 2021, the United
States reported its first case of COVID-19 connected to the Omicron variant [4, 27, 28].
Numerous mutations not previously seen in the original SARS-CoV-2 strain have

Lineage WHO Label GISAID Clade Nextstrain Clade

B.1.617.2 Delta G/478 KV1 21A, 211, 21]

B.1.1.529 Omicron GR/484A 21K—-BA.1,BA11
21L—->BA2

Recombinant lineages — XE, XF, and XD

Note. Data extracted and recveated from the WHO.

Table 2.
Circulating variants of concern.
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been recognized in Omicron [29]. Omicron possesses greater than 30 mutations on its
surface within the S protein, one insertion, and three deletions which allows the virus
to infect cells, rendering elusive characteristics [27, 29].

A substantial number of amino acid substitutions are in the receptor-binding domain
(RBD) with several alternative changes in other genomic regions [27]. Mutations to the
S protein of the Omicron variant increase the affinity of binding to receptors, allow-
ing the virus to circumvent antibodies against previous variants and remain infectious
[30]. Factors influencing the transmissibility and infectivity of the Omicron variant are
dependent on genetic variability and the location of the mutation [31].

Monoclonal antibody treatments aid the immune system in recognizing and
responding more effectively to the virus [32]. The attributes for the Omicron variant
suggest that some monoclonal antibody treatments with EUA may reduce neutraliza-
tion [4]. In addition, post-vaccination sera may also reduce neutralization [4]. A
comprehensive list of the lineages can be cross-referenced from Table 1 [4, 7].

5. Discussion

Viruses regularly undergo mutations, sometimes creating a lineage of virus prog-
eny known as variants. SARS-CoV-2 has mutated several times since its discovery.
Using the original Wuhan-Hu-1 protein as a reference, researchers discovered that the
genes encoding the pathogenic S protein had mutated to the point that just 3.5% of
the original coding sequence remains [9]. The SIG was founded by the United States
Department of Health and Human Services (HHS). SIG and the CDC collaborated
on a report that accounted for these variants and their classification [33]. In terms of
population impact, the VBM are quite a minimal risk. Alpha, Beta, Gamma, Epsilon,
Eta, Iota, Kappa, Mu, and Zeta are the varieties under the VBM class as of December
2021, with B.1.617.3’s structure being unique when comparing other progenies:
B.1617.1 and B.1.617.2 [2]. As per the CDC, the VBM class poses no significant and
imminent risk to public health in the United States; in addition, there are no VOI or
VOHC for SARS-CoV-2 [4].

Countries such as the United Kingdom, South Africa, Brazil, and India have grow-
ing variants of concern [23]. These mutations have a pedigree that includes N501Y
(i.e., B.1.1.7 and several lineages), D614G (i.e., B.1 lineage and the initial dominant
variant of 2020), N439K (i.e., arising from the B.1 lineage of the mutated D614G),
Y453F (i.e., Cluster 5 and mink variant), and additional mutations that are dominated
by clades [23]. Clades are classified according to the year they first appeared and are
given a new alphabetical letter depending on their discovery: 19A (first emerging in
2019), 19B (appearing after 19A), 20A (new appearance at the start of 2020), 20B,
and 20C, so on and so forth [23]. Delta (i.e., of clades 21A, 211, and 21 ]) and Omicron
(i.e., of clades 21 K and 21 L) were designated as VOCs by the CDC and SIG in late
2021 [7]. The Delta variant was discovered to be the most infectious version, with an
estimated transmission rate double that of the original virus. Its evolved receptor-
binding interface may be the reason for its success when compared to the other
variants [24]. Where Delta may have been the fastest transmissible variant, Omicron
was the most clandestine [27, 29, 34]. First seen in late November of 2021, researchers
found over 30 mutations within the S protein. These mutations increased the affinity
of receptor binding, allowing the virus to circumvent antibodies against previous
variants and remain infectious [30]. It was also reported that monoclonal antibody
treatments were found to be effective against Omicron [34].
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The S protein is found on the external surface of the virus and is categorized into
two subunits, S1 and S2 [24]. The S protein is the main virulence factor that moder-
ates host infection by binding to the ACE2 receptors prominent on type II alveolar
epithelial cells found in the respiratory epithelium [24]. Once the S protein binds to
the host cell, it undergoes a conformational change in its structure from the inactive
“down” state into an active “up” state, which signals a cascade of cleavages to the S1/
S2 subunits by the host enzymes and other proteases [24]. This change further alters
the S protein into an amino N-terminal S1 subunit containing an RBD and a carboxyl
(C)-terminal S2 subunit for virus and host cell membrane fusion [24]. Much of the
SARS-CoV-2 genome is made of ORF1ab (one large open reading frame), and when
the virus penetrates the host cell, it gets translated into polypeptides ppla or pplab
[24]. These polypeptides primarily make non-structural proteins nspl-nspl6 that
mediate ssRNA replication [24]. Approximately one-third of the SARS-CoV-2 genome
is responsible for synthesizing structural proteins such as the S (spike) protein, E
(envelope) protein, M (membrane) protein, and N (nucleocapsid) protein, as well as
accessory proteins ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10 [24].

During viral replication, mutations in the ssRNA genome can be classified as syn-
onymous with no changes to the amino acid being synthesized or non-synonymous
with modifications to the amino acid [24]. The S protein has two regions that are
susceptible to mutation, the N-terminal domain, and the receptor-binding domain,
which directly interacts with host ACE2 and is a region that contains a heightened
number of amino acid substitutions [24].

5.1 +S: K417N (Delta)

The mutation K417N has lysine (K) being substituted with asparagine (N) [35].
This mutation is found close to the RBD and has displayed the capability of impairing
the RBD inactive “down” state [24]. Recent data also indicates that multiple com-
bination mutations are possible and can generate an even more significant decline
in neutralization attempts, such as mutation K417N in conjunction with mutations
E484K and N501Y [24].

5.2 +S: E484K (Delta)

The mutation E484K has arisen from multiple lineages, such as Beta and Gamma
[24]. This variant indicates an amino acid substitution in position 484 with glutamic
acid (E) substituting for lysine (K) [35]. In addition, this mutation is close to the tip
of the spike [24]. This substitution alters the shape of the S protein and grants resis-
tance to several antibodies and the ability to evade the immune response [24].

5.3 +S: R346K (Omicron)

A recent study conducted by Lu et al., which used transmembrane protease ser-
ine 2 (TMPRSS2) to isolate variant Omicron strains HKU691, and HKU344-R346K
from patients indicated that the Omicron variant has an extra spike R346K muta-
tion that is seen in 8.5% of strains reported in the GISAID database [36]. The study
also indicated that both strains were less susceptible to neutralization, and many
patients did not demonstrate neutralizing antibodies to Omicron variant isolates
[36]. The R346K mutation is also found in the receptor-binding domain and the mu
variant [36].
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Coronaviruses often recombine; therefore, a single phylogenetic tree will not
necessarily depict SARS-CoV-2’s evolutionary history accurately [10]. While this com-
plicates the phylogenetic analysis, recombination is made possible with the approach
of lineage nomenclature and assignment [10]. Conversely, the co-infection of both
Delta and Omicron, although rare, happens [34, 36]. If a different recombination
event initiates continuous transmission, it will result in the formation of a new viral
lineage with a distinct common ancestor. Because this new lineage lacks a specific or
clear ancestor, it will be given the next available alphabetical prefix [10]. For example,
XE, a cross between two Omicron strains that are now well-known: BA.1 (the original
Omicron strain) and BA.2 (the more contagious strain that is now prominent in the
United States and other countries) [4, 7, 10].

6. Conclusion

SARS-CoV-2 first appeared in late 2019 in Wuhan, China, as a positive-sense,
single-stranded RNA virus with crown-like S-shaped spiking proteins; and has since
spread throughout the world, resulting in a global pandemic of acute respiratory
illness in people of all ages, with symptoms ranging from mild to fatal. It can undergo
mutations, creating a lineage of virus progeny. It has become a continuously evolving
disease due to rapid changes in the viral variants. They differ from each other due to
one or more mutations, such as the number and location of substitutions in the S pro-
tein that makes each unique. This article discusses the genetic lineages of SARS-CoV-2
that have emerged as variants and circulated globally during the two years since the
onset of the COVID-19 pandemic. There are four classifications by SIG of which the
most alarming is classified as VOC. Important VOCs are Alpha, Beta, Gamma, Delta,
and Omicron. Some of the lineages of these mutations are N501Y, D614G, N439K,
Y453F, and others, which are globally dominated by clades 20A, 20B, and 20C. Of
these, Alpha was the earliest and most infective initially. Variants have mostly emerged
from countries like the United Kingdom, South Africa, Brazil, and India. The muta-
tions are thought to appear due to massive human-to-human transmission, which is
why prevalence is particularly higher among unimmunized persons. Other classifica-
tions are defined as VBM, VOI, VOC, and VOHC but most of these are at lower risk for
infectivity, although they are still being monitored for new data. To date, no SARS-
CoV-2 variants are designated as VOI or VOHC. Of note, further research is required
to fully understand these variants and increase the accuracy of treatments. The public
should consider vaccination along with preventative measures, such as wearing a
mask, washing hands frequently, and practicing social distancing for the best chance
of avoiding contact and increase in the variants.
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Abstract

Over two years, the SARS-CoV-2 virus has evolved by producing several variants
by RNA polymerase mutation. This mutation created many virus variants that five of
them are designated by WHO. These are Alpha, Beta, Gamma, Delta, and Omicron,
among them Alpha, Delta, and Omicron spread faster. Coronaviruses (CoVs) are
enveloped in positive-sense RNA viruses and contain huge RNA virus genomes. RNA
polymerase controls the replication in which the genomic material is copied, and it
often makes errors that lead to create a new mutation. Most mutations create a virus
that cannot replicate and spread among people. However, some mutations lead to
avirus that can replicate and create a variant. This chapter will discuss the mecha-
nism of the mutations during the last two years and the future of these mutations in
SARS-CoV-2.

Keywords: SARS-Cov-2 mutation-biochemical mechanisms, RNA polymerase

1. Introduction

To begin, most known human-associated coronaviruses have caused colds, there-
fore, to date, this family of viruses has not been extensively researched and is still
very unknown to humanity, and only a number of severe human diseases have been
attributed to this family.

However, in 2003, a virus from this family, which was responsible for severe acute
respiratory syndrome (SARS) appeared and spread rapidly among humans and was the
starting point for research into coronaviruses [1]. In addition to the 2003 SARS outbreak,
coronaviruses (CoVs) have had two other large-scale outbreaks in the last two decades:
middle eastern respiratory syndrome (MERS) and now COVID-19. Current coronavirus
(COVID-19) originates from a cluster of pneumonia related to the seafood market in
Wuhan City, Hubei Province, China [2]. With the occurrence of the MERS and the SARS
outbreaks within the past couple of decades combined with the ongoing pandemic,
coronaviruses are now considered “emerging pathogens” [1, 3-5]. In (Figure 1), you can
have a better understanding of the types of diseases and viruses that cause the disease, as
well as their relationship and year of spread.

In addition, CoVs disease (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is an infectious disease [6]. SARS-CoV-2
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History of coronavirus naming during the three zoonotic outbreaks in relation to virus taxonomy and diseases
caused by these viruses. According to the curvent international classification of diseases, MERS and SARS are
classified as 1D64 and 1D65, respectively.

belongs to the betacoronavirus genus [1]. As mentioned above, the third highly
pathogenic coronavirus to enter the human population is SARS-CoV-2, which is
more contagious and has a broad tissue tropism that is likely to increase the
prevalence [7].

In December 2019, the SARS-CoV-2 first spread to Wuhan, China, and the rapid
spread of the virus sounded the alarm around the world and all countries were on
alert. The World Health Organization (WHO) declared the outbreak an epidemic,
and several countries quickly confirmed several cases. By May 4, 2020, more than
3.3 million cases had been diagnosed with the disease, a staggering number. It was a
concern for governments and humanity [8].

The first observations showed that the virus is transmitted from a carrier to a
healthy person through close contact, such as shaking hands and kissing, and by small
droplets produced during sneezing, coughing, and talking [9].

Most researchers and scientists are now focused on identifying different types of
coronaviruses and in particular the regular identification of new types of mammalian
coronaviruses. For example, in 2018, the HKU2-associated coronavirus of bat origin was
identified as responsible for the deadly acute diarrhea syndrome in pigs Figure 1 [5].

1.1 SARS-CoV-2 genome and structure

Coronaviruses (CoVs) of the family Coronaviridae are enveloped, positive-sense
single-stranded RNA genomes ranging from 26 to 32 kilobases in length, which
replicate in the cytoplasm [1, 3-5]. All of the highly pathogenic CoVs, including
SARS-CoV-2, belong to the betacoronavirus genus, group 2. The SARS-CoV-2 genome
sequence shares ~80% sequence identity with SARS-CoV and ~50% with MERS-CoV
[3, 4]. Its genome comprises 14 open reading frames (ORFs), two-thirds of which
encode 16 nonstructural proteins (nsp 1-16) that make up the replicase complex,
whereas the remaining one-third encodes the structural proteins envelope (E), spike
(S), nucleocapsid (N), and membrane (M). [1, 4, 5].
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1.2 Entry mechanism of SARS-CoV-2

All external agents that want to enter the host cell have their entry mechanism,
and the covids have their mechanism. All covids first bind to the host cell receptor
by a surface glycoprotein called spike, which is encoded by themselves, and whose
main job is to mediate entry into the host cell. Covids transfer their nucleocapsid to
the host cell cytoplasm when their coating fuses with the host cell layer. This occurs
in acidic endosomal portions or, in some cases, in the plasma membrane. The route of
infection is driven by the spike glycoprotein (S), which is also a major determinant of
cellular tropism. This protein is a class I combination protein and plays a key role in
binding the virus to the corresponding receptor at the surface of the host cell, also the
role of interference between the host membrane and the virus in the cycle is driven
by critical structural changes in the spike protein. For beta-coronaviruses, there is a
receptor-binding region (RBD) in the spike protein that is involved in binding to the
host cell receptor. This occurs when the spike is cleaved by the proximal host pro-
tease, then the spike combination peptide is released to facilitate virus entry. ACE2
for SARS-CoV and dipeptidyl peptidase-4 (DPP4) for MERS-CoV have identified
receptors. Past investigations have announced that RBDs from the heredity B of beta
covids can be arranged into practically distinct clades. Those from clade 1, which
incorporates SARS-CoV-2 can enter cells expressing ACE2. This has been tentatively
approved by a few investigations exhibiting the crystal construction of the RBD
of the spike protein with that of ACE2. ACE2 is enhanced in the ciliated bronchial
epithelial cells, which have all the major targets of being significant focuses of SARS-
CoV-1and -2, though DPP4 is advanced in the unciliated epithelial cells, which act
as target cells for MERS disease. The two receptors are expressed in the sort II pneu-
mocytes, which are contaminated by both infections. Aside from the ACE2 receptor,
neuropilin-1 has been as of late distinguished as an entry factor that functions in
concert with ACE2 to facilitate SARS-CoV-2 entry. In any case, expression of ACE2
in the mix with a host transmembrane serine protease has been displayed to confer
susceptibility to SARS-CoV-2 [1].

Like other covids, the SARS-CoV-2 section happens by means of a multi-step
interaction of cell surface connection, receptor commitment, proteolytic cleavage,
and membrane combination that includes a few particular domains on the spike
protein [1], which is shown clearly in (Figure 2).

As mentioned, the function of the RBD receptor plays the most important role in
the virus entering the host cell. Researchers have also recently realized that protease
plays a key role in facilitating virus entry, processing covid results, and as a potential
barrier to species. Research shows that the entry of the virus SARS-CoV-2 is increased
following the external expansion of trypsin. The most colorful role among host prote-
ases is the serine transmembrane protease Tmprss2, although it should be noted that
different types of this family, as well as certain cathepsins, are involved. Although the
spike protein has been shown to be cleaved by host proteases, there is further evidence
that this protease acts on the receptor and activates it [1].

SARS-CoV-2 is different from SARS-CoV-1 and other SARS-related types due
to the presence of a furin cleavage (FCS) site containing the PRRAR multi-basic
amino acid in the S1/S2 convergence of the viral spike protein (S). Although FCS is
present in other relatives of CoVs, such as HKU1-CoV, MERS-CoV, and OC43-CoV.
However, SARS-CoV-2 has a growth-enhancing function and it is assumed that
other vital factors accompany it and the rate of infection and contagion in these
factors is higher [10].

65



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

.Q k Virus

Entry via release
ACE2 PM fusion °

—

Entry via
endosomes o
TMPRSS2 Epithelial
' cell
Virus e Virus
replication maturation
' o Virus
» o0 ;
Viral RNA PIODeEE macrophage
Pyroptosis
— k=
MHC-I , ) Q) ATP > .
: o |L- N ¥
Endothelial presentation A€ IL-1 SO olL-1
I e oligomers Viral RNA
ayer
Figure 2.

Schematic of the intracellular lifecycle of SARS-CoV-2 and related immunopathology.

FCS is a known factor in influenza infections and appears to increase destruc-
tion and infection. Of course, it should be noted that it has not yet been determined
whether this pathogenic function is also present in the SARS-CoV-2 virus [10].

Although various proteases, such as TMPRSS2 and cathepsin-B or -L (CTS-B or -L),
cause cleavage at the S1/S2 site of the SARS-CoV-2 virus, the presence of FCS can have
benefits for the SARS-CoV-2 virus, although research is needed to prove this. A new
report by Johnson et al. shows that a SARS-CoV-2 virus that mutates and lacks FCS in its
spike protein reduces the proliferation of Calu3 cells in a human respiratory cell line, thus
weakening the disease in the hamster pathogenesis model. Preliminary observations sug-
gest that FCS in the SARS-CoV-2 virus may play an important role in degradation [10].

Observations show that the ACE2 receptor and the TMPRSS2 serine protease are
the main factors determining the entry of SARS-CoV-2 into cell tropism. It should be
noted that the cells that express these two proteins are always defending against the
SARS-CoV-2 virus [1].

Taking into account all the mentioned cases and points, we find that the SARS-
CoV-2 virus has higher infectivity and higher transmissibility than previous types of
coronavirus, and escapes from the host’s immune system and delayed its function, for
example, by disabling the system of long-term antibody formation against the virus.
They control and direct subatomic pathways in host cells that reduce cell growth and
damage in lung epithelial cells. These new discoveries are very large and effective in
helping to interpret the basic pathomechanisms in Covid-19 and in particular cause
immune disorders Figure 2 [10].

The cells encoding TMPRSS2 and the angiotensin-converting enzyme 2
(ACE2) are infected by the SARS-CoV-2 virus (severe acute respiratory syndrome
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coronavirus 2), which causes it to pass into the host cell through endocyte
machinery or fuse into the plasma membrane. The genetic material (genome) of
the virus is released into the cytosol of the host cell and transcription, replica-
tion, assembly, and translation. Viral progenies are produced and released into
the extracellular space through undiscovered mechanisms. Arrival and ampli-
fication of the viral lead to cell pyroptosis and arrival of harm-related atomic
examples, including ASC oligomers, ATP, and nucleic acids. This is joined by the
discharge of supportive pro-inflammatory cytokines and chemokines culminat-
ing in a cytokine storm. Then again, MHC-I limited antigen releasing is down-
regulated in all probability by binding of the viral Orf8 protein, bringing about
lessened T-cell activation.

1.3 The origin and evolution of SARS-CoV-2

Researchers have identified and sequenced the complete sequence of the SARA-
CoV-2 genome and other beta-coronavirus genomes. The results show that SARS-
CoV-2 is 96% similar to covid strain bat Cov RaTG13. And this research clearly shows
that SARA-CoV-2 may have originated in bats, and may also have evolved from bat
Cov RaTG13 [11].

The genomic RNA of SARS-CoV-2 encodes four driving structural proteins which
are known as spike (and which likewise contains the receptor-binding domain [RBD]
through which the infection ties to its natural receptor at have cell surface), the envelope
(E) protein, the membrane (M) protein, and the nucleocapsid (N) protein. The genome
of SARS-CoV-2 likewise contains extra genes, like that encoding for the RNA-dependent
RNA polymerase (RdRP). This enzyme is fundamental for replicating viral RNA and
for transcription of all RNA virals, both bearing negative and positive-sense RNA. In
positive-sense single strand RNA virals, for example, SARS-CoV-2, the enzyme straight-
forwardly transcribes the positive-sense RNA, which acts precisely like a messenger
RNA, yet additionally twofold convert positive-sense RNA into negative-sense RNA and
then again in positive-sense RNA, to be gathered in the last viral particle [12].

Researchers demonstrate that an isolate numbered EPI_ISL_403928 shows differ-
ent hereditary distances of the entire length genome and different phylogenetic trees,
the coding sequences of nucleoprotein (N), spike protein (S), and polyprotein (P)
from other SARS-CoV-2, with 2, 4, and 22 varieties in N, S, and P at the level of amino
acid residues respectively. The outcomes show that at least two SARS-CoV-2 strains
are involved in the outbreak [11].

Among the 103 strains, a sum of 149 mutations is distinguished and populace
hereditary investigations demonstrate that these strains are predominantly isolated
into two kinds. Results recommend that 101 of the 103 SARS-CoV-2 strains show
considerable linkage between the two single nucleotide polypeptides (SNPs). The
main kinds of SARS-CoV-2 (L sort and S type) are distinguished by two SNPs which
situate at the destinations of 8,782 and 28,144. L sort contains 70% of the 103 strains
and S type contains 30%, showing that L sort is more prevalent than the S type.
Notwithstanding, the S type is the ancestral version of SARS-CoV-2. Until today, 13
mutations in the spike protein have been recognized [11].

1.4 Emergence of SARS-CoV-2 variants and how they mutate

Changes and causes of created virus types are caused by nucleotide changes that
usually occur in the virus genome sequence during replication. It should be noted
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that these changes are faster in RNA viruses than in DNA viruses. However, the rate
of nucleotide changes in CoVs is usually slower than in other RNA viruses, due to the
presence of an enzyme that plays a role in correcting defects created during replica-
tion. This enzyme is called non-structural protein 14 (nspl4) which has the function
exoribonuclease (ExoN) which causes it to play a role in “editing.” It is also detrimen-
tal to the replication of SARS-CoV-2 and MERS-CoV if this function is inactivated.
Nucleotide changes in the genome sequence increase with respect to viral replication,
transmission, and escape from the immune system due to natural selection in a popu-
lation. For example, when a virus is detected by the immune system and its chances
of survival are reduced, it is naturally eliminated, so the virus in which the nucleotide
change occurred and caused it to escape the immune system and be safe has a better
chance of survival. In general, genomic changes that affect viral health can randomly
increase or decrease the frequency. Various treatments, such as monoclonal antibod-
ies (mAb), convalescent plasma and vaccines, and even environmental factors, are
important factors that have a significant impact on the genomic changes of viruses
and cause the continuation of these changes and the emergence of new strains. In the
event that variations evidently change the phenotype (transmission and virulence) of
aviral, they are alluded to as a strain [13].

Of course, it should be noted that not only the changes that occur during replica-
tion and the specified host stresses, not only the formation of different species but
also RNA editing or RNA modification can cause the formation of new types of
SARA-CoV-2 Be. For example, the replacement of cytosine nucleotides by uracil and
adenosine by inosine has been observed in SARS-CoV-2 genome sequence research.
These events occur by RNA-editing enzymes, which include apolipoprotein B mRNA
editing catalytic polypeptide-like enzyme (APOBEC) and adenosine deaminase
RNA specific 1 enzyme (ADAR1) respectively. Host cells have enhanced these editing
enzymes as innate viral sensory defense mechanisms; however, viruses can use these
mechanisms to evolve. In Covid-19 patients, alterations in the structure of viruses
have been observed within the host and are likely to occur by the same RNA-editing
enzymes, but how exactly is SARS-CoV-2 altered and manipulated using these
enzymes to nucleotide changes is not yet known [13].

Another factor in the development of the new SARS-CoV-2 species is recombina-
tion, which occurs in infected cells where the inherited substance of the two types is
packaged in a single virion and causes different changes in the sequence of the virus
genome. Recently, evidence has shown that a person can be infected with two dif-
ferent types of SARA-CoV-2 at the same time. In this case, the new species resulting
from recombination can each have different pathogenic properties and have serious
consequences for SARS-CoV-2 interactions, especially when this new species can
move away from normal and stimulated antibody resistance. Overall, CoVs have a
high recombination rate, and so far, conflicting data on SARS-CoV-2 recombination
have been reported and its exact nature is still unclear [13].

An increase in the rate of viral evolution and a decrease in the rate of repulsion
of the replicable virus has been observed in immunocompromised individuals with
SARS-CoV-2 disease. Several studies during the treatment of this disease with plasma
recovery method and mAb treatment have shown that the emergence of various
viruses is associated with reduced sensitivity to neutralizing antibodies. However,
in patients infected with the human immunodeficiency virus (HIV), an increase in
changes in the genomic sequence of the virus has been observed. Single nucleotide
polymorphism (SNP) examination distinguished a few varieties, frequently bringing
about amino acid changes in the S protein related to immune evasion tracked down
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in variations of concern. Beta, for example, was first seen in South Africa and was
thought to have evolved through the evolution of a virus within at least one host with
delayed viral replication, such as in a person with HIV or immunodeficiency. Intra-
host evolution is by all accounts more articulated in immunocompromised populaces,
which could act as a drawn-out wellspring of new SARS-CoV-2 variations, but it stays
unclear whether basic co-morbidities assume the main part in the development of
viral variations [13]. All in all, various factors change the genome and create a new
type of virus and disease, as mentioned above, not only the structure and editing
enzymes and proteins involved in replication but also the host’s immune system and
the host body’s enzymes and antibodies, which are injected through vaccines, can also
be effective in mutation.

1.5 Currently circulating SARS-CoV-2 variants

SARS-CoV-2 variations are classified by the CDC (Center for Disease Control
and Prevention) and the WHO into two sorts: variants of concern (VOC) and
variants of interest (VOI). A few VOC have emerged from the first wild-type
strain detached in Wuhan since the outbreak initially started in December 2019. As
indicated by the Center for Disease Control (CDC), a VOC is one that has expanded
contagiousness, expanded destructiveness, resistance to the vaccine, or acquired
immunity from the previous infection, and can escape symptomatic recognition.
The VOCs are classified by the WHO as Beta (B.1.351), Alpha (B.1.1.7), Delta
(B.1.617.2), and Gamma (P.1) [13, 14].

2. SARS-CoV-2 variants
2.1 D614G variant

At the beginning of February, a new strain of the disease began to spread in
Europe, and the first species to rapidly dominate the world was the D614G strain,
which underwent a change in the S protein and caused the disease to become more
infectious, but still, It was treatable by neutralizing with recovery serum [13]. This
species rapidly replaced the original and weaker species, a mutation that increased
replication capacity and sensitivity in both human and animal models. SG614 is more
steady than SD641 and less S1 shedding is noticed, so the SARS-CoV-2 with SG614
could transmit more efficiently. One review shows that in different cell lines, the
SARS-CoV-2 containing the D614G change is eight times more effective at transduc-
ing cells than wild-type spike protein, providing evidence that the D614G mutation
in SARS-CoV-2 spike protein could increase the transduction of multiple human cell
types. TheD614G in the furin binding is a conspicuous common mutation depicted in
nearly all of the new variations. The D614G mutation could decrease neutralization
sensitivity to the sera of convalescent COVID-19 patients [11, 13, 14].

2.2 Alpha variant (B.1.1.7 lineage)

In late December 2020, a new strain of the disease was identified that quickly
became dominant in the UK, called alpha (B.1.1.7). This species of SARS-CoV-2 is
highly contagious. The alpha species (B.1.1.7) is caused by a receptor-restricting space
(RBD) in the spike protein. As mentioned earlier, it is important to identify the original
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genomic sequence of the SARS-CoV-2 virus to control the epidemic and identify how
new species formed, and find a way to treat and prevent further changes or predict

the next mutation. The researchers identified seventeen mutations in the viral genome
sequence in which eight mutations occurred in the spike (S) protein, such as A144 can-
cellation, A69-70 deletion, A570D, N501Y, D1118H, S982A, T716I, and P681H. Another
important mutation that increases the incidence of the disease and binds the spike
protein to the ACE 2 receptor is the N501Y mutation, which accelerates and improves
the viral binding and thus cells entry. This species was seen in Britain and the United
States in September and December 2020, respectively. The death rate was seen to be
high in B.1.1.7 variant tainted patients and the changed peril proportion was examined
as 1.67, 95% CI 1.34-2.09. The B.1.1.7 predominant variation SARS-CoV-2 strain is
flowing in different nations worldwide. Research has shown that people who have been
vaccinated have each been somewhat resistant to the species. The following results
show some data. Those who received the BNT162b2 vaccine had a significant reduction
in the neutralization titer against the alpha species (B.1.1.7). Individuals vaccinated with
the Janssen vaccine (Ad26.COV2-S) had a moderate effect in vitro against alpha species
(B.1.1.7) but were less effective than against the reference strain. In the case of individu-
als who had been vaccinated with Novavax (NVX-CoV2373), the data showed that they
were 96% effective against the first strain and 86% effective against the alpha species
(B.1.1.7). In Phase III clinical trial in the United Kingdom containing 15,000 members
(18 to 84 years old), AZD1222 was 70% effective in alpha (B.1.1.7) infected individuals
and 77% effective in non-alpha species was observed. Studies have identified a variety
of amino acid changes in the spike protein of the alpha species (B.1.1.7). The reason for
these changes is N501Y, P681H, 69/70, ORF8, and E484K mutations. In addition to the
above, another F888L mutation in protein (S) has been identified in the Nigerian spe-
cies alongside E484K. This mutation increases the virus’s permeability to the host cell
by hydrolysis by TMPRSS2 to alter the biological efficacy of SARS-CoV-2. Every one of
the above examinations was completed with their restrictions regarding methodology,
sample size, and immune reaction [13, 14].

2.3 Beta (B.1.351 Lineage)

In October 2020, a new species called beta (B.1.351) was identified for the first
time and quickly became the dominant strain, causing the second wave of epidemic
in South Africa [13]. This species is caused by E484K mutations and has more side
effects than other species. New mutant species are more resistant to species originat-
ing in Britain and South Africa but are less effective against vaccines. The K417N and
E484K mutations give rise to the V2.501 variant seen earlier in South Africa, which
is more contagious and has a strong correlation with the parent strain. E484K muta-
tion also assumes a significant part in immune component, host receptor affinity,
and infectivity. Starting discoveries have demonstrated that the Oxford-AstraZeneca
immunization has shown an extensive decrease in inadequacy against these variations
and was checked on by the WHO. Novavax vaccine can protect to a moderate level,
while the Pfizer-BioNTech and Johnson and Johnson vaccines immunizations likewise
have diminished the viability against the p-variant (B.1.351) [14].

2.4 Lineage B.1.258

In late 2020, the species B.1.258 was first identified in the Czech Republic and
Slovakia, it had a greater ability to escape the immune response, as well as a more
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acute infection in the host. The N439K mutation in the terminal region of the spike
glycoprotein has given rise to this species, although 69-70 deletions in the receptor-
binding domain (RBD) have been observed to be modified. Also, due to the change
of antigenic peptides in the amino-terminal region, neutralizes this species when
exposed to vaccine and serum [14].

2.5 Gamma variants (P.1 or 20 J/501YV3)

In January 2021, four Brazilians traveling to Japan brought a new strain of the
disease with them to the Brazilian city of Manaus, where it was first found, and
named it the gamma species (P.1). The disease has exacerbated the number of cases
in Brazil [13].

This new species of gamma (P.1) is caused by 11 mutations in the spike protein.
Researchers have been conducting extensive research on SARA-CoV-2 cases since
December 2021, and about 42% of cases have infections of the gamma species (P.1).
Mutations that cause this species have increased the infectivity rate of the disease to
+160% and caused them to better escape from the immune system due to antibody-
mediated. Statistics also show that this variant is more lethal and can kill up to 2.2
times more people. Gamma and quasi-gamma variants (P.1 and P.1-like) are more
common and contagious among younger people. P.1 or 20 J/501Y.V3 were classified
as gamma mutations (K417T, N501Y, and E484K) in the RBD domain. In November
2020 and January 2021, it has been seen that the Gamma variant is 1.4-2.2 times more
infectious than the baseline [14].

2.6 Delta (Lineage B.1.617 and B.1.617.2)

Delta (B.1.617.2) was first identified in December 2020, which quickly became the
dominant species, causing a second wave of pandemics in India, which was cata-
strophic and even resumed. The strictures became in the United States [13].

This type of delta (B.1.617 and B.1.617.2) is caused by three mutations of the
alternative type, these mutations include P681R, L452R, and E484Q. Of these three
mutations, two were seen in the RBD domain and the other near the furin that binds
to the host. This species is up to 64% more transmissible than the previous, has also
increased the number of hospitalizations by 85%, and even affected natural immu-
nity. However, the risk of re-infection in patients is lower than before. Among the 15
mutations found in Delta species are spike protein mutations E484Q, D111D, P681R,
and G142D, which have been shown are caused to escape antibody neutralization [14].

2.7 Lineage B.1.168

In West Bengal, a new variant has been found that was created by the deletions of
the two amino acids His146 and Tyr145 and the mutations D618G and E484K, called
B.1.168. These changes can escape convalescent plasma and numerous monoclonal
antibodies [14].

2.8 Variant Omicron (B.1.1.529)

As of late designated VOC by the WHO, was first identified in November 2021 by
world-class genomic surveillance laboratories in South Africa and has been tracked
down in numerous nations all over the planet. The rise of these variants is disturbing
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since they might affect viral transmissibility, virulence, and rate of reinfection by
escaping natural and vaccine-induced immunity [13]. The Omicron SARS-CoV-2
variant shows in excess of 30 mutations prompting amino-acid changes in the spike
sequence, 15 of them situated in the receptor-binding domain (RBD), which is key for
viral-cell association interceded by ACE2 receptor. Deductions to decide transmission
rate have endeavored from the Omicron spike quality arrangement. This information
revealed a bunch of mutations at the S1-S2 furin cleavage site, which might upgrade
viral infectivity. Additionally, docking studies showed that a blend of mutations in the
RBD would yield a high binding proclivity with human ACE2 of this variation [15].

2.9 Other VOIs

Numerous other VOI has been accounted for which are just anticipated to influence
transmission, virulence, and acquired or vaccine immunity. The VOI and variants being
checked to incorporate; Epsilon (B.1.427/B.1.429) was first found in California, and
research has shown that it is the result of several mutations in the spike protein and
ORF1ab. These include the 14205V, D1183Y, and L452R, S13I, and L452R mutations in
which the first two mutations occur in ORFl1ab and the next three mutations occur in the
spike protein, also known as CAL.20C, CA VUI, 21C or 20C/S: 452R. In November 2020,
the CAL.20C variant was differentiated in California and eventually named Epsilon [14].

Zeta (P.2) was identified in Brazil, and has key spike mutations (T20N; L18F;
F157L; P26S; D614G; E484K; V1176F; and S9291) [12-24]. Eta (B.1.525) is recognized
in Nigeria and the UK and Iota (B.1.526.1/B.1.526) is distinguished in New York, both
have key spike mutations (B.1.525: A69/70, A67V, A144, D614G, E484K, F888L,
Q677H; B.1.526: T95I, (LSF*), D253G, (E484K*), (S477N*), (A701V*), D614G [12-24].
Theta (P.3), additionally called GR/1092KV1 distinguished in the Philippines were
accounted for on February 18, 2021, with two mutations N501Y and E484K. Theta
variants were likewise distinguished in Japan, the United Kingdom, and Malaysia in
July 2021. Theta variants vanished by July 2021 [13, 14]. Kappa (B.1.617) harbor key
transformations (G142D, (T951), E154K, E484Q, L452R, D614G, Q1071H, and P681R)
and same as Delta Plus (B.1.617.2.1) distinguished in India [12-24]. Lambda (C.37) is
distinguished in Peru and Mu (B.1.621) is recognized in Colombia [13].

Eleven COVID-19 vaccines (mRNA-1273 (Moderna), BNT162b2 (Pfizer/
BioNTech), ChAdOx1 (AstraZeneca/Oxford), Ad26.COV2.S (Janssen), NVX-
CoV2373 (Novavax), BBV152 (Bharat Biotech), CoronaVac (Sinovac), BBIBP-CorV
(Sinopharm), SCB-2019, CVnCoV, and HB02)) [25, 26]. Full vaccination of COVID-
19 antibodies is highly compelling against Alpha variant, and moderate viable against
Beta, Gamma, and Delta variants. A booster vaccination is more powerful against
Delta and Omicron variants. mRNA vaccines appear to have higher vaccine effective-
ness (VE) against Alpha, Beta, Gamma, and Delta variants over others [26]. So far,
we have described all the variants that mutated and spread, mentioning the cause of
the mutation and the first place they discovered it. This is definitely not the end of the
story, and like all other microorganisms and diseases, they always mutate and adapt to
new enemies which are dangerous to their survival.

3. Implications of variants on transmission and virulence

Again, a brief overview of the important issues mentioned above: Spike protein
binds to the ACE2 receptor and accelerates the entry of the virus into the host cell.
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Replacement and change in amino acids in spike protein, especially in RBD, directly
affect the mechanism of virus entry into the host cell and cause many concerns. The
N501Y mutation is very common among a variety of alpha, beta, and gamma species,
and is also known to enhance cellular infection in animal models. One of the most
important amino acids associated with ACE2 receptor binding is asparagine, which
is located at position 501 (N501). Replacing this amino acid with the amino acid
tyrosine (Y) increases the affinity for binding to the host receptor. This makes the
coronavirus more contagious, found in both alpha and beta species. Research in the
UK has shown that the alpha type does not essentially increase the risk of hospitaliza-
tion. Despite this research, further studies have shown that this species increases the
mortality rate by up to 61% and the severity of the disease is higher in this species. In
addition to the above, the alpha type has the P681H mutation, which is located in the
area near the site of the furin incision, and this mutation plays an important role in
increasing infection and transmission. Another factor that increases viral infection
in vitro is the deletion AH69/V70, which binds to specific receptors and manages to
detect glycoprotein S [13].

In the beta type, the amino acid substitution in the spike protein is higher than
in the alpha type. The RBD-ACE?2 interaction complex has been examined funda-
mentally utilizing in silico strategies to evaluate the effect of the K417T, N501Y, and
E484K replacements. The N501 residue is significant for ACE2 collaboration, while
E484 and K417 are not anticipated to assume a significant part. The last two residues
may as a matter of fact diminish binding fondness, which shows that the expansion in
contagiousness found in the Beta variation is because of N501Y or different modifica-
tions in the viral. Among people infected with the SARS-CoV-2 virus in South Africa
in October 2020, only 11% were infected with the Beta, but in December of that year,
the number of people infected with Beta increased to 87%. Also in Cape Town, the
second wave of the Covid-19 epidemic with Beta variant took half the time compared
to the cases of the wild-type variant in 100,000 cases. Also, the mortality rate in the
second wave was significantly higher, although one of the reasons could be amazing
health care services at that time. Pearson et al. affirmed these outcomes utilizing an
adjusted model which showed that this variation has expanded contagiousness and
destructiveness [13].

In late 2020 in Brazil, a new strain of the SARS-CoV-2 virus called gamma caused
a new wave of epidemics that disrupted health services. The gamma type has 17
amino acid substitutions, which in three cases are similar to the substitutions in the
beta-type spike protein. Reports have shown that this species is 1.4-2.2 times more
transmissible to the host than the wild type. Doctors’ reports indicate that this species
could be more serious, as the infected cases were mostly young people with high levels
of infection who became infected with the virus. Comparison of the first and second
wave data between adults aged 20-39 years showed that this type has increased
the mortality rate by 2.7 times and even increased the rate among all people in any
age group by 1.15 times. In addition to the gamma type, another type called delta is
responsible for the emergence of the second strong wave in India, this dominant type
has spread to other countries with eight changes in the spike protein. It also triggered
a third wave in South Africa, rapidly weakening and replacing Beta in about three
months. One of the reasons was its higher transferability (46%) than Beta. It even
eradicated the alpha type in Britain and delayed community activities in June 2021 as
the incidence increased, especially at gatherings of young people and unvaccinated
people. In this type of mutation, two amino acid substitution mutations have been
discovered, one L452R, which occurs in the RBD region, and the other, P681R, which
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occurs at the site of the furin cleavage of the spike protein. It should be noted that in
addition to the Delta type, the P681R mutation has also been seen in the Alpha type,
which increases the binding to the host cell receptor, which directly causes infection
and the prevalence rate. Although the P681R mutation has recently been identified as
a fixed mutation that alone is not able to change the rate of transmission and infec-
tion, several mutations cause this action. Reports indicate that the Delta type is more
contagious than both the wild type and other variants. Even doctors’ observations and
reports indicate that the Delta type has doubled the risk of hospitalization compared
to the Alpha type and that patients with the Delta type have a more acute illness and
the mortality rate in the hospital emergency room is significantly higher. In addition
to all of the above, researchers are analyzing epidemiological data to estimate the
transmissibility and rate of Omicron infection. Preliminary reports predict that this
type could trigger a new wave of Covid-19 epidemics, especially in South Africa.
November 2021, in South Africa, the Omicron type is found in 76% of people infected
with the SARS-CoV-2 virus, just where the Delta type was most prevalent recently. Of
course, the important point in this type is data from emergency clinics in South Africa
that the Omicron type causes less infection and disease than the Delta type [13]. In
total, we have so far gained a vast chunk of the sea of information and mechanisms
that cause mutations in the structure of viruses. And we have explained to you the
most important and main ones that have been proven so far, although as you know,
science is always evolving and full of behaviors that have not yet been discovered.

3.1 Future prediction

Our understanding according to other studies that have been done and are men-
tioned earlier that RNA viruses, such as HIV, can use more than one host receptor to
intervene in cell intrusion. Like other CoVs, for example, SARS-CoV and MERS-CoV,
it is thought that SARS-CoV-2 may likewise foster the capacity to infect host cells by
means of the S protein binding to receptors other than its primary receptor of passage
as the viral keeps on developing wellness improving varieties. Iz vitro examinations
have proposed that the transmembrane glycoprotein CD147 could act as an elective
receptor for SARS-CoV-2. These glycoprotein capacities as a receptor for cyclophilin
A, which assumes a part in the provocative reaction by going about as a chemotactic
factor for leukocytes and moreover enacts antiviral reactions. Despite the fact that
proof is as yet expected for the job of integrins, which are CD147 interacting proteins,
they have additionally been conjectured to be SARS-CoV-2 host passage receptors.
Neuropilin-1 (NRP-1) and NRP-2 contain a space succession, which as per sub-atomic
demonstrating and iz vitro examinations, could act as a binding site for the SARS-
CoV-2 furin cleavage site in this manner going about as a potential co-receptor for
viral entry.

4. Lung cancer

The second most common and malignant cancer among men and women world-
wide is lung cancer, the leading and most dangerous cause of lung cancer is smok-
ing. There are two types of lung cancer: small cell lung cancer and non-small cell
lung cancer, which make up 15% and 85% of all lung cancer patients, respectively.
Histological studies and hereditary characteristics of lung cancer are needed to make
the right treatment and prevention methods. The SARS-CoV-2 virus, which causes
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the Covid-19 epidemic, has severely affected people with lung cancer and how they
are treated. Pressures over care frameworks have prompted demonstrative deferrals,
the need to sort out for the administration of foundational therapies, yet in addi-
tion to oral therapies, lastly postpones in the administration of medical procedures
and radiation therapy. It does not give the idea that lung malignant is a considerable
risk factor for vulnerability to Covid-19 or deteriorating of contamination, at least
not similarly to other comorbidities, such as cardiovascular illness, diabetes, and
constant obstructive pneumonic sickness. Interestingly, apparently, when tainted,
patients with lung cancer have a higher gamble of deteriorating [22]. Coronavirus
is more serious in patients with lung cancer. Patient-specific features, instead of
malignant growth explicit highlights or treatments, are the best determinants of
seriousness [21].

Severe Covid-19 can be considered a hyperinflammatory issue described by
gigantic resistant cell enactment. Accordingly, this might make sense of more awful
results in more established individuals and cancer patients. While it very well may be
conjectured that the brought down resistance prompted by malignant growth itself
or its treatment could be a defensive component against the significant safe response
seen in Covid-19, there is natural reasoning for rejecting this proposal. An increase in
inflammation is normal during aging and has been characterized as “inflamm-aging.”
Constant irritation, including from malignant growth and progress in years, as well as
immune checkpoint inhibitors (ICIs) can cause a flood in proinflammatory immune
responses, prompting upgraded creation of cytokines from T cells and phagocytes,
specifically in lung cancer, there is chronic pulmonary inflammation, both from
the tumor microenvironment (TME) and the successive hidden lung pathology.

This immune deregulation observed in older, lung cancer, or ICI-treated patients
might drive the serious pathogenesis of Covid-19 in these exceptional populaces.
Additionally, T cells produce proinflammatory cytokines with multiple functions, for
example, selecting monocytes and neutrophils to the site of disease and activating
other downstream cytokine and chemokine overflows [18].

As of late researchers considered an over-portrayal of cancer patients in the Covid-
19 companion. In that, lung cancer was the most frequent sort (5 of 18 patients). In
view of their outcomes, the authors have proposed three significant procedures for
patients with malignant growth in this Covid-19 emergency: 1- To delay all adjuvant
foundational treatment or elective medical procedures for stable cancer in endemic
regions. 2- To increment personal protection provisions for patients with malignant
growth and in-danger disease survivors. 3- To strengthen surveillance in disease
patients tainted with SARS-CoV-2. Albeit these suggestions came from a little exam-
ple size with a lot of heterogeneity, there is a rising agreement to change our standard
administration during this pandemic. Patients with lung cancer are prone to serious
entanglements, for example, admission to the emergency unit for invasive ventila-
tion, or demise, from Covid-19. Smoking has additionally been distinguished as an
autonomous risk factor in serious Covid-19 cases [19]. Along this line, it has been
noticed a relationship between the severity of Covid-19 and subjects with a high-level
period of malignant growth illness and a poor ECOG execution status. Furthermore,
aging, heftiness, and metabolic condition are inclining factors for disease and address
comorbidities that might impact defenselessness to SARS-CoV-2 infectious and the
severity of its confusions. A review examination revealed an expected gamble of
disease to SARS-CoV-2 and serious or deadly complexities of around 2.31 times higher
in lung cancer patients than overall public or contrasted with patients with different
malignancies [16].

75



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

A study and report published in the Medical Oncology Department of Wuhan
University Zhongnan Hospital on 1524 cancer patients admitted to the same hospital
on March 25, 2020, reports the consequences of Covid-19. This report shows that
people with cancer are more at risk for infection with the SARS-CoV-2 virus than
healthy people. This risk is increased in all people with cancer, even those undergoing
anti-cancer treatment. The most likely to develop Covid-19 were patients with non-
small cell lung cancer (NSCLC) and above the age of 60 [20].

A major challenge in the Covid-19 pandemic comprises making a fast and right
differential finding among SARS-CoV-2 prompted pneumonitis and medication
incited lung poisonousness. For sure, this might give side effects frequently not
explicit, comprising fundamentally of cough (or get worse), dyspnea, chest agony,
and fever, which are basically the same as those saw in the SARS-CoV-2 disease. Along
this line, likewise, radiological imaging of medication-related poisonousness might
cover that run-of-the-mill of Covid-19-initiated pneumonia, accordingly impeding
the separation of these clinical elements. Chest computed tomography (CT) is the
imaging methodology of decision, for the assessment of pneumonitis in patients
with lung cancer who went through target treatment or immunotherapy, and it is
likewise the most touchy strategy for the conclusion of Covid-19 pneumonitis, even
in the underlying phases of the disease. Concerning ICI-related lung harmfulness, a
wide range of imaging signs has been accounted for, for example, ground glass (GG)
regions or potentially combinations that happens in roughly 70-80% of cases, as a
rule with no particular dispersion, septal thickening, and foothold bronchiectasis
in around 15-20% of patients, or elements of acute interstitial pneumonitis (AIP),
including consolidations and volume loss that depend on the severity of toxicity;
additionally, sores are for the most part multifocal and include the lower lobes [16].

Another challenge of Covid-19 in patients treated with chemoradiotherapy for a
locally progressed cancer is likewise the presence of differential findings with dif-
ferent reasons for radiological irregularities, such as radiation-prompted pneumonic
fibrosis, which is a typical complication of thoracic radiotherapy for lung cancer.
Radiation-prompted aspiratory fibrosis prompts irreversible obliteration of lung
engineering and interruption of gas exchange. Immunotherapy could all the while
support cytotoxic T lymphocyte insusceptible response against infection contami-
nated and neoplastic cells. This immune stimulation might cause exacerbate the
disease, however, a new report has shown the contrary that proceeding with pro-
ceeded with utilization of PD-1 barricade during the Covid-19 pandemic is protected.
It is vital to recognize Covid-19 pneumonia from other lung pathologies for the right
treatment and right on time as conceivable [22].

Lobectomies, autopsies, and biopsies have yielded information about the his-
tologic impression of the pathophysiology of Covid-19. An especially fascinating
report concerns two patients with lung cancer treated with lobectomy, retrospectively
diagnosed to have Covid-19, offering a brief look into the early pathologic show of
thisillness. As in the first SARS illness, Covid-19 can prompt exudative as well as pro-
liferative lung injury in an intense setting. Today, we realize that the super histological
discoveries in Covid-19 lung sores are commonplace indications of alveolar harm,
including the triad of injury to type II pneumocyte hyperplasia, alveolar epithelial
cells, and hyaline membrane development. The hallmark hyaline membrane arrange-
ment found in SARS and seen in resulting pathologic examines of Covid-19 were
lacking with regards to, revealing insight into the order of intense lung injury. For this
situation, this constellation was reasonable on the grounds that these patients were
operated on at a presymptomatic stage. An outstanding perception was a plentiful
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invasion of mononuclear inflammatory cells and alveolar macrophages. Strangely, the
authors bring up that while clinically asymptomatic, these patients gave leukocytosis
lymphopenia, showing the immune reaction was in progress at this early illness stage.
Similarly, radiographic changes can go before side effects and should be deciphered
circumspectly during an epidemic [18].

Lung cancer patients have a higher death rate than the overall public. Joined
azithromycin and hydroxychloroquine treatment appear to be a decent treatment
choice [17].

Today, different suggestions have arisen about fitting disease treatments, includ-
ing for NSCLC, to the truth of the Covid-19. The foundation of these is to diminish
unnecessary exposure, accordingly decreasing the risk of transmission. For lung
cancer patients, this likewise implies cautiously gauging the risk to benefit propor-
tion of every treatment. While ICI-prompted pneumonitis might look like Covid-19,
the two on a pathophysiological and clinical level, there is no proof recommending
patients getting these medicines are at increased risk of severe Covid-19 confusions,
contrasted and those on other oncological treatments. Also, no information exists
about the possible collaboration between SARS-CoV-2 and tyrosine kinase inhibitors.
Once more, regardless of whether drug-prompted pneumonitis is thought, Covid-19
ought to be rejected. For all NSCLC patients, the component to remember; notwith-
standing, is to be receptive. While anticipating viral swab affirmation, one ought to
hinder cytotoxic treatment ought to natural, radiological, or clinical tests be reminis-
cent of Covid-19 [18].

A group from Milan created, as per clinical information and restorative modalities,
a very intriguing help algorithm. This algorithm laid out from sex, PS, age, sex BMI,
comorbidities, treatment or not corticosteroids, and tumor characteristics and treat-
ments, arranges patients into three risk classes:

1. A low-risk category that permits keeping up with cancer on the board as ar-
ranged before the pandemic, delaying or decreasing the quantity of visits to the
medical clinic, utilizing teleconsultation instruments, or utilizing foundational
oral therapies.

2. A halfway risk class where the organizing of the illness is efficiently viewed as
postponed.

3. A high-risk class that requires intense therapy, yet additionally closer checking of
clinical and biological signs.

In that series, the treatment modalities (history of surgery, history of irradiation,
systemic treatment) do not seem to affect the seriousness of Covid-19 contamina-
tion. The authors found no biological variable especially fundamentally connected
with severity. Current treatment choices include medical procedure chemotherapy,
radiotherapy, designated treatment, and immunotherapy [23].

5. Conclusion

As you know, the coronavirus epidemic has been affecting all countries financially
and socially for almost two years, and like all other viral diseases, it will certainly not
be eradicated soon, but it will threaten humanity in a new way each time. In the last
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20 years, three CoVsubspecies transmitted to humans, and established researchers
must continue to further develop identification and observation methods to prevent
such adverse effects in the future.

Worldwide routine observation of SARS-CoV-2 variations and their consequences
for destructiveness and right now utilized therapeutics will permit researchers to
evaluate on the off chance that immunizations and different treatments are expected
to be refreshed occasionally. New variations might infiltrate group invulnerability
and taint unvaccinated people or work with immunization escape, which can incline
these people toward extreme illness or passing. Nonetheless, most investigations have
proposed that antibodies are as yet viable against the now coursing variations and can
safeguard against extreme to direct illness results. Proof supporting the utilization of
even a single vaccination dosage in keeping serious sickness from the Delta variation
in the UK has featured the requirement for quicker immunization arrangement and
rollout in more unfortunate areas like Africa. It is trusted that the in-house assem-
bling of Covid-19 immunizations will help South Africa as well as the remainder
of the African mainland to accomplish this objective. Also, more examinations are
expected to assess the purpose for leading-edge diseases and the chance of winding
down resistance to SARS-CoV-2 as well as the job that booster immunization dosages
could play in counteraction. To lessen the risk of new and possibly more malicious
variants from arising, health specialists ought in on vaccinating people as quickly
as could be expected and ought to keep on underscoring the significance of mask-
wearing and social distancing. A multipronged treatment approach ought to keep
on being carried out in nations, for example, South Africa has a high predominance
of co-morbidities, for example, HIV, which might add to the rise of variations. This
would not just save lives, yet additionally, give restricted space for the viral to develop.
While it may not be imaginable to foresee what the following VOC will be, we can
gain from previous encounters and difficulties to more likely adapt to the situation at
hand. SARS-CoV-2 is not supposed to vanish soon, however, will probably turn into a
(the) essential medical care issue from now on, and as such will stay a challenge.

Besides, the amount of information on the connections between lung cancer and
Covid-19 contamination has become richer, mainly because of studies on several
patients in multicenter. It is, in this way, vital to make a protected medical care
framework during the Covid-19 pandemic and it is fundamental to support clinical
service conveyance to patients with lung cancer. One of the hypotheses about the
SARS-CoV-2 virus is that it can change the mechanism of its entry into the host cell,
that is, the binding to the host receptor no longer occurs through the spike protein
and occurs by another method, and, in that method, new mutations occur that make
it harder for researchers to find a treatment for this disease, like many other diseases,
will be inexhaustible and will constantly evolving.
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Chapter 6

Panama: Scope and Psychosocial

Challenges Two Years after the
COVID-19 Pandemic
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Abstract

It is a review of the challenges that Panama faced during the two years of the
COVID-19 pandemic, in terms of mental health. From social psychology, some of the
research that provided a vision of the effects in the short, medium, and long term is
shown. Finally, social psychology is proposed as a reference framework for the study
of the phenomena associated with the pandemic.

Keywords: social psychology, pandemic, COVID-19

1. Introduction

On January 16, 2020, an epidemiological alert for coronavirus was issued urging
members of the World Health Organization (WHO) to guarantee updated information
on the new coronavirus due to the increase in positive acute respiratory syndrome
cases. The etiology was unknown. At that time, twenty-seven patients were detected
in Wuhan (China on December 31, 2019), one patient in Thailand (January 13, 2020),
and another in Japan (January 14, 2020) [1].

By January 20, 198 positive cases and three deaths from coronavirus had already
been added in China, two cases in Thailand, one case in Japan, and one case in the
Republic of Korea, so the WHO suggests isolation and follow up on these. In this sce-
nario, the experience gained during the SARS and MERS epidemics was particularly
useful in limiting international health care and alert protocols [1].

On January 27, WHO reported 2801 cases of coronavirus worldwide, of which
eighty died. The health alert was intensified, considering that China reported 2761
cases. An additional forty cases were confirmed in eleven countries (Australia,
Canada, France, Japan, Nepal, Malaysia, Republic of Korea, Singapore, Thailand,
United States of America, and Vietnam) [2].

Under the established scenario, on January 30, WHO considered a Public Health
Emergency of International Importance (PHEIC) due to coronavirus, then called
COVID-19, and was categorized as a pandemic on March 11, 2020. More than 9700
positive cases were in China and 106 in nineteen other countries [3].

On January 20, Panama’s Ministry of Health (MINSA) monitored the interna-
tional situation due to the COVID-19 alert. Biosafety measures were implemented in
hospitals, including a national health care campaign based on physical distancing and
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frequent hand washing prevention. As of that date, MINSA disclosed the concrete
actions and guidelines to face the Pandemic.

On March 9, the first confirmed case of COVID-19 in Panama was announced.
With it, the “Plan Protect yourself Panama” was implemented to deal with the situa-
tion, based on the preparations made during the previous months and the experiences
from different countries.

As of March 24, the figures for the Pandemic established 422,829 positive cases of
COVID-19, in 197 countries, with 18,907 deaths. Panama reported 443 positive cases
and eight deaths, which yielded a quarantine from March 25 [4]. As of March 26, the
country reported 674 cases, nine deaths, and a transmissibility rate, R,, between 1.5
and 2.5 [5-7].

The health measures included a sanitary fence that implied staying at home, and tele-
working formats were activated for those activities. This measure provided the population
with the protection of their health and family; however, it was not easy for the people or
the authorities because isolation favors sensory deprivation, fear, and defenselessness.

2. COVID-19 as a social phenomenon

According to Van Zoonen & Van der Meer [8], there are three response strategies to
a crisis: denial, reduction, and reconstruction. The best of these is the third because it
offers symbolic support that reduces uncertainty, fear, and anger, minimizes rumors,
and generates an imprint of credibility of the source and content of the speech.

Faced with the chaotic situation, due to being confined at home, a small part of the
world’s population focused on the alternative personal and family “reconstruction”
strategy; that is, a distant turn was required from the direction that had been main-
tained at least in the last century of civilization. They are small groups of influence
with credibility, far from the political, economic, and religious sectors; they are
responsible and committed professionals, civil organizations, and academics who
have maintained a proactive behavior that Moscovici [9] called active minorities.

The majority, who also perceived a chaotic situation in the face of the crisis, still
use “denial” or “decrease” strategies, according to Van Zoonen & Van der Meer [8].
Society’s behavior during the Pandemic in the world is essential to go back to the
thinkers of the beginning and middle of the previous century, even earlier, since the
Greeks also elucidated social exercise.

One proposal is to section off areas to clarify people’s behavior. So that one sec-
tion would correspond to the social framework seen from the individuality, that
is, through motivation, stress, attitude, confidence, uncertainty, adaptation, and
another from the group itself, such as with social influence, communication, the cred-
ibility of the source, the rumor, and the expression of the masses, among others.

There is a fear of freedom regarding the social subject’s role in his individuality
(Fromm) [10]. The challenges are so overwhelming that thinking about it causes
significant uncertainty in the human being that turns into anguish. Hence, he does not
wish to exercise it. In addition, and according to Freud [11], in the future of an illusion,
culture restricts us from exploring other contexts. Those capable of doing so must con-
sider that present comes from the past and impacts future decisions. These individuals
will boldly seek to look beyond the obvious and face their success or failure. Yet, the
discomfort will always be present. With the confinement situation as a measure of
protection for physical health and defense against COVID-19, the uncertainty, anguish,
and fear inherent to the human condition were exacerbated in all social groups.
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Humans could glimpse their “self,” explore emotions, confront identity. Yet,
humans chose to move before thinking about what could have been an opportunity
for evolution have been an opportunity for evolution. Humanity preferred defense-
lessness by contingency, because of the uncontrollable, and with it a low expectation
of efficiency and response.

On the other hand, in the social sphere, human groups relate in a stereotyped way,
look for similarities, and squeeze together to feel safe. Their reference groups are
more present than ever, trying to maintain the status quo, despite the apparent signs
of change. With this confinement scenario, the family group had to remain united
with this confinement scenario, the family group had to remain united without leav-
ing home, for at least twelve weeks, under a dry law regime and with restricted hours
to buy groceries restricted hours to buy groceries.

The mandatory confinement triggered a massive change in the use and functional-
ity of the areas, not counting the need for teleworking and distance education for
at least three family members on average at the same time. Coexistence in common
spaces deteriorated interpersonal relationships due to the time and type and the room
it was established. In his field theory, Kurt Lewin sustains that each member requires
a vital space: a physical area where a psychological environment was built, essential to
perceive harmony, which has been challenging to achieve.

Under this circumstance, not only the family group that cohabited a space was
disrupted, other reference groups such as friends (colleagues, coworkers, neighbors),
also suffered distortion with respect to social perception, due to the low physical
contact; to communication, since these media respond to the economy and not
to mental health; leadership among its members, which involved skills in manag-
ing technology to continue being the protagonist or “influencer” virtually; to the
exacerbated social influence due to uncertainty and the false belief that what is seen
through social networks is genuine and who speaks is an expert, however, they con-
tradict each other; to the mechanisms of obedience to the authority and credibility
of the source, which in most cases prevented people from having a logical reasoning
thought; to the locus of control, which has historically been external, generating
greater defenselessness in the face of cognitive dissonance; and above all to rumor,
which due to its characteristics tends to spread exponentially (being a trend) gen-
erating fear and more significant uncertainty, which has led the population into a
spiral of social alterations.

Regarding the exercise of leadership, social construction presupposes autonomy
and independence and the ability to influence the behavior of others [12], hence the
need for a separation of the exercise of power.

Even before the arrival of COVID-19, submitting to the conformity process already
allowed functional coexistence. Likewise, the phenomenon of social persuasion has
guaranteed that behavior in groups is acceptable and appropriate. The social pressure
to follow the rules confers a kind of shelter that protects the mass, the majority, but
limits individuality. In Foucault’s words [13] when this is not enough, power relations,
control technologies, and the microphysics of power present in society use punish-
ment as a social function to tame, configure and guide behavior.

This consensual social functioning makes individuals believe that they make
their own decisions. Western thought inculcates the belief that he is the expert in his
choices, opinions, and judgments about the world [14]. During the pandemic con-
finement, the group attraction that motivates cohesion was altered by the obstacle of
physical proximity, especially in populations without internet access which generated
alterations and psychosocial risks.
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The population with Internet access suffered another type of damage: overexposure to
information, difficulty in evaluating it, determining its truth or falsity, and social com-
parison with other locations, regions, hemispheres, and latitudes. Similarly, the possibility
of scarcity led “civilized populations” to panic buying and compulsion to jealously guard
personal hygiene and cleaning products more than food and pharmaceuticals.

These are not the only psychological alterations presented in the document. The
efforts to understand the psychosocial processes and the variables that could establish
a proposal to understand this atypical pandemic situation led a group of psychologists
to make some measurements.

3. Psychological publications

From Psychology, a series of activities were developed, such as measurement scales
and research on stress, anguish, confidence, and attitudes regarding the virus and the
Pandemic. From a psychological perspective, a series of activities were developed, such as
measurement scales and research on stress, anguish, confidence, and attitudes regarding
the virus and the Pandemic. Likewise, prolonged isolation was studied, triggering panic
attacks, distress, sleep disorders, domestic violence, eating disorders, and irritability.

Matus and Matus [15] developed a scale for measuring attitudes toward confine-
ment by COVID-19. They consulted the extensive literature and began the process
with the search for the social representation of the concept in the Panamanian
population. Next, the categorization and analysis were conducted to elaborate on the
tentative items or consider wording, semantics, clarity, specificity, precision, spelling,
and idiomatic interpretation [16].

The tentative instrument was sent to a group of experts for review, who made obser-
vations and suggestions. Upon revision, the scale was applied to a group of twenty par-
ticipants. Using the reagents’ discrimination index, the number of items was reduced to
thirty-six items on a Likert-type scale. A non-probabilistic snowball-type sample was
redesigned and prepared through the Google© form to be distributed electronically.

Between April 17 and 30, 2020, 233 completed questionnaires from adults between
18 and 75. About 67.7% were women, and 33.3% were men. Up to 66.4% share a home
with between 1 and 3 people. The psychometric characteristics were obtained with
the SPSS 24© program through factorial analysis for validity and Cronbach’s Alpha
for reliability. Three factors were obtained: Cognitive, which integrates twelve items;
Affective with fifteen; and Behavioral with nine (Table1).

With the weighting and interpretation, the possibility of psychosocial risk was
established (Figure1).

Values up to twenty-four imply a high probability of contagion due to the lack of
accurate information (elevated risk). The results of questions 1-12 were added. A
score from 25 to 36 indicates that they have 50% of the knowledge (medium risk).
From thirty-seven onwards, participants have sufficient knowledge to prevent conta-
gion (minimal risk) (Figure 2).

Values from one to thirty indicate that affective management is healthy, so
minimal risk is low. The results of questions 13-27 were added. A score from 31 to 45
indicates intermediate management of emotions. They are not sufficiently prepared
in the affective area (medium risk). From 46 to 60, people do not have the necessary
emotional tools to support or resist the Pandemic (elevated risk) (Figure 3).

The results from questions 28-36 were added. The evaluation between 1 and
18 represents a high probability of disruptive, untimely, or inadequate behavior
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Structure of attitudes towards lockdown Covid-19

No. Items Tyt Factorial weight
Factor 1. Cognitive (Alfa = 0.925)
Explained Variance = 23.00%
01 I inform myself about the Covid-19 0.81 0.84
02 I wash my hands 0.81 0.83
03 I know how Covid-19 is transmitted 0.82 0.81
04 I know what to do in case of get Covid-19 0.76 0.76
05 I talk to my family about Covid-19 0.70 0.74
06 I recognize Covid-19 symptoms 0.76 0.74
07 I comply with the quarantine 0.70 0.71
08 I watch news 0.63 0.68
09 I know the decrees of the Ministry of Health 0.69 0.68
10 I eat what is necessary 0.57 0.63
1 I work from home 0.52 0.63
12 I forward true information 0.60 0.62
Factor 2. Afectivo (Alfa = 0.927)
Explained Variance = 21.34%
13 I feel confused 0.76 0.81
14 I feel vulnerable 0.76 0.81
15 I feel defenseless 0.75 0.80
16 I feel overwhelmed 0.68 0.74
17 I feel in danger 0.72 0.73
18 I feel afraid 0.70 0.73
19 I feel upset 0.63 0.71
20 I feel isolated 0.64 0.69
21 I feel angry 0.61 0.69
22 I feel uncertain 0.65 0.69
23 I feel tired 0.63 0.68
24 I feel worried 0.65 0.67
25 I feel imprisoned 0.56 0.62
26 I feel at risk 0.57 0.60
27 I distrust of the authorities 0.44 0.48
Factor 3. Behavioral (Alfa = 0.849)
Explained Variance = 5.51%
28 Ising 0.61 0.78
29 I dance 0.56 0.72
30 I write 0.66 0.70
31 I do manual activities 0.57 0.63
32 Iread 0.66 0.59
33 I exercise 0.53 0.56
34 I talk with friends 0.59 0.40
35 I watch TV 0.41 0.16
36 I study what I want 0.52 0.30

Table 1.

Cognitive factor.
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Behavioral factor.

concerning the recommendations of the health institutions (elevated risk). Between
19 and 27 points, some inappropriate behaviors are expected (excessive purchases,
too many hours in front of screens, etc.) medium risk. The score from 28 to 45
expresses adequate behavior management; its behavioral response is healthy (mini-
mal risk). Furthermore, was publication Attitudes toward COVID-19 lockdown as a
risk predictor in Panama [17].

On the other hand, and as part of the international project COVIDiSTRESS global
survey [18], the digital instrument was distributed, and 765 questions were obtained
from the Republic of Panama between March 30 and May 30, 2020. With the data
obtained, Cronbach’s Alpha was calculated. Likewise, the construct validity was
calculated with the extraction method used as principal component analysis and the

Name Items Reliability Validity Factors
Perceived Stress 13 a=0.703 50.87% o Stress
(PSS10-UCLA). o Loniless
Distress 24 a=0.880 51.00% o Uncertainty

o Social Relations

o Adaptability

o Family Relationships

o Personal Economy

Confidence 8 o=0.882 69.69% o Authorities/Institutions.

o People.
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Varimax rotation method with Kaiser normalization for the factor analysis exposing
the total percentage of explained variance. The following table shows the applied
scales, the number of items, the reliability, the construct validity, and the factors that
each of them obtained from the Panamanian population (Table 2):

Name Items Reliability Validity Factors

BFI-S15 15 a = 0.558 60.65% o Openness

o Extraversion

o Awareness

o kindness

o Neuroticism

Social Provisions 10 a=0.916 67.21% o Intrinsic

Scale short o Extrinsi

(SPS-10). xtrinsic

Concern over 5 a=0.894 54.30% o Family and friends
coronavirus o Others

Coping 16 a=0.783 45.99% o Participating

o Getting informed

o Entertaining myself

Information 6 o=0.778 49.72% o Information Search
sources and

media behavior

Compliance with 6 a=0.489 54.82% o Prevencién

local i

oc.a pfeventlon o Benefits

guidelines

Fuente: [15, 19-24].

Table 2.
Instruments.

4, Other initiatives

Since the beginning of the Pandemic, psychological containment care has been
provided through the telephone service, organized at the national level by the Ministry
of Health and volunteer psychologists. Additionally, in the Caribbean country, proposals
were developed to mitigate the ravages caused by COVID-19, for example, the design
and construction of low-cost manual respirators, financed by the National Secretariat
of Science, Technology, and Innovation [25]. The performance of civil organizations,
non-governmental organizations, and professionals from all areas that kept the country
afloat is also praiseworthy. An example is the National Oncology Institute (ION), which,
with high biosecurity measures, maintained its operations at 100% capacity. The main
religious authorities have also played an essential role during the last two years, trans-
forming their spaces and the way they communicate with their parishioners. It allows an
area of secure adherence to their beliefs, certainty about the future, relief for physical
losses and emotions, promotes social distancing, and follows the national government’s
rules. And in the artistic area, the composer Rubén Blades composed a melody called
“Panama” to encourage and support people in the face of the Pandemic [26].
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The Panamanian Association of Psychology organized courses, seminars, and
interviews to disseminate and train members on the psychological effects of confine-
ment on the general population.

5. Conclusions

Social Psychology is a reference framework that allows explaining through
attitudes, social perception, stereotypes, living space, group management, active
minorities, the role they play, their locus of control, and behaviors of survivors of
the COVID-19 crisis. Alterations in people and their interpersonal relationships were
manifested in some psychological disorders identified from this perspective. Some of
the results obtained can be included in the following areas:

* The Psychosocial Processes associated with the COVID-19 Pandemic in Panama
were diagnosed.

* The capacities of mental health specialists, psychologists, psychiatrists, and
educational psychologists were strengthened when working on the COVID-19

crisis through intervention, training, and monitoring of psychosocial processes.

* The human development of the populations that mental health specialists could
serve was enhanced.

* The authorities supervised domestic violence due to the confinement and isola-
tion as a sanitary fence by COVID-19 was promoted.

* Micro virtual courses for crisis intervention were developed.

* A directory of mental health professionals trained and trained to care for the
psychosocial processes of the adult population in Panama in a situation of
confinement due to COVID-19 was prepared.
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Abstract

SARS-CoV-2, like all RNA viruses, evolves over time, and genetic mutations have
been linked to increased replication fitness and evolvability. SARS-CoV-2 spreads quickly
between countries, resulting in new mutations. SARS-CoV-2 genome sequencing reveals
that variants emerge through point mutations, insertions, and deletions. Concerns have
been raised about the ability of currently approved vaccines to protect against emerging
variants. Viral spike protein is a component of many approved vaccine candidates, and
mutations in the S-protein may affect transmission dynamics and the risk of immune
escape, resulting this pandemic last-longer in populations. Understanding the evolution
of the SARS-CoV-2 virus, as well as its potential relationship with transmissibility, infec-
tivity, and disease severity, may help us predict the consequences of future pandemics.
SARS-CoV-2 genome studies have identified a few mutations that could potentially alter
the transmissibility and pathogenicity of the SARS-CoV-2 virus. At the moment, it is
worth mentioning that a few variants have increased the transmissibility of SARS-CoV-2.
The Alpha, Beta, Gamma, Delta, Delta+, and omicron variants are designated as vari-
ants of concern (VOCs) by the World Health Organisation and have been linked with an
increased risk to the community in terms of transmission, hospitalisation, and mortality.
This chapter thoroughly discusses the impact of SARS-CoV-2 mutations, mainly VOCs,
on public health by mining many published articles.

Keywords: SARS-CoV-2, variant, COVID-19, pandemic, vaccine, transmissibility

1. Introduction

COVID-19 has been declared a pandemic by the World Health Organisation (WHO)
on March 11, 2020. For the short time period, the COVID-19 time has passed in a few
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countries throughout the past 2 years of the pandemic, but there has been a new infec-
tion outbreak recorded in a few continents, and it has spread quickly globally, causing
new waves in many countries. According to the WHO, as of today, June 22nd, a total of
6,544,553 new infections have been reported worldwide in just 24 hours. All viruses,
including SARS-CoV-2, mutate over time, and high mutation rates have been linked to
improved replication fitness and evolvability. These characteristics give RNA viruses a
high level of adaptability. As a result, RNA viruses adapt quickly to changing environ-
mental conditions [1, 2]. The genomes of RNA viruses, including coronavirus, are prone
to mutation in three different ways. The first is due to the low fidelity and proof-reading
activity of RNA polymerase, which results in the erroneous incorporation of mutations
during replication. The second is due to a recombinational event between two viral
lineages, and the third is due to the host RNA editing system. Mutations may be neutral,
beneficial, or deleterious. Although the majority of circulating RNA virus mutations are
neutral, some may affect viral replication and infectivity [3-5]. The COVID-19 pandem-
ics longevity could lead to the accumulation of immunologically important mutations in
the viral genome that provide the virus an edge in its ability to replicate and survive [6, 7].
In most RNA viruses, RNA polymerase lacks proofreading activity [8, 9]. Mutations in the
surface protein can significantly alter viral function and/or interactions with neutralising
antibodies. Spike protein receptor-binding domain (RBD) mutations in the SARS-CoV-2
genome are being studied for their potential impact on infectivity and antibody resistance
caused by this new variant. This is because the RBD on the S protein of SARS-COV-2
facilitates binding between the S protein and the host angiotensin-converting enzyme

2 (ACE2). S-ACE2 binding allows SARS-CoV-2 to enter the host cell and begin the viral
infection process [10, 11]. SARS-CoV-2 infection is only detected in humans, and there
have been numerous reports of mutations in the gene that codes for the Spike (S) protein
[5, 7, 12, 13]. Since the COVID-19 pandemic disease outbreak, mutations have been
reported in 96.5 percent of the SARS-CoV-2 spike proteins amino acid residues [14]. The
use of vaccines is the only method for treating the viral pandemic, and several COVID-
19 vaccines have been rolled out globally to stop the spread of sickness. However, like
other vaccines, these ones are also not 100% effective, and as a result of the SARS-CoV-2
breakthrough infection, vaccine recipients are now being diagnosed with COVID-19.
However, despite breakthrough infection, vaccines are still effective in treating serious
illnesses linked with COVID-19 [15-17]. A number of variants of SARS-CoV-2 have been
reported worldwide since the first reports of pandemics. The World Health Organisation
classified some of them as variants of concern because they are extremely contagious and
frequently lead to breakthrough infections. VOCs have the ability to neutralise the effects
of numerous vaccinations. These are the causes of recent waves and breakthrough infec-
tions in various countries. Variants of Concern (VOCs) are an emerging topic of research
since they can alter the transmissibility, clinical presentation, and severity of the disease,
as well as have an effect on treatment options such as medicines and vaccines.

2. Emergence of variants of concern (VOCs) of SARS-CoV-2

Several variations in the SARS-CoV-2 genome have been reported in the last 2
years of the pandemic. Spike proteins, an outward projection of the SARS-surface,
CoV-2% interacted with ACE-2 receptors on host cells, resulting in viral pathogene-
sis. Since the beginning of the pandemic, the amino acids of spike protein have been
mutated, and a large number of variations have emerged. A few variations have
been linked to viral replication fitness and survival advantages, which ultimately
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increases the risk of disease transmission and severity in the human population
(Figure 1). Furthermore, a few variants are highly transmissible and less suscep-
tible to vaccine-induced and infection-induced immune responses, causing break-
through infections. Based on this, the World Health Organisation classified a few
SARS-CoV-2 virus variants as Variants of Concern (Table 1). This chapter discussed
how VOCs have posed health risks to the human population in the last 2 years.

2.1 Impact of the alpha variant (B.1.1.7 & Q lineages) on the severity and spread of

the disease

The alpha variant was the first variant of concern for SARS-CoV-2 after the induc-
tion of the pandemic in March 2020. The first case of the alpha variant was detected
in October 2020 in the United Kingdom and subsequently spread to many countries,
causing an outbreak. The WHO labelled the variant as an alpha and in lineage B.1.1.7.
The alpha spike protein contains non-synonymous mutations and deletions, including
deletions 69-70, 144, N501Y, A570D, D614G, P681H, T716l, S982A, and D1118H, and
each mutation has its own biological significance, which increases overall infectivity
[29]. The alpha variant spread rapidly in the UK in Oct-Dec 2020 and the most fre-
quently observed mutation was the N501Y mutation in spike protein. The substitution

Strains Notable Transmission/ Breakthrough First References
mutations Hospitalisation/ICU Infection waves in
in spike admission countries
protein
Alpha N501Y, Studies showed that the Not reported, United [18,19]
(B117& D614G, alpha was linked with amodest Kingdom
Q lineages) P681H a ~ 2 folds increase in anti-CoV-2
hospitalisation and ICU antibody
admission risk compared neutralisation
to non-alpha infection effect was
observed
Beta K417N, Studies showed that ~2.5 Prevalence of South [20,21]
(B.1.351) E484K, folds increased risk of breakthrough Africa
N501Y, hospitalisation and risk infections
D614G, of ICU admission increases
A701V
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Strains Notable Transmission/ Breakthrough First References
mutations Hospitalisation/ICU Infection waves in
in spike admission countries
protein
Gamma K417T, 1.4 to 2.2. times more Prevalence of Brazil [22,23]
(P1.) E484K, transmission rate and breakthrough
N501Y, 10-80% more lethal infections
D614G, compared to other increases
H655Y circulating strains in the
prevalent area
Delta/ L452R, Very high infection rate, High rate of India [24, 25]
Delta+ T478K, hospitalisation and ICU breakthrough
(B.1.617) D614G, admission infections,
P681R neutralisation
effect on
vaccine
response
Omicron K417N, Infection rate is higher Very high rate Affected [26-28]
(BAlor E484A, than the delta waves, of re-infection globally
B.1.1.529) N440K, while the hospitalisation or vaccine
T478K, and severity risk were breakthrough
N501Y, comparatively lower. infections
Y505H
Descendent
lineages
BA.2 T376A,
R408S,
D405N
BA.3 Carry
both BA.1
& BA.2
mutations
BA.4/5 L452R,
F486V,
and R493Q
Table 1.

Variant of concerns, notable mutations in SARS-CoV-2 spike and their impact on viral veplication fitness and
survival advantages over original SARS-CoV-2 virus.

of tyrosine for asparagine at position 501 of spike protein increases its affinity for ACE-2
receptors on host cells. [30], as results increase in transmission rate, which derived the
first wave of COVID-19 in many countries. A strain carrying D614G in RBD domains is
more infective and resistant to some neutralising antibodies, which has obvious implica-
tions for COVID-19 patient recovery [31]. According to studies, the G614 variant hasa
greater number of functional spikes on its surface than the D614 variant. Furthermore, it
has been shown that the D614G mutation stabilises the interaction between the S1 and S2
domains and limits S1 shedding, resulting in increased overall infectivity [32].

2.1.1 Transmission and hospitalisation

It originated in the UK, but the variant was present on all continents within 2
months of its emergence. As of December 2020 [33], B.1.1.7 was the cause of two-thirds
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of COVID-19 infections in the UK and one-quarter of all cases worldwide as of
December 2020 [34]. The emergence of alpha variants resulted in an increase in the
transmission rate and hospitalisation of COVID-19 cases, as few studies estimated the
infection rate and it was 45-71% higher in the alpha variants than in the original virus
[19, 34, 35]. SARS-CoV-2 lineage B.1.1.7 infection was linked to an increased risk of
hospitalisation. Bager et al. discovered in 2021 that the hospitalisation rate in alpha
variants rises over time. They enrolled 50,958 COVID-19 patients, of whom 30,572 had
their SARS-CoV-2 genome sequenced, and followed up with 14 days of hospitalisa-
tion data. The Alpha variant infected 34.5 percent of all patients and hospitalised 6.4
percent. 29.4 percent of the hospitalised patients were infected with Alpha, while

70.6 percent were infected with other strains. During the study period, the number of
COVID-19 hospitalizations decreased, but the proportion of patients with the Alpha
variant increased dramatically, from 3.5 percent in week 1 to 92.1 percent in week 10
[36]. Veneti et al. included 27,753 COVID-19 patients in their study, of whom 23,169 are
cases of alpha variant. Study showed that the B.1.1.7 was linked with a 1.9-fold increased
risk of hospitalisation and a 1.8-fold increased risk of ICU admission, in comparison to
non-alpha strain [37]. Several studies showed that the emergence of the alpha variant
was linked to an increase in transmission risk and hospitalisation rate [19, 38].

2.1.2 Vaccine vesponse

According to studies, vaccinated people are less likely to be hospitalised than un-
vaccinated people. According to Eyre et al., vaccinated individuals infected with alpha
variants had a lower transmission and hospitalisation rate [39]. Study of Lopez et al.
in UK population infected with alpha variant showed that the one dose of BNT162b2
and ChAdOx1 nCoV-19 (AstraZeneca) vaccine was found to be effective against
48.7% (95% Cl, 45.5-51.7) symptomatic alpha variant infection, whereas effectiveness
increased to 93.7% (95% CI, 91.6-95.3) and 74.5% (95% CI, 68.4-79.4), respectively,
after second dose of administration BNT162b2 and ChAdOx1 nCoV-19 (AstraZeneca)
vaccine [40]. A similar study conducted by Chemaitelly et al. showed that the mRNA-
1273 vaccines were effective 88.1% (95% CI, 83.7-91.5) after the first dose, whereas it
was found to be 100% (95% CI, 91.8-100) after the second dose of administration [41].
Mabhase et al. also evaluated the effectiveness of the Novavax vaccine, and it was found
to be 85.6% effective against symptomatic COVID-19 with the alpha variant [42].

2.2 Impact of the beta variant (B.1.351) on the severity and spread of the disease

The beta form was first discovered in South Africa, and primarily infected young
people with no disease severity risk. This variant was responsible for more than 90% of all
cases and the 2nd wave of COVID-19 in South Africa in the last month of 2020 [43], and
spread to other African countries, Asia, Australia, and North and Central America [44].
Among several structural and non-structural mutations in beta spike, K417N, E484K, and
N501Y are the three critical changes that could give SARS-CoV-2 viral fitness and survival
advantages over the circulating strains in the same region where it was common [44].

2.2.1 Transmission and hospitalisation

Studies showed that the beta variant is comparatively highly transmissible than that
of earlier circulating strain of SARS-CoV-2. In 2021, Pearson et al. demonstrated that
prior exposure only partially protects against beta variant infection, and it has been
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accounted for about 40% of new SARS-CoV-2 infections compared to only 20% for
Alpha variants in the prevalent area. As estimated 501YV2 is 1.50 times as transmissible
as previously circulating variants [45]. Studies showed that the person infected with beta
variant has higher risk for disease severity than the alpha variant. The study of Veneti

et al. showed that the B.1.351 was associated with a 2.4-fold increased risk of hospitalisa-
tion and a 2.7-fold increased risk of ICU admission compared to non-VOC [20].

2.2.2 Vaccine response and breakthrough infections

Studies showed that the efficacy of vaccines is greatly reduced when dealing with
the beta variants. In a study conducted by Garcia-Beltran et al. in 2021, the B.1.351
variant significantly reduced neutralisation even in fully vaccinated individuals with
BNT162b2 and mRNA-1273 vaccines, whereas protection for other circulatory strains
remained constant during the same period [21]. Wu et al. showed that the B.1.351
reduced the neutralisation efficiency of the mRNA-1273 vaccine but that it was still
effective to neutralise the B.1.351 virus in fully vaccinated individuals [46]. Mahase,
stated that the Novavax was 60% effective against the B.1.351 variants and 95.6%
effective against the original SARS-CoV-2 virus [42].

2.3 Impact of the gamma (P.1 and descendent lineages) on the severity and spread
of the disease

The first case of the gamma variant was detected in Tokyo, Japan in Jan-2021 and
patients were relocated from the Brazilian Amazon state. The WHO has classified the
variant as a gamma and assigned it to lineage P.1. Ten of the non-synonymous defin-
ing mutations in the S gene are present in the gamma lineage, which evolved following
a period of rapid genetic diversification. Of these changes, three (N501Y, E484K, and
K417T) increased favourable stable interaction with the human ACE-2 receptor. This
mutation caused an outbreak in the Manaus region of Brazil in December 2020, with
gamma variant cases accounting for 42% of all cases [22].

2.3.1 Transmission and hospitalisation

In a study done in Brazil in the year 2021 by Chen and Lu, it was demonstrated that
patients with gamma variations have high viral loads that are 10 times higher than
those of patients with other lineages. Transmissibility and infectivity were twice higher
than the other circulating strains in all age groups. Studies showed that the gamma
variant can overcome the immunity developed from earlier infections, increasing the
risk of a breakthrough infection. Additionally, the death rate was 10-80% greater in
the group infected with the gamma variant [22]. A study by Funk et al. showed that
gamma variant patients had significantly higher adjusted odds ratios for hospitalisa-
tion (2.6, 95% CI, 1.4-4.8) and ICU admission (2.2, 95% CI, 1.8-2.9) [47].

2.3.2 Vaccine response and breakthroughs infection

Studies revealed that the Gamma variant also had a decrease in anti-RBD antibody
neutralisation, and it has been connected to reinfections and breakthrough infections
in those who have received vaccinations [48-51]. The Gamma variant was found to
reduce the antibody neutralising activity of Pfizer or Moderna vaccines, as the report
showed the prevalence of breakthrough infections in fully vaccinated recipients. In
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a 2021 study on fully vaccinated Gold Miners recipients in French Guiana, Vignier

et al. showed that 60% of BNT162b2 vaccine recipients experienced breakthrough
infection [52]. Wang et al. also demonstrated that gamma variants had a neutralising
effect on multiple monoclonal antibodies and were more resistant to neutralisation
by convalescent plasma and vaccinee sera. The gamma variant was estimated to be
3.8-4.8 times more resistant to BNT162b2 or mRNA-1273 vaccine recipients [23, 53].

2.4 Impact of the delta and delta+ (B.1.617) variants on the severity
and spread of the disease

The first instance of delta variations was discovered in India, and it was one of the
most common SARS-CoV-2 variants that affected the majority of the world. Lineage
B.1.617 was assigned to these variations. The L452R, T478K, D614G, and P681R are
four of the 17 variations in the Delta variation that are of particular concern, due
to their involvement in infectivity and transmission. In comparison to alpha, the
infection and transmissibility rates were extremely high. Despite immunisation, this
variation resulted in a large number of human deaths. L452R and E484Q is not found
in the B.1.617.2 lineage [54, 55]. The B.1.617.2 lineage was first associated with infec-
tion in India, and the dominant variant in infection in the UK in 2021. It was highly
infectious and spread more rapidly than the original version of the virus. A study
conducted by Deng et al. showed that the mutation L425R in the California popula-
tion resulted in an increase in the binding affinity of the spike protein of SARS-CoV-2
with ACE-2 host receptors, which increased the viral load and 20% transmission rate
[56]. Few studies have shown that L452 is not directly linked with the host ACE-2
receptor. This mutation located in the RBD’s hydrophobic plaques generates structural
alterations that promote binding of spike protein with the ACE-2 receptor [57, 58].

In addition to this, there was 3-6 folds reduction in neutralisation capacity of vac-
cine elicited sera in experiments with pseudotyped virus (PV) particles [58]. Few
studies demonstrated that the D614G mutation in the spike protein promotes viral
multiplication in the upper respiratory tract and enhanced transmission rate [59, 60].
The P681R, which is a substitution at position 681, may increase the variant’s cell-
level infectivity [61, 62]. During outbreak of delta variants worldwide, a new variant
was emerged in United Kingdom that carries a novel point mutation’ K417N’ in delta
variant and designated as a delta plus. Lineage AY.1 or B.1.617.2.1 was assigned to this
variant. The three most prominent mutation K417N, V70F, and W258L in spike were
exclusively present in the Delta Plus variant [63]. Besides this, few other delta variants
emerged, Delta-AY.2 in the USA and Delta-A144 in Vietnam [64].

2.4.1 Transmission and hospitalisation

During the second wave of the pandemic, COVID-19 patients required more
ICU time, oxygen, and non-invasive and invasive ventilatory support. According
to estimates, hospital mortality in the second wave was double that of the first [65].
Ong et al. calculated the risk linked with the delta variant by observing the need
for oxygen, ICU admission time, and death and found that delta was associated
with increased disease severity when compared to non-VOCs [66]. Several studies
revealed that a large percentage of vaccine recipients reported breakthrough infec-
tion during the delta variant wave [67-71]. Initial studies demonstrated that the delta
variant increased the hospitalisation risk in the population, despite the first dosage
of vaccination [24, 72, 73]. Non-vaccinated people and those who contacted viruses
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within 14 days of vaccination were more prone to hospitalisation [74]. A similar study
conducted by Twohig et al. showed delta variant infections linked to an increased
hospitalisation rate (hazard ratio 226 [95% CI 132-389]) in comparison to alpha
variant infections. All age categories experienced an increase in mortality during the
Delta wave, with patients under 45 experiencing the most increase in infection (10.5
percent vs. 7.2 percent, p 0.001), compared to pre-Delta wave [24].

2.4.2 Vaccine response and breakthroughs infection

Davis et al. calculated the neutralisation capacity of BNT162b2 (Pfizer/BioNTech)
and ChAdOx1 (Oxford/AstraZeneca) vaccines against the SARS-CoV-2 B.1.617.1 and
B.1.617.2 lineages. Both B.1.617.1 and B.1.617.2 reduced antibody neutralisation by 4.31
and 5.11-fold in vaccine recipients, respectively. However, the neutralisation response
was significantly higher in two doses of BNT162b2 vaccine recipients than in two
doses of ChAdOx1 [55]. During a period of high Delta prevalence, Havers et al. found
that hospitalisation rates in unvaccinated individuals were more than 10 times higher
than in vaccinated recipients [75]. Twohig et al. found that the risk of hospitalisation
or emergency care was higher in delta variant patients who were either unvaccinated
or received the first dose (dose taken within 21 days) compared to that of alpha vari-
ant patients [24]. When compared to unvaccinated individuals, Veneti et al. showed
areduction in hospitalisation risk of 72 percent (95% CI 59-82%) and 76% (95% CI
61-85%) in partially or fully vaccinated individuals after adjusting for gender, age
group, country of birth, variant, and underlying comorbidities [37].

2.5 Impact of the omicron (B.1.1.529) variant on the severity and spread
of the disease

The omicron (B.1.1.529) variant was first reported in a sample of Botswana on
November 11, 2021 and in South Africa on November 24, 2021 (WHO, CDCC). On
November 26th, 2021, the WHO classified them as lineage B.1.1.529 and declared
them a variant of concern. It contains a large number of variations in the SARS-CoV-2
genome, as more than 60 variations (substitutions/deletions/insertions) in the
omicron variant have been reported, some of which are concerning [76]. The spike
protein in the Omicron variant has 32-35 mutations, 15 of which are located in the
receptor binding domain, which is critical for viral-cell interaction mediated by the
ACE-2 receptor. The high variations in spike protein of omicron could be a potential
reason for the immune escape and vaccine neutralisation. Few variations shared by
earlier SARS-CoV-2 variants have already been reported in immune invasion. The
E484 mutation, which is known to be involved in immune escape, has been reported
in beta and gamma variants, but the substituted amino acid was lysine in beta and
gamma variants, and alanine in omicron variants [63, 77]. The E484A mutation in
the Omicron may have been a significant mutation that was also present as E484K
in other VOCs. Omicron also shares the most common mutations in spike protein
of other variants, including K417N, E484A, N501Y, D614G, and T478K. The K417N
mutation, which has previously been reported in beta variants, disrupts the effect of
known antibodies. Chen et al. demonstrated that the E484A mutation has a massively
disruptive effect on many known antibodies. The combination of K417N and E484A
mutations in omicron increases its effectiveness in vaccine neutralisation. Y505H
is the third disruptive mutation. It can also disrupt many known antibodies to bind
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RBD complexes [78]. Recent genetic research revealed that the omicron continued to
evolve, giving rise to a variety of lineages, including BA.1, BA.2, BA.3, BA .4, and BA.5.
A few of these sub-lineages have replaced other circulating strains and have emerged
as the globally dominant variants, each demonstrating a different pattern of immune
escape and transmission rate [28, 79]. Most spike mutations are the same across all
sub-lineages. BA.2 shares 12 mutations with BA.1 and has four unique mutations in the
receptor binding domain. Apart from, a new NSP6 (A88V) mutation, BA.3 shares the
majority of its mutations with BA.1and BA.2 [80]. The L452R and F486V mutations
unique to BA.4/5 or the L452Q mutation specific to BA.2.12.1 play significant roles in
immune evasion, resulting in numerous infections and re-infections following vaccine
breakthroughs [81]. BA.4 and BA.5 share the same mutant profile in their S proteins,
despite showing different spreading trends [28]. The F486V mutation found in BA .4/5
promote immune invasion by evading neutralising antibodies but reduces spike affini-
ties for the viral receptor. The R493Q reversion mutation, on the other hand, restores
receptor affinity and, as a result, BA.4/5 fitness [80]. BA .4 differs from BA.5 in that it
has several rare mutations, including del 141-143 in NSP1, L11F in ORF7b, and P151S
in nucleocapsid protein. A considerable humoral immunity escape could be caused by
BA.2.12.1, BA.4 and BA.5 carrying the lineage-specific L452Q/R mutation [82].

2.5.1 Transmission and hospitalisation

Karim and Karim demonstrated that the omicron variant is more infectious than
the other variants of concern. As reported, the doubling time of infection rates is
comparatively faster than for previously reported VOCs. Omicron infection doubled
in 1.2 days, which is faster than the 1.7 and 1.5 days for beta and delta variants,
respectively [83]. Mutations in spike’s RBD domains (N440K, T478K, and N501Y)
may make omicron 10 times more contagious than the original virus and twice as
contagious as the delta variant [78, 83]. However, a 2022 study by Nyberg et al. found
that the risk of hospitalisation and mortality in omicron was significantly lower than
in delta [26]. Like omicron, their sub-lineages appear to be more transmissible. The
BA.2 variant is more transmissible and can infect people who have previously been
infected with BA.1 [84, 85]. As aresult, BA.2 has quickly replaced BA.1 and other
circulating strains in many countries, including South Africa, the United Kingdom
(UK), and India, and has become the most prevalent strain. However, BA.3 has shown
lower fitness and is reported with limited frequency among other variants. During
the global pandemic of the BA.2 strain, two new variants emerged, BA.4 and BA.5,
which were first reported in South Africa and then detected in many other countries.
The BA .4 and BA.5 variants are more transmissible and pathogenic, and they can
reinfect previously infected BA.1 and BA.2 patients [79, 86]. According to the Centers
for Disease Control and Prevention (CDC), July 2022, Omicron subvariants BA.5 and
BA 4 are the predominant strains of SARS-CoV-2 in the United States, accounting for
more than 80% of cases, according to the CDC.

2.5.2 Vaccine response/breakthrough infections
Many re-infections and breakthrough infections have been caused by the Omicron
variation and its sublineages, which demonstrate enhanced transmissibility and

immune invasion from neutralising antibodies produced by prior infection or
vaccination [28]. The RBD domain mutations K417N, E484A, and Y505H provide
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omicron with a strong vaccine breakthrough capability, causing disrupted binding

of spike protein with the majority of 132 antibodies [22]. Omicron has been linked

to an increased risk of reinfection and breakthrough infection as studies found that
the few vaccines did not produce neutralising antibodies against the omicron virus in
recipients. The Omicron variant reduced the efficacy of Pfizer-COVID-19 BioNTech’s
vaccine, but the vaccine still reduced the risk of hospitalisation. A study published

in 2021 by Lu et al. revealed that the neutralising ability of BNT162b2 and Coronavac
vaccines is much less effective against the Omicron variant than the Beta variant

[27]. Hoffmann et al. discovered that the omicron spike conferred 12-to 44-fold
lower neutralising antibodies in convalescent patients or BioNTech-Pfizer vaccine
(BNT162b2) vaccinated individuals, in comparison to the Delta variant spike [87]. A
preliminary laboratory report showed a 25-fold increase in antibody titers against the
omicron after the third dose of BNT162b2 administration (https://www.businesswire.
com/news/home/20211208005542/en/). Kurhade et al. demonstrated the efficacy

of BNT162b2 vaccine against omicron sub-lineages after 1 month of 3 dosages, and
found that the vaccine’s neutralisation efficacy was 3.6, 4.0, and 6.4-fold lower for the
BA.1-, BA.2, and BA.3-spike SARS-CoV-2 s than it was for USA-WA1/2020 (a strain
isolated in Jan. 2020), respectively [88]. Xi et al. studies showed that BA.5 had the
lowest neutralisation after four dosages of BNT162b2 vaccination, but the efficacy

Strains Studies Tested Neutralisation Efficacy of vaccine References
vaccine Populations (live/ post booster doses
(location) pseudotyped (2nd doses, otherwise
virus) specified)
Alpha BNT162b2 UK Live 93.7% (95% CI, 91.6— [40-42, 90,
(B117&Q ChAdOx1 UK 95.3) for BNT162b2, post ~ 91]
lineages) nCoV-19 UK >14 days
NVX- Qatar 74.5% for ChAdOx1 post
CoV2373 >14 days
mRNA-1273 86.3% (71.3-93.5) for
NVX-CoV2373, post
>7 days

100% (95% CI:
91.8-100.0%) for
mRNA-1273, post

>14 days
Beta BNT162b2 Canada Live 87% (against BNT162b2, [41, 42,
(B.1.351) ChAdOx1 Qatar ChAdOx1 nCoV-19 and 91-94]
nCoV-19 South Africa mRNA-1273 vaccines)
mRNA-1273  Qatar 96.4% (95% CI
NVX- France 91.9-98.7) for mRNA-
CoV2373 1273 post >14 days
BNT162b2 60% (19.9 t0 80.1) for
BNT162b2 NVX-CoV2373 post
>7 days

75% (95% CI, 70.5 to
78.9) for BNT162b2, post
>14 days

49% (14-69) post

>14 days

Gamma BNT162b2 Canada Live 88% for BNT162b2, and [92, 95]
(P1.) mRNA-1273 mRNA-1273 vaccines,
post >7 days
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Strains Studies Tested Neutralisation Efficacy of vaccine References
vaccine Populations (live/ post booster doses
(location) pseudotyped (2nd doses, otherwise
virus) specified)
Delta/ BNT162b2 UK Live 88% (85.3-90.1) [40]
Delta+ ChAdOx1 UK for BNT162b2, post [90]
(B.1.617) mRNA-1273  USA >14 days [92]
Canada 67% (95% CI, 61.3 to
71.8) for ChAdOx1 post
>14 days
85% after 2 doses post

>14 days, 93% after 3
doses for mRNA-1273
87-95% for BNT162b2,
ChAdOx1 and mRNA
vaccine

Omicron BNT162b2 Canada live 32 (24-38) after 3rd [90, 96, 97]
(B.1.1.529) mRNA-1273  USA doses of BNT162b2
South Africa (evaluated on days
Canada <84 days)
65% for two doses on
>14 days and 86% for
three doses of BNT162b2
in US
70% (62-76) for
BNT162b2, post
>14 days
44 (38-49) after 3rd
doses
(evaluated on <84 days)
for mRNA-1273

Table 2.
Tested efficacy of vaccines against VOCs.

against other lineages was increased after booster dosages [89]. Overall, the emer-
gence of VOCs over time decreases the neutralisation efficacy of vaccines, despite
booster immunisation. The first VOC alpha had little effect on antibody neutralisation
activity in post-vaccination sera (Table 2). Neutralisation was reduced even further
by new emerging variants and waning with time [90-99], and the newly evolved
omicron BA.5 variant has better survival fitness, transmissibility, and neutralisation
even after booster immunisation.

3. Concluding remark

The emergence of SARS-CoV-2 signals an emergency for the global health care
system. Emerging recent COVID-19 waves and causalities worldwide are due to
breakthrough infection among vaccinated or unvaccinated individuals, which
demonstrated a reduction in vaccine response in neutralising virus infection, but the
hospitalisation rate is significantly lower among those who completed vaccination
dosages. The high transmission rate and vaccine breakthrough capability of VOCs,
particularly the delta and omicron variants, are the reasons for the community’s
global spread. During the detla and delta plus waves in India, the situation was
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critical, and many people were hospitalised and died. Recently emerged Omicron or
its sub-lineages have shown multiple re-infections and breakthrough infections due
to their high transmissibility and immunological escape from neutralising antibod-
ies produced by prior infections or vaccinations. Vaccines respond differently to

each variant of concern. The effectiveness of booster vaccinations is decreasing

over time, although it has been enhanced with successive booster doses. The vac-
cinations are very successful in reducing recipients’ risk of developing severe illness
due to COVID-19. Overall, despite vaccination efforts, many countries experienced
the consequences of omicron variants, and since SARS-CoV-2 tends to mutate and
adapt in our community, the emergence of highly transmissible and deadly strains of
COVID-19 variants cannot be ruled out. Understanding the origin, transmission, and
breakthrough infections of the SARS-CoV-2 variant may allow us to better prepare for
future pandemics.
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Abstract

In the genomic medicine era, the emergence of SARS-CoV-2 was immediately
followed by viral genome sequencing and world-wide sequences sharing. Almost in
real-time, based on these sequences, resources were developed and applied around
the world, such as molecular diagnostic tests, informed public health decisions, and
vaccines. Molecular SARS-CoV-2 variant surveillance was a normal approach in this
context yet, considering that the viral genome modification occurs commonly in viral
replication process, the challenge is to identify the modifications that significantly
affect virulence, transmissibility, reduced effectiveness of vaccines and therapeutics
or failure of diagnostic tests. However, assessing the importance of the emergence of
new mutations and linking them to epidemiological trend, is still a laborious process
and faster phenotypic evaluation approaches, in conjunction with genomic data, are
required in order to release timely and efficient control measures.

Keywords: SARS-CoV-2 viral genome, variant surveillance, genomic medicine,
molecular diagnostic tests, public health decisions

1. Introduction

In the current COVID-19 pandemic context, with a count of 544 million cases
including 6.33 million deaths [1], a worldwide collective effort for observing the
SARS-CoV-2 genomic landscape, monitoring the virus mutational rate and the
emergence of new variants is noted. As a result of SARS-CoV-2 genome modification,
the virus may gain selective advantage regarding transmission and virulence, increase
disease severity and eventually, significantly impact public health either by affect-
ing the current vaccine performance or interfering with the current diagnostic and
therapeutic strategies [2].

A series of measures have been taken globally for optimal management of
the emergence of SARS-CoV-2 variants. World Health Organization (WHO),
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international health expert networks, and researchers have continuously been
monitoring virus evolution by examining the mutations occurring in the SARS-CoV-2
genome.

During an emergency situation in a health care system, the most important actions
are the rapid and effective identification of pathogen and epidemiological surveil-
lance to allow disease control reaction. The development of next-generation sequenc-
ing (NGS) techniques has led to an enormous amount of genomic sequence data [3].
In COVID-19 genomic era, the accumulation of this considerable amount of genomic
data shared in international repositories, such as GISAID EpiCOV, COG-UK, or NCBI,
allowed the evaluation of the transmission pattern of viral strains, the impact of each
variant, and also the comparison between the available vaccines and the circulating
viral variants [4] and it also oriented global public health measures.

At present, two and a half years after the beginning of the pandemic, we can say
that given the mutations and recombination of the viral genes, we are facing a differ-
ent type of SARS-CoV-2 than the one that emerged in China in December 2019. On
November 26, 2021, Omicron, B.1.1.529 Pango lineage has emerged, and currently, it
represents the circulating variant of concern, still threatening several countries with
its sub-lineages.

In this chapter, we summarize the genomic medicine impact on the identification
of the new infectious agent that causes COVID-19, on development of molecular tests
for diagnostic and surveillance of the emergent variants, describe their importance in
managing transmission, preventing failure of diagnostic tests, on sustaining effective-
ness of vaccines and therapeutics and eventually, to inform the public health policies.

2. SARS-CoV-2 viral genome - development of molecular tests for
diagnostic and surveillance of the emergent variants

One of the first events that led to the diagnosis of Coronavirus disease (COVID-19)
following SARS-Co V-2 infection was the identification of the infectious agent that
causes a new disease of unknown origin by characterizing the nucleic acid signature.

The first patient was hospitalized on 12th of December 2019 and on 10th of
January a viral genome sequence was already released. The first metagenomic RNA
sequencing report of a sample of bronchoalveolar lavage fluid from a patient who
was admitted to the Central Hospital of Wuhan on 26th of December 2019 while
experiencing a severe respiratory syndrome, identified a new RNA virus strain
from the family Coronaviridae, which was later named SARS-CoV-2 (Wuhan-Hu-1,
GenBank accession number MN908947) [5]. Confirmation of the results obtained by
deep meta-transcriptomic sequencing, regarding the genome sequence of this virus
and also its termini, was done by real-time reverse-transcription PCR (rRT - PCR),
and this was the beginning of a new era, the era of “COVID-19” because at that time
rRT-PCR was routinely used to detect causative viruses from respiratory secretions,
but it was not considered a gold standard diagnostic technique. What followed turned
this technique into the gold standard in terms of diagnosing COVID-19 disease and
SARS-CoV-2 infection [6-9].

The first three determined genomes of the novel coronavirus (SARS-CoV-2),
namely: Wuhan/IVDC-HB-01/2019 (GISAID accession ID: EPI_ISL_402119)
(HB01), Wuhan/IVDC-HB-04/2019 (EPI_ISL_402120) (HB04), and Wuhan/
IVDC-HB-05/2019 (EPI_ISL_402121) (HB05) were compared [10]. The three
genomes were almost identical and the findings showed that the SARS-CoV-2
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Figure 1.
Schematic diagram of SARS-COV-2 virus genome and most important encoded proteins.

genome, which is approximately 30 kb in size, was a positive sense, single-stranded
RNA with a 5’-cap and a 3'-poly-A tail that contained 14 open reading frames (ORFs)
encoding 27 proteins (Figure 1). The 5'-terminus contains orflab and orfla genes,
which encode the polyproteins pplab and ppla. These two polyproteins are further
processed by viral proteinases Nsp3 and Nsp5 resulting in 16 nonstructural proteins
(Nsps), Nspl to Nspl0 and Nspl2 to Nspl6, responsible for viral replication. The

16 nonstructural proteins form a replicase/transcriptase complex (RTC) together.
The activity of this complex is dependent on the involvement of viral enzymes
Nsp7-Nsp8 primase, the Nsp12 RNA-dependent RNA polymerase (RdRp), the Nsp13
helicase/triphosphatase, the Nspl4 exoribonuclease (the first identified proofreading
enzyme encoded by an RNA virus), Nspl5 endonuclease, and Nspl0-Nspl6 N7- and
2'0O-methyltransferases. The 3’'-terminus encode the four structural proteins spike
(S), envelope (E), membrane (M), and nucleocapsid (N) and eight accessory proteins
(3a, 3b, p6, 7a, 7b, 8b, 9b, and orfl4) [8, 10-13].

After SARS-CoV-2 genome virus sequences were obtained, the similarities and
differences between SARS-CoV-2 and other SARS viruses offered the possibility
to establish key sequences in the genome for use in diagnosis and surveillance. The
release of the first SARS-CoV-2 sequence allowed rapid evaluation of the rRT — PCR
techniques for the detection of specific sequences of the SARS-CoV-2 genome and
immediately a diagnostic workflow was established [6]. Sequences that offered sensi-
tivity and specificity to the diagnosis were selected, so the detection of a sequence in
the E gene provided sensitivity to the test, but not specificity is given the high per-
centage of similarity with other coronaviruses. The specificity of the test was given by
the use of specific primers for certain sequences in genes with less homology to other
coronaviruses, as N, S, Orflab, and RdRp (located in ORF1ab gene), and in order to
increase the sensitivity of the test, the simultaneous detection of several targets have
been employed [6, 8].

In addition to rRT-PCR as a standard method for diagnosing SARS-CoV-2 infec-
tion, other methods involving the amplification of nucleic acids (NAATs) have been
used to detect viral RNA, including digital PCR (dPCR), reverse transcription loop-
mediated isothermal amplification (RT-LAMP), and clustered regularly interspaced
short palindromic repeats (CRISPR)-based assays. All of that could be a useful tool
for surveillance and timely identification of emerging strains. Moreover, NGS has
been used since the beginning of the COVID-19 pandemic for the characterization
and analysis of viral genetic material and mutation surveillance [8].

There are many studies that evaluated different NAAT strategies for the detection
of SARS-CoV-2 and compared their sensitivity and specificity and their conclusion
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was that rRT-PCRs were significantly more sensitive than other methods [14].
However, for population surveillance, there are need for detection methods that have
an increased specificity, are less expensive, and are faster than NGS and rRT-PCR.

dPCR has many advantages over rRT-PCR including higher precision with abso-
lute nucleic acid quantification, it has higher sensitivity and it is not as sensitive to
PCR inhibitors or mismatch primer/template. However, this technique has a com-
plicated workflow and depends on expensive instruments and consumables, which
results in a higher cost per test [15, 16]. As an important advantage, there are studies
that propose using dPCR for SARS-CoV-2 viral load measurement directly from crude
lysate without nucleic acid purification [17].

RT-LAMP was previously used for the detection of the Middle East respiratory
syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome coro-
navirus (SARS-CoV) global outbreaks. RT-LAMP is a reliable and rapid screening
test, which can also be used under non-laboratory conditions, but the sensitivity
of RT-LAMP is poor, with an important percentage of positive patients remaining
undetected [18].

CRISPR-based assays represent a system based on CRISPR-associated endonucle-
ases (Cas), CRISPR-Cas12a, and CRISPR-Cas13a, that recognizes and cleaves nucleic
acids in a sequence-specific way. Recently, a CRISPR-based diagnostic platform that
combines nucleic acid pre-amplification with CRISPR-Cas enzymology was estab-
lished for the detection of SARS-CoV-2 RNA. The great advantage is that the detec-
tion via fluorescent and colorimetric readouts provides results in less than 1 hour,
but even if it is highly sensitive and specific, the multistep nucleic acid amplification
process may affect precise target quantification. Additionally, the preparation and
testing of reaction components need optimization [19, 20].

Although NAAT techniques have high sensitivity and specificity for the detection
of SARS-CoV-2, in the management of the COVID-19 pandemic, a faster detection
method was required, which would involve lower costs and also non-laboratory
conditions and expertise. These needs have led to the development of rapid tests that
detect SARS-CoV-2 viral proteins, intensively used in the detection of other viral and
bacterial infections, but which have as a limitation the lower specificity and sensitiv-
ity than NAAT-type tests. During the infection with SARS-CoV-2 in the nasopharynx
and oropharynx of infected people, high concentrations of S and N protein were
detected and because of that, they became ideal candidates for diagnostic targets for
the detection of viral protein by antigen—antibody (Ag-Ab) reaction. Thus, mono-
clonal antibodies against viral N and S proteins react with the viral proteins N and/or
S present in patients’ specimens and this interaction can be easily visualized [21-23].
The major limitations of this technique are that it could generate false negative results
for patients with low viral loads, and has lower sensitivity for cycle of quantification
>30. The negative results need to be confirmed using molecular tests, particularly
when the clinical context is suggestive of SARS-CoV-2 infection.

SARS-CoV-2 has proofreading mechanisms, which make the mutation rate lower
compared to other RNA viruses such as HIV and influenza, however, the selection
pressure and immune evasion mechanisms have led to mutations that can affect the
properties of the virus, thus surveillance of viral evolution is utterly necessary.

Genomic surveillance involves the analysis of similarities and differences between
sequences obtained by viral genome sequencing.

The development of NGS techniques has led to a huge amount of genomic
sequence data [3]. As it was shown for emerging infectious diseases, such as SARS,
MERS, Zika, and Ebola, whole-genome sequencing (WGS) metagenomics
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technique offers the possibility to rapidly obtain the full sequence of pathogen
genomes, tracing origins, spread and transmission chains of outbreaks, and monitor-
ing the pathogen evolution [24-28].

Metagenomics applications were used for rapid identification and characteriza-
tion of SARS-CoV-2 and brought critical novel information [5, 29]. The application is
simple, cost-effective, and does not require reference sequence for analysis.

In order to obtain complete or nearly complete assemblies of the genome of SARS-
CoV-2 clinical samples, shotgun metatranscriptomics — saturation RNA sequencing
— has been successfully used. The principle of the method was based on host gene
expression monitoring and consists of either enrichment of the poly(A) + RNA
fraction, or depletion of host rRNA [30]. Depending on the manufacturer and NGS
technology the workflow consists of RNA fragmentation, first- and second-strand
cDNA synthesis, and library preparation. Most of the studies were developed on
[llumina platforms and the Oxford Nanopore Technology (ONT) [31].

Amplicon-based sequencing approach was developed later, after the enrichment
of the knowledge regarding the SARS-CoV-2 genome, as the method is highly specific.
The typical workflow consists of first-strand cDNA synthesis followed by genome
amplification with multiplex PCRs. The primers used in multiplex PCRs produce a
pool of amplicons that cover almost the entire viral genome. Amplicon sequencing
is highly specific and robust, but it presents some limitations regarding differences
in primer efficiency, amplification across the genome can be biased, with decreased
coverage in specific genomic regions and/or 3’ and 5’ UTRs regions are not targeted
leading to an incomplete assembly [30]. For library preparation, several commercial
and noncommercial protocols are available, and libraries can be sequenced on bench-
top platforms (i.e., Illumina NextSeq and Miseq; Ion torrent platforms, etc.) [30].

Hybrid capture-enrichment sequencing is similar to amplicon-based sequencing
that allows to target regions of a genome and enrich through hybridization to specific
biotinylated probes. This approach was initially developed for exome sequencing [32].
Libraries obtained can be sequenced on benchtop platforms (Illumina NextSeq and
MiSeq, Ion torrent, etc.). Hybrid capture-enrichment method uses a larger number
of fragments/probes, providing more complete profiling of the target sequences and
more robust to genomic variability [33].

Direct RNA sequencing is relatively recent approach in sequencing technologies
that do not require RNA revers-transcription and allow the direct determination
of the sequence of single nucleic acid molecules, without amplification [34]. This
technology provides longer reads than regular NGS methods, but with higher error
rates [35]. However, this method can provide the sequence of a single mature and
precursor transcripts, and information about complex transcriptional patterns, which
accompany coronavirus infection (recombination, alternative transcript maturation,
rare transcriptional isoforms, etc.) [12].

The global effort of NGS for SARS-CoV-2 in COVID-19 pandemics generated a
massive number of reads that had to be analyzed organized and stored in interna-
tional databases with global access. Basically, the NGS data analysis involves several
essential steps: quality control of the NGS data, removal of host/rRNA data, reads
assembly, taxonomic classification, and virus genome verification [36].

2.1 SARS-CoV-2 genome data analysis

The assembly of the SARS-CoV-2 genome is a quite straightforward process, as
the viral genome is small and does not contain any large repetitive sequence. The
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main method for the assembly of NGS data that provides a complete and accurate
representation of the genome (highly contiguous and accurate assemblies) is based
on Overlap Layout Consensus, de Bruijn graphs, or, in general, reference-based
assembly [37]. SARS-CoV-2 sequencing with a 30x coverage is generally considered
sufficient to generate high-quality assembly [30]. The coverage is dependent on the
sequencing platform and on the sequencing strategy, however, data obtained from
targeted-enrichment-based library preparation methods (hybrid capture and ampli-
con sequencing) provide a sufficient viral genomic read.

The first step of bioinformatics workflow is to establish the quality of the reads.
Fastq files are processed for subsequent analyses as follows: removing the adapter
sequences and filtering low-quality/complexity reads, error correction, etc. [36].

Metagenomics sequencing protocols provide uniform coverage, but the number
of viral reads depends on the viral load of the sample and may contain reads, derived
from viral sub-genomic RNAs and replication intermediates [38]. For metagenomics
reads assembly-efficient software tools are currently available [39].

In order to obtain an accurate representation of the genomic sequence of a SARS-
CoV-2 strain, de-novo assembly method could be used, but there were also available,
less sensitive methods, such as reference-guided assembly algorithms [40, 41].

2.2 SARS-CoV-2 genome verification and classification

Taxonomic classification is the following step after the reads are assembled into
contigs. The quality of contigs can be evaluated by read mapping. The reliable contigs
with unassembled overlaps are fused to form longer viral contigs using contig assem-
bly tools (e.g., SEQMAN and Geneious).

2.3 SARS-CoV-2 phylogenetic analyses

The best-known portals for the real-time monitoring of the evolution SARS-CoV-2
strains are Nextstrain [42] and the HyPhy COVID-19 [43]. These systems provide
real-time information of on worldwide distribution of different clades and lineages of
SARS-CoV-2 (Nexstrain), and detailed phylogenetic analyses of SARS-CoV-2 protein-
coding genes (Hyphy).

2.4 SARS-CoV-2 genomic data deposition and exploratory access

At present, the GISAID [44] with EpiCov portal represents the most widely used
repository of SARS-CoV-2 genomic data. Along with sequencing data, metadata are
provided including the type of sample, the sequencing technology and protocol,
patient status (e.g. hospitalized or released), vaccination, etc.

Exploratory access is available from the three most popular portals for SARS-
CoV-2 genome data: COG-UK [45], GISAID EpiCoV [44], and the NCBI [46].

Technical advances in NGS and bioinformatics have permitted a fast identification
of causative agent of COVID-19, tracking its global spread and confirming the genomic
modifications when they occurred. Current bioinformatics resources are multiple, but big
datasets pose challenges for data storage and analysis and a solution must be found not
only for the control of the current COVID-19 pandemic but for future outbreaks response.

Although NGS is a very precise tool, allowing the detection of each mutation ina
sample (thus being considered the gold standard in tracking the viral variants), it has
a few drawbacks regarding the price, the duration, and the accessibility [47-49].
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To overcome these limitations, other genotyping strategies have been developed
[50]: Multiplex PCR tests that use either TagMan probes or molecular beacon probes,
identify and monitor specific SARS-CoV-2 variants, and, even if they target prese-
lected known mutations, they are more rapid, cheaper options, and could easily be
deployed in settings with limited resources as an alternative to genome sequencing
methods [47, 51].

New appeared mutations had an important effect on the detection sensitivity of
RT-PCR that could be reduced if the mutations were located where probes and prim-
ers bind [52]. Because of this, commercial variants of kits that detected several genes
that included the RdRp and Orflab genes in addition to the S and N genes were used
and commercial multiplexing tests for tracking mutations in the population, for the
surveillance and sequencing prioritization were rapidly developed.

The occurrence of the mutations in the S gene led to S gene target failure or
so-called S gene dropout, which generated false negative RT-PCR results. This test
failure, however, turned later in new pre-screening rRT-PCR assays that analyzed
simultaneous detection of del-HV69/70 and N501Y in order to distinguish between
B.1.1.7 and B1.351 lineages or have been used as a marker of B.1.1.529 variant [51, 53].

A TagMan SNP genotyping test, recently developed by a Taiwanese team [50], tar-
gets nine mutations in receptor-binding domain of the spike protein of SARS-CoV-2
(delH69/V70, K417T, K417N, L452R, E484K, E484Q, N501Y, P681H, and P681R), and
it is designed to simultaneously detect five important variants (Alpha, Beta, Gamma,
Delta, and Omicron).

Molecular diagnostic companies are closely tracking data collected from laborato-
ries all over the world in order to develop commercial multiplex genotyping kits that
identify and screen variants as new significant functional mutations emerge.

3. Emergence of SARS-CoV-2 variants — genotype to phenotype analysis
and global public health effects

A series of measures have been taken globally for optimal management of
the emergence of SARS-CoV-2 variants. A global system has been established to
detect SARS-CoV-2 lineages and to assess the potential risk for the circulating viral
variants. For effective surveillance and viral characterization worldwide, it was
essential to better describe the recently emerging variants and to establish a joint
nomenclature.

Considering the large amount of collected data generated by sequencing, WHO
experts after consultation with the Technical Advisory Group on SARS-CoV-2 Virus
Evolution (TAG-VE) establish the current nomenclature in use when referring to
SARS-CoV-2 variants [54]. Thus, for each identified lineage, it was assigned a Greek
alphabet letter (e.g., Alpha, Beta, Delta, or Omicron) and when choosing the work-
ing terminology for SARS-CoV-2 variants, it was considered the current terminol-
ogy adopted by well-known open-source databases that performed phylogenetic
analysis. Such examples are PANGOLIN - The Phylogenetic Assignment of Named
Global Outbreak Lineages [55]; Nextstrain [56] or GISAID — The Global Initiative
on Sharing All Influenza Data [57]. At the same time, the term “index virus” was
established when referring to the SARS-CoV-2 genome characterized at the beginning
of the pandemic (December 2019) in the situation of the first cases reported [58].
Considering the rapid evolution of the virus from a mutational point of view, the
present nomenclature may undergo changes.
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Specific viral variants that pose a risk to public health have been named, are
considered a priority in monitoring, and are categorized using the following working
terms:

 Variants of Interest (VOIs)

 Variants of Concern (VOCs)

* VOC lineages under monitoring (VOC-LUM).
e Variants under monitoring (VUM)

Variant of Interest (VOI) - a SARS-CoV-2 variant presenting a certain genetic
constellation that is predicted to cause changes in virus properties impacting its
transmissibility, virulence, the diagnostic and treatment methods, the severity of the
disease, and immune system escape. It is also acknowledged to be responsible for high
community spread, prevalence in multiple clusters or many countries, or hint of an
emerging risk to global public health. At present, there are no circulating VOIs [58].

Among the circulating VOIs reported in the past [58, 59] (presented chronologi-
cally with spike mutation of interest and using the WHO and Pango lineage terminol-
ogy) are:

* Eta (B.1.525/VOI: 17-Mar-2021)- E484K, D614G, Q677H;

Theta (P.3/VOI: 24-Mar-2021)- E484K, N501Y, D614G, P681H;

Iota (B.1.526/VOI: 24-Mar-2021)- E484K, D614G, A701V;

Kappa (B.1.617.1/VOI: 4-April-2021)- L452R, E484Q, D614G, P681R;

« Lambda (C.37/VOI: 14-Jun-2021)- L452Q , F490S, D614G;

Mu (B.1.621/VOI: 30-Aug-2021)- R346K, E484K, N501Y, D614G, P681H.

According, to WHO a Variant of Concern (VOC) is defined as a viral variant that
meets the criteria for a VOI and in addition correlates with a higher degree of viru-
lence and transmission or a change in COVID-19 epidemiology or clinical presenta-
tion, or a decrease in the effectiveness of currently available public health measures or
of diagnostics, therapeutics, or vaccines [58].

Current VOC is Omicron lineage (B.1.1.529/VOC: 26-Nov-2021) including
sublineages BA.1, BA.2, BA.3, BA.4, BA.5, and XE (BA.1/BA.2 circulating recom-
binant) that WHO recommend to be monitored by public health authorities as
distinct lineages.

The mutational profiles in spike sequence in Omicron sub-lineages are listed
below:

* BA.1- A67V, A69-70, T95I, G142D, A143-145, N211I, A212, ins215EPE, G339D,
S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R,
G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K,
D796Y, N856K, Q954H, N969K, LIS1F;
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BA.2 - G142D, N211I, A212, V213G, G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H,
D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K;

BA.3- A67V, A69-70, A143-145, N2111, A212, G339D, S371F, S373P, S375F,
D405N, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, Q498R, N501Y,
Y505H, D614G, H655Y, N679K, P681H, D796Y, Q954H, N969K;

BA.4-L452R, F486V, R493Q;

BA.5- L452R, F486V, R493Q.

From the collected data, a higher transmission is observed also accompanied by a
lower severity for the Omicron BA.1 and BA.2 variants with BA.2 displaying a domi-
nant transmission in the EU/EEA countries. On the other hand, for the BA.4 and BA.5
there is not enough evidence regarding the impact of these variants on transmission
rate or severity [59].

VOGC:s circulating in the past include:

Alpha (B.1.1.7/VOC: 18-Dec-2020) - N501Y, D614G, P681H;

Beta (B.1.351/VOC: 18-Dec-2020) - K417N, E484K, N501Y, D614G, A701V;

* Gamma (P.1/VOC: 11-Jan-2021) - K417T, E484K, N501Y, D614G, H655Y;

Delta (B.1.617.2/VOC: 11-May-2021) - L452R, T478K, D614G, P681R.

VOC lineages under monitoring (VOC-LUM) are characterized as variants that,
from a phylogenetic point of view, belong to VOCs, which are currently circulating,
nevertheless compared to the circulating VOCs exhibit some genetic alterations that
show better transmission and also present amino acids changes that might explain the
epidemiologic modifications compared to circulating variants [58].

Currently, all VOC-LUMs are Omicron sublineages being under surveillance.
Thus, the BA.4 and BA.5 sublineages from a phylogenetic point of view belong
to the same circulating VOC, presenting the same mutations profile for S (BA.2-
like + del69/70, L452R, F486V, Q493) and also displaying two Nsp4 reversions:

L438 and ORF6:D61. On the other hand, these two VOC-LUMs vary from each other
through mutations outside spike, thus BA.4 shows the following additional mutations:
ORF7b:L11F, N: P151S while BA.5 exhibits D3N mutation in M gene. BA.2.12.1 is
another current VOC-LUM belonging to BA.2 sublineage and which shares the same

S mutational pattern plus L452Q and S704F. BA.2.9.1 and BA.2.13 come from BA.2
sublineage with which they share S mutational profile and also L452M additional
mutation, while BA.2.9.1 displays other genomic mutations outside of S, respectively,
in N gene (P67S, S412I) and in ORF3a:H78Y [58].

It is very important to keep these lineages and their modifications under close
observation in key sites or hotspots, in order to detect in real-time a divergence from
the generating VOC and a possible new risk to global public health.

Variants under monitoring (VUM) are defined as variants that are suspected to
pose future risk but with unclear evidence of phenotypic or epidemiological impact
which requires enhanced monitoring. Currently, there is no variant under monitoring.
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In the generation of SARS-CoV-2 variants, two processes, replication and recom-
bination, have major implications. The SARS-CoV-2 replication process requires
an RNA-dependent RNA polymerase (RdRp) that is prone to an error leading to
the replication-associated changes. Due to the proofreading process assured by the
virus-encoded 3’ exonuclease, nspl4, the mutation rate remains in the low range if we
consider the magnitude of the SARS-CoV-2 extension [60].

The factors that may impact SARS-CoV-2 replication, error rate accumulation,
and the variants selection include wildlife reservoirs (permissive host species and
species-specific adaptation in different hosts) [61], biochemical characteristics of dif-
ferent infected cell types generating a heterogeneous mix of viral proteins [62], and
population-level immunity driving selection of these variants [63]. Recombination
can occur in a cell coinfected with more than one virus variant through discontinu-
ous transcription of SARS-CoV-2 genomes via ‘strand switching’ by the viral RARp
or through breakage and rejoining of genomes based on homology regions to form
chimeric genomes [63, 64].

Careful monitoring of new SARS-CoV-2 variants must reduce transmission rate,
pathogenicity, and resistance to immune responses. This refers especially to molecules
involved in cell entry and those that provide antigenicity.

The characteristics of SARS-CoV-2 variants are determined by the structural spike
(S) protein cleaved in infected cells by a cellular protease, furin, yielding two sub-
units, S1 and S2. The S1 subunit binds the receptor ACE2 and the S2 subunit anchors
the S protein to the membrane and mediates membrane fusion [65, 66].

In order to identify SARS-CoV-2 genome hotspots, a phylogenetic analysis of the
virus is required. This analysis enables detection of the occurrence of variants that
may present concern [67]. Until now numerous SARS-CoV-2 genome hotspots have
been recognized. Being considered an important SARS-CoV-2 hotspot, spike genomic
sequence is frequently altered (various substitutions/deletions) causing modifications
in the protein sequence that ultimately may have a significant impact on virus evolu-
tion and can cause major difficulties in pandemic management. Consequently, certain
mutations in spike protein can determine an increase in infectivity and also a more
severe disease, while on the other hand can affect the therapeutic effectiveness [68].

During the early evolution of SARS-CoV-2, the D614G substitution in the
receptor-binding domain (RBD) on Spike is considered to be one of the earliest S
hotspots being detected in almost all previously circulating VOCs (Alpha, Beta, Delta,
Gamma) as well in the current circulated VOC Omicron [69]. The mutation, origi-
nated from genetic drift and obtained a selective advantage [70, 71], being detected
first in Europe in January 2020 and accounting for 98% of the SARS-CoV-2 spread
in September 2021 [72]. In these variants, replacing the aspartic acid with glycine at
position 614 of the spike protein induced structural change that increased binding
affinity to ACE2 and virus entry [73], associated with increases in transmissibility (in
vivo infectivity) but without affecting the severity of disease [71, 74].

Another recognized S hotspot is considered to be N501Y substitution also in RBD
region, shared by Alpha, Beta, and Gamma lineages from previous VOCs. N501Y is
known to promote viral replication through increasing affinity between the receptor-
binding domain (RBD) and ACE2 and to facilitate the antibody escape [75]. P681H
augments viral infectivity being located in the furin cleavage site [75], and delH69/
V70 detected in Alpha and Omicron VOCs, was associated with disease severity and
long-term infection [76].

Interfering also with antibody escape and thus being associated with vaccination
failure were another two hotspots found in RBD region namely E484K and K417N/T
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substitutions. E484K is found in Beta, Gamma, Delta, and Omicron VOCs while
K417N/T is only in Beta and Gamma [77]. Hoter and Naim analyzed the biosynthetic
forms and glycosylation of intracellular and secreted forms of double mutants L452R
and E484Q (Indian B.1.617 variant) in comparison with E484K and N501Y (B.1.351
and P.1 variant) and observed that the double mutants L452R and E484Q were
comparatively highly secreted, associated with a strong interaction with ACE2 in the
human lung Calu3 cells [78]. L452R and T478K hotspots, identified in Delta variant,
were associated with an increased ACE2 binding and also with antibody escape,
which led to an increase in virulence [79, 80].

Compared with wild-type Wuhan-1 bearing D614G, the Delta (B.1.617.2) was
six-fold less sensitive to serum neutralizing antibodies from previously infected indi-
viduals, and eight-fold less sensitive to vaccine-elicited antibodies, lower in ChAdOx1
vaccinees than in BNT162b2 vaccinees [81]. The B.1.617.2 variant proved to be highly
fusogenic and notably more pathogenic than its parental virus due to the highly con-
served P681R mutation in the spike protein facilitating cleavage of the spike protein
and enhancing viral fusogenicity [82].

It is crucially important to determine spike mutations that affect antigenic profiles
and the level of cross-protection provided by prior infection with other viruses.

The immunogenic regions of the spike refer especially to the spike receptor-binding
domain (RBD) because ~90% of the serum neutralizing antibodies from SARS-CoV-2
infected individuals target this region [83-85]. But, also, the N-terminal domain
(NTD) of the S protein is targeted [86-89].

4. SARS-CoV-2 vaccine development in COVID-19 genomic era

A major advantage in reducing the COVID-19 pandemic was the development of
vaccines against SARS-CoV-2 since all the approved COVID-19 vaccines, although
based on the initial SARS CoV-2 strain, continue to preserve efficacy against hos-
pitalization and death, especially after administration of a booster dose [90]. Until
the appearance of Omicron, all variants had a convergent evolution pattern [91],
selecting similar mutations in particularly vulnerable genomic sites and clustering in
similar serotypes. Omicron is highly antigenically divergent from the other VOCs [92]
and is characterized by a continuous antigenic drift, giving rise to several sublineages,
with limited cross-antigenicity. The most recently selected sub-lineages, designated as
variants of concern (BA4, BAS) have higher neutralization escape capacity [93], and
vaccination efficacy seems to decrease, although not significantly, even in terms of
protection against severe forms of the disease.

Currently, according to the WHO, more than 150 vaccines are in clinical devel-
opment and almost 200 are in preclinical development [94]. Reported studies
demonstrated that the benefits of COVID-19 vaccination compensate for the risks
that involve rare but serious adverse effects [95]. For example, a study focused on
the administration of almost two million first doses of the vaccine Pfizer-BioNTech
vaccine in the US reported only 21 cases of anaphylaxis after administration, with no
fatalities reported [96].

COVID-19 vaccines developed so far and tested or approved for clinical trials can
be classified into inactivated vaccine, live attenuated, viral vector-based vaccine,
RNA, DNA, protein subunit, and virus-like particle (VLP) vaccines [97].

Inactivated vaccines are obtained from a virus multiplied on cell cultures
and then chemically inactivated. This system can sustain stably expressed,
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conformationally native antigenic epitopes [98]. The advantages of inactivated vac-
cines include the capacity of the vaccine to induce an immune response that results in
production of antibodies against many epitopes of the SARS-CoV-2, including S pro-
tein, N protein, and E protein [99]. On the other hand, the vaccine is well tolerated,
the adverse reactions reported are rare, without reported deaths, and the study and
development of this type of vaccine are relatively complete [100]. The disadvantages
arise mainly from the fact that the living virus must be manipulated in a biosafety
level-3 laboratory at least and there is a limitation in vaccine production that depends
on viral productivity [97].

Viral vector-based vaccine is also considered a classic vaccine since this medical
technology was introduced in 1972 by Jackson et al., and uses a secondary virus as a
transient gene expression vector. Nonreplicating viral vector-based vaccine, the most
commonly utilized, uses viral vectors deficient in replication, to deliver a specific
antigen to the host cell in order to induce immunity against the desired antigen. The
vector used in the viral vector-based vaccine developed against SARS-CoV-2 infection
is adenovirus [101]. Administration of this type of vaccine against SARS-CoV-2 infec-
tion seems to induce rapid and complex antibody responses as well as cellular immune
responses by activation of Th1 cell responses [102]. Comparing to inactivated vaccines
the production of viral vector vaccines is safer as there is no need to manipulate live
SARS-CoV-2. However, in the case of adenovirus-based viral vector vaccines, rare
but severe reactions have been reported, especially thrombocytopenia, sustaining the
need of monitoring platelet levels. The mechanism that triggers these effects is mainly
the development of pathological anti-platelet factor 4 (PF4) antibodies, as result of
vaccine administration that activates platelets and the coagulation system. Also, the
immunogenicity of these vaccines can be reduced in some people that present neu-
tralizing antibodies against several adenoviruses [103].

Live attenuated vaccines are developed by a recoding of the virus genome,
being a well-known method of immunization against pathogens. Thus, the virus is
attenuated by in vitro or in vivo passage or reverse-genetic mutagenesis, resulting in a
weakly pathogenic that is also able to mimic the live virus infection. Usually, this type
of vaccine can produce a durable immune response, but the apparition of secondary
mutations that can cause reversion into virus wild-type strains, especially in the case
of RNA viruses is considered a disadvantage for this type of vaccine [99, 104, 105].

DNA vaccines use a sequential transcription-to-translation process that sustain
the production in host cells of a viral antigen that is encoded by a recombinant DNA
plasmid, inducing neutralizing antibodies [105]. DNA vaccines present a higher
stability compared with mRNA vaccines, the production risk of DNA vaccines is
relatively low and does not require the presence of an infectious agent. On the other
hand, the immunogenicity of the DNA vaccine is low and the efficacy depends on the
injection method [97].

mRNA-based vaccines comprise mRNA molecules that encode viral protein
antigens and the main problem of this type of vaccine is removed by utilization of
nanoparticle delivery carriers that overcome mRNA instability. Moreover, these
nanoparticles are adjuvants to sustain the activation of the immune response. The
method to obtain these vaccines is based on the in vitro transcription process for
obtaining mRNA and the technology is quite developed today to allow obtaining
large doses in a short time for any pathogen [106]. Due to the high vaccination rate
with this type of vaccine, it can be clearly demonstrated that SARS-CoV-2 mRNA-
based vaccination induces a persistent germinal center B cell response and Th1 cell
responses, which allows the development of strong humoral immunity [107]. The main
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disadvantages are the reported adverse reactions, especially myocarditis and the neces-
sity to preserve the vaccines at low temperatures to avoid mRNA degradation [108].

Protein subunit vaccines use key viral proteins or peptides that can be obtain
in vitro using bacteria, yeast, or mammalian cells [99]. COVID-19 protein subunit
vaccine can induce Th1 cell responses and a high titer of neutralizing antibodies but
due to the large molecular weight, the in vitro synthesis rate of the viral S protein is
relatively low [97].

Virus-like particle vaccines use viral capsid proteins or replication-defective
virus particles without the viral genomes but the technology for obtaining this type of
vaccine is more complex [109].

Although studies to date show that the administration of COVID-19 vaccines
may reduce the risk of symptomatic infection and decrease mortality, a decline in
virus-neutralizing activity with the emergence of new variants has been reported.
Therefore, the strong contagious activity of Alpha and Delta variants and the
powerful immune escape ability of Beta and Gamma variants were outclassed by the
capacity of the Omicron variant to evade the immunity induced by the COVID-19
vaccines [97]. For example, the efficacy of BNT162b2 COVID-19 vaccine (Pfizer
BioNTech) against SARS-CoV-2 VOCs starts at almost 90% in the case of B.1.1.7
(Alpha) [110] and decreases (in some reports) to about 35% in the case of B.1.1.529
(Omicron) [111].

Several studies have shown that breakthrough infections including Omicron VOC
increase the breadth of the immune response in vaccinated persons [112]. As such,
Omicron-specific vaccine candidates have been developed by several pharmaceutical
companies and might be administered as booster doses for the recipients of a primary
vaccination scheme or for persons already infected with previously circulating vari-
ants. In recent press releases, both Pfizer and Moderna [113, 114] announced that a
second booster with Omicron-adapted vaccine candidates (either in a monovalent or
bivalent formulation with the classic vaccine) increased significantly the magnitude
of the immune response against the Omicron sublineages. It is hoped that such broad
responses will be preserved for a longer period of time, as shown by data from trials
with a previous version of a Moderna vaccine candidate developed against Beta-
another highly immune evasive variant. Presently, administration of an Omicron-
specific vaccine in unvaccinated persons is not recommended, due to insufficient data
on the level of cross-protection against unrelated variants [115].

Future vaccination strategies are envisioned, aimed at finding better admin-
istration regimens (using extended intervals between doses, increased antigen
concentrations, heterologous prime-boost schemes), or better vaccine formulations
(multivalent vaccines, encoding the Spike protein of multiple VOCs, pan-coronavirus
vaccines, and mucosal vaccines, administered intra-nasally).

5. Antiviral treatment development and emergent SARS-CoV-2 variants

The development of direct antiviral drugs was rather slow, direct medication being
replaced by vaccines in the treatment of COVID-19. However direct antiviral treat-
ment proved to be effective, indifferent to the mutations that have accumulated while
SARS-CoV-2 variants have emerged. Currently, the main therapeutic strategies are
directed toward (a) direct inhibition of the viral entry, (b) inhibition of viral replica-
tion, and (c) immunomodulatory treatment to block the cytokine release storm that
underlies COVID-19 severe evolution [116].
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5.1 Direct inhibition of the viral entry

In the first category, there are several anti-spike protein monoclonal antibodies
(MAB) such as bebtelovimab, sotrovimab, casirivimab and imdevimab, bamla-
nivimab and etesevimab used for the treatment of mild-to-moderate COVID-19
in adults and pediatric patients (12 years of age and older weighing at least 40 kg).
Additionally, tixagevimab and cilgavimab were authorized for emergency use as
pre-exposure prophylaxis for prevention of COVID-19 in adults and pediatric indi-
viduals. However, in the context of high frequency of the Omicron BA.2 sub-variant,
authorizations for all of these monoclonal antibodies were revoked, except for
Bebtelovimab that has a broad neutralizing activity, unaffected by the most common
mutations present in all of the known variants of concern of SARS-CoV-2, including
the Omicron subvariants BA1/BA2 [117, 118].

The administration of MABs has several significant drawbacks, including the need
for intravenous administration in healthcare units by qualified healthcare person-
nel who have access to emergency medications to treat severe reactions, including
anaphylaxis. Common side effects include hypersensitivity, with anaphylaxis and
infusion-related reactions, nausea, vomiting, pruritus, and rash. Among advantages,
we can count no drug-drug interactions.

This strategy can be used against the receptor binding domain only as long as no
mutations in the spike glycoprotein occur. One possible way around this problem
would be administration of several MAB antibodies that could simultaneously bind to
different parts of the receptor binding domain of the SARS-CoV-2 spike protein.

5.2 Inhibition of viral replication

To date, several antivirals received conditional authorizations for usage in the
interest of public health because they address an unmet medical need and the benefit
of immediate availability outweighs the risk from less comprehensive data than
normally required (Table 1) [119]. The oldest is remdesivir, a drug that has to be
intravenously administrated, with plenty of adverse effects, which drastically reduce
its utility, conditioning its administration by hospitalization. The newest molnupi-
ravir and nirmatrelvir — ritonavir are both oral antivirals, less expensive, with huge
advantage that they can be administered in patients isolated at home. However, the
treatment has to be started early, and Paxlovid came with several drug—drug interac-
tions that can complicate its use in patients taking other medications. Moreover,
there is a concern about molnupiravir regarding a potential impairment of bone and
cartilage growth, being restricted for usage in children [120].

Molnupiravir is a slightly modified small-molecule drug developed from a ribo-
nucleoside known as NHC (8-d-N*-hydroxycytidine) by a research team at Emory
University in Atlanta, Georgia. Intended initially to enter clinical trials against influ-
enza, tested it as a treatment for COVID-19 by Ridgeback Biotherapeutics Company,
which partnered later with Merck in May 2020, for large-scale clinical trials [121].

After oral administration, molnupiravir breaks down to form NHC that is further
phosphorylated to NHC triphosphate. Under this form, NHC is linked by SARS-
CoV-2 RNA-dependent RNA polymerase (RARP) and used for RNA chain elongation
during viral replication instead of guanosine or adenosine. This leads to an accumula-
tion of errors in the viral genome that ultimately render the virus noninfectious and
unable to replicate [122-124].
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Compound Molnupiravir Nirmatrelvir - Remdesivir
Ritonavir
Brand name: Lagevrio Paxlovid Veklury
Market Merck Sharp and Dohme (UK) Pfizer Limited Gilead Sciences, Inc
authorization: Limited
Alternative MK MK-4482, EIDD-2801 PF-07321332 GS-5734
names:
Pharmacological inhibitor of the viral RNA- Mpro viral protease inhibitor of the viral
classification dependent RNA polymerase inhibitor RNA-dependent RNA
(RdRp) polymerase (RdRp)
Indications: Treatment of mild-to- Treatment of Treatment of mild-to-
moderate COVID-19 in adults mild-to-moderate moderate COVID-19
with symptom onset within 5 COVID-19 patients patients with symptom
days from diagnosis with risk aged 12 years and onset within the
for developing severe illness. older, with risk previous 7 days, with
for progression to at least one risk factor
severe COVID-19, for disease progression
without need for (age > 60 years, obesity, or
supplemental certain coexisting medical
oxygen. conditions)
Dose: 800 mg every 12 hours for 300 mg nirmatrelvir 200 mg on day one,
5 days with 100 mg followed by 100 mg daily
ritonavir, every for up to 9 additional days
12 hours for 5 days
Table 1.

Anti-viral drugs currently used for COVID-19 therapy.

Efficacy and safety were evaluated in phase 3 double-blind, randomized, placebo-
controlled trial MOVe-OUT clinical trials [NCT04575597] on unvaccinated and
seronegative subjects, with final results published on February 10, 2022, reporting a
relative risk reduction of 30% for hospitalization or death at 29 days [122]. Moreover,
new results in evaluating virological outcomes presented at the 2022 European
Congress of Clinical Microbiology and Infectious Diseases (ECCMID) (Abstract
#4514) showed that molnupiravir was associated with more rapid elimination of
infectious viruses than placebo. Thus, at 3 and 5 days of treatment, no infectious
virus was detected in patients who received LAGEVRIO compared with 21.8%, and
2.2% respective, of patients who received placebo [125]. The risk for adverse effects
was 30% with molnupiravir vs. 33% with placebo. The most common adverse effects
reported were diarrhea (3%) and nausea (2%) classified as mild or moderate. Also, no
drug-drug interactions have been identified [122].

Molnupiravir received an Emergency Use Authorization (EUA) issued by the Food
and Drug Administration (FDA) on December 23, 2021 for LAGEVRIO as treatment
of mild-to-moderate COVID-19 in adults with positive results of direct SARS-CoV-2
viral testing, who are at high-risk for progression to severe COVID-19, including
hospitalization or death [126]. Also, received authorization in the United Kingdom
(U.K.) for molnupiravir (MK-4482, EIDD-2801), and currently is under review for
authorization by European Medicines Agency (EMA).

Nirmatrelvir — Ritonavir (Paxlovid) is a combination of two drugs, ritonavir
(a pharmacokinetic enhancer) and newly developed protease inhibitor nirmatrelvir
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(PF-07321332), a structure-based potent inhibitor of SARS-CoV-2 3-chymotrypsin—
like cysteine protease enzyme (Mpro) [127]. Mpro protease is involved in processing
viral polyproteins into functional units, and since essential to viral replication. Within
the absence of recognized human analog, Mpro is an attractive antiviral target across
a wide spectrum of coronaviruses. Nirmatrelvir is administrated with ritonavir, an
inhibitor of cytochrome P450 (CYP) 3A4, that blocks the metabolism of nirmatrelvir
increasing and maintaining its plasma concentration approximately five to six times
higher than the in vitro 90% effective concentration [127, 128].

Evidence for efficacy and safety comes from a phase 2-3 double-blind, random-
ized, and controlled trial, which enrolled unvaccinated, non-hospitalized adults
with high risk for progression to severe COVID-19. Subjects that were treated within
3 days after symptom onset with 300 mg of nirmatrelvir plus 100 mg of ritonavir
had an 89% lower risk of progression to severe COVID-19 than placebo group
[NCT04960202]. The risk for adverse effects was 22.6% with nirmatrelvir plus rito-
navir vs 23.9% with placebo. The most common adverse effects were dysgeusia (5.6%)
and diarrhea (3.1%) [129].

Paxlovid is associated with several drug—drug interactions that could complicate
its use in the community due to ritonavir association that inhibits CTP3A and there-
fore may increase plasma concentration of drugs that may be associated with serious,
life-threatening events (e.g., colchicine, clozapine, diazepam, simvastatin, etc.).
Conversely, products that may increase the metabolism of nirmatrelvir/ritonavir and
reduce their concentrations may be associated with a loss of antiviral effect (e.g.,
rifampicin, carbamazepine) [130]. Thus, a careful assessment of patients’ medication
is needed before administrating Paxlovid. A web tool developed by the University of
Liverpool, which monitors drug interactions with current anti-COVID-19 therapies,
may be helpful [131].

Nirmatrelvir — Ritonavir received a EUA issued by the FDA on December 22,

2021, for PAXLOVID for the treatment of mild-to-moderate COVID-19 in adults and
pediatric patients (12 years of age and older weighing at least 40 kg) with high risk for
progression to severe COVID-19 [132]. It is also authorized for use in European Union
[133] since January 2022, under a conditional marketing authorization.

Both molnupiravir and nirmatrelvir, effectively inhibited viral replication of
the Delta variant and the Omicron variant however, slight differences in antiviral
response among wild-type, Delta, and Omicron variants were observed [134].

Remdesivir is a broad-spectrum antiviral medication administered via intrave-
nous injection. The compound is a prodrug whose metabolizing leads to the release
of a nucleoside analog GS-441524 monophosphate with subsequent biotransforma-
tion into GS-441524 triphosphate. Under this form, it acts as an inhibitor of the viral
RNA-dependent RNA polymerase (RdRp) with potent activity against an array of
RNA virus families including Filoviridae, Paramyxoviridae, Pneumoviridae, and
Orthocoronavirinae [135]. Various studies have documented its inhibitory activity
against SARS-CoV-1, Middle East respiratory syndrome (MERS-CoV), and SARS-
CoV-2 in vitro [136, 137].

Data on its efficacy on COVID-19 infected patients came from ACTT-1 clinical
trial [NCT04280705], which showed that remdesivir treatment shorten recovery
times in hospitalized patients with COVID-19 (median recovery time of 10 days
(95% confidence interval [CI], 9 to 11), in remdesivir treated patients as compared
with 15 days (95% CI, 13 to 18) among those who received placebo) [138] and
reduces chances of hospitalization or death with 87% for patients at high risk of
severe disease [139].
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The most common adverse effects that occurred in 5% of patients treated with
remdesivir were respiratory failure, decreased glomerular filtration rate with
increased creatinine in the blood, decreased lymphocyte and hemoglobin counts,
anemia, and increased blood sugar levels [138]. Also, 5% of patients experienced
nausea, headache, and cough.

In October 2020, remdesivir received the first FDA EUA as a treatment for COVID-
19, which was extended in April 2022, for the first time for pediatric patients under
12 years of age including those who are older than 28 days, weighing at least 3 kg [140].
Also, in July 2020 received a conditional marketing authorization from EMA.

Remdesivir showed similar antiviral activity against the wild-type virus and the
VOCs Alpha, Beta, Gamma, Delta, and Omicron variants. These findings are justi-
fied by the fact that the target proteins of these antivirals, viral RNA dependent RNA
polymerase, and the viral main protease Mpro, respectively, are highly conserved.
These results indicate that is a high probability that VOC that might emerge in the
future will remain susceptible to antivirals that do not target the spike protein [141].

5.3 Immunomodulatory treatment

Many of the complications associated with COVID-19 are due to an augmented host
immune response, which contributes to the increased severity of COVID-19 and death.
Several immunomodulatory drugs can be administered in-hospital to severely ill
patients to reduce inflammation and prevent a cytokine storm. These include cortico-
steroids, monoclonal antibodies that block the IL-6 receptor (tocilizumab, sarilomab,
and siltuximab), monoclonal antibodies that block the IL-1 beta receptor (anakinra),
and selective Janus kinase 1 and 2 inhibitors (JAK1 and 2) (baricitinib and ruxolitinib).

Immunomodulatory treatment leads to an improvement in clinical outcome.
Among positive results, a decrease in hospitalization lengths, duration of mechanical
ventilation, and mortality with 8.7% in the critically ill, and 6.7% in patients with
severe COVID-19, are the most notable ones. Coadministration with anti-viral such
as remdesivir, improved the clinical outcome, reducing the number of patients who
experience progression to severe respiratory failure or death [142].

However, reported side effects are major. For example, anakinra treatment induces
a decrease in hematological parameters, headache, diarrhea, an increase of liver
function tests, and hyperglycemia [143]. Treatment with tocilizumab also caused neu-
tropenia with severe infections, thrombocytopenia, and increased the liver enzyme
levels. Moreover, several cases of bowel perforation were also reported [144, 145].

Another strategy that has been used in COVID-19 treatment included the use of
COVID-19 convalescent plasma or ultrapotent antibodies isolated from SARS-CoV-2
elite neutralizers. These are individuals that displayed a highly potent neutralizing
response with IgG 50% inhibitory concentration (IC50) values of <20 pg/mL. The
ultrapotent antibodies are directed against conserved viral epitopes with broad
spectrum activity against ancestral variant and the variant that emerged lately: B.1.1.7,
B.1.351, B.1.429, B.1.617, and B.1.617.2 variants [146].

Convalescent plasma administration is nevertheless limited to high-titer prod-
ucts. It was associated with allergic and anaphylactic reactions febrile nonhemolytic
reactions, hemolytic reactions, metabolic complications, transfusion-transmitted
infections, and thrombotic events. Moreover, there is a theoretical risk of antibody-
mediated enhancement of infection and suppressed long-term immunity [147].

Currently, due to the intense studies carried out during the SARS-CoV-2 pan-
demic, several treatment modalities are available for COVID-19. There are both
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molecules that block the virus from entering the cell, and molecules that interfere
with and block viral replication. In addition, there are immunological modulators that
can prevent severe development and even death. These therapeutic strategies are sup-
ported by prophylactic ones (e. g. vaccines), all in conjunction with aim of avoiding
the disruption of social and economic calm.

6. The impact of genomics on public health decisions

The emergence of SARS-CoV-2 in December 2019 triggered an unprecedented
cascade of public health measures aiming at delaying the virus introduction in
specific countries; prevention or limitation of viral transmission in the community;
rapid tracing, identification, and isolation of contacts; and sheltering of the most
vulnerable populations. These measures benefited from almost real-time surveillance
of viral spread using genomic characterization.

At the beginning of the pandemic, the rapid development of sensitive real-time
PCR tests was facilitated by the immediate sharing of genome sequence data. This
allowed the implementation of national NAAT-based testing programs and supported
the rapid diagnosis of infection, followed by preventive measures of contact tracing
and isolation and quarantine — a policy known as TETRIS or TTI or TTIQ - test, track,
isolate (and quarantine).

Whole genome sequencing has identified independent introduction of SARS-
COV-2 from international travels, followed by local transmission clusters in indi-
viduals with no previous travel history, triggering interdictions of mass gathering
and stay-at-home orders in many European countries [148, 149]. Further on, large
nationwide programs of routine genetic sequencing implemented by several countries
across all continents allowed for the rapid identification of new viral variants, further
labeled as variants of interest (VOIs) and variants of concern (VOCs). The COG-UK
consortium has identified the emergence of B.1.1.7/Alpha VOC at the end of 2020, a
finding that triggered a reinstatement of lock-down in the UK [150].

Mathematical modeling of many epidemiological and social parameters were
important pieces in the complicated scenarios of policymaking, as they sometimes
furnished reliable predictions on the shape, amplitude, and severity of the pandemic.
These parameters were adapted each time a new variant of concern was identified.
In addition, genomic sequencing revealed specific mutations in the circulating viral
strains that allowed rapid testing for variant monitoring — such as S target failure in
a specific PCR test in the case of the Alpha VOC (B.1.1.7), due to deletion at posi-
tions 69 and 70 of the spike protein (delH69/V70). These data were conducted for a
fast implementation of this biomarker in the SARS-CoV-2 community PCR testing
program of Public Health England in the early autumn months of 2021 [151]. Whole
genome sequencing allowed a rapid warning of the global community when variants
of concern emerged and further monitoring of their dissemination and displace-
ment of previously circulating variants. The availability of free giant repositories for
whole viral genomes such as GISAID, sometimes with associated epidemiological
and clinical metadata, enabled a fast follow-up of the viral spread, and thorough
characterization of the variants’ transmissibility and pathogenicity. For example,
the genetic surveillance network in South Africa has rapidly spotted the Beta variant
(B.1.351. identified in October 2020) harboring mutations associated with immune
evasiveness) and the highly-mutated Omicron variant (B.1.1.529; first identified in
November, 2021) [152, 153]. This information was used to back up reinforcements or
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relaxations of some of the most drastic public health measures, such as lockdowns,
border control, closing working places and schools, social distancing, mobility
restrictions, and obligatory green passes. For example, accumulating genomic infor-
mation on the spread of the highly transmissible, yet low pathogenicity Omicron
variant triggered a progressive abandonment of the “zero COVID” policy with
compulsory curfews, testing and strict mobility control initially adopted by a series
of Eastern-Asian countries [154].

The importance of genomics for public health is underlined by the unexpected emer-
gence of the Omicron variant, attributed either to (a) a continuous, baseline circulation
of a slowly changing ancillary strain in a region with low genomic surveillance; (b)
persistent infections with prolonged viral shedding and high variability in immunosup-
pressed persons; and (c) spill out from an unknown animal reservoir [155]. To prevent a
similar episode, genomic informed public health measures must be upscaled, including:

* The establishment of an extended global network of pathogen surveillance
pursuing a “one health” policy at the human-animal interface

* The use of portable nanopore DNA sequencers for rapid outbreak monitoring in
low resource settings

* Early viral detection and characterization using wastewater surveillance systems.
Cryptic SARS-CoV-2 lineages, previously unreported by sequencing of symp-
tomatic human cases of SARS CoV-2 infections, harboring common mutations
with the Omicron variant and partially resistant to neutralizing antibodies from
vaccinated and especially from previously infected patients have been detected
in New York City wastewater in 2021 [156].

Genomic data can inform public health policies by:

* Identifying the source of initial clusters of cases in particular settings (health
care settings, long-term care facilities, travel vehicles-airplanes, and cruises
ships) or in the community, by linkage of the genomic data to demographic,
epidemiological, and clinical data sets [157]

* Analyzing super-spreading events to identify human behaviors that are more
prone to viral transmission [158]

* Monitoring the viral variability and assessing their potential impact on the com-
munity by associating new genotypic features with changes in the antigenicity,
infectivity, pathogenicity, and susceptibility to available antivirals and vaccines.

* Adaptation of the vaccine composition to ensure the production of the most
efficient vaccines in a timely manner [159].

7. Conclusions

The rapid development of diagnostic tools and COVID-19 vaccines was possible
due to the characterization of viral genome and of the structure of the main viral
immunogen-the spike glycoprotein.
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Surveillance of the emergent variants and assessing their potential impact on
the community by genotype to phenotype analysis may control reduction of the
effectiveness of available antivirals and vaccines. COVID-19 vaccines developed
to date proved to be highly active against hospitalizations and death across all
ages, and their large-scale deployment in the middle and high-income countries,
has decreased the pressure on the medical system and helped in reopening the
economy.

Currently available antiviral therapies prove to be reasonably effective regardless
of viral variants and their development should be an important strategy together with
vaccination strategy improvement.

With the emergence of viral variants more antigenically distant from the vaccine
strains, the utility of adaptation of the vaccine composition, either by adding a vari-
ant specific version or by developing a pan-coronavirus vaccine become an important
point on the public health agenda.
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Abstract

The COVID-19 pandemic’s epidemiological and clinical characteristics have
been affected in recent months by the introduction of SARS-CoV-2 variants with
unique spikes of protein alterations. These variations can lessen the protection
provided by suppressing monoclonal antibodies and vaccines, as well as enhance
the frequencies of transmission of the virus and/or the risk of contracting the
disease. Due to these mutations, SARS-CoV-2 may be able to proliferate despite
increasing levels of vaccination coverage while preserving and enhancing its
reproduction efficiency. This is one of the main strategies in tackling the COVID-
19 epidemics, the accessibility of precise and trustworthy biomarkers for the
SARS-CoV-2 genetic material and also its nucleic acids is important to investigate
the disease in suspect communities, start making diagnoses and management in
symptomatic or asymptomatic persons, and evaluate authorization of the patho-
gen after infection. Quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) for virus nucleic acid identification is still the most effective method
for such uses due to its sensitivity, quickness, high-throughput sequencing capac-
ity, and trustworthiness. It is essential to update the primer and probe sequences
to maintain the recognition of recently emerging variations. Concerning viral
variations could develop that are dangerously resistant to the immunization
induced by the present vaccinations in coronavirus disease 2019. Additionally, the
significance of effective public health interventions and vaccination programs
will grow if some variations of concern exhibit an increased risk of transmission
or toxicity. The international reaction must’ve been immediate and established in
science. These results supported ongoing efforts to prevent and identify infection,
as well as to describe mutations in vaccine recipients, and they suggest a potential
risk of illness following effective immunization and transmission of pathogens
with a mutant viral.

Keywords: coronavirus 2 (SARS-CoV-2), DNA testing, RT-PCR test, diagnosis,
treatment, ADAR enzyme
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1. Introduction

According to the World Health Organization (WHO), incidences of pneumonia
with an unknown cause were reported in many locations in late 2019 and early 2020
[1]. This pneumonia’s pathogen was recognized as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [2] and was given the label coronavirus infectious
disease (COVID-19).

SARS-CoV-2 infections affected more than 83 million known COVID-19 patients
by the end of 2020, but significant progress had been achieved with the approval and
implementation of vaccines and antibody treatments. These treatments target the
infectious spike protein, although the advent of vigorous variations puts their effec-
tiveness in danger (Figure 1) [3].

These fears have prompted an increase in viral DNA testing and sequencing in
infected patients in terms of understanding the risk of transmission, virulence, and
potential of variants to avoid modern vaccinations. The number of viral variants in
New York City has risen alarmingly. As of March 30, 2021, the B.1.1.7 variant, first
discovered in Great Britain (UK) for 26.2% of all the cases of coronavirus disease, and
the B.1.526 variant, initially discovered in New York City, contributed to even more
than 72% of cases, which were newly admitted (in 42.9%) [3]. The ability of varia-
tions to circumvent vaccine-induced immunity and cause asymptomatic infection
(and thus viral transmission) or disease is of particular concern. Both repercussions
are significant and must be evaluated separately.

Reliable laboratory testing is one of the top priorities for facilitating public
actions. A reliable test is now the most efficient method for detecting patients in
a large community, especially asymptomatic illnesses, identifying transmission
pathways and hosts, evaluating the success of therapeutic options, and determining
infection’s eradication. As one of the most important instruments for monitor-
ing, isolating, as well as diagnosing COVID-19 pandemics, each country should
priorities investing in cutting-edge techniques and offering economic incentives
for the implementation and verification of accurate COVID-19 diagnostics. To
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Structure of the SARS-CoV-19 variants.

154



Advances in Diagnosis and Treatment for SARS-CoV-2 Variants
DOI: http://dx.doi.org/10.5772/intechopen.107846

present, most existing examinations typically meet the expectations of mass testing
examination, personal diagnosis, or variation detection; however, capability varies
significantly between countries, regions, and races, mainly to socioeconomic
inequalities. Because the pathogen of COVID-19 is recognized, as well as the
genome, transmission channels, and host antigen for viral attachment, there are
two types of tests presently offered: For the identification of viral antigens or host
antibodies, there are two types of diagnostics: (1) nucleic-acid-based tests and
(2) serology-based tests. Serological techniques identify antibodies found within
blood serum and infectious antigens within tissues, discharge fluids, or elimina-
tions by persons who have current or previous infections, whereas nucleic acid tests
immediately investigate for viruses RNA via the throat and nose swabs taken from
patients [4].

Many common areas in the SARS-CoV-2 genomes were selected as effective
objectives for sample preparation in several PCR techniques, and they are used in
the majority of COVID-19 molecular diagnoses around the world. According to the
WHO [5], at least two targets should be used in clinical practice to avoid SARS-CoV-2
genetic mutation and cross-multiplication with the other COVID-19 viruses. For the
construction of primers and probes, three portions that have been preserved (the E,
N, and ORF1ab genes) are commonly chosen as standard objectives. Furthermore,
sequencing the viral DNA aids in the detection of novel coronavirus variants that
emerge over time. Newly developed portable or quantitative sequence alignment
techniques, as opposed to classical sequence alignment methods, which are typically
highly expensive, may offer accurate elevated diagnostics throughout pandemics.

1.1 Epidemiology of SARS-CoV-2 variants

Coronaviruses have a nuclease enzyme that reduces the likelihood of replication
failure in vitro by 15-20 times, resulting in a 10-fold reduced risk of virus mutation
in vivo than influenza [6]. When variations with mutated genes infected the same
victim [7], however, they gather alterations and produce greater variety through the
recombination mechanism. SARS-CoV-2 [8] is considered to have formed as a result
of recombination between different SARS-related coronaviruses, and recombination
is still occurring among propagating SARS-CoV-2 variants [9], showing the chal-
lenges in detecting it based on the similarities among most sequences. As evidenced
by the prevalence of C to U changes in specific dinucleotide situations, SARS-CoV-2
diversity is further supported by host-mediated transcriptional control by APOBEC
and ADAR enzymes [10, 11].

Although that was initially thought that decreasing immunity would have been the
reason for people’s frequent reinfection with symptomatic widely accepted COVID-19
viruses [12], recent research suggests that genetic variation could also play a signifi-
cant role in the absence of lengthy resistance after COVID-19 virus outbreaks [13].
HCoV-229E and HCoV-OC43 sequence data demonstrate a ladder-like phylogenetic
evaluation topology over a 30-year period, which has been maintained with the
incidence of novel variants going to spread through the global population at a slower
rate than seasonal influenza, with pathogens separated from one point and time
frequently evading neutralization by blood plasma from individuals infected numer-
ous decades prior [14].

SARS-CoV-2 is thought to evolve at a rate between about 4*10™* and 2*10> varia-
tions per codon per annum [15-17]. Even though the probability of synonymous
variations influencing SARS-CoV-2 morphologic features must be discounted, zero
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reviews of this concept happening inside the SARS-CoV-2 spikes genotype have
been found. As a result, we refer to an NH, mutation from the Wuhan-Hu-1 known
sequences (GenBank accession: NC 045512.2) as a mutation in this Review.

Because new lineages are sometimes separated from some nucleotides, the
classification of emerging SARS-CoV-2 genotypes based on organic evolution has
proven difficult [18]. Because the majority of mutations have been identified in
a variety of countries, and the number of viruses undergoing sequencing varies
substantially between countries, geographical classification has proven dif-
ficult. The NextStrain and Phylogenetic Assignment of Named Global Outbreak
(PANGO) genealogy [19] systems have been developed for control and prevention.
The Phylogenetic Assignment of Named Global Outbreak genealogy approach is
more popular and provides greater specificity. Sub-lineages are indicated by an
alphabetical beginning as well as termination containing two to three digits inter-
spersed with periods (such as B.1.1.7). However, because the method only supports
three levels of hierarchy, the variant’s parental relationship cannot be established
by adding a new genealogy ending. The linkage of a virus may not always correlate
to the changes in its components. For example, a virus may acquire new genetic
alterations related to its physiological function without ever being associated with
a recent linkage.

The very first evidence of SARS-CoV-2 genetic development evolutionary changes
appeared in early 2020 when a unique viral variant with the spike variant D614G
arose and spread rapidly to a prevalence of over 100% by June 2020 [20, 21]. By
the end of 2020 and early 2021, plenty of variants with long-term mutations (most
notably D614G) had been discovered, mostly but not exclusively in the spikes protein.
B.1.1.7, a fast-growing species in England connected with an extremely large number
of genetic changes, was reported on the virological.org conversation forum27 in
December 2020. The first therapeutic specimen of this kind was obtained in late
September 2020 in England, according to retrospective analysis.

Two further fast expanding links with significant amounts of genetic variations
were found in South Africa within a month [16] and Brazil [22]. The frequency of
the B.1.351 variant jumped from 11percentage points in October to 87% in December
[23] in South Africa. The P.1 variety was detected in Manaus, Brazil, a town with
a 75% infection rate in October 2020, but a spike in new cases began in November
2020 [24, 25]. Following that, the prevalence of a novel variant (B.1.617.2) increased
from 2 percentage points around February 2021 to 87% in May 2021 in Maharashtra,
India, which, like the rest of the country, experienced a significant increase in the
number of cases [26]. Since then, the B.1.617.2 variety has expanded over a number
of countries [27] and has shown to be much greater spreadable than that of the
B.1.1.7 variant. It has a higher risk of causing disease than prior viral variation
(Figure 2) [28].

Variants of concern (VOCs) are those that have spread widely and shown evidence
of being more transmissible, causing more severe disease, and/or reducing neutraliza-
tion by immunoglobulin produced during prior infection or vaccination, according
to the World Health Organization (WHO), the US Centers for Disease Control
and Prevention (CDC), and the COVID-19 Genome sequencing UK Consortium
(COG-UK) [29]. Those that have not quite expanded as broadly include alterations
comparable to those found in VOCs are of particular relevance (VOIs). On May 31,
2021, the WHO began using the Greek alphabet to classify VOCs and VOlIs, with the
current VOC classifications being Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and
Delta (D.1) (B.1.617.2).
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Figure 2.
Epidemiology of COVID-19 variants cases.

1.2 Diagnostic capability
1. Nuclear-acid-based testing of SARS-CoV-2 variants

2. Protein-based testing of SARS-CoV-2 variants

1.2.1 Nuclear acid based testing of SARS-CoV-2 variants
1.2.1.1 Detection of mutated variants with standard RT-PCR

As it multiplies, the virus’s genome is continually changing. New SARS-CoV-2
pandemic events could be triggered by new variants containing genetic mutations.
Because most PCR primers were built using solitary virions in their early stages [30],
notably the standard genetic material (SARS-CoV-2, NC 045512.2) [31], just a genetic
variation during a first evolution sequence could result in reduced RT-PCR test
amplification efficiency and false-negative detection results [32]. Studies of genotyp-
ing samples reported to GenBank and GISAID indicated that variations in the ORFlab
region were most common in Germany and China [33].

Another analysis relies on 31,421 SARS-CoV-2 genomic specimens and discovered
that the majority of alterations were with the objective of several N genome primers
and probes [34], which could alter the accuracy of PCR amplification in RT-PCR tests
that probe the N genome. Variations in the N genome have been observed to inter-
fere with detection in some cases [35]. All objectives of the US CDC-recommended
COVID-19 diagnosis primers had mutations, while the targets of N genome primers
and probes used throughout Japan, Thailand, and China had various mutations in
distinct clusters, suggesting that the N gene may not have been a reliable target for
RT-PCR kits and that these N gene-based kits should be reported periodically for a
rising alpha, beta, gamma, delta variants [35].

1.2.1.2 Sequencing for diagnosis of SARA-CoV-2 variants

When compared with real time-PCR, virus genotype had the limitations of
being more expensive, requiring more analysis of given information, and having
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lesser medical efficiency, making it inappropriate for massive population detection.
However, utilizing metagenomics RNA sequencing techniques [31], the first genetic
arrangement of SARS-CoV-2 was obtained. A study by the WHO and China found
that during the beginning of December 2019 to the middle of February 2020, Illumina
and Nanopore technologies were used to identify and sequence 104 SARS-CoV-2
variants [36]. More than 1000 comparable variants have since been published in the
GISAID and GenBank databases, and the genomic and proteomics of SARS-CoV-2
have also been found [37]. The benefit of homologous recombination identification
is that it allows for the tracking of viral changes by gathering data on recent variants.
The viral genome is sequenced for the detection and classification of novel coronavi-
rus variants throughout time [36]. Random changes in the genetic coding accrue with
the speed of about 2/month when the virus multiplies and expands, according to data
from closely watching viral development [38]. The latest mutant (changed) corona-
viruses had been discovered, such as alpha (B.1.1.7), beta (B.1.351), gamma (P.1), and
delta (B.1.617.2), which could result in the virus spreading considerably faster [39].
High-throughput approaches or portable fast sequence arrangement technolo-
gies had already been designed as distinguishing equipment for COVID-19 due to
increased demand. Nanopore target sequencing (NTS) is appealing for clinical testing
since it is fast, accessible, and efficient. In 1 h of sequencing [40], an NTS technique
sequencing viral areas can identify very few as 10 viral copies/mL. These recently
developed portable or quantifiable technologies, in comparison to classic sequencing
techniques, which are typically expensive, may give accurate elevated diagnostics
during epidemics. In the United Kingdom, NTS is being used in a projected genetic
monitoring effort to create real-time genetic monitoring of SARS-CoV-2 [41], allow-
ing sample-to-report in less than 24 hours. The use of genetic and epidemiologic
analyses together speeds up the detection of possible transmission events and aids
in the implementation of prompt control and prevention measures. When NTS is
utilized to examine for reductions and different mutations in the SARS-CoV-2 gene in
patients who have been infected with the virus, a putative pathogenic mechanism may
be uncovered [42]. Furthermore, a novel molecular testing method relying on Sanger
sequence techniques was capable to identify SARS-CoV-2 Genetic code (RNA) from
viruses suspended components in the transmissible channel, RNA extraction could
be skipped altogether without sacrificing performance at a testing flow rate of more
than 1,000,000 tests per day [43], meaning that RNA extraction may be omitted fully
without sacrificing performance. Natural variations in large populations could be
tracked at general genomic ranges or specific regions over time or within a geographic
location with this capability, allowing the locations and provenance of mutations to
be identified once the quantitative capability is in place (Figure 3).

1.2.2 Protein-based testing of SARS-CoV-2 variants
1. Antibody testing
2. Antigen testing
1.2.2.1 Antibody testing
As a growing number of people around the world prefer to keep a maximum

distance from every person and remain at their houses, the concentration of pan-
demic protection and management has moved to comprehensive serological antibody
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diagnostics of community to supervise infectious disease condition, vaccine effective-
ness, immune defense perseverance, and high-titer neutralizing antibody monitoring
and selection. These diagnostics, including the enzyme-linked immunochromato-
graphic analysis (ELISA), chemiluminescent immunoassay (CLIA), immunofluores-
cent test (IFA), and colloidal gold immune chromatographic test (GICA), are lying

on the detection of SARS-CoV-2 via IgM and/or IgG antibodies in blood plasma or
biological fluids specimen. Several months before the first case was identified, one
study looked for SARS-CoV-2 special antibody in 959 patients taken acquired from a
prospective lung cancerous tumor testing between healthy people [44]. According to
tests, SARS-CoV-2 disorders were found in about 11.6% of a native community before
COVID-19 was discovered. Antibody tests are useful in community exposure research
to determine the speed of exposure during a special pandemic episode in an area, as
well as to determine regardless of where neutraliziable antibodies are progressing

in people who were attacked by the COVID-19 virus, as well as the period and titer
modified into neutralizing antibodies with the time. Since many types of vaccinations
preventing SARS-CoV-2 disease are provided to the public, it is crucial to monitor
neutralizing antibody production after immunization.

1.2.2.2 Antigen testing

N protein and S protein are now primary immunogens in SARS-CoV 2, and
antibodies to such two proteins can survive up to 30 weeks in SARS patients’ serum
[45]. A new antigen-based ensures quick diagnostic test had high specificity and
sensitivity during the first week between many patients diagnosed and specimens
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with greater primary infection [46], whereas a quick procedure relies upon a
fluorescence immunologic chromatography screening test detecting N protein

had effectiveness just in the first stage of the disease. N protein was identified in a
gargle liquid specimen from a COVID-19-effective person [47], according to mass
spectrometry analysis. In 73.6% of COVID-19 patients, a fluorescence immunologi-
cal chromatography analysis identified N protein in a urine specimen. S protein is
more useful for monitoring during the recovery phase because of its late develop-
ment [48], and a supersensitive antigen screening for S protein is easily done with a
microplate reader [49].

With popular approaches, the SARS-CoV-2 coronavirus nucleocapsid antigen-
identifying half-strip lateral flow (HSLF) analysis has been created, which has
higher therapeutic effectiveness than classic serology techniques, with an LOD of
3.03 ng/mL [50] for publically present Genscript N protein. With an LOD of 0.1 ng/
mL for synthesized spikes antigen of SARS-CoV-2 [51], a unique nanozyme-based
chemiluminescent paper test may be performed by using a lens of a standard
mobile.

A particular nucleotide gene encoding opposite to N protein seems to have identi-
cal features to recognize the objective as an antibody for antigen detection; however,
it may have superior effectiveness and best choices for the creation of tests for other
purposes. A particular ssDNA transcription factor linked with N protein had been
recommended as a reliable and efficient probe for the identification of SARS-CoV-2
using a SELEX screening strategy [52]. Another investigation found four DNA
microarrays with a sensitivity of less than 5 nM that form a sandwich-type interac-
tion with the N protein with an LOD of 1 ng/mL78. When compared with using
simply antibodies in ELISA with LODs ranging from 50 to 100 ng/mL [53], the LOD
of aptamer-based approaches was significantly lesser than that of standard immune
screening inside a short turn-around time (TAT) having remarkable consistency
and renewability [54]. As a result, in terms of diagnostic accuracy and biosensor
conjugation flexibility, aptamer-based antigen recognition might well be superior to
antibody-based detection of antibodies [52].

Finally, fast antigen detection has a sensitivity 1000 times lower than virus incuba-
tion and 10° times smaller than RT-PCR [55]. According to previous studies, the
effectiveness of the rapid diagnostic test is only around 30% of that of nucleic acid
screening [56], implying this antigen screening is not a fast technique but could be
utilized as verification or analysis for a special patient specimen.

1.3 Vaccination and its effectiveness
1.3.1 Examining the efficacy of existing vaccines against variants

While current immunizations are being administered, therapeutic information
can be collected not just from preplanned controlled research [57], but also through
clinical experiments comparing immunizations versus placebo, one vaccination
against the other, or various immunization schedules (e.g., various doses, different
counts of doses, and time duration between doses).

In areas where vaccine supply or delivery capacity is limited, trying to make the
first vaccine dosage accessible to several of the test group on just a randomly selected
basis can give valuable important knowledge about effectiveness against significant
variants rather than enabling management plans to evaluate the sequence wherein
individuals are fully immunized. This is particularly true if the number of individuals
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who are randomly assigned is high enough to support the measurement of “hard”
endpoints like hospitalization or serious disease.

In simple controlled studies conducted during vaccine deployment, the roles of
scientists, vaccines, and vaccinators are deployed.

If a huge randomized was used during vaccination installation to compare the
impact of parental secondary doses with that of postponed secondary shots, any
changes in efficacy may be accurately measured not just too generally but possibly
concerning such genetic variation. In some populations, public health programs
may include random assignment of vaccination dates or locations, and those who
become suitable for vaccination may be assigned randomly to appointments with a
longer or shorter gap between vaccinations. This technique could permit hundreds
of thousands of people to be randomly assigned vaccines at little or no expense to the
immunization program and with little or no disruption to current vaccination capa-
bility. Whether any immunizations had been discovered to be capable of preventing
COVID-19 even after an encounter with SARS-CoV-2, modest, controlled trials of
post-exposure prophylaxis might provide crucial insights into vaccination effective-
ness (or comparative efficiency) versus different strains.

Bias exists throughout all nonrandomized epidemiological research seeking to estab-
lish vaccine efficiency. In regions where differences are co-circulating, including several
but hardly all of the community members have received vaccinations, epidemiological
data specifically planned to show the dispersion of highly contagious genetic variants
between instances in immunized and unvaccinated people may generate reasonably
effective forecasts of comparative vaccine efficacy against various variations. If the level
of vaccines is related to the relative frequency of alterations between sites, such research
must take prospective interference into account. Recent disease patients’ epidemiologi-
cal investigations may show a lack of defense against problematic variations.

To examine the effects of concern variants on vaccination effectiveness and
duration, new methodologic methods are still needed. Almost complete genotyping
of isolates from specified sentinel areas could eliminate bias in the sample chosen
for sequencing in vaccination sensitivity studies against variations of concern.
Samples from unassigned vaccination receptors with emerging diseases and identical
non-vaccinated subjects can be utilized to evaluate the impact of specific genomic
characteristics on vaccine effectiveness. Important insights regarding the importance
of particular viral properties could be gained using such methodologies in trials or
research published after vaccine deployment, and these insights could propagate to an
enhanced selection of the variants in the development of a mutated vaccine.

It’s unclear how reliable any immunological sign could be like a “correlate of protec-
tion.” The impact of vaccines on these biomarkers could enable regulatory action for
novel candidate vaccines if such biomarkers proved to be a reliable assumption of vac-
cine effects on frequency of outbreak infections. However, there are some drawbacks,
such as the possibility that immunological correlates of prevention are dependent on
vaccine-specific variables, virus variants, and COVID-19 research exit points.

1.3.2 Examining the efficacy of new and modified vaccines for variants

Although there will be an unwillingness to dispatch vaccination lies on recent sequence
data until there is perfect proof that earliest vaccination having failed [57], there would
also an unwillingness to permit a sustained flow of vaccine-resistant variant while fresh
immunizations or adapted vaccination are now established if that could be avoided.
Because vaccine-resistant variations are certain to occur, now is necessary to schedule the
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creation of modified vaccinations that can defend against them. The impact of vaccine
alteration on vaccine production and rollout timelines should be considered during
planning.

Adapted vaccines (i.e., vaccines that deliver a fresh pathogen through with a
vaccine, which have proven for being extremely effective against traditionally circula-
tory highly contagious variations) must be tested for their ability to evoke immune
function in both people who have never had an immune reaction to SARS-CoV-2
and people who have already been vaccinated. Variations in the in vitro eradication
of systemic pathogens by immunization antibodies do not always imply decreased
efficiency. Even neutralization reactions should not be used to indicate vaccination
effectiveness, large variations may be sufficient to justify regulatory decisions. For
example, after receiving a customized vaccination, testing size of the immune reac-
tion between greater than one mutation of concern might be evaluated to the immu-
nological response against the prototypes virus after receiving the initial, confirmed
vaccine. Analyzing neutralizing reactions to multiple different variations of concern
as well as the prototype virus may assist in deciding whether more than one vaccine
(or, eventually, a powerful and versatile vaccine) is required.

In regulatory changes discussions and WHO recommendations, it has been
agreed that large, traditional clinical terminal trials are unlikely to be required to
launch modified vaccinations against variations of concern. Because discrepancies in
immune response analyses can make direct comparisons difficult, According to the
FDA, animal specimen should be utilized to provide additional proof of the efficacy
of customized vaccinations against variations of concern (Figure 4) [58].

Even if some vaccines are administered that are medically beneficial, greater
would be required to combat the global epidemic. Latest vaccines against new viral
variations may be more beneficial than prior vaccinations, and they may be given in
a standard injection, be non-injectable, circumvent cold-chain restrictions, or have
enhanced manufacturing scalability. International antigenic composition recommen-
dations should be used in the development of modified or entirely new vaccines.

By using randomization, analyzing impacts not just on immunologic as well as
on clinical endpoints and using placebo controls when ethically appropriate [59],
such as in communities where vaccine supply is limited or subpopulations where the
possibility of advancement to dangerous infections is very low [60], new vaccine
trials can still give accurate and easily understandable results in an efficient manner.

Evaluate efficacy of existing vaccines
ERAII'\SI vanants QI concern

Evaluate efficacy of
—=| modified vaccines against ——
variants of concern

Decide whether Promote convergence
a new antigen e of regulatory
is warranted assessments

Determine which new
antigen should be used Evaluate efficacy of
completely new vaccines
against variants of concern

Figure 4.
A framework for evaluating vaccines against variants of concern.
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Randomized trials involve more planning, but they avoid undiscovered research
strategy differences from affecting research results when possible [61]. Multiple
analyses, along with the evaluation of the impact of viral variation on vaccination
effectiveness, and virus sequencing in persons having an outbreak infectious disease
may support this theory (during or after trials). In randomized, controlled research,
such sequencing likewise provides neutral details regarding variant-specific effi-
ciency. Countries that take part in this kind of study can evaluate vaccine efficacy
against regionally predominant virus strains and should have immediate access to
investigational vaccinations if they have been proved to be safe and effective. In
regions in which placebo-controlled experiments of novel vaccines aren’t acceptable,
the inclusion of an effective comparison could nevertheless yield important results
[62]. The authenticity of a nonrandomized experiment wherein an effective compara-
tor vaccination is used like the supervision depends upon the ability of prior active
comparator vaccine research providing researchers with recognition accuracy into the
effective comparator vaccine’s effectiveness against virion variants that are currently
present in the trial’s communities.

Following the introduction of modified or entirely new vaccines to resolve new
variants, the process could be restarted by screening for even more variants that may
demand additional modifications in the vaccine antigen sequencing. Multiple variet-
ies may propagate in the same area, therefore development and deployment plans
should accommodate for this possibility. It would also be beneficial to do research in
which one vaccine is supplemented with a subsequent dose of another.

2. Conclusion

The worldwide COVID-19 epidemic has been the greatest catastrophic infectious
disorder into human historical life in the form of disease rates and death rates and
strongly affected regions facing the high hospitalization rate and death rates still now,
despite continued immunization for large populations. The appearance and outbreak
of novel variants in more than 20 nations have resulted in a large increase in the
number of infections and faster transmission in the affected areas. Mutated variants
provide some new issues in diagnosing nucleic acid identification and the efficiency
of presently offered mRNA-based, recombinant, or neutralized vaccines, such as false
negativity. Due to the reemergence of community-acquired transmission in China as a
result of people traveling abroad or commodities being imported, large-scale popula-
tion screening has been implemented. As a result, society and small-scale pandemics
have been effectively controlled. Detecting pathogenic factors, such as non-symp-
tomatic people, infectious people with this virus, or infectious commodities, has thus
become a useful tool for limiting population spread.

As previously discussed, RT-PCR seems to be the most precise as well as a rapid
method for inspection and diagnosing in a huge population, whereas viral genotyp-
ing has been the most successful way for tracking contagious causes, tracking genetic
changes, and defining genomic different kinds with reduced capability for particular
people. The use of RT-PCR to determine infection rate is useful for tracking illness
progression, therapy effectiveness, and diagnosis.

New variants of significance can originate and propagate swiftly in any area of
the world, and recurrent alterations have been observed in variants of significance
reported in different regions of the globe. Modifications of vaccination sequence
patterns to satisfy the requirements of one state could have consequences in other
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countries. As a result, vaccine research, vaccine development, and vaccine deploy-
ment should be considered global endeavors, with organizations that are facing the
WHO assisting in the global distribution of benefits.

Coordination is necessary in order to determine the need for the latest or improved
vaccinations and advance research knowledge about the risks presented by emerging
variations and the linkages between genetic differences and immunological escape,
To determine which variants of significance warrant attention, a clear and timely sci-
entific discussion is required. Criteria are performed to evaluate the compatibility of
existing vaccinations and the potential effect of developing variants on vaccinations
and to support guidelines for the improvement and development of changed and
new vaccines, as well as the scheduling of their implementation. This technique can
expand on the global platform that the WHO utilizes on a regular basis to coordinate
antigen selection in influenza vaccinations.
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Chapter 10

Perspective Chapter: Novel

Diagnostics Methods for
SARS-CoV-2

Yong Yang and Yanyan Li

Abstract

A novel coronavirus of zoonotic origin (SARS-CoV-2) has recently been recognized
in patients with acute respiratory disease. COVID-19 causative agent is structurally
and genetically similar to SARS and bat SARS-like coronaviruses. The drastic increase
in the number of coronavirus and its genome sequence has given us an unprecedented
opportunity to perform bioinformatics and genomics analysis on this class of viruses.
Clinical tests such as PCR and ELISA for rapid detection of this virus are urgently
needed for early identification of infected patients. However, these techniques are
expensive and not readily available for point-of-care (POC) applications. Currently,
lack of any rapid, available, and reliable POC detection method gives rise to the pro-
gression of COVID-19 as a horrible global problem. To solve the negative features of
clinical investigation, we provide a brief introduction of the various novel diagnostics
methods including SERS, SPR, electrochemical, magnetic detection of SARS-CoV-2.
All sensing and biosensing methods based on nanotechnology developed for the
determination of various classes of coronaviruses are useful to recognize the newly
immerged coronavirus, i.e., SARS-CoV-2. Also, the introduction of sensing and
biosensing methods sheds light on the way of designing a proper screening system.

Keywords: SARS-CoV-2, diagnostics, high-sensitivity, biosensors, nanotechnology

1. Introduction

In the twenty-first century, there were three outbreaks caused by massive coro-
navirus infection, namely Severe Acute Respiratory Syndromes (SARS) in 2003,
Middle East Respiratory Syndrome (MERS) in 2012, and Corona Virus Disease 2019
(COVID-19) in 2019. In particular, the outbreak of COVID-19 caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has aroused great concern about
this major public health emergency [1, 2]. SARS-CoV-2 is highly infectious and has a
high mortality rate. As of April 8, 2022, 490 million people have been inf